Appendix G

Comments Received on the Draft SREIR
(August 2020)
Part 3 of 3

This page intentionally left blank.

Research

A Section 508–conformant HTML version of this article
is available at https://doi.org/10.1289/EHP5842.

Residential Proximity to Oil and Gas Development and Birth Outcomes in
California: A Retrospective Cohort Study of 2006–2015 Births
Kathy V. Tran,1 Joan A. Casey,1,3 Lara J. Cushing,3,4 and Rachel Morello-Frosch1,2
1

School of Public Health, Division of Environmental Health Sciences, University of California, Berkeley, California, USA
Department of Environmental Science, Policy and Management University of California, Berkeley, California, USA
Department of Environmental Health Sciences, Columbia University Mailman School of Public Health, New York, New York, USA
4
Department of Health Education, San Francisco State University, San Francisco, California, USA
2
3

BACKGROUND: Studies suggest associations between oil and gas development (OGD) and adverse birth outcomes, but few epidemiological studies of
oil wells or inactive wells exist, and none in California.
OBJECTIVE: Our study aimed to investigate the relationship between residential proximity to OGD and birth outcomes in California.
METHODS: We conducted a retrospective cohort study of 2,918,089 births to mothers living within 10 km of at least one production well between
January 1, 2006 and December 31, 2015. We estimated exposure during pregnancy to inactive wells count (no inactive wells, 1 well, 2–5 wells, 6+
wells) and production volume from active wells in barrels of oil equivalent (BOE) (no BOE, 1–100 BOE/day, >100 BOE=day). We used generalized
estimating equations to examine associations between overall and trimester-speciﬁc OGD exposures and term birth weight (tBW), low birth weight
(LBW), preterm birth (PTB), and small for gestational age birth (SGA). We assessed eﬀect modiﬁcation by urban/rural community type.
RESULTS: Adjusted models showed exposure to active OGD was associated with adverse birth outcomes in rural areas; eﬀect estimates in urban areas
were close to null. In rural areas, increasing production volume was associated with stronger adverse eﬀect estimates. High (>100 BOE=day) vs. no
production throughout pregnancy was associated with increased odds of LBW [odds ratio ðORÞ = 1:40, 95% conﬁdence interval (CI): 1.14, 1.71] and
SGA (OR = 1:22, 95% CI: 1.02, 1.45), and decreased tBW (mean diﬀerence = −36 grams, 95% CI: −54, −17), but not with PTB (OR = 1:03, 95%
CI: 0.91, 1.18).
CONCLUSION: Proximity to higher production OGD in California was associated with adverse birth outcomes among mothers residing in rural areas.
Future studies are needed to conﬁrm our ﬁndings in other populations and improve exposure assessment measures. https://doi.org/10.1289/EHP5842

Introduction
Oil and gas development (OGD) by the U.S. petroleum industry
spans decades in many states but concern about its potential
health and equity impacts did not gain traction among researchers
until the recent rapid increase in hydraulic fracturing (HF)
(Finkel and Law 2011; Kovats et al. 2014; Mitka 2012). As of
2017, California (CA) was one of the top ﬁve producers of crude
oil in the country (U.S. EIA 2018a, 2018b). Four of the 10 largest
U.S. oil ﬁelds are in CA’s San Joaquin and Los Angeles Basins
(Long et al. 2015a), and unlike newer shale gas plays, most of
CA’s natural gas is extracted from reservoirs also producing oil
(Long et al. 2015b). Given the long history of OGD in CA, stimulation techniques, such as water and steam injection and HF, are
primarily used at established sites rather than newly drilled wells.
Oil recovered via water ﬂooding and steam injection (conventional enhanced oil recovery methods) accounted for 76% of the
state’s oil production in 2009 (Long et al. 2015b), whereas HF,
an unconventional stimulation technique, accounted for 20% of
CA’s oil production in the last decade. Due to types of geological
formations, HF practices in CA diﬀer from other states, potentially resulting in diﬀering environmental hazards (Long et al.
2015b). OGD production in CA also occurs in both rural and
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urban settings in comparison with other states, such as rural
Pennsylvania and Colorado, where many epidemiological studies
have been conducted (Casey et al. 2015; Currie et al. 2017; Hill
2018; McKenzie et al. 2014; Rasmussen SG et al. 2016; Tustin
et al. 2017). Therefore, an epidemiological study of the relationship between adverse birth outcomes and OGD in CA, a state
with a diverse population and the most annual births of any U.S.
state, can provide insights about the potential health impacts of
OGD exposure in both rural and urban areas.
Characterizing exposures related to OGD poses signiﬁcant
measurement challenges because multiple environmental hazards
are associated with diﬀerent stages of extraction and production.
OGD involves the development of oil and gas sites and wells (production and injection for enhanced recovery), transport of materials to and from well sites, drilling, operation of equipment to
recover oil and gas, and collection and disposal of chemicals and
waste separated from the raw oil and gas (Long et al. 2015a). These
activities are associated with diverse environmental hazards,
including air and water pollutants, noise, odors, excessive and
inappropriate lighting, and undesired land use changes (Adgate
et al. 2014; Long et al. 2015a). The application of unconventional
techniques presumably enhances the environmental burdens
because the additional toxic chemicals that are used can potentially
be released into air, water, and soil (Adgate et al. 2014; Long et al.
2015a; Macey et al. 2014; Roy et al. 2014; Vengosh et al. 2014).
Air pollutants associated with OGD include particulate matter
(PM) with an aerodynamic diameter of <2:5 lm (PM2:5 ), diesel
PM, nitrogen oxides (NOx ), secondary ozone formation, mercury,
and volatile organic compounds (VOCs) like benzene, toluene, ethylbenzene and xylene (BTEX) from truck traﬃc, drilling, hydraulic
fracturing, production, and ﬂaring (Allshouse et al. 2019; Brantley
et al. 2015; Colborn et al. 2014; Eapi et al. 2014; Esswein et al.
2014; Franklin et al. 2019; Goetz et al. 2015; Koss et al. 2017; Lan
et al. 2015; Macey et al. 2014; Marrero et al. 2016; Maskrey et al.
2016; Mellqvist et al. 2017; Roy et al. 2014; Warneke et al. 2014).
Additionally, fugitive toxic air contaminants can escape at the wellhead (Garcia-Gonzales et al. 2019; Warneke et al. 2014) that might
aﬀect health near the points of release. Water contaminants
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associated with OGD include gas-phase hydrocarbons, chemicals
mixed in drilling ﬂuids, and naturally occurring salts, metals, and radioactive elements within shale that surface with wastewater along
with recovered oil and gas and that can contaminate potable water
via leaks and spills or evaporate (Adgate et al. 2014; Hildenbrand
et al. 2015; Long et al. 2015a; Vengosh et al. 2014). Noise pollution
is associated with well pad construction, truck traﬃc, drilling,
pumps, ﬂaring of gases, and other processes (Allshouse et al. 2019;
Blair et al. 2018; Ebisu and Bell 2012; U.S. BLM 2006). Drilling
and production activities occur both during the daytime and nighttime, and light pollution has been previously reported as a nuisance
in communities undergoing unconventional OGD (Long et al.
2015a), suggesting OGD may aﬀect the health of nearby communities via increased psychosocial stress.
Several OGD-related environmental exposures have been
linked to reduced birth weight and gestational age: air pollution,
e.g., PM2:5 , NOx, SOx (Basu et al. 2014; Dadvand et al. 2013,
2014; Ebisu and Bell 2012; Long et al. 2015a; Morello-Frosch et al.
2010; Ponce et al. 2005; Ritz et al. 2007); noise pollution (Arroyo
et al. 2016; Gehring et al. 2014); some of the chemical compounds
found in OGD wastewater (Long et al. 2015a; Valero de Bernabé
et al. 2004); and psychosocial distress (Dominguez et al. 2008;
Goldenberg et al. 2008; Rondó et al. 2003; Valero de Bernabé
et al. 2004). Previous studies examining the relationship between
unconventional OGD and birth outcomes provide suggestive evidence of adverse eﬀects. Although study designs vary, most have
characterized OGD exposure based on the density and distance of
HF shale gas wells near the maternal residence in urban and rural
Colorado (McKenzie et al. 2014, 2019), Pennsylvania (Casey et al.
2015; Currie et al. 2017; Hill 2018; Ma 2016; Stacy et al. 2015),
Oklahoma (Janitz et al. 2019), and urban Texas (Walker
Whitworth et al. 2018, 2017). Among the 10 studies, 8 evaluated
our outcomes of interest. Some studies found greater exposure to
OGD was associated with reductions in term birth weight (tBW)
(Hill 2018; Stacy et al. 2015) and increased odds or incidence of
low birth weight (LBW) (Currie et al. 2017; Hill 2018), preterm
birth (PTB) (Casey et al. 2015; Walker Whitworth et al. 2018,
2017), and small for gestational age births (SGA) (Hill 2018; Stacy
et al. 2015). However, those studies also reported statistically insigniﬁcant (Casey et al. 2015; Whitworth et al. 2017) or inverse
associations (McKenzie et al. 2014; Stacy et al. 2015) for some
birth outcomes.
Building on this research, our study focused on OGD in CA.
We conducted our analysis in regions where OGD is concentrated: the Sacramento Valley, San Joaquin Valley, South Central
Coast, and South Coast air basins. To our knowledge, our retrospective cohort study with births from 2006–2015 is the ﬁrst to
evaluate prenatal OGD exposure from oil as well as gas wells,
inactive as well as active wells, and non-HF and HF wells in rural
and urban settings of CA.

construction of the study population in Figure 1. Exclusion criteria
included missing last menstrual period (LMP) date, which was
approximated as the date of conception and used to estimate gestational age (3%); congenital anomalies or abnormal birth conditions
such as cleft lip and Down’s syndrome (4%); plural births, e.g., twins,
triplets (4%); implausible birth weights of less than 500 g or greater
than 5,500 g (4%) (Alexander et al. 1996; Padula et al. 2014; Ponce
et al. 2005; Talge et al. 2014); and implausible gestational ages of less
than 22 or greater than 44 wk (4%) (Alexander et al. 1996; Talge et al.
2014). To limit unmeasured confounding and enhance comparability
of exposed and unexposed populations, we also excluded births to
mothers who did not live within 10 km of at least one oil/gas production well (3%). Finally, we excluded observations with any missing
covariates or outcomes (2%) to arrive at a ﬁnal study population of
2,918,089 births (N = 2,718,629 term births). All study protocols
were approved by the Institutional Review Board of the CA
Department of Public Health (#13-05-z) and the University of
California, Berkeley (# 2013-10-5,693).

Birth Outcomes
We assessed the relationship between OGD and four outcomes: a)
continuous birth weight (grams) among tBW (≥37 completed weeks);
b) LBW (<2,500 g); c) PTB (<37 wk); and d) SGA (birth weight
less than the U.S. sex-speciﬁc 10th percentile of weight for each week
of gestation (Talge et al. 2014). Gestational age was estimated by subtracting the LMP date from the date of birth.

Exposure Assessment
Active and inactive oil and gas well records including monthly production data were downloaded from the CA Division of Oil, Gas and

Methods
Study Population
Birth records for 1 January 2006 to 31 December 2015 were obtained
from the California Department of Public Health (CDPH). CDPH
collects statewide birth records that include mother’s residential
address at the time of birth, which we geocoded to assign exposure to
OGD exposure and area-level covariates using ArcGIS (ESRI).
Births with missing street-level addresses or that could not be successfully geocoded after a manual cleaning of the address ﬁelds for spelling and punctuation errors were excluded (5%). We selected the
Sacramento Valley, San Joaquin Valley, South Central Coast, and
South Coast air basins because they had the highest well densities in
CA between 2005 and 2015 (Figure S1). We illustrate the
Environmental Health Perspectives

Figure 1. Flow diagram of study population development and exclusion criteria applied.
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Geothermal Resources website (CA DOGGR) in December 2015
(the division has been renamed to the CA Geologic Energy
Management Division, CalGEM, as of January 2020). We assessed
exposure to inactive wells because previous studies have found fugitive methane emissions from abandoned production wells that have
not been plugged or were improperly plugged (Boothroyd et al.
2016; U.S. EPA 2018; Kang et al. 2016). VOCs, such as BTEX and
toxic air contaminants, are likely coemitted with methane (LACDPH
2018; SCAQMD 2019), and exposure to VOCs, including
BTEX and formaldehyde, are associated with adverse birth outcomes (Bolden et al. 2015; Chang et al. 2017; Maroziene and
Grazuleviciene 2002). Some of the 224,695 wells in the data set
began producing as far back as 1900. The DOGGR data included
well latitude/longitude and monthly production volume (barrels
of oil and/or cubic meters of natural gas). We deﬁned a production well as active if it produced at least one unit of oil or gas in a
given month; production wells could transition between active
and inactive status across the study period. We combined these
well data with mothers’ residential addresses at the time of

delivery, date of conception (deﬁned as LMP), and date of delivery to assign prenatal exposure to oil and gas wells.
Study participants lived within 10 km of at least one active or
inactive well at the time of delivery. We classiﬁed women who
had at least one active or inactive well within 1 km of their residential address as exposed (Figure 2); prior literature suggests
highest exposure to OGD-related hazards within this radius
(Boyle et al. 2017; McKenzie et al. 2012; Meng 2015; Walker
Whitworth et al. 2018, 2017). We selected the 1-km buﬀer presuming that localized air pollution is likely the greatest contributor to OGD-related exposure in CA. We used the short distance
to minimize the impact of dispersion and the contribution of exposure from other sources of air pollution. We calculated exposure across the entire pregnancy and by trimester to examine
potential critical windows of prenatal exposure.
Exposure to active wells was characterized by oil and gas production volume during pregnancy and exposure to inactive wells
by well count. Total production volume exposure from active wells
within 1 km was derived by summing monthly barrels of oil and

A

B

Figure 2. Schematic of deﬁnition of exposure and reference groups for inactive well count (A) and active well production volume (B). For each exposure metric, exposure was based on the presence of inactive or active wells within the 1 km buﬀer. Observations without the speciﬁc well type for each metric were
assigned into the reference category.
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barrels of oil equivalent (BOE) of natural gas. Production volume
from oil and gas wells were summed because 95% of gas wells also
produced oil (i.e., wet gas) and gas-only wells did not produce signiﬁcant amounts of gas. Production volume was summed as shown
in Equation 1:
Total production volumej =

n X
l
X

ProdðoilÞik

i=1 k=k

+

n X
l
X

ProdðgasÞik =6,

i=1 k=k

where ProdðoilÞik was the production volume of oil (in barrels),
and ProdðgasÞik was the production volume of gas (in thousand
cubic feet, mcf) at well i during month and year k of mother j’s
entire pregnancy or trimester. K is the month and year of conception or beginning of a trimester, and l is the month and year of
delivery or end of a trimester. K has a minimum value of 1 equal
to January 2005, and l has a maximum of 124 or December 2015.
Gas production volume was converted from the original units to
BOE by dividing by 6 because 6,000 cubic feet ðmcfÞ = 1 BOE
(Bonavista Energy Corporation 2018; Schmoker and Klett 2005).
The total production volume for the ﬁrst and last month of the
entire pregnancy or trimester was also weighted by the proportion
of the month the mother was pregnant.
We calculated the number of inactive wells within 1 km of a
mother’s residence during her pregnancy by subtracting the number
of active wells from the total number of wells within 1 km. For analysis, we ﬁrst normalized production volume by the number of days
of the entire pregnancy or within each trimester by dividing production volume by the total number of days and then categorized exposure to production volume of active wells based on the exposure
distribution as: a) no active wells, b) 1–100 BOE/d (moderate), and
c) more than 100 BOE/d (high). We similarly categorized exposure
to inactive wells as: a) no inactive wells, b) 1 inactive well, c) 2–5
inactive wells, and d) 6 or more inactive wells. The production volume was normalized to prevent bias from neonates born later
because their exposure period was longer. Given a lack of a priori
knowledge about the production volume or inactive well count that
might constitute a harmful exposure, we selected these categories
based on the distribution of each exposure metric across cases and
noncases to ensure suﬃcient overall sample size and number of
cases in each exposure group. The exposure variables were not modeled as continuous because the distribution was right skewed (Table
S2). Both active and inactive well exposure variables were included
in all regression models. The exposure variables were generated in
R version 3.3.1 (R Development Core Team).

Covariates
Individual-level covariates that were identiﬁed a priori as signiﬁcant
predictors of our outcomes and potential confounders based on prior
studies were derived from the CDPH birth records. Infant covariates
included sex, month (categorical) of birth, and year of birth (categorical) to control for seasonal and secular trends. Maternal covariates
included age in years (<20, 20–24, 25–29, 30–34, 35+), race/ethnicity (non-Hispanic white, black, American Indian, Asian-Paciﬁc
Islander, unknown or other, and Hispanic), educational attainment
(<high school, high school graduate/GED, some college, college+),
Kotelchuk index of prenatal care (inadequate, intermediate, adequate,
adequate+) (Alexander and Kotelchuck 1996; Kotelchuck 1994),
and parity (nulliparous vs. multiparous). For maternal race/ethnicity,
American Indian, unknown, and other were combined into one category due to the small number of women in each group. We included
Environmental Health Perspectives

mean-centered and mean-centered squared variables for gestational
age in the tBW model to allow for nonlinearity.
We also integrated area-level variables, including indicators for
air basin and census tract-based urban/rural status, modeled nitrogen
dioxide (NO2 ) concentrations, and a measure of income concentration. These covariates accounted for neighborhood and regional differences in air quality, economic activity, and emission sources
(Arruti et al. 2011; Finkelstein et al. 2003; O’Neill et al. 2003;
Wunderli and Gehrig 1990; Zhao et al. 2009). We used 2014 air basin
boundaries designated by the California Air Resources Board (CARB
2014), which coincide with county boundaries and roughly delineate
areas with similar air quality, meteorology, and geography. We used
U.S. Census urban areas [deﬁned as a densely developed territory
consisting of urbanized areas of 50,000 or more and urbanized clusters with between 2,500 and 50,000 people (U.S. Census Bureau
2010)] to designate census tracts as urban or rural. Using 2010 boundaries, we categorized census tracts as urban if 60% or more of the
tract overlapped with an urban area. We assigned, based on LMP
year, tract-level annual ambient NO2 concentration as a proxy for
traﬃc-related air pollution (Kim et al. 2018). Last, we used the Index
of Concentration at the Extremes (ICE) for income as a measure of
neighborhood relative deprivation or aﬄuence based on household
income by census tract (Massey 1996). ICE provides information
about concentration of privilege and deprivation of communities and
has previously been associated with infant mortality (Krieger et al.
2016). ICE ranges from −1 to 1, where negative values indicate a
concentration of household incomes in the lower 20th percentile of
area median household income, whereas positive values indicate a
concentration of household incomes in the higher 80th percentile. We
calculated ICE using 2006–2010 ACS and 2011–2015 ACS metropolitan area median household income to establish percentile cutoﬀ
values that account for regional diﬀerences in the cost of living. These
values were then used in combination with census tract median household income from the ACS data of the vintage of the birth year to
assign a tract-level ICE value to each birth. For tracts that were not
within metropolitan areas, county-level household income cutoﬀs
were used. ICE was categorized by quartile and this categorical variable was included in adjusted models.

Statistical Analyses
Statistical analyses were conducted in SAS 9.4 (SAS Institute Inc.).
All models were adjusted for individual-level and community-level
covariates selected a priori: neonate sex, gestational age (tBW
model only), month and year of birth, maternal age, race/ethnicity,
educational attainment, Kotelchuck index, urban indicator, air basin, NO2 , and ICE for income. Generalized estimating equations
were used to account for clustering of mothers within census tracts
(Hubbard et al. 2010). Observations with any missing covariate
were removed from analyses.
Initial analyses assessed exposure across the entire pregnancy and
then during each trimester for the entire study population across the
four air basins. Statistical signiﬁcance was assessed at a = 0:05.
Eﬀect modiﬁcation (EM) of exposure to active wells by urban/rural
status (primary), maternal race/ethnicity, and air basin (both secondary) was evaluated via stratiﬁcation. We report the strata-speciﬁc
eﬀect estimates and conﬁdence intervals derived from this methodology. To test the heterogeneity between strata-speciﬁc estimates, we
modeled interaction terms to derive Bonferroni adjusted p-values for
two-sample z-tests using model-estimated beta coeﬃcients and variances (Buckley et al. 2017; UCLA: Statistical Consulting Group).
These EM p-values indicate whether the strata-speciﬁc associations
are statistically signiﬁcantly diﬀerent from each other or the referent
group. Non-Hispanic whites were used as the referent in heterogeneity tests for the other racial/ethnic groups because higher rates of
adverse birth outcomes have been observed among people of color in
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Table 1. Neonate, maternal, and area-level characteristics of births by oil and gas well production volume category, California 2006–2015. Prepregnancy BMI
and smoking during pregnancy were available for 2007–2015 births (2006 births excluded from the missing category).

Variable
Neonate characteristics
Mean birth weight [g (mean ± SD)]
Mean gestational age [weeks (mean ± SD)]
Sex
Female
Male
Missingb
Birth month
January
February
March
April
May
June
July
August
September
October
November
December
Birth year
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
Maternal Characteristics (%)
Education
<High school
High school diploma/GED
Some college
College+
Missingb
Age at delivery
<20
20–24
25–29
30–34
35+
Missingb
Race/ethnicity
Asian/Pacific Islander
Black
Hispanic
Other
White
Kotelchuck index
Inadequate
Intermediate
Adequate+
Adequate
Parity
Nulliparous
Multiparous
Missingb
Mean pre-pregnancy BMIc (SD)
Missingb
Smoking during pregnancyc
Smoked
Did not smoke
Missingb
TRI facility: 1+within 1 km

Environmental Health Perspectives

Production volume
1–100 BOE/day
(n = 70,615)

n (%)

No BOE
(n = 2,866,735)

2,987,429 (100)
2,987,429 (100)

3,327 ± 528
39 ± 2

3,318 ± 527
39 ± 2

1,456,548 (49)
1,530,866 (51)
15 (<1)

49
51
100

48
52
0

49
51
0

0.2879
—
—

244,433 (8)
224,691 (8)
245,683 (8)
233,297 (8)
242,652 (8)
241,962 (8)
260,028 (9)
269,714 (9)
266,586 (9)
261,399 (9)
245,566 (8)
251,418 (8)

8
8
8
8
8
8
9
9
9
9
8
8

8
8
8
8
8
8
9
9
9
9
8
8

8
8
8
8
8
8
9
9
9
9
8
8

0.3261
—
—
—
—
—
—
—
—
—
—
—

320,330 (11)
320,698 (11)
312,732 (10)
300,201 (10)
290,469 (10)
288,006 (10)
288,855 (9)
287,425 (10)
293,637 (10)
285,076 (10)

11
11
10
10
10
9
10
10
10
9

10
11
10
10
10
10
10
10
10
9

12
12
11
10
10
9
9
9
9
9

<0:0001
—
—
—
—
—
—
—
—
—

764,090 (26)
764,206 (26)
724,574 (25)
665,993 (23)
68,566 (2)

26
26
25
23
95

31
23
22
24
3

21
21
23
35
2

<0:0001
—
—
—
—

252,857 (8)
651,062 (22)
809,072 (27)
754,714 (25)
519,700 (17)
24 (<1)

9
22
27
25
17
92

9
21
27
26
17
8

6
18
25
29
22
0

<0:0001
—
—
—
—
—

356,603 (12)
154,047 (5)
1,673,517 (56)
84,384 (3)
718,878 (24)

12
5
56
3
24

11
6
59
2
22

13
9
47
4
27

<0:0001
—
—
—
—

351,729 (12)
349,946 (12)
905,545 (30)
1,380,209 (46)

12
12
30
46

13
12
29
46

12
9
34
45

1,154,875 (39)
1,831,556 (61)
998 (<1)
2,472,066 (93)
195,033 (7)

39
61
93
26 ± 6
94

40
60
4
26 ± 6
4

49,461 (2)
257,7903 (97)
39,735 (1)
48,189 (2)

2
98
92
2

1
99
5
4

<0:0001
—
—
—
<0:0001
—
—
—
<0:0001
—
<0:0001
—
—
—
<0:0001
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GT 100 BOE/day
(n = 50,079)

p-Valuea

3,316 ± 527
39 ± 2

<0:0001
<0:0001

44
56
3
25 ± 6
2
1
99
3
3
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Table 1. (Continued.)

Variable
Area-level characteristics (%)
Mean NO2 [ppb (mean ± SD)]
Missingb
Urban
Air Basin
Sacramento Valley
San Joaquin Valley
South Central Coast
South Coast
ICE
Quartile 1–poverty
Quartile 2
Quartile 3
Quartile 4–wealth
Missingb
Oil/gas wells
Mean inactive well count (mean ± SD)
Mean active well count
Mean production volume (BOE)/d (mean ± SD)

n (%)

No BOE
(n = 2,866,735)

2,987,408 (99)
21 (<1)
2,651,066 (89)

16 ± 7
95
89

296,668 (10)
563,276 (19)
178,647 (6)
1,948,838 (65)

10
19
6
65

731,431 (25)
731,403 (25)
730,283 (25)
724,972 (25)
217 (<1)
2,987,429 (100)
2,987,429 (100)
2,987,429 (100)

Production volume
1–100 BOE/day
(n = 70,615)
18 ± 7
0
87

GT 100 BOE/day
(n = 50,079)

p-Valuea

19 ± 5
5
97

<0:0001
—
—

1
21
6
72

0.5
4
1
94

<0:0001
—
—
—

25
25
25
25
76

31
23
19
27
9

27
19
23
31
15

<0:0001
—
—
—
—

0
0
0

89 ± 111
4±4
26 ± 26

160 ± 191
32 ± 27
599 ± 711

<0:0001
<0:0001
<0:0001

Note: —, No data; BOE, barrels of oil equivalent; ICE, Index of Concentration at the Extremes.
a
ANOVA or chi-square test.
b
Distribution of missingness across categories of production volume rather than percent missing in each production volume category.
c
No covariate data available for 2006 (not included as missing), n = 2,667,099 births between 2007 and 2015.

comparison with whites (Bryant et al. 2010; Teitler et al. 2007).
Sacramento Valley was the referent in heterogeneity tests for the other
air basins because exposures to active wells were limited to rural areas
of that basin, where there were also fewer births. For the eﬀect modiﬁcation analyses with race/ethnicity and air basin, only exposure across
the entire pregnancy was evaluated because trimester-speciﬁc estimates were similar to those for the entire pregnancy.
We conducted two sensitivity analyses with exposure variables
across the entire pregnancy only. Mothers’ smoking status during
pregnancy and prepregnancy body mass index (BMI) were not collected by CDPH in 2006, so we conducted sensitivity analyses with
both of these variables in one model for 2007–2015. Only 2% of
mothers smoked during pregnancy among our study population
within our study period (prevalence of smoking during pregnancy in
CA was 2.5% in 2015) (CDPH 2015). Additionally, we considered
potential confounding from other industrial sources of air pollution
and included a binary variable for exposure to air pollution from other
facilities (e.g., reﬁneries, power plants, metal mining facilities) monitored for emissions, including air toxics by the CARB (CARB 2017)
within 1 km (referred to as TRI facilities). Only ∼ 2% of mothers
resided within proximity to TRI facilities during our study period.
We tested for multicollinearity between all model variables
by calculating the variance inﬂation factors (Schreiber-Gregory
2012), none of which were high (i.e., >10). To assess residual
spatial dependence, we generated semivariograms of regression
residuals plotted against distance between mothers’ residential
addresses (Le Rest et al. 2013; SAS) (Figure S3). The residuals
appeared randomly distributed, suggesting spatial autocorrelation
was likely controlled for by the study design and inclusion of spatial covariates (e.g., NO2 ) in regression models.

Results
Our study included 2,918,089 births in CA between January 2006 and
December 2015 located in four air basins: the Sacramento Valley, San
Joaquin Valley, South Central Coast, and South Coast. The overall
mean birth weight was 3,327 g [standard deviation ðSDÞ = 528]
(Table 1). Five percent (n = 148,100) of births were LBW, 7%
(n = 199,460) preterm, and 12% SGA (n = 337,943). A maximum
Environmental Health Perspectives

of 1,189 inactive wells and 441 active wells were located within
1 km of mothers’ residences during pregnancy. On average, mothers exposed to moderate production volume (1–100 BOE=d) had 89
inactive and 4 active wells within 1 km of their home during pregnancy, whereas mothers exposed to high production volume
(>100 BOE=d) had an average of 160 inactive wells and 32 active
wells within a 1-km buﬀer. The average moderate total production
volume from active wells producing oil and gas during pregnancy
was 26 BOE=d, and the average high total production volume
was 599 BOE=d. Temporal trends of mean annual production
volume and annual rates of the binary birth outcomes showed no
distinct patterns in either rural or urban areas (Figure S4A,B).
Plots of temporal trends in mean annual production volume and
mean annual tBW also did not reveal consistent patterns in either
rural or urban areas (Figure S4C,D). The reference (no BOE) and
exposed populations were relatively similar in terms of demographic and socioeconomic factors (Table 1). Compared to the
reference and moderate production volume groups, mothers in
the high production volume category were slightly more educated (35% vs. 23.5%, on average, college or more educated),
older (22% vs. 17%, on average, aged 35 or more), more often
non-Hispanic (53% vs. 42.5%, on average, non-Hispanic races),
more likely to have no previous pregnancies (44% vs. 39.5%, on
average, nulliparous), and to reside in urban areas (97% vs. 88%,
on average), in the South Coast air basin (94% vs. 68.5%, on average) and in areas with greater wealth (31% vs. 26%, on average,
in ICE quartile 4). Finally, babies born to mothers exposed to
high production volume weighed on average 2 and 11 grams less
than those born to mothers exposed to moderate production volume and reference group, respectively.
Adjusted models generally found no associations between
inactive well count and adverse birth outcomes in both rural and
urban areas (Figure 3, Tables S1–S2). All statistically signiﬁcant
associations indicated modestly decreased odds of LBW and PTB
(0.96–0.97) (Figure 3A,B; Table S1) or minimally increased birth
weight (4–5 g) (Figure 3D; Table S2) related to increased inactive
OGD well exposure. Models based on trimester-speciﬁc exposures
yielded similar estimates across trimesters for all four birth outcomes (Table S1–S2).
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Figure 3. Plots of rural vs. urban odds ratios or mean diﬀerence in birth weight (grams) and 95% conﬁdence interval (CI) for associations between exposure to low,
moderate, and high counts of inactive wells across the entire pregnancy and low birth weight (A), preterm birth (B), small for gestational age (C), and continuous
term birth weight (D). Logistic regression models adjust for inactive well count, child’s sex, birth month and birth year, and maternal education, age, race/ethnicity,
Kotelchuck prenatal care index, parity, air basin, NO2 and ICE for income. In addition to the covariates adjusted for in the logistic regression models, the linear
regression models also adjusted for gestational age. All y-axes are on the logarithmic scale except for on the term birth weight plot. Numerical values plotted here
can be found along with estimates for the three trimesters and p-values for statistical tests for eﬀect modiﬁcation in Tables S1–S2.

For exposures to production volume from active wells in unstratiﬁed models, we observed signiﬁcant associations between production
volume and LBW and SGA (Table S3). When we stratiﬁed models
by the urban indicator, we observed signiﬁcant eﬀect modiﬁcation
with stronger associations between high production volume and
LBW (p = 0:01, Table S4) and tBW (p = 0:001, Table S7) in rural
areas (Figure 4). Compared to the reference group, the odds ratio for
LBW was 1.11 [95% conﬁdence interval (CI): 0.97, 1.27] (Table S4)
and the OR for SGA was 1.07 (95% CI: 0.97, 1.19) (Table S6) with
exposure to moderate production volume across the entire pregnancy
in rural areas vs. ORs of 1.04 (95% CI: 1.00, 1.09) and 1.03 (95% CI:
1.00, 1.07), respectively, in urban areas (Figure 4A,C). Exposure to
high production volume was associated with an OR of 1.40 (95% CI:
1.14, 1.71) for LBW and an OR of 1.22 (95% CI: 1.02, 1.45) for SGA
in rural areas vs. ORs of 0.99 (95% CI: 0.95, 1.04) and 1.04 (95% CI:
Environmental Health Perspectives

1.01, 1.07), respectively, in urban areas (Figure 4A,C; Tables S4, S6).
Exposure to high production volume was also associated with
decreased tBW (mean difference = −36 g; 95% CI: −54, −17)
for the rural stratum in comparison with the urban stratum
(mean difference = 1 g, 95% CI: −5, 8) (Figure 4D; Table S7).
For LBW, SGA, and tBW, the strength of the associations
increased with higher production volume among the rural, but
not the urban, population. In general, exposure to production volume throughout pregnancy was not associated with PTB within
rural or urban populations (Figure 4B; Table S5). Models based
on trimester-speciﬁc exposures yielded similar estimates and
EM p-values for all birth outcomes (Tables S4–S7), except the
third trimester for PTB, where exposure to moderate production
volume was associated with increased odds of PTB (OR = 1:06;
95% CI: 1.02, 1.11) and high production volume was associated
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Figure 4. Plots of rural vs. urban odds ratios or mean diﬀerence in birth weight (grams) and 95% conﬁdence interval (CI) for associations between exposure to
moderate and high production volume across the entire pregnancy and low birth weight (A), preterm birth (B), small for gestational age (C), and continuous
term birth weight (D). Logistic regression models adjust for inactive well count, child’s sex, birth month and birth year, and maternal education, age, race/ethnicity, Kotelchuck prenatal care index, parity, air basin, NO2 and ICE for income. In addition to the covariates adjusted for in the logistic regression models,
the linear regression models also adjusted for gestational age. All y-axes are on the logarithmic scale except for on the term birth weight plot. Numerical values
plotted here can be found along with estimates for the three trimesters and p-values for statistical tests for eﬀect modiﬁcation in Tables S4–S7.

with decreased odds of PTB in urban areas (OR = 0:82; 95% CI:
0.77, 0.88) (Table S5).
Maternal race/ethnicity (Tables S8–S9) and air basin (Tables
S10–S11) did not signiﬁcantly modify associations between exposure to active well production volume and birth outcomes.
Heterogeneity tests were only conducted on the rural population
because the eﬀect sizes across outcomes were greater than those
of the urban population. Nearly all strata-speciﬁc eﬀect estimates
included the null and all EM p-values from heterogeneity tests
were insigniﬁcant across all outcomes.
Sensitivity analyses that included: a) prepregnancy BMI and
smoking during pregnancy for 2007–2015 births (Table S12) and
b) exposure to TRI facilities (Table S13) did not change eﬀect
estimates by more than 10%.
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Discussion
CA’s OGD primarily uses conventional drilling and enhancement
methods and, to a much lesser degree, HF. To our knowledge, our
study is the ﬁrst to quantify prenatal exposures to both inactive
wells and cumulative oil and gas production volume from active
wells in proximity to pregnant women and to evaluate diﬀerences
in associations by rural vs. urban areas in CA. In rural areas, we
found that exposure to high production volume was signiﬁcantly
associated with increased odds of LBW and SGA and decreased
tBW in comparison with the nonexposed group. In urban areas, exposure within 1 km of high production volume relative to no exposure was only signiﬁcantly associated with increased odds of SGA;
eﬀect estimates for exposure to moderate production volume in rural and urban areas were all insigniﬁcant.
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One prior study, by McKenzie et al. (2019), evaluated urban/
rural residential status as an eﬀect modiﬁer. Although that study
examined birth defects, the authors found signiﬁcantly increased
odds for four congenital heart defects in the medium and highest
exposure groups (based on an intensity-adjusted inverse-distance
weighted well-count metric) relative to the lowest group in rural
areas (McKenzie et al. 2019); no signiﬁcant associations were
observed for birth defects in urban areas. These rural vs. urban
diﬀerences in eﬀect estimates align with the stronger eﬀect estimates we observed in rural areas in CA for LBW and tBW.
McKenzie et al. (2019) also discovered a potential additive eﬀect
from other sources of air pollution besides OGD in their analysis.
Here, we considered residual confounding from TRI facilities
within 1 km, but inclusion of this covariate did not change the rural/urban strata-speciﬁc eﬀect estimates. Nevertheless, there may
be residual confounding from other sources of air or drinking
water pollution that we could not account for in our analysis. For
example, the ratio of produced water from OGD (which can contain naturally occurring or injected organic/inorganic chemicals,
chemicals that are reaction byproducts, and radioactive materials)
to oil and gas extracted increases with well age (Veil et al. 2004).
Certain chemicals from produced water could evaporate into the
air or percolate into groundwater sources, depending on disposal
methods (Long et al. 2015a). Air and water pollution concentrations could diﬀer regionally based on dispersion and hydrological
transport patterns. Additionally, individual factors that we could
not measure in our study, such as maternal occupation, housing
quality, indoor air quality, dependence on groundwater sources for
drinking water, and underlying population sensitivity to OGDrelated pollutants may have contributed to observed diﬀerences in
eﬀect estimates between rural and urban settings. In the air pollution literature, the exposure–response relationship between cardiovascular disease mortality and PM2:5 is relatively steep at low
levels of exposure but ﬂattens out at higher levels (Pope et al.
2009; Smith and Peel 2010). Such exposure–response relationships
could apply to the OGD setting where urban dwellers may be less
aﬀected by OGD-speciﬁc pollutants because OGD as an emission
source contributes a relatively small percentage to ambient air pollution levels in urban areas, which tend have higher pollutant concentrations overall from diverse mobile and stationary sources.
Indeed, average NO2 levels among urban areas in our study were
double that of rural areas.
Results from our analysis align with prior studies that observed
decreased birth weight associated with maternal exposure to OGD
activities (Currie et al. 2017; Hill 2018; Stacy et al. 2015).
However, associations between exposure to OGD and LBW and
SGA from other studies have been mixed, with increased odds
(Stacy et al. 2015) or incidence probability (Currie et al. 2017; Hill
2018) as well as decreased odds (McKenzie et al. 2014) or no associations (Casey et al. 2015; Whitworth et al. 2017). Although the
mechanisms by which OGD may adversely aﬀect birth weight outcomes remain uncertain, air pollution and noise may be possible
pathways that aﬀect maternal health during pregnancy. During production, operation of various ancillary equipment (e.g., wellhead
compressors, pneumatic devices, separators, and dehydrators) to
collect and process oil and gas generate air pollutants (GarciaGonzales et al. 2019). Multiple VOCs have been measured at oil
and gas wellheads and oﬀ-site, including BTEX and formaldehyde.
At ambient levels, BTEX and formaldehyde have been linked to
signiﬁcant decreases in birth weight (Bolden et al. 2015; Chang
et al. 2017; Maroziene and Grazuleviciene 2002). Flaring also
occurs with oil-producing and horizontally drilled wells (Franklin
et al. 2019) and can contribute to spikes in PM2:5 , black carbon,
and VOCs during production (Allshouse et al. 2019; Franklin et al.
2019). Relative to other phases of OGD, excessive noise is
Environmental Health Perspectives

minimized during production (Allshouse et al. 2019; Hays et al.
2017). However, noise from compressor stations often exceed the
World Health Organization’s recommended 55 dBA at night
(Hays et al. 2017) and noise above 65 dBA was measured 20% of
the time between 1900 hours and 0700 hours (7:00 P.M. and 7:00
A.M.) in one study (Allshouse et al. 2019). Excessive noise can
lead to annoyance and impaired sleep quality (Hays et al. 2017),
which have been linked to LBW (Abeysena et al. 2010; Owusu
et al. 2013) and PTB (Li et al. 2017).
Unlike previous studies, we found no signiﬁcant association
between exposure to active wells and PTB except in the third trimester in urban areas where moderate exposure appeared harmful
and high exposure protective. Exposure to OGD was associated
with modestly decreased odds for PTB (Stacy et al. 2015) and
increased odds (Casey et al. 2015) in Pennsylvania and increased
odds in Texas (Walker Whitworth et al. 2018; Whitworth et al.
2017). The two Pennsylvania studies were conducted in diﬀerent
regions of Pennsylvania and among diﬀerent populations [general
for Stacy et al. (2015) and patients served by one health-care provider for Casey et al. (2015)]. The inverse association in the Stacy
et al. (2015) analysis was only observed for the second quartile of
exposure in comparison with the lowest quartile, whereas the association increased with greater exposure (quartiled) in the Casey
et al. (2015) study. In Texas, the association was only signiﬁcant
with the highest level of exposure within 10 miles (Walker
Whitworth et al. 2018) and the ﬁrst and second trimesters with exposure within half a mile (Whitworth et al. 2017). Associations for
PTB appear to vary by level of exposure as well as trimester. We
only observed signiﬁcant associations—increased odds with moderate exposure and decreased odds with high exposure—in urban
areas in the third trimester. Previous studies on air pollution and
birth outcomes have suggested that the ﬁrst and third trimesters are
critical windows of exposure for LBW and PTB (Ritz and Wilhelm
2008; Woodruﬀ et al. 2009). Additionally, the signiﬁcant inverse
association between high OGD exposure and PTB in urban areas
may reﬂect residual confounding or live-birth bias. Other socioeconomic status characteristics that were not controlled for in our
models could have led to underlying diﬀerences among urban
dwellers or their exposure patterns. Moreover, if more highly
exposed or more vulnerable mothers were less likely to become
pregnant or more likely to experience fetal loss, a so-called “depletion of susceptibles” could have occurred (Raz et al. 2018), and a
seemingly protective eﬀect would then be observed. Although we
could not evaluate fertility patterns or spontaneous abortion in our
analysis, a study in Ecuador observed greater odds of spontaneous
abortion among women who lived within 5 km downstream of an
oil ﬁeld in comparison with those who lived at least 30 km
upstream of an oil ﬁeld (San Sebastian et al. 2002).
The inconsistent results across studies may reﬂect diﬀerences in
statistical and exposure assessment methods, study population demographics, and OGD infrastructure. First, to limit unmeasured confounding, our analyses restricted the study population to those
individuals living within 10 km of at least one active or inactive
well at the time of delivery. Similar to Whitworth et al. (2017), we
speciﬁed the unexposed group as those pregnancies with some well
activity, but no well activity within 1 km. Besides their exposure,
the control and exposed groups are likely more similar to each other
on other characteristics (e.g., unmeasured socioeconomic factors)
than a control group selected from greater distances or other regions.
Second, we applied a 1-km buﬀer for our exposure metric without
weighting, i.e., without up-weighting wells at a shorter distance
from maternal residences. Previous studies used inverse distance
weighting (McKenzie et al. 2014; Stacy et al. 2015) or inverse distance squared weighting (Casey et al. 2015; Walker Whitworth et al.
2018, 2017) but often included wells beyond our 1-km buﬀer.
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Inverse distance weighting has been applied in many air pollution
studies (de Mesnard 2013). Although air pollution may be a large
contributor to OGD-related exposure, we did not assume that it is
the only OGD-related hazard, and within such a short distance
(1 km), dispersion patterns of OGD pollutants may be relatively
uniform. Therefore, we weighted all wells equally within the 1-km
buﬀer. Third, we examined separate eﬀects of inactive wells and
active well production volume, whereas prior studies have not considered inactive wells separately and often only examined the density of (McKenzie et al. 2014; Stacy et al. 2015; Whitworth et al.
2017) or total production volume from unconventional wells (Casey
et al. 2015; Walker Whitworth et al. 2018). Including both inactive
and active wells allowed us to distinguish possible diﬀerential
eﬀects by well type. Fourth, our CA study population was more
racially and ethnically diverse than those in other studies conducted
in Colorado and Pennsylvania, which may contribute to diﬀerences
in analytical results. Finally, California’s OGD infrastructure is
older than infrastructure in other states and utilizes less HF in comparison with OGD in Pennsylvania, Colorado, and other states
where production infrastructure is newly established (Long et al.
2015b). These regional diﬀerences in OGD infrastructure may aﬀect
the type of hazards associated with them and their implications for
maternal health and birth outcomes.
Our study is the ﬁrst to highlight diﬀerences in potential health
impacts of exposure to active OGD based on total production volume from both oil and gas wells and inactive wells. We did not,
however, directly measure OGD environmental impacts via, for
example, air or drinking water monitoring near active or inactive
wells. Several OGD-related hazards—air toxics, water pollutants,
noise, excessive lighting—may elicit a variety of biological
responses, but our exposure measure precluded identiﬁcation of
speciﬁc pathways through which OGD may aﬀect birth outcomes.
Further, the cumulative exposure–response curve of all of the
potential hazards and health outcomes may diﬀer than that for each
individual hazard separately. For example, living in proximity to
oil and gas ﬁelds and seeing the active rigs daily might induce
stress, worry, and lack of sleep (Ferrar et al. 2013; Hirsch et al.
2018; Long et al. 2015a; Palagini et al. 2014). However, individuals may habituate, leading to biological responses that may peak
and level oﬀ (Basner et al. 2011), whereas we might expect a linear
exposure–response related to air pollution exposures.
We observed some modest inverse associations between inactive wells and birth outcomes, primarily in urban areas. Inactive
wells can pose risks in several ways. To date, excessive fugitive
methane emissions have been measured at abandoned (unplugged)
well sites, with higher concentrations detected at sites with compromised wells (Boothroyd et al. 2016; Kang et al. 2016). Residual
oﬀ-gassing of air contaminants such as BTEX could also occur,
which has prompted the South Coast air district and DOGGR to
begin to collect air toxics and VOCs emissions data (LACDPH
2018; SCAQMD 2019; California AB1328). Of greater concern is
contamination of potable water sources from subsurface leakage
and migration of contaminants through abandoned or idle wells
(Long et al. 2015a). In an assessment of groundwater contamination from OGD in Ohio and Texas over more than a decade, abandoned wells accounted for 22% (Ohio) and 14% (Texas) of
contamination incidents (Ground Water Protection Council 2011).
In CA, idle wells may be repurposed for wastewater disposal or
later revitalized with new technologies (Walker 2011). Wells operating with old infrastructure pose greater risks of leakages through
the well casing and cement barriers (Ingraﬀea et al. 2014). HF
could also increase the risk of surface or groundwater contamination via abandoned wells due to hydrological pressure changes; in
one rare incident, an abandoned well in Pennsylvania produced a
30-foot geyser of brine and gas for more than a week after a nearby
Environmental Health Perspectives

gas well underwent HF (EPA 2016). We may not have observed
any consistent or signiﬁcant associations between exposure to
inactive wells and adverse birth outcomes because we were not
able to capture these nuanced exposure pathways with well count
alone, leading to potential exposure misclassiﬁcation.
Other limitations include our inability to adjust for several
individual-level factors. Due to lack of data linkage, we could not
control for the correlation between siblings (though we do
include parity in all models) or maternal mobility during pregnancy. Birth records did not include a linking variable for siblings
and only documented the residential address at time of birth.
Previous studies on impacts of residential mobility during pregnancy suggest that ignoring residential mobility may lead to modest bias in associations toward the null or result in nondiﬀerential
exposure misclassiﬁcation (Chen et al. 2010; Hodgson et al.
2015; Lupo et al. 2010; Pennington et al. 2017). However, exposure estimates based on addresses captured at birth vs. conception
have been highly correlated (Chen et al. 2010; Lupo et al. 2010;
Pennington et al. 2017). Across studies, ≤30% of mothers moved
during pregnancy and moving distances were relatively short and
within the same county (Bell and Belanger 2012; Chen et al.
2010; Hodgson et al. 2015; Lupo et al. 2010; Miller et al. 2010;
Pennington et al. 2017). The extent of misclassiﬁcation error
depends on the spatial variability in the exposure (Hodgson et al.
2015). Additionally, exposure misclassiﬁcation may be less
prominent in the third trimester. Across environmental epidemiological studies that evaluated the impact of residential mobility
on eﬀect estimates by trimester, the highest rates of mobility
occurred in the second trimester (Bell et al. 2018; Bell and
Belanger 2012). Lowest residential mobility was observed in the
ﬁrst trimester among three studies and in the third trimester among
two studies (Bell et al. 2018; Bell and Belanger 2012). Exposure
misclassiﬁcation due to mobility in the third trimester is less likely
to be an issue, due to its proximity to the time of delivery, when
the maternal residential address is collected and listed on the birth
certiﬁcate. In addition to residential mobility, maternal occupational mobility should also be considered. One study that evaluated
the impact of occupational mobility on air pollution exposure misclassiﬁcation among Parisian women in the two ﬁrst trimesters
found that mode of transport increased NO2 exposure in the ﬁrst
trimester (Blanchard et al. 2018). Our study results yielded similar
eﬀect estimates across trimesters, suggesting that any bias resulting
from maternal residential and occupational mobility is likely nondiﬀerential across trimesters.
In summary, this study expands the current literature on the
health implications of OGD. We observed that prenatal exposure
to active oil/gas production from both conventional and unconventional wells in CA was associated with adverse birth outcomes, and
these associations varied by rural and urban areas. We observed the
strongest associations with exposure to high production volume in
rural areas. Future studies should consider inactive wells and conduct exposure assessments that collect environmental samples of
OGD-related hazards. Such data would greatly improve exposure
assignment and advance our understanding of underlying exposure
sources and pathways. Additional evaluations of the relationship
between oil/gas operator size, pollutant emissions, and frequency
and type of violations and health outcomes would also elucidate
which types of wells may be of greatest concern. Such data can
inform regulatory decisions in terms of prioritizing inspection and
pollution monitoring as well as emissions reduction requirements
and community exposure reduction strategies.
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Background: Recent studies report an association between preterm birth and exposure to unconventional oil and gas wells.
There has been limited previous study on exposure to conventional wells, which are common in California. Our objective was to
determine whether exposure to well sites was associated with increased odds of spontaneous preterm birth (delivery at <37 weeks).
Methods: We conducted a case–control study using data on 27,913 preterm birth cases and 197,461 term birth controls. All births
were without maternal comorbidities and were located in the San Joaquin Valley, CA, between 1998 and 2011. We obtained data
for 83,559 wells in preproduction or production during the study period. We assessed exposure using inverse distance-squared
weighting and, for each birth and trimester, we assigned an exposure tertile. Using logistic regression, we estimated adjusted odds
ratios (ORs) for the association between exposure to well sites and preterm birth at 20–27, 28–31, and 32–36 weeks.
Results: We observed increased ORs for preterm birth with high exposure to wells in the first and second trimesters for births
delivered at ≤31 weeks (adjusted ORs, 1.08–1.14). In stratified analyses, the associations were confined to births to Hispanic and
non-Hispanic Black women and to women with ≤12 years of educational attainment. In a secondary analysis, we found evidence
that exposure to wells in preproduction is associated with higher concentrations of particulate matter.
Conclusions: We found evidence that exposure to oil and gas well sites is associated with increased risk of spontaneous preterm birth.
Keywords: Preterm birth; Birth outcomes; Oil and gas; Ambient air pollution

A

n estimated 17.6 million people in the United States live
within 1.6 km (1 mile) of an active oil or gas well, including 2.1 million California residents.1 The United States

recently became the leading global producer of petroleum and
natural gas and drilling activity has correspondingly increased,
including in California, which is among the most productive
states for crude oil.2,3 Previous studies have found associations
between spontaneous preterm birth and exposure to environmental contaminants, as well as other factors, including stress
psychosocial stress, genetics, infection, and race.4,5 However, the
relative contribution of each of these factors has not been well
characterized. Preterm birth, defined as delivery before 37 weeks
of gestation, increases risk of infant morbidity and mortality.6,7
Preterm births are described as spontaneous for women who
present with premature labor with cervical dilation or rupture
of membranes, and as medically indicated when induced by a
care provider due to health complications.6
Several recent studies report that women exposed to unconventional hydraulically fractured wells have increased risk of adverse
birth outcomes, including preterm birth.8–10 There is limited evidence of associations between adverse birth outcomes and conventional oil and gas extraction operations, which comprise the
majority of wells in California.11 Preproduction and production
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WHAT THIS STUDY ADDS
An estimated 17.6 million US residents live in close proximity to
oil and gas wells, including 2.1 million Californians. However,
the health effects of living in proximity to new and active well
sites are not well characterized. We examined whether exposure to well sites was associated with preterm birth risk. We
conducted a case–control study in the San Joaquin Valley, CA,
an area with the most intensive oil and gas production activity
in California, predominantly with conventional methods. We
observed an association between preterm birth and exposure
to oil and gas well sites. In a secondary analysis, we found evidence of higher concentrations of ambient air pollutants at air
monitoring sites in proximity to drilling sites compared with
unexposed monitors.
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Exposure assessment

activities in both conventional and unconventional wells emit contaminants that may impact perinatal health.1,12–14 The preproduction stage, which typically is completed in several weeks, includes
preparation of the well pad, road construction, drilling, and well
completion.1,12–14 The production stage may last as long as several
decades, though the intensity of production, as well as emissions
of ambient air pollutants, may vary throughout the life of an active
well.1 Recent studies have found that wells in preproduction emit
higher concentrations of air pollutants than wells in the production stage per unit time.15,16 In addition to air pollutants, residents
near well sites may also be exposed to contaminated water, as well
as higher noise pollution and community disruption, which have
been associated with increased psychosocial stress.13,17–20
This study investigated the potential association between
spontaneous preterm birth and exposure to oil and gas wells
in preproduction or production the San Joaquin Valley, CA. We
used a case–control design to assess the association between
exposure to well sites and odds of preterm birth.

We obtained data on oil and gas wells from the California
Geologic Energy Management Division (CalGEM), formerly the
Division of Oil, Gas, and Geothermal Resources (DOGGR), as
well as Enverus, a private data aggregation service. Data used in
this study were obtained in April 2018 and comprised records
for 160,256 wells in the San Joaquin Valley, including observations of well type, status, location (latitude and longitude),
date of spudding (initial drilling), date of completion (end of
preproduction), and the dates production started and ended.
We restricted the dataset to wells in the study region that were
spudded, completed, or in production between 1 January 1997,
and 31 December 2011, to allow for exposures to births in early
1998. We also included wells within 15 km of the boundary
of the study region, to allow for exposures to residents living
along county borders. A total of 83,559 wells were included in
the analytic dataset, including 12,369 wells in preproduction
and 71,190 wells in production. Some 3,760 wells were only in
the preproduction stage during the study period, 71,190 were
only in the production stage, and 8,609 were in both stages.
An additional 76,697 wells were neither in preproduction or
production during the study period, most of which (77.4%)
were plugged and abandoned. We included all wells for which
preproduction or production dates were available, due to lack
of prior knowledge on the relative hazards associated with different well types. The majority of new and active wells in the
analytic dataset were oil and gas wells, including those that use
conventional enhanced recovery methods such as steam flooding, cyclic steam injection, and water flooding. For the 12,369
new wells assessed in the current study, the median duration of
preproduction (spudding to completion) was 19 days, and 9.3%
had long gaps (>100 days) between spudding and completion
(eFigure 2; http://links.lww.com/EE/A91). On average, 81.3 ±
75.7 wells were spudded each month, with a range from 6 to
307. The active wells were production for an average of 6,678
days (18.3) years, with a range from 28 to 15,309 days.
Exposure was assessed for each trimester for each birth. The
first trimester was defined as gestational weeks 1–13, second trimester as weeks 14–26, and third trimester as week 27 to birth.
For wells in preproduction (new wells), we defined an exposure
period for each well starting 1 week before spudding and ending 1 week after completion, which allows for oil pad activities
around the spud and completion dates. For wells in production
(active wells), we defined the exposure period as the interval
between production start and end dates provided in the Enverus
dataset. We estimated exposure to well sites using an inverse
distance-squared weighted index:

Methods
Study population
We obtained data on live births from eight counties in the San
Joaquin Valley, CA: Fresno, Kern, Kings, Madera, Merced, San
Joaquin, Stanislaus, and Tulare (Figure). We chose to focus on
the San Joaquin valley region because it accounts for the majority of oil and gas production in California. During the study
period, oil and gas operations in the San Joaquin Valley comprised 82.7% of wells in preproduction (new wells) and 74.2%
of wells in production (active wells), as well as the majority of oil
production by volume in the state. The region had a population
of approximately 4 million in the 2010 decennial US Census. We
obtained data on 892,088 births between 1998 and 2011, comprising all births in nonmilitary hospitals in the study region.
From this population, we compiled a dataset that included
preterm cases, defined as delivery at fewer than 37 gestational
weeks, and term birth controls. Inclusion criteria were singleton
births delivered at 20–41 weeks and with a birthweight between
500 and 5,000 g. Of the 771,416 births that fit these criteria,
78,421 were preterm birth cases. We randomly selected 235,263
term birth controls in a 3:1 ratio of controls to cases.
For all controls and cases, we extracted the residential
address at time of birth from the birth certificate. The California
Environmental Health Tracking Program Geocoding Service
geocoded each address, after standardizing, verifying, and
correcting addresses. Geocoding was successful for 221,651
(94.2%) of controls and 73,736 (94.0%) of cases. We linked
the cases and controls with discharge data from the Office of
Statewide Health and Planning (OSHPD), with successful linkage for 220,137 (99%) controls and 72,907 (99%) cases. We
removed cases where preterm birth may have been medically
indicated and excluded births with the following maternal
comorbidities, owing to the assumption of different underlying etiologies: pregestational diabetes, gestational diabetes,
gestational hypertension, preeclampsia/eclampsia, and chronic
hypertension (except for births at 20–23 weeks, with delivery
before gestational diabetes is typically diagnosed). This resulted
in a final dataset comprising 225,374 births, including 27,913
spontaneous preterm cases and 197,461 term controls (eFigure
1; http://links.lww.com/EE/A91). We further divided preterm
birth into three categories based on gestational age: 20–27
weeks (n = 2,307), 28–31 weeks (n = 3,098), and 32–36 weeks
(n = 22,508). We considered three categories of preterm births
as the etiologic pathway may be different for births delivered at
different gestational ages.21 Maternal covariates were obtained
for each birth, including age (years), race/ethnicity (Hispanic,
non-Hispanic Asian, non-Hispanic Black, non-Hispanic White,
and other), educational attainment (less than high school, high
school, more than high school), and parity (1 or ≥2).

n

1
,
2
i =1 d i

exposurebt = ∑

where exposure for birth b at trimester t is the sum of the inversesquared Euclidean distance, d, to each well, i. The exposure
assessment was done for all wells, n, that were in preproduction
or production during trimester t within a 10-km radius of the
maternal residence. We divided exposed births into exposure
tertiles for each trimester of exposure, with group 1 comprising
the lowest tertile exposure and group 3 comprising births in the
highest exposure tertile. Births without exposure in each trimester comprised a separate unexposed category (tertile “0”). We
repeated this procedure to also assess an exposure index only
for new wells and only for active wells.
Preterm births delivered during the third trimester have a
shorter opportunity for exposure than term births. To account
for this potential opportunity bias, we assessed third trimester
exposure for only the last 30 days before delivery. We included
only births at 32–36 weeks of gestation for this assessment. The
majority of births at 20–27 weeks do not have the opportunity
to be exposed in the third trimester. Similarly, for the majority
2
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Figure. Map of the study region showing 10 km buffers around new wells in preproduction during the study period (orange) and active wells in production
during the study period (purple) in California, as well as the overlap between the two (red). The study counties are (1) San Joaquin, (2) Stanislaus, (3) Merced,
(4) Madera, (5) Fresno, (6), Kings, (7) Tulare, and (8) Kern.

of births at 28–31 weeks, the last 30 days of gestation cross the
second and third trimesters.

as well as birth year. We also fit models without the adjustment
for birth year.
To test the robustness of findings, we conducted a set of sensitivity analyses. We modified assumptions in the exposure assessment,
using radii of (1) 3 km, (2) 5 km, and (3) 15 km of the maternal
residence (instead of 10 km); we also used a 10-km radius with
(4) inverse distance weighting and (5) inverse distance-square root
weighting (instead of inverse distance-squared weighting). For
each of these sets of alternative exposure parameters (1–5), we fit
crude and adjusted logistic regression models as described above.
In a second set of sensitivity analyses, we conducted analyses stratified on maternal race/ethnicity, educational attainment, and birth

Statistical analysis
We used logistic regression to estimate the association between
exposure to wells and odds of spontaneous preterm birth. We
fit models for each gestational age category (20–27, 28–31,
and 32–36 weeks) compared with term birth controls (37–41
weeks), with a separate model for each trimester. The analysis
included unadjusted models as well as models adjusted for the
mother’s age, race/ethnicity, educational attainment, and parity,
3
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Results

year. For the birth year stratification, we stratified the analysis into
two groups: births from 1998 to 2006 and births from 2007 to
2011. We chose to stratify this way due to a change in the method
of estimating gestational age starting in 2007, from last menstrual
period to obstetric estimate. For each stratum, we again fit crude
and adjusted logistic regression models as described above. We
were not able to assess exposure to smoking during pregnancy
because we did not have a reliable measure for smoking status. To
account for this limitation, we fit adjusted models for the subset
of births to Hispanic mothers, a population with low prevalence
of smoking.22 The prevalence of smoking among Hispanic women
during pregnancy was 1.8% in 2016, less than the 7.2% smoking
prevalence among all US women.23
To examine whether the stage of well development conferred
different risks, we conducted a sensitivity analysis confined to
the subset of births exposed only to active wells. There were
insufficient births to do a similar analysis for births exposed
only to new wells. We accounted for potential spatial autocorrelation by fitting mixed-effects models with a random intercept
for census tract. To account for potential residual confounding
from socioeconomic factors, we fit models adjusted for three
additional variables: a categorical variable for mother insurance
payer (Medi-Cal, private, uninsured, or other), an indicator
for whether prenatal care was initiated before 5 months, and
an indicator for whether >20% of families in the census block
group were below the poverty level in the 2000 census.
We also conducted a sensitivity analysis that stratified by
exposure to traffic-related copollutants: carbon monoxide
(CO), nitrogen dioxide (NO2), particulate matter with an aerodynamic diameter ≤2.5 µm (PM2.5), and particulate matter with
an aerodynamic diameter ≤10 µm (PM10). For this analysis,
we assessed exposure to traffic-related pollutants as described
previously by Padula et al.24 We obtained traffic exposure data
for 85,290 births in the four most populated counties (Fresno,
Kern, Stanislaus, and San Joaquin) from 2000 to 2006, which
were similar to the whole study population on observed covariates. For this analysis, we assigned each birth an exposure quartile for each of the four traffic-related copollutants. We assigned
each birth to either a “low traffic” group if, for all four pollutants and traffic density, the birth was below the highest exposure quartile, or to a “high traffic” group if the birth was in the
highest quartile for all five measures.24 Among the 85,290 births
with traffic data, 32,016 matched either of these criteria, with
29,679 births in the “low traffic” group and 2,337 in the “high
traffic” group. These subsets were also similar to the whole
sample on observed characteristics. We then fit unadjusted and
adjusted logistic regression models as described above, stratified
on traffic exposure.
Finally, we conducted a secondary analysis to examine the
association between air quality and exposure to drilling sites.
For this analysis, we obtained data from the US Environmental
Protection Agency (EPA) Air Quality System, which included
daily observations of NO2, O3, PM10, and PM2.5 from 1998 to
2018 at 290 stations throughout California (eFigure 3; http://
links.lww.com/EE/A91). Using statewide data on oil and gas
drilling activity, we assessed exposure to drilling sites for each air
monitor and for each month from 1998 to 2018, using the same
method as described above for maternal residences. For each pollutant, we fit linear models with mean monthly concentration
as the dependent variable and exposure tertile as the independent variable. We also fit a model with fixed effects for air basinmonth and air basin-year. Air basins are defined by the California
Air Resources Board (CARB) with boundaries determined based
on similarity of geographic and meteorological features.

The analytic study base included 197,461 term birth controls
and 27,913 spontaneous preterm birth cases delivered from
1998 to 2011. Among all births in the analytic dataset, 1.0%
(2,307) were delivered at 20–27 weeks of gestational age, 1.4%
(3,098) at 28–31 weeks, and the remaining 10.0% (22,508)
at 32–36 weeks. The majority of the study population was
Hispanic and multiparous, with relatively even distributions of
educational attainment (Table 1). Women with preterm deliveries were disproportionately non-Hispanic Black and had disproportionately low educational attainment, compared with
women with term births (Table 1). Among all births in the sample, 78,153 were exposed to new or active wells at some point
during gestation. The subset with high wells exposure (quantile
3) were comparable to the unexposed births on observe covariates (eTable 1; http://links.lww.com/EE/A91). This observation
held when considering exposure separately to new and active
wells (eTable 2; http://links.lww.com/EE/A91, eTable 3; http://
links.lww.com/EE/A91). Summary statistics for the inverse distance-squared weighted index, organized by tertile for each trimester, are presented in eTable 4; http://links.lww.com/EE/A91,
and separately for new wells (eTable 5; http://links.lww.com/EE/
A91) and active wells (eTable 6; http://links.lww.com/EE/A91).
Higher odds of preterm birth were associated with exposure
to wells in the highest tertile in the first and second trimesters
for births at 20–27 and 28–31 weeks of gestation, with adjusted
ORs ranging from 1.08 to 1.14 (Table 2). In unadjusted models, the association between exposure to wells and preterm
birth was similar to that observed in adjusted models (eTable 7;
http://links.lww.com/EE/A91). The results were consistent in an
analysis where we assessed exposure cumulatively throughout
gestation (eTable 8; http://links.lww.com/EE/A91). In models
adjusted for maternal covariates but not birth year, ORs ranged
from 1.10 to 1.35 for exposure in all trimesters and births in
all gestational age categories, including births at 32–36 weeks
(eTable 9; http://links.lww.com/EE/A91).
When we considered exposure separately for new wells
(eTable 10; http://links.lww.com/EE/A91) and active wells
(eTable 11; http://links.lww.com/EE/A91), the results were consistent with the primary result of an association for exposure
in the first and second trimesters confined to births at 20–27
and 28–31 weeks. The majority of exposed births had exposure to both new and active wells. In an analysis confined to
the subset of births exposed only to active wells, the association
between exposure and preterm birth was confined to births at
20–27 weeks (eTable 12; http://links.lww.com/EE/A91). We also
observed an association for the second tertile of exposure for
births at 28–31 weeks, but not the highest tertile of exposure.
Using different parameters to assess exposure did not substantially change the observed ORs (eTable 13; http://links.lww.
com/EE/A91). In stratified analyses, the observed associations
were confined to births to Hispanic and non-Hispanic Black
women, and to women with 12 or fewer years of educational
attainment (eTable 14; http://links.lww.com/EE/A91). In an
analysis stratified by birth year (<2007, ≥2007), we observed
ORs from 1.08 to 1.17 for pre-2007, including births at 32–36
weeks. The ORs were attenuated for births from 2007 to 2011,
and there was no association for the 32- to 36-week group. In
adjusted models for births to Hispanic mothers, a population
with low prevalence of smoking, we observed stronger associations than in the entire study population (eTable 15; http://links.
lww.com/EE/A91).
Including a random effect for census tract did not substantially change the ORs or 95% confidence intervals (eTable 16;
http://links.lww.com/EE/A91). In models that adjusted for additional socioeconomic variables, we similarly did not observe
substantial changes in the ORs (eTable 17; http://links.lww.
com/EE/A91). When we stratified on traffic-related air pollutant coexposures, the association between exposure to wells and

Ethical considerations
The study was approved by the Stanford University Institutional
Review Board and the California State Committee for the
Protection of Human Subjects.
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Table 1.
Characteristics of the study population stratified by gestational age category, San Joaquin Valley, CA, 1998–2011
Gestational age category
Characteristic
n
Age, years (mean ± SD)
Race/ethnicity (%)
Hispanic
Non-Hispanic Asian
Non-Hispanic Black
Non-Hispanic White
Other
Missing
Education (%)
<12 years
12 years
>12 years
Missing
Parity (%)
1
2 or more
Missing
Infant sex (% female)

20–27 weeks
2,307
26.0 ± 6.7

28–31 weeks
3,098
25.7 ± 6.6

32–36 weeks
22,508
26.1 ± 6.3

37–41 weeks
197,461
26.0 ± 5.9

57.9
8.3
9.5
22.1
1.7
0.8

54.9
8.8
9.6
24.1
1.9
0.6

54.8
8.3
6.3
28.4
1.8
0.6

57.0
7.1
4.5
29.4
1.5
0.6

34.6
33.9
29.0
3.1

37.1
33.8
26.8
2.3

33.7
31.0
33.6
1.8

32.6
31.8
34.0
1.6

44.3
55.5
0.1
43.0

38.1
61.8
0.2
41.5

35.8
64.1
0.1
44.9

34.8
65.2
0.1
49.4

Table 2.
Results for all quantiles of exposure to both new and active wells, compared with unexposed term births, stratified by gestational
age category and adjusted for maternal age, race, race/ethnicity, education, and birth year
aORa (95% CI)
Trimester
1

2

3

Exposure quantile
0 (unexposed)
1
2
3
0
1
2
3
0
1
2
3

20–27 weeks

28–31 weeks

32–36 weeks

1.0 [1,491]
1.01 (0.88, 1.15) [265]
1.00 (0.88, 1.13) [271]
1.09 (0.95, 1.24) [280]
1.0 [1,499]
0.98 (0.85, 1.12) [258]
0.99 (0.87, 1.13) [270]
1.08 (0.95, 1.23) [280]
–
–
–
–

1.0 [2,022]
0.93 (0.83, 1.05) [334]
0.95 (0.84, 1.07) [345]
1.14 (1.01, 1.27) [397]
1.0 [2,018]
0.94 (0.83, 0.96) [336]
0.96 (0.85, 1.07) [347]
1.14 (1.01, 1.27) [397]
–
–
–
–

1.0 [15,021]
0.93 (0.89, 0.97) [2,396]
0.96 (0.92, 1.01) [2,551]
0.99 (0.95, 1.04) [2,540]
1.0 [15,025]
0.93 (0.88, 0.97) [2,385]
0.96 (0.92, 1.01) [2,554]
0.99 (0.95, 1.04) [2,554]
1.0 [15,051]
0.93 (0.89, 0.97) [2,374]
0.96 (0.92, 1.01) [2,540]
1.00 (0.95, 1.04) [2,543]

The results are presented as odds ratio (95% CI) [n births in the respective quantile]. Exposure in the third trimester was assessed for the last 30 days before for delivery.
a
Odds ratios adjusted for maternal age, race/ethnicity, educational attainment, parity, and birth year.
aOR indicates adjusted odds ratio; CI, confidence interval.

environmental contaminants and stressors, and we were not
able to evaluate which factors confer risk. Previous study has
found that oil and gas preproduction produces ambient air pollutants, including fine particulate matter, nitrous oxides, volatile
organic compounds, ozone, carbon monoxide, and hydrogen
sulfide.1,12–14 The environmental risks from oil and gas extraction
may differ by the stage of preproduction (well pad preparation,
road construction, drilling, and completion) or production
(different steps in, e.g., cyclic steam injection). We observed an
association between preterm birth and exposure to both new
and active wells, though due to the correlation in exposure
to both new and active wells, we were not able to determine
whether exposure to wells in either stage confers more risk.
Other potential risk factors include exposure to toxic chemicals
used in extraction, but data on the types and toxicity of chemicals used is limited. In oil fields in the South Coast Air Quality
Management District, located in Southern California, operators
are required to report on-site chemical use.25 In oil fields in this
area, operators applied 548 chemical additives over a 2-year
span, most with unknown toxicity.25 In addition, the extent to
which human populations have been exposed to oil and gas
extraction–related pollutants remains poorly characterized.

preterm birth (defined in this case as a binary outcome for births
at 20–36 weeks) appeared to be persistent for births with low
traffic coexposures in the second trimester and for births with
high traffic-related coexposures, though these associations were
not statistically significant (eTable 18; http://links.lww.com/EE/
A91).
In a secondary analysis, ambient air quality monitor-months
with high exposure to drilling sites had higher concentrations
of PM10 and PM2.5, compared with unexposed monitor-months
(eTable 19; http://links.lww.com/EE/A91). These results were
consistent when we added a fixed effects for air basin-month
and air-basin year but were attenuated with an additional fixed
effect for monitoring station.

Discussion
We found evidence that exposure to oil and gas well sites in
the first and second trimesters is associated with increased odds
of spontaneous preterm birth at 20–31 weeks. The association
was confined to women who were Hispanic and non-Hispanic
Black, and those with 12 or fewer years of educational attainment. Residents near well sites may be exposed to a range of
5
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In the current study, we found evidence that proximity to
wells in preproduction is associated with higher exposure to
PM10 and PM2.5, which supports our hypothesis that proximity to wells in preproduction confers risk. In this analysis, we
compared concentrations of ambient air pollutants between
exposed and unexposed monitor-months and controlled for seasonal and temporal trends at the air basin level. The results were
attenuated, however, when we included a fixed effect for the
air monitoring station, though it is unclear which is the correct
specification. Further assessments of the air quality impacts of
oil and gas operations should consider differences in the fate
and transport of ambient air pollutants, account for meteorological factors, consider how the timing of production activities
and active wells may affect emissions, and carefully select and
specify appropriate statistical models.26
There are several possible biological mechanisms for the
effect of oil and gas extraction-related environmental exposures
on preterm birth. The etiology of preterm birth is suspected to
include dysregulated inflammation, which may be a response
to infection or oxidative stress associated with air pollution,
including particulates and nitrous oxides.27,28 The release of
proinflammatory mediators, such as cytokines, is associated
with exposure to particulates.4,27 Psychosocial stress from activities associated with oil and gas preproduction, such as increased
noise and traffic, could be an additional contributing factor to
preterm birth.12,29,30 Recent study has found that exposure to
drilling sites in the Marcellus Shale region of central and northwestern Pennsylvania adversely affected mental health, but that
increased anxiety and depression did not mediate adverse birth
outcomes.17,31 There may be additional, unexamined pathways
associated with exposure to the chemical additives of unknown
toxicity applied in oil and gas extraction.25
The current study considers exposure to oil and gas operations in California, where the majority of wells are drilled
using conventional methods.32 Previous studies of the association between oil and gas development and spontaneous preterm
birth have focused on unconventional natural gas extraction in
Pennsylvania, Texas, and Colorado. Casey et al.8 found an association between preterm birth and exposure to unconventional
natural gas wells in the Marcellus Shale of Pennsylvania, with
elevated odds ratios for the most exposed tertile of births compared with unexposed. In a quasiexperimental study, Currie et
al.9 found lower birthweight and poorer overall infant health
outcomes for births in areas where unconventional wells were
drilled. Whitworth et al.10 examined exposure to unconventional natural gas wells in Texas, assessing exposure to wells
in the preproduction and production stages. These investigators
also found higher odds of preterm birth with exposure to both
preproduction and production stages. Null and protective associations between exposure to wells and adverse birth outcomes
have been reported by other investigators.11,33
This study had several limitations. Exposure was estimated
based on proximity and not directly measured. We were not
able to account for women who moved between conception and
delivery or for exposure at sites other than the residence, which
could result in exposure misclassification. This misclassification
could bias the results toward the null if moving was not related
to preterm birth status, or, conversely, bias in an unpredictable
direction if movement was related to preterm birth status. We
were not able to account for births to the same mother, which
may lead to misestimation of standard errors. The sensitivity
analysis for that considered traffic-related coexposures was
confined to four counties for which exposure was previously
assessed by Padula et al.24 We were not able to account other
sources of ambient air pollution in the study region. There may
be missing observations of well preproduction and production
in the data, which could also lead to exposure misclassification.
We expect this would produce a bias toward the null. Wells
classified as active were assumed to have constant production

throughout the study period. If possible, future studies should
more carefully consider temporal variations in ambient air pollutant emissions from active wells. In the birth cohort data we
used, the method of assessing gestational age shifted in 2007
from last menstrual period to obstetric estimate, which incorporates data from multiple sources and is considered more accurate.34,35 With the shift to best obstetric estimate, the defined
occurrence of preterm birth is expected to decrease, as the births
that may have been misclassified as preterm based on last menstrual period would be more accurately classified as term.6 We
do not expect misclassification for births at fewer than 31 weeks.
Births delivered at 32-36 weeks prior, however, may have been
misclassified as preterm if using last menstrual period to assess
gestational age. This may explain the result from the analysis
stratified on birth year, where the association between exposure
and preterm birth was attenuated for late preterm births (32–36
weeks) after 2007. Notably, we still observed an association
between exposure to wells and preterm births delivered at fewer
than 31 weeks before and after 2007. The current study considers exposure to oil and gas operations in California, where most
wells are drilled using conventional methods.
In the future, researchers should consider investigating
whether exposure to oil and gas wells may also be associated
with medically indicated preterm births, possibly through
maternal comorbidities. The findings suggest that future
research should consider the reproductive health impacts of
both conventional and unconventional drilling. Additional perinatal health outcomes previously associated with exposure to
unconventional drilling sites should also be considered, as well
as exposure to wells at other stages of development (idle wells
and wells in postproduction).
We found an association between exposure to oil and gas well
sites and odds of spontaneous preterm birth at 20–31 weeks in
the San Joaquin Valley, CA. This study adds to limited evidence
that oil and gas extraction activities have adverse impacts on
reproductive health.
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Abstract: Oilfield-adjacent communities often report symptoms such as headaches and/or asthma.
Yet, little data exists on health experiences and exposures in urban environments with oil and gas
development. In partnership with Promotoras de Salud (community health workers), we gathered
household surveys nearby two oil production sites in Los Angeles. We tested the capacity of low-cost
sensors for localized exposure estimates. Bilingual surveys of 205 randomly sampled residences
were collected within two 1500 ft. buffer areas (West Adams and University Park) surrounding oil
development sites. We used a one-sample proportion test, comparing overall rates from the California
Health Interview Survey (CHIS) of Service Planning Area 6 (SPA6) and Los Angeles County for
variables of interest such as asthma. Field calibrated low-cost sensors recorded methane emissions.
Physician diagnosed asthma rates were reported to be higher within both buffers than in SPA6 or
LA County. Asthma prevalence in West Adams but not University Park was significantly higher
than in Los Angeles County. Respondents with diagnosed asthma reported rates of emergency
room visits in the previous 12 months similar to SPA6. 45% of respondents were unaware of oil
development; 63% of residents would not know how to contact local regulatory authorities. Residents
often seek information about their health and site-related activities. Low-cost sensors may be useful in
highlighting differences between sites or recording larger emission events and can provide localized
data alongside resident-reported symptoms. Regulatory officials should help clarify information to
the community on methods for reporting health symptoms. Our community-based participatory
research (CBPR) partnership supports efforts to answer community questions as residents seek
a safety buffer between sensitive land uses and active oil development.
Keywords: oil and gas development; urban oil drilling; cumulative impacts; environmental justice;
community-based participatory research; health survey; low-cost sensors; methane

1. Introduction
The consequences for public health of oil development in densely populated urban environments
is an understudied research question, but one of great concern to residents surrounding oil and gas
Int. J. Environ. Res. Public Health 2018, 15, 138; doi:10.3390/ijerph15010138
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development facilities in Los Angeles. Oil and natural gas extraction activity, both using traditional
primary production methods as well as secondary methods such as flooding, steam injection, hydraulic
fracturing, and acidization, has prompted concerns over impacts to water, air, land, and public health
across the United States [1]. Yet, there is little environmental or public health data on the consequences
of oil development in urban core cities, such as Los Angeles, with substantial production located near
dense populations. The National Institute of Environmental Health Sciences funded Environmental
Health Sciences Core Centers recommended that future research should examine exposure and health
outcomes related to oil and natural gas development with community engagement as central to study
design [2]. Community-based participatory research (CBPR) can be a vital component of research
that is designed around the 3Rs—rigor, reach, and relevance—that is critical to the usefulness of
scientific findings [3]. Our study is a contribution to CBPR research in an urban oil development
context. We examined oil development in South Los Angeles through self-reported community
health. We also gathered qualitative information about community knowledge of and experiences
living nearby an oil development site. Finally, we tested a low-cost method for identifying methane
emissions from oil development in a neighborhood impacted by multiple pollution sources to better
discern oil-related exposures.
Research studies on the health impacts of proximity to oil and gas development suggest
an important spatial dimension, with those living closer to active wells experiencing greater adverse
impacts. Residents living within 0.8 km from a gas well, compared with residents living further
away from such active gas development, experience greater impacts on their health from exposure
to gas emissions [4]. Greater density and proximity of natural gas wells to maternal residence
(within a 10 m radius) were associated with adverse birth outcomes [5]. Residential proximity has
also been associated with dermal and respiratory conditions in residents near natural gas extraction
activities with distances typically measured at less than a kilometer to two kilometers from well to
residence [6].
Los Angeles is an oil-rich basin concentrated across 70 active oil fields [7]. In some neighborhoods,
residences are located just 3 ft. away from the boundary of an active drilling and/or production
site, with the wellheads as close as 60 ft. from the residence. In Los Angeles County, a population of
10 million people resides amidst more than 5000 active oil and gas wells, with the City of Los Angeles
hosting approximately 850 active wells and 4750 wells in the county, adjacent to over 4 million and
10 million residents, respectively. In neighborhoods such as South Los Angeles, wells are located
nearby a dense residential population and sensitive land uses such as childcare centers, schools, urban
parks and playgrounds, and senior residential and healthcare facilities, many composed of vulnerable
populations [8,9]. The proximity of oil wells and production facilities to a dense population makes
Los Angeles a critical site for examining the public health consequences and potential exposures
from oil and gas development in an urban context. Our community-based health and exposure
study is a collaboration between Occidental College, University of Colorado, Boulder, and member
organizations of STAND-LA (Stand Together against Neighborhood Drilling-Los Angeles). STAND-LA
is a coalition of environmental justice and community groups organized to confront the public health
consequences of oil development for residents living amidst active oil development in the City of
Los Angeles. Despite the more than 100-year history of oil development in Los Angeles [10], there is
a dearth of data on environmental and public health consequences of these long-lived and continuous
operations. We sought to generate baseline community data by conducting a preliminary survey
through the collection of comparable self-reported health data as well as baseline information about
resident experiences of living near active oil development. Further, communities have no access to
exposure monitoring data, and air monitoring can be prohibitively expensive [11]. Low-cost sensors are
a potential option for generating localized community-relevant monitoring data that can be examined
alongside self-reported data.
Los Angeles is a well-documented “riskscape” of environmental hazards and elevated health
risk, disproportionately concentrated in poor communities and communities of color [12,13].
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CalEnviroscreen, a pollution exposure and health vulnerability screening tool developed by the
California Environmental Protection Agency Office of Environmental Health Hazard Assessment
for use by State agencies, helps identify communities most affected by multiple sources of pollution,
and where people are especially vulnerable to pollution’s effects [14]. CalEnviroscreen calculates scores
that reflect cumulative impact and vulnerability for every census tract in the state using environmental,
health, and socioeconomic information from state and federal government regulatory agencies
(Cushing et al. 2015). Vulnerability incorporates individual and community level characteristics
that make people more sensitive to pollution’s effects, such as young children and people with asthma,
and socioeconomic factors, such as poverty, race/ethnicity, and education. The tool ranks communities
based on their scores, and then maps these scores, allowing for objective cross-community comparisons.
Because the determinants of vulnerability include socioeconomic factors, such as race/ethnicity and
income, our CBPR study examines active oil production in two communities with a residential
population that is poorer, and with a higher proportion of non-Anglo people than the city or county
overall. The West Adams and University Park neighborhoods, surrounding the Jefferson (The Jefferson
Drill Site) and AllenCo (the AllenCo Drill Site) oil production sites, are both located in an area identified
by CalEnviroscreen as an “environmental justice” community, defined as among the top 25% of most
environmentally most environmentally burdened census tracts in the state [15].
Environmental justice (EJ) community organizations have historically recognized and documented
health and environmental consequences from polluting industries and other incompatible land uses
located near their homes, schools, and playgrounds [16,17]. EJ communities often more actively seek
information and gather data related to community hazards to demonstrate the hazards and risks they
face, and to better inform policy and decision-making [18]. Residents in Los Angeles neighborhoods
near oil development sites report health symptoms such as nosebleeds and headaches, ailments that
have also been described with oil and gas production in other areas [19]. Oil production and drilling is
associated with exposure to hazardous air pollutants (HAPs) and toxicants, such as BTEX chemicals
(benzene, toluene, ethylbenzene, and xylene) [20].
Secondary drilling and production enhancement practices inject fluids into oil and gas reservoir
rocks to enhance the recovery of the hydrocarbon products. For example, acidizing is used in
Los Angeles, where large volumes and high concentrations of hydrochloric acid, hydrofluoric acid,
or other chemicals are injected underground, mixing and reacting with other well fluids, most of which
lack adequate hazard evaluation. Oil development facilities within the South Coast Basin submit
chemical use reports for certain well activities. The reports indicate chemical ingredients with known
air toxics such as hydrogen chloride, xylene, hydrofluoric acid, and ethylbenzene used as part of
standard well development and maintenance acidizing practices [21,22].
Residents living near active oil wells and production facilities in Los Angeles often note symptoms
such as nosebleeds, headaches, and worsened asthma. In the most highly publicized case, residents
of the University Park neighborhood in 2013 complained of foul emissions and reported nosebleeds,
headaches, and respiratory problems. These complaints coincided with increased oil production in the
nearby field, where production rose 400% in one year following the purchase of the facility by AllenCo
Energy Inc. (Los Angeles, CA, USA) (4178 barrels in 2009 to 21,239 barrels in 2010 [23]. Subsequently,
the EPA fined AllenCo. The facility is temporarily closed with plans to reopen once it installs emissions
control equipment. Other extraction facilities and wells in this and many other densely populated
Los Angeles neighborhoods continue to operate.
As proximity to oil and gas development has emerged as important to understanding its
public health impacts, policy measures suggest the need for setbacks or buffers as a public health
protection [24,25]. Los Angeles requires no buffers or setbacks from oil development operations,
which permits very close distances between residents and extraction sites. Responding to community
complaints, in April 2017, Los Angeles City Council introduced a motion for the city to study the
possibility of a safety buffer [26]. 70% of active wells in Los Angeles are located within a 1500 ft.
distance from “sensitive land uses” [27], such as a home, school, childcare facility, urban park or
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playground, or senior residential facility, as defined by Cal EPA (Table 1). Setbacks have been enacted
in municipalities in Colorado, Pennsylvania, and Texas to separate oil and gas development from
residences for health and safety protections. Here, we report on the analysis of a random sample
household survey of residents living within a 1500 ft. radius of oil development sites. We compare
resident self-reported health within the 1500 ft. radius of the site to resident health in Service Planning
Area 6 (SPA6), the Los Angeles County Department of Public Health designated area in which South
Los Angeles is located and to Los Angeles County residents overall.
In partnership with residents, we also piloted the use of an open-source low-cost air quality
monitoring system during the survey period in West Adams (Jefferson Oil Field) as a pilot site.
While these sensors present challenges in terms of cross-sensitives and lower accuracy/precision
compared with conventional monitoring equipment [28], they have led to more accessible tools that can
complement existing monitoring methods and serve as a screening method for concerned communities.
In recent years, much work has gone into understanding the capabilities of low-cost sensors [29–31]
and they have been utilized in a variety of applications from personal exposure monitoring [32] to
high-density networks designed for monitoring in complex urban environments [33]. Sensors have
even been calibrated for the detection of ambient levels of methane [34]. We present preliminary results
from the calibration and deployment of these same sensors in areas with and without oil and gas
activity and discuss how this type of data may further support CBPR efforts. In addition to providing
CBPR with new options for data collection, low-cost sensors allow researchers and communities to
examine high time-resolution data alongside community-member knowledge, which offers yet another
way to engage community expertise to better understand the potential impact of local emission sources,
such as oil and gas operations. Through this mixed methods approach, we report on how research
engages community expertise as central to the research process and extends knowledge on local health
impacts from oil development. We also suggest how community residents living nearby urban oil
drilling facilities can contribute to locally relevant health interventions and lend their knowledge to
support the development of relevant policy measures.
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Table 1. Sensitive land uses in selected areas hosting oil production facilities.
Location

Number of Schools

Childcare Facilities

Schools per 10,000 People

Childcare per 10,000 People

Childcare per sq. Mile

L.A. County
L.A. City
Within 1500 ft. of an active L.A. City Well
University Park: AllenCo
Historic West Adams: Jefferson
Historic West Adams: Murphy
Wilmington: Warren E&P
Baldwin Hills: Inglewood Oil Field

3036
1087
40
5
1
3
0
2

3903
1385
29
2
2
1
1
7

3.09
2.88
3.25
7.83
1.29
5.44
0.00
3.64

3.98
3.67
2.35
3.13
2.59
1.81
2.35
2.35

1.6
2.9
1.5
8.0
8.0
4.0
2.4
4.4
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2. Methods
2.1. Neighborhood Profile
The West Adams and University Park neighborhoods in South Los Angeles host well established
well fields with sustained and active oil development. CalEnviroscreen identifies these neighborhoods
as having significant residential vulnerability when compared to all census tracts Statewide. Esperanza
Community Housing and Redeemer Community Partnership are member organizations of STAND
LA and the two organizations that took the community lead on this study as the sites are in their
service provision area. Esperanza is a longstanding community organization in the University Park
area, where the AllenCo oil site is located. The neighborhood is predominantly Latino (76%) with 72%
of residents living 200% below the poverty line and 81% renters. Redeemer Community Partnership is
a community development corporation in the West Adams neighborhood for over 25 years and has
been organizing the community around the Jefferson Drill Site. The neighborhood is 87% residents
of color, with 58% Latino and 20% African-American. 20% of the population is under the age of 5
(as compared to 7% for Los Angeles County), 68% of residents live 200% below the poverty line,
and 69% of residents are renters (Table 2).
Table 2. Demographics of West Adams and University Park within the 1500 ft. buffer.

Population

West Adams Buffer
Area 1500 ft. around
Jefferson Oil Field

University Park Buffer
Area, 1500 ft. around
AllenCo Oil Field

City of
Los Angeles

Total Population
% Age 5 or under
% Age 65 or older
% People of Color
% Non-Hispanic Black
% Non-Hispanic White
% Hispanic
% Linguistically Isolated
% Less Than High School
Per Capita Income
Median Household Income
Poverty (LT 150%)
Poverty (LT 200%)
% Renters
Median Household Size

6641
20.90%
9.92%
87.82%
20.86%
12.18%
58.20%
23.42%
42.49%
$11,194
$23,912
51.51%
64.88%
68.77%
2.7

5401
5.31%
6.94%
84.17%
8.17%
15.83%
76.00%
39.21%
46.72%
$11,203
$20,115
59.39%
72.30%
81.13%
3.4

2,546,606
7.63%
6.95%
72.85%
9.99%
27.15%
50.85%
12.37%
18.91%
$18,839
$37,723
20.57%
27.57%
34.70%
1.7

2.2. Study Area and Sample Selection
The study areas were defined to represent the neighborhoods surrounding the wells and
production facilities at two locations that produce oil from the Las Cienegas oilfield (Figure 1).
Study areas were defined by constructing a circular buffer using ArcGIS (Esri, Redlands, CA, USA),
with a 1500 ft. radius surrounding the outer perimeter of the two oil production sites (Figure 1).
The Jefferson Drill Site (Jefferson) is located in the West Adams neighborhood, and the AllenCo Drill
Site (AllenCo) is located in the University Park neighborhood of Los Angeles. We chose a 1500 ft. buffer
based on distances considered by other urban cities, such as Dallas [35]. It should be noted that Site C
was utilized only for the air monitoring portion of the study; its description appears subsequently.
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Figure 1.
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These buffers were then used to capture census polygons, sensitive land uses, land use information,
and residential street addresses used in the study. From the residences inside each buffer, a random
sample of street addresses was selected from tax parcel records obtained from the LA County Office
of the Assessor, for the purposes of administering the survey. To determine the minimum number of
households to survey at each study site, we calculated the sample size required from each population
to estimate the value of a continuous variable with a 95% CI and a 10% margin of error. The number of
random sample addresses was determined using an estimate of the variability in responses expected at
a 95% CI. We also performed a one-sample proportion test for physician-diagnosed asthma (age 0–17)
and emergency room visits by asthmatics to determine the minimum proportions in our surveyed
population that we could detect as being significantly different from the overall rates measured for LA
County by CHIS and the LA County Health Department for a range of possible sample sizes. Based
on this analysis, we selected a target minimum sample size of 76 households around AllenCo and
84 households around Jefferson, conducting the surveys at the addresses identified using a random
sampling algorithm to ensure systematic sample coverage (Human Subjects Code: Sham-F16006).
2.3. Survey Instrument
We designed a survey instrument in collaboration with Esperanza Community Housing and
Redeemer Community Partnership to identify baseline informational questions that were of community
importance, such as ratings of the environmental quality of their neighborhood, feelings of safety
living in the neighborhood, and resident knowledge of the site. For the health portion of the
survey, community residents were primarily interested in respiratory health and reproductive health,
in particular asthma and birth outcomes. We drew from questions asked in the California Health
Interview Survey (CHIS) for which the questionnaires are publicly available, in order to compare our
study area to the CHIS survey data. CHIS is a random-dial telephone survey that is conducted on
a continuous basis allowing the survey to generate timely one-year estimates. The survey provides
representative data on all California counties and over samples and creates small-area estimates in
Los Angeles County. Surveys were created in Qualtrics, and paper copies were generated for field use.
2.4. CBPR Method for Administration of Resident Surveys: Data Collection and Community Building
Health surveys are a well-recognized method of community organizing in an environmental
justice context [36]. The survey provided a vehicle for community organizing and education about
issues of concern in the neighborhood. Residents were able to provide their information if they
wanted to be contacted for report back on the survey or other community events. In partnership
with Esperanza’s trained network of community health workers, Promotoras de Salud in Action,
we conducted the door-to-door surveys of residents in Spanish and English. Promotora de Salud
networks are recognized within CBPR environmental justice research [37]. Promotoras de Salud live
and work in the community, are engaged long-term in community building, and have a baseline
of trust in the neighborhood. They are agile at accessing residents, many of whom work in service
sector jobs, the night shift, or have other non-traditional working hours. We also trained four bilingual
Occidental College students to conduct surveys alongside promotoras. Using the addresses generated
from the random household sample, we visited each household on our list starting in March 2016 and
continued through May 2016. If we could not find anyone at home, we returned on different days and
at different times until the survey could be completed. In addition to our random household sample,
residents became interested in the survey as they saw surveyors in conversation with other residents.
These residents were included in a snowball sample collected to supplement the randomly designed
surveys if the address fell within the 1500 ft. buffer. Through these methods, we were able to achieve
a high survey response rate.
In addition to asthma and respiratory health, we asked questions about infertility and birth
outcomes because community organizers were interested in these variables. We provided this
self-reported information back to the community but we do not include an analysis of these data here
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as we did not have specific enough data to do a birth outcomes analysis, and had informed residents
in advance. Thus, that information serves to inform internal community efforts moving forward and
should be considered for future research.
2.5. Survey Analysis
Surveys were coded to correspond with a created codebook and entered by hand into Qualtrics.
All subsequent analyses were performed in the statistical software package R (version 3.3.0; R Development
Core Team, 2016). We calculated proportions for demographic variables and health conditions of
interest, excluding respondents/households that did not answer the corresponding question.
2.5.1. Health Insurance
We collected data on the type of health insurance for all members of surveyed households.
To determine the proportion of people in surveyed households that were uninsured, we subtracted
the total number of people with each type of health insurance from the total number of residents of
households surveyed. Individuals that responded “unknown” for health insurance type were excluded
from the analysis.
2.5.2. Asthma and Asthmatic Hospitalization Rate
To account for age-dependent differences in asthma diagnoses, we calculated an age-adjusted
asthma rate. We determined the rates of diagnosed asthma for survey respondents in two age
categories (18–64 years and 65+ years) and for children (0–17 years) residing in surveyed households.
Households with smokers were excluded from the analysis. To estimate the age-adjusted asthma rate,
the asthma rate for each age category (0–17, 18–64 and 65+) was weighted using the age distribution
for Los Angeles County. The asthma hospitalization rate was calculated only for respondents that had
previously been diagnosed with asthma.
We compared self-reported demographic and health outcomes from this survey to publicly
available data for both Service Planning Area 6 (SPA6) and Los Angeles County from the California
Health Interview Survey (CHIS) and the American Community Survey 5-year rollup 2009–2013 [38].
To determine if self-reported proportions differed from previously published proportions for
Los Angeles County and SPA6, we performed one-proportion z-tests.
2.6. Air Quality Monitoring with Low Cost Sensors
Low-cost sensor systems are typically small and low power, which makes them fairly easy to
deploy at potential sites within the community (e.g., homes, schools, or businesses). This flexibility
allows researchers and community members to work together in choosing sites that will best inform the
research question. In this pilot study, the monitors were set-up and maintained by community-based
research partners at three field sites. These sites include three residences—one near an active drill
site (West Adams, labeled Site A), one across the street from an inactive drill site (AllenCo, labeled
Site B), and one in an area with no drilling (our control site, labeled Site C). Sites A and B were located
in the Study Area (Figure 1), whereas Site C was located roughly seven miles away in Northeast
Los Angeles. Site C was intended to serve as a comparison for the low-cost sensor data portion of the
study, and no other measures were taken at this location. All sites were relatively similar in terms
of land use and proximity to other major pollution sources (e.g., highways). The sites were selected
to provide a preliminary example of what sensors can tell us regarding the differences in methane
levels/trends in areas with drilling versus those without drilling. Issues with the data logging system
at Site B resulted in data loss, and this incomplete data was not included in the analysis of the field
deployment data—meaning the figures below illustrate the comparison between the West Adams site
and the control site. The system used for data logging and acquisition is an open-source design termed
a U-pod [39]. This system supports several air quality and environmental sensors including the Figaro
TGS 2600 metal oxide-semiconductor VOC sensor and the RHT03 temperature and relative humidity
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sensor. Field calibration for methane was used to convert raw sensor signal data to volumetric
concentrations; this method involves co-locating the low-cost sensors with a high-quality, calibrated
reference instrument and then using regression analysis to develop a predictive model [40]. In this
case, the U-pods were co-located together with a Baseline-Mocon Series 9000 NMHC Analyzer before
and after the field deployment, and data from the monitor with the most complete set of calibration
data were used to generate the predictive model that was applied to the normalized data from the
remaining monitors. Data used for calibration and field data analysis were minute-averaged. It should
be noted that these results are preliminary and intended to explore the potential for this technology in
the context of CBPR; more rigorous calibration and validation of these sensors is explored in a separate
paper [41].
3. Results
3.1. Demographics
We surveyed 84 households comprising 315 residents in University Park and 119 households
comprising 498 residents in West Adams. In both sites, more than 50% of surveyed households had
incomes of $20,000 or less (University Park: 57.1%, West Adams: 53.7%). Median household income
according to census data (2010–2015 ACS 5-year rollup) for West Adams is $25,980, and for University
Park is $20,115. For both sites, the proportions of households with self-reported incomes of less than
$20,000 were significantly higher than for Los Angeles County (LA County: 17.2%; University Park:
57.1% [95% CI: 48.3–65.9%], n = 70, z = 8.85, p < 0.001; West Adams: 53.6% [95% CI: 45.5–61.8%],
n = 82, z = 8.75, p < 0.001) and SPA6 (SPA6: 30.1%; University Park: 57.1% [95% CI: 46.4–67.9%],
n = 70, z = 4.93, p < 0.001, West Adams: 53.6% [95% CI: 43.7–63.6%], n = 82, z = 4.65, p < 0.001).
For both sites, the reported proportions of residents on Medi-Cal were significantly higher than
the previously reported rate for Los Angeles County (LA County: 30.1%; University Park: 46.0%
[95% CI: 40.9–51.1%], n = 315, z = 6.21, p < 0.001; West Adams: 44.8% [95% CI: 40.8–48.9%], n = 484,
z = 6.21, p < 0.001 ) but not the reported rate for SPA6 (SPA6: 50.1%; University Park: 46.0% [95% CI:
40.5–51.6%], n = 315, z = −1.44, p = 0.925, West Adams: 44.8% [95% CI: 40.4–49.3%], n = 484, z = −2.31,
p = 0.989). In University Park, the proportion of uninsured residents was significantly higher than
the previously reported rate of 10.4% for Los Angeles County (16.2% [95% CI: 12.6–19.7%], n = 315,
z = 2.29, p = 0.01) and 12.0% for SPA6 (16.2% [95% CI: 12.6–19.8%], n = 315, z = 2.29, p = 0.01). In West
Adams, the proportion of uninsured residents was not significantly different from Los Angeles County
(11.0% [95% CI: 8.2–13.7%], n = 484, z = 0.40, p = 0.35) or SPA6 (11.0% [95% CI: 8.1–13.8%], n = 484,
z = −0.71, p = 0.76) rates [42].
3.2. Community Knowledge and Experiences
Many respondents (University Park: 45.8%, West Adams: 38.9%) reported that they did not have
prior knowledge of the oil production site. Those that knew of the facility (University Park: 33%, West
Adams: 42.4%) had questions about the site. Most respondents (University Park: 78.5%, West Adams:
76.9%) answered they “definitely did not” or “probably did not” know how to make a report to the
South Coast Air Quality Management District or other agency. Some respondents (University Park:
15.7%, West Adams: 27.5%) reported that odors from the site had prevented daily activities. Very few
of the respondents had previously reported odors to the gas company (University Park: 2.4%, West
Adams: 3.6%), the Los Angeles Department of Public Health (University Park: 2.4%, West Adams:
1.8%), the South Coast Air Quality Management District (University Park: 2.4%, West Adams: 2.7%),
or any other entity (University Park: 3.7%, West Adams: 1.8%).
3.3. Reported Health Symptoms
For both University Park and West Adams survey sites, the age-adjusted rate of diagnosed
asthma was significantly higher than in SPA6 (SPA6: 9.8%; University Park: 16.1% [95% CI: 8.6–23.6%],
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z = 3.41, p < 0.001; West Adams: 20.3% [95% CI: 13.5–27%], z = 3.02, p = 0.001). Asthma prevalence
in West Adams but not University Park was significantly higher than that in Los Angeles County
(LA County: 13.0%; University Park: z = 0.82, p = 0.21; West Adams: z = 2.10, p = 0.02) [43]. Moreover,
15.5% [95% CI: 8.5–22.5%] of all respondents in West Adams and 12.1% [95% CI: 4.7–19.6%] of all
respondents in University Park reported experiencing asthma symptoms (coughing and wheezing) on
a weekly or daily basis. Respondents with diagnosed asthma reported rates of ER visits in the previous
12 months that were not significantly higher than SPA6 (SPA6: 26.8%; University Park: 18.8% [95% CI:
−3.0–40.5%], n = 16, z = −0.73, p = 0.766; West Adams (25.0% [95% CI: 8.59–41.4%], n = 28, z = −0.21,
p = 0.585) or Los Angeles County (LA County: 17.0%; University Park: 18.8% [95% CI: −3.0–40.5%],
n = 16, z = 0.19, p = 0.426; West Adams: (25.0% [95% CI: 8.59–41.4%], n = 28, z = 1.13, p = 0.129) [44].
3.4. Low-Cost Sensor Calibration and Field Data
Comparing the calibrated sensor data and the methane reference data reveals an R-squared of
0.45 and a root mean squared error (RMSE) of 0.14 ppm. While the R-squared seems low, given
the RMSE and the range of methane values observed during calibration, the signal-to-noise ratio
is approximately 4.79, indicating that enhancements in methane above our error are likely visible.
Additionally, researchers in a study in rural Alaska noted that, despite low R-squared values when
comparing calibrated sensor data to validation data, the methane’s diurnal patterns were clearly
resolved, meaning the sensor data still included valuable information [34]. When we compare the
low-cost sensors’ performance, there is an average correlation coefficient of 0.90 for each sensor
pairs’ calibrated data, which demonstrates that the sensors are well correlated with each other when
co-located and the calibration model is performing consistently.
The correlation coefficient for the sensors at Sites A and C decreases to 0.35 for the field data
indicating differences between these two sites that are visible in the sensor data. Figure 2 compares
the complete calibrated field data from Sites A and C. While the median is slightly higher at Site C,
most of the data from both sites is varying within a similar range as is demonstrated by similarity in
difference between the 95th and 5th percentiles for Sites A and C (0.548 and 0.551 ppm, respectively).
However, an important difference between the two sites is the presence of short-term increases in
methane occurring at one site and not the other, which are larger and more frequent at Site A (nearly
1 ppm larger). Figure 3b–d illustrate some of these increases, confirming that, overall, the diurnal
trends and methane ranges at each site are similar and that these short-term events may be driving the
difference in correlation.
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Figure 3. Select timeframes of field data that illustrate relatively large differences in methane between Sites A and C. (a) a period of four days including several
Figure 3. Select timeframes of field data that illustrate relatively large differences in methane between Sites A and C. (a) a period of four days including several
examples of enhanced methane; (b) a 24-h period including an approximately 1 ppm increase in methane; (c) a 24-h period depicting an approximately three-hour
examples of enhanced methane; (b) a 24‐h period including an approximately 1 ppm increase in methane; (c) a 24‐h period depicting an approximately three‐
long methane enhancement; (d) a 24-h period including several enhancements in methane.
hour long methane enhancement; (d) a 24‐h period including several enhancements in methane.
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4. Discussion
Our random household sample and exposure monitoring within 1500 ft. of oil development
sites is the first study in partnership with residents living in very close proximity to oil development
in Los Angeles. It is also the first study, to our knowledge, to compare the self-reported health of
residents within 1500 ft. of oil development to residents in the broader area of South Los Angeles
(SPA6) and Los Angeles County. The testing of low-cost sensors supports community organization
efforts to collect air monitoring data as related to oil development in their neighborhoods. There are
currently no buffers or setbacks between sensitive land uses, such as homes and schools, and oil
development in Los Angeles. West Adams and University Park are located within an area identified
by the State of California as having high vulnerability to the health impacts of pollution due to the
SES status of residents exposed to multiple sources of pollution. More than 50% of residents reported
household incomes of $20,000 or less as compared to 29% of households in SPA6 and 17% in LA County.
The median household income is lower in both communities than in the City (Table 2). Within the
West Adams buffer, 20% of residents identify as Non-Hispanic Black as compared to 10% in the City.
76% of residents within the University Park buffer and 58% in West Adams buffer identify as Hispanic
as compared to 50% in the City.
We gathered community experiences living adjacent to oil development sites. Many residents
(University Park: 45.8%, West Adams: 38.9%) living within 1500 ft. did not know that an oil
development site was located in the neighborhood. This may be due to tall walls and landscaping
surrounding both sites, and to visible private property and no trespassing signage. From our survey,
one of the main burdens appeared to be odors, which some respondents reported prevented daily
activities (University Park: 15.7%, West Adams: 27.5%). However, only a few respondents said they
had reported odors or any health symptoms to the gas company, the Los Angeles Department of Public
Health, the South Coast Air Quality Management District, or any other entity, as most responded
that they lacked information as to how to report. Further, since most residents are unaware of these
activities, they may attribute symptoms to allergies or general poor air quality.
Oil and gas development is associated with degraded air quality and exposure to air pollution [45,46]
as well as exacerbated respiratory conditions and asthma [47]. For both University Park and
West Adams, compared with SPA6, resident-reported asthma prevalence was significantly higher.
Respondents in West Adams (15.5%) and University Park (12.1%) reported experiencing asthma
symptoms of coughing and wheezing on a weekly or daily basis. Decreases in ambient pollution levels
in Southern California have been associated with statistically significant decreases in asthma-related
symptoms in children [48]. Children under the age of 5 living within the West Adams buffer area
represent 20% of the population as compared to 7% of residents in the city of Los Angeles, and this
group is more biologically sensitive to air pollution health impacts. Future studies might consider
children’s health specifically. Respondents with diagnosed asthma in our sample did not report higher
rates of emergency room visits in the previous 12 months (West Adams 25%; University Park 19%) than
previously reported in SPA6 or LA County, but our sample size was small (16 diagnosed asthmatics
for UP (University Park) and 28 diagnosed asthmatics for WA (West Adams)).
The reliance on self-reported information is a possible limitation of the study. Surveys are not
an optimal method for estimates for some kinds of health outcomes of interest, such as birth defects,
especially in a population that may be transient. However, the use of questions from a validated survey
facilitated comparison for asthma and respiratory health. While both Jefferson and AllenCo have long
operated in these neighborhoods, AllenCo was closed at the time of the survey to address their lack of
emissions controls. We report both University Park and West Adams rates here given the significant
community interest in both fields and concern over AllenCo’s reopening. Another limitation of the
survey could be awareness bias. The study questionnaire asked respondents about knowledge of their
environment and the oil development, as well as health status. One way to reduce this bias may be
to control for the effect of awareness [6]. In our case, community organizations were interested in
learning both about environmental awareness and self-reported health.
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The similarities between the data from Sites A and C seen in the diurnal patterns and the ranges
of methane variation are likely explained by regional methane trends and meteorology. There was
an offset between the two datasets (seen in the differing medians); however, this offset was less than
the RMSE determined during calibration. Spatial differences occurred at a finer temporal scale as
can be observed in Figure 3, which depicts periods of elevated methane lasting from approximately
10 min to up to 3 h. These events included differences in methane between the two sites greater than
1.0 ppm, well above the RMSE of the calibration model (0.14). Given that these events occurred at
one site and not the other, they were likely the result of an emission source nearer to Site A. This was
even more evident for the events that occurred during daytime hours when more, atmospheric mixing
is typically taking place [49]. Additional measurements would aid in further narrowing down the
source of these events. For example, wind speed and direction information combined with data from
multiple sensors might point to the origin of emissions. While data from different types of low-cost
sensors could possibly provide more information on the composition of the plumes causing these
events. Another benefit of utilizing low-cost sensors in a CBPR context is that local experience, such as
observations about local activities or odors, can improve interpretations of the data. On one day
depicted in Figure 3, nearby residents reported seeing heavy equipment being used at the active
drill site. If similar methane enhancements were observed every time this activity occurred, it would
indicate a correlation worthy of further investigation. Examining this qualitative data alongside
quantitative data provided by low-cost sensors may result in a more comprehensive understanding of
the community’s experiences, which could in turn carry through and inform community-based action
or potentially policy recommendations.
5. Conclusions
Urban oil development is an under-researched issue. It is difficult to examine oil-developmentrelated impacts in a cumulatively burdened context, but it is critical to do so. Our preliminary
community-based survey and low-cost sensor field experiment considers resident health and the
rights of residents to have knowledge about their communities and supports hypothesis generation
for future air monitoring or health studies. It also points to the need for regulatory agencies to
provide community education about reporting experiences such as odors as well as facilitate diverse
methods to be able to do so. It leads to questions that require more complex scientific design than
possible in this study with limited resources and raises the imperative that communities be involved
in the research. Studies on oil and gas development have well associated distance with worsened air
pollution, an issue of significant concern in Los Angeles. The Inter-Environmental Health Sciences
Core Center Working Group recommends that ambient air quality be measured at active drilling sites
and be compared with baseline measurements in adjacent areas without active oil and gas drilling [2].
A low-cost sensor approach to measure methane and total non-methane hydrocarbons could facilitate
these types of comparisons, providing preliminary information on potential exposure differences
that could inform additional air quality sampling or possibly action by residents or policymakers
to lower exposures. This recommendation, in particular, is relevant to Los Angeles oil development
and should be considered in future studies. One possible avenue is to employ a daily log model
where participants note their symptoms and experiences over a period of time while also collecting
local sensor data. These could then be examined side by side. Buffers/setbacks are well recognized
as protective by the regulatory authorities such as local air districts and should be incorporated
into neighborhood oil development sites to protect community health [50]. This research supports
community-based research methods in the context of oil and gas development. CBPR-generated data
can support community building as residents seek a setback or buffer between sensitive land uses and
oil development citywide.
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1.0. Executive Summary
An April 2017 motion from City of Los Angeles council member Wesson directed the Petroleum
Administrator to work with the Los Angeles County Department of Public Health and other
agencies to assess the health effects of oil and gas production in the City of Los Angeles.
Physicians, Scientists and Engineers for Healthy Energy (PSE) was retained by the Office of
Petroleum and Natural Gas Administration and Safety in the City of Los Angeles to conduct an
assessment of chemical use in upstream oil and gas development in the Los Angeles Basin and the
City of Los Angeles in particular.
The South Coast Air Quality Management District (SCAQMD) manages air quality for Los
Angeles and Orange Counties, and parts of Riverside and San Bernardino Counties. The
SCAQMD requires oil and gas operators within its jurisdiction to disclose chemical use during
multiple types of oil and gas development events in their wells. In this study, we analyzed the
chemical and event dataset maintained by the SCAQMD with respect to inhalation hazards. Event
data was analyzed spatially and temporally. Individual chemicals were identified, characterized
using public databases, and assessed for potential inhalation hazards.
Our analysis of chemical use in upstream oil and gas operations in the City of Los Angeles and the
SCAQMD more generally resulted in six findings, conclusions and research and policy
recommendations (FCR):

FCR 1: Chemicals of concern are used in upstream oil and gas operations in the City of Los
Angeles and in the SCAQMD more generally.
Findings: The identity of 324 chemicals used in the SCAQMD were verified, of which 140 were
used in events taking place in the City of Los Angeles. Biodegradability data was generally more
available with 74% of relevant chemicals being classified according to OECD biodegradability
standards. 40 chemicals were identified on air pollution screening lists and 23 chemicals were
identified as known or possible carcinogens. When screened against lists of biodegradability, air
pollutant and carcinogenic screening lists, a total of 56 chemicals of concern were identified as
used in the SCAQMD, of which 36 were used in the City of Los Angeles.
Conclusion: Chemicals of concern pose a risk to nearby residents if environmental and exposure
pathways are present (e.g. inhalation). Although some chemicals are clearly of greater concern
than others (e.g. highly toxic chemicals used in large quantities that are also air pollutants),
chemicals of concern are not explicitly ranked. Additional information regarding environmental
profiles, acute and chronic toxicity is needed before a more thorough assessment of risk can be
completed. There are no regulations in place to limit the use of chemicals of concern in upstream
oil and gas development operations.
Recommendation: Given the findings of toxicological hazard, engineering controls, increased
environmental monitoring, and increased minimum surface setbacks between these operations and
sensitive receptors should be considered. Furthermore, agencies with jurisdiction may consider the
implementation of green chemistry principals to all oil and gas operations to limit risk by reducing
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the use of hazardous and poorly understood chemicals and replacing hazardous chemicals with
less hazardous chemicals.

FCR 2: Events taking place outside the City of Los Angeles may still negatively impact
residents within the city.
Finding: A total of 1,688 oil and gas events were reported from the period of2013-2018, with 131
events occurring within the City of LA. Although the majority of oil and gas events reported in the
SCAQMD took place outside of the City of LA, specifically in the City of Long Beach, they are
located relatively close to City of LA boundaries and there is nothing to prevent more events from
occurring within the city. Chemicals used in oil and gas events within the City of LA did not
significantly differ from chemicals used outside of the city in terms of type, frequency of use, and
median masses used.
Conclusion: The close proximity of oil and gas events occurring outside the City of LA to
communities that lie within the city suggest that negative impacts associated with emissions of
TACs and other chemicals from events (particularly in Inglewood and Long Beach) could be
transported via air pathways into the City of LA. Furthermore, our analysis of chemical usage
across oil fields, event types, and city boundaries revealed significant overlap in chemicals used,
regardless of location or oil field, suggesting potential air pollution and inhalation hazards from
events outside the City of LA would be similar to those within the city.
Recommendation: Agencies with jurisdiction should consider implementing a uniform and
effective plan to reduce exposure to potential inhalation hazards associated with chemical use in
oil and gas operations. Operations outside the City of LA should be monitored and subjected to
the same regulations as those within the City of LA to prevent negative impacts from airborne
hazards migrating across city or jurisdictional boundaries.

FCR 3: Major data gaps regarding chemical identities, properties, and data reliability need
to be addressed before a full chemical risk assessment can be completed.
Finding: Major data gaps exist regarding the identities of chemicals and associated environmental
and toxicological profiles. A total of 327 chemicals reported in the SCAQMD dataset could not be
definitively identified by CASRN and were labeled trade secret chemicals. 79% and 77% of
chemicals identified by CASRN did not have available acute inhalation toxicity data or chronic
inhalation toxicity data, respectively. Furthermore, chemical information that is submitted by
operators includes errors, such as incorrect CASRNs, obvious misspellings, and inconsistent data
entries. The SCAQMD dataset is maintained as separate event and chemical reporting datasets,
which themselves are further divided into the periods before and after September 4th, 2015.
Conclusions: The lack of strict quality control over operator submitted data and the disjointed
nature of the SCAQMD dataset hinders analysis of the dataset. Furthermore, major data gaps
regarding chemical identities, physical and chemical properties, toxicity, and environmental fate

2

and transport prevent further characterization of chemical hazards and risk. Assessing chemicals
for toxicity, biodegradability, and hazard is a vital first step; however, more data is needed before
a risk analysis can be completed.

Recommendations: SCAQMD should verify and validate all submitted chemical and mass usage
information. Mass, density, concentration, and volume data should be required for all chemical
disclosures, including trade secret chemicals, to ensure mass usage data is adequate and verifiable.
Data reported to SCAQMD should be compared to and verified against other datasets, including
those which are only reported to regulators and not publicly available. SCAQMD should maintain
their data as one integrated dataset that combines both event and chemical reporting data from all
time periods. SCAQMD should adopt approaches to chemical use reporting similar to SB 4
(Pavley, 2013) but also require operators to disclose all trade secret chemicals for all events
associated with oil and gas operations in general and not only for hydraulic fracturing and well
stimulation. SCAQMD should continue to work with chemical suppliers to come up with solutions
to protecting trade secrets while at the same time encouraging disclosure, such as is exercised
under AB 1328 (Limon, 2017). Comprehensive environmental and toxicological profiles should
be developed for all oil and gas chemicals that are missing key data such as chronic and acute
toxicity and biodegradability and ideally agencies with jurisdiction could consider phasing out the
use of chemicals for which toxicological and environmental profiles have not been developed.

FCR 4: Setback distances and other controls may reduce health impacts of events taking
place near sensitive receptors.
Finding: Of the 1,688 events where chemical use was reported in the SCAQMD, 597 events (106
in the City of LA) were located within 1,500 feet of sensitive receptors such as residences,
preschools, K-12 schools, hospitals, and other health care facilities. Of all 131 events reported in
the City of LA, 81 events (62%) were within 600 feet of the sensitive receptor.
Conclusion: These events have the potential to negatively impact surrounding populations and
should be prioritized for engineering controls and monitoring. The City of Los Angeles currently
only has a 200-foot setback requirement for upstream oil and gas development operations which
has multiple conditions which can circumnavigate this requirement.
Recommendation: Agencies with jurisdiction should consider the implementation of a larger
minimum surface setback between oil and gas development and sensitive receptors to reduce the
risk of exposure to chemicals of concern. A minimum surface setback distance should also be
accompanied by increased emission control and environmental monitoring appropriate to reported
chemical use should be implemented, in particular at locations in close proximity to sensitive
receptors.
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FCR 5: SCAQMD reporting follows the overall statewide trend of declining well drilling and
completion.
Finding: The number of events reported by the SCAQMD has significantly decreased since 2014.
This trend is consistent with statewide oil and gas production and with the number of wells drilled
and completed statewide over the same period (DOGGR, 2018a).
Conclusion: Overall, California has seen a steady decline in oil and gas production since the mid
1980’s. It has been suggested anecdotally that SCAQMD Rule 1148.2 under-reports oil and gas
events in its jurisdiction; however, this cannot be determined without a thorough comparison of
SCAQMD event submissions and DOGGR records.
Recommendation: A detailed comparison of SCAQMD and DOGGR records is suggested to
determine if oil and gas events are accurately reported in the 1148.2 database.

FCR 6: The majority of events reported by SCAQMD are conventional oil and gas
operations and data suggests this trend will continue.
Finding: Maintenance acidizing, gravel packing, and well drilling account for approximately 83%
of reported events that involve the use of chemicals in the SCAQMD. In contrast, well stimulation
activities such as hydraulic fracturing, matrix acidizing, and acid fracturing play a minimal role in
oil and gas development, accounting for approximately 1% of all events. The distribution of events
by activity type has remained relatively consistent throughout the study period.
Conclusion: Despite the decrease in reported events since 2014, the distribution of events by
activity type remained relatively consistent, suggesting that maintenance acidizing, gravel packing
and well drilling will continue to be the dominant oil and gas activities in the SCAQMD and the
City of Los Angeles. An examination of the underlying petroleum geology of the Los Angeles
Basin revealed the similarity between the oil producing reservoirs in the region. If new oil fields
are developed in the basin, development practices are not expected to significantly differ from past
development (CCST et al., 2015b).
Recommendation: Future studies should focus on chemical hazards in routine and conventional
oil and gas operations in the SCAQMD. Full disclosure of chemical identities in a manner similar
to SB 4 is required for a more thorough understanding of chemical use in oil and gas operations in
the City of LA and the Los Angeles Basin.
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2.0. Introduction
2.1.

Purpose of this Report

An April 2017 motion from Councilman Wesson directed the Petroleum Administrator to work
with the Los Angeles County Department of Public Health and other agencies to assess the health
effects of oil and gas production in the City of Los Angeles. As such, in this assessment we conduct
a chemical hazard assessment on chemical use reported as used in oil and gas development
operations within the City of Los Angeles and the South Coast Air Quality Management District
in general.

2.2.

Background

Los Angeles is a global megacity where intensive oil development occurs in close proximity to
large urban populations. In 2017, 19.8 million barrels of oil and 9.6 billion cubic feet of gas were
produced from 3,359 active wells in Los Angeles county, making it the second largest county in
the state in terms of oil and gas production (DOGGR, 2018a, 2018b). Of the roughly 10 million
people living in Los Angeles county, approximately 4 million live within the City of Los Angeles
(City of LA), which has an estimated 850 active wells (Shamasunder et al., 2018; U.S. Census
Bureau, 2017). This co-occurrence of dense oil and gas activities and human populations poses
potential human health hazards that are less present in areas of lower population density.
This chemical assessment focuses on inhalation hazards associated with chemical use in

upstream oil and gas development in the City of LA and surrounding areas. Upstream activities
include the transport of equipment and materials to and from the well pad; well drilling, mixing,
handling, and injection of oil and gas chemicals; and management of recovered fluids/produced
water, drill cuttings, and other waste products (Adgate et al., 2014; Johnston et al., 2019; NRC,
2014; Shonkoff et al., 2014). Sources of air pollutants include products of incomplete
combustion and chemicals emitted directly and indirectly from surface and subsurface equipment
including, but not limited to, wells, pumps, generators, compressors, pneumatic devices, storage
and separator tanks, surface impoundments, solid and liquid waste handling and from venting
and flaring of gases. Air pollutant emissions from upstream oil and gas development can include
toxic air contaminants (TACs), criteria pollutants, and reactive organic gases which are
associated with the formation of tropospheric ozone (i.e., smog). Air pollutant emissions
associated with oil and gas development are the primary focus of this assessment because of the
current context of decision making in the City of LA. The Los Angeles City Council desires a
synthesis of available information that is directly relevant to human health and oil and gas
development in the City of LA. In particular, there is a need to understand the relationship
between exposure to health damaging air pollutant constituents directly or indirectly emitted
from upstream oil and gas development. Exposure to pollutants via inhalation is the most
relevant environmental and exposure pathway in the Los Angeles Basin and as such we focused
exclusively on inhalation hazards in this chemical assessment.
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Statewide data concerning chemical usage in routine oil and gas operations in California is limited;
the South Coast Air Quality Management District (SCAQMD) maintains the only known database
which makes this information publicly available for the South Coast region, including the City of
LA, and the greater Los Angeles county and Orange county. Although this study focuses on the
City of LA, due to the nature of air emissions, oil and gas operations outside the City of LA can
potentially pose a health hazard to residents living within the city.
In this report, we describe and analyze chemical usage for all oil and gas activities reported by the
SCAQMD in order to address the following issues:
•

What is the geographical and temporal distribution of oil and gas events reported by
the SCAQMD?

•

What chemicals are being used for oil and gas production in the SCAQMD?

•

What are the chemical, physical, biological, and toxicological properties of these
chemicals?

•

What are potential chemicals of concern in terms of inhalation exposure?

The objective of this report is to provide an assessment and hazard ranking of chemicals used in
oil and gas operations within the SCAQMD with respect to human health.
Within the context of this chemical assessment, event and chemical usage data was downloaded
from the SCAQMD. The temporal and geographic distribution of oil and gas events within the
SCAQMD was

analyzed.

Individual

chemicals

were identified and

characterized

for

physical/chemical properties and for biological and toxicological properties including: acute
inhalation mammalian toxicity, inhalation slope factors, inhalation reference doses and
concentrations, and biodegradability. Frequency of chemical use and mass data were combined
with chemical toxicity data to rank chemicals based on hazard. Hazard rankings, along with
relevant data concerning carcinogenicity and air pollutants, were used to identify potential
chemicals of concern.
Methods and analyses in this report build off the work of previous studies done on the SCAQMD
dataset by Abdullah et al. (2017) and Stringfellow et al. (2017b), and broader studies of assessing
chemical hazards in oil and gas activities in the entirety of California done by Stringfellow et al.
(2017a, 2014) and the California Council on Science and Technology (CCST) (2015a, 2015b,
2014). An analysis of available literature relevant to human health and oil and gas development
with respect to the Los Angeles Basin is provided in a separate report.

3.0. Methods
3.1.

Data Sources

Chemical usage data for oil and gas operation in Southern California were obtained from the
SCAQMD. SCAQMD is the air pollution control agency that covers Orange County and the urban
portions of Los Angeles, San Bernardino, and Riverside counties (SCAQMD, 2018a). Pursuant to
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Rule 1148.2, onshore oil and gas well operators and their chemical suppliers are required to submit
data on chemical usage for events including well drilling, well completion, well rework, and well
stimulation within the SCAQMD (SCAQMD, 2015). Operators must submit notification of well
drilling, completion, or rework between 10 and 2 days prior to starting (SCAQMD, 2015). Rule
1148.2 went into effect on June 4, 2013 and was amended on September 4th, 2015 to require new,
more detailed, oil and gas chemical reporting forms. These datasets are publicly available online
on the SCAQMD oil and gas well electronic notification and reporting portal (SCAQMD, 2018b).
SCAQMD chemical and event data from June 4, 2013 to August 31, 2018 were downloaded on
August 31, 2018. Chemical reporting data (e.g. chemical names, masses, etc.) and event
notification data (e.g. event type, start date, latitude, longitude) were in separate datasets. Chemical
reporting and event notification datasets were downloaded and merged together using event IDs,
thus creating one dataset that combined operation start dates, well latitude and longitude, and
chemical usage data. Data reported before and after September 4th, 2015 were in a slightly different
format due to the change in reporting rules. Data from these two periods were initially managed
separately and were later merged together into a single dataset for further analysis.
Other oil and gas chemical data, such as chemicals disclosed to the City of LA Fire Department
via the California EPA and California Certified Unified Program Agencies are only available to
regulators and are not publicly available. As a result, these datasets were not analyzed but are
provided in an appendix.

3.2.

Data Quality Assurance/Quality Control

This report follows data quality control and validation methods used in multiple studies of oil and
gas chemical datasets by CCST (2015b, 2014), Stringfellow et al. (2017b, 2017a, 2015), Shonkoff
et al. (2016) and Camarillo et al. (2016).
Well drilling, well completion, well rework activities were reported to SCAQMD using event IDs.
In cases where a revision was made to a previously submitted event, the new event ID and
associated data were included in the dataset; the old event ID and associated data were excluded.
Cancelled events and notifications of event cancellations (which were assigned separate event IDs)
were excluded from the dataset. Events were classified according to specific activity (e.g.
maintenance acidizing, matrix acidizing, hydraulic fracturing, well drilling, etc.) using activity
data from both the chemical reporting and event notification datasets. The SCAQMD notes that
event notification submissions prior to April 2014 did not differentiate between maintenance
acidizing and matrix acidizing, and were all reported as “acidizing” (SCAQMD, 2014). For
submissions from this time period, data from the chemical reporting dataset that specified the type
of acidizing event was prioritized when available.
Individual chemicals were identified using Chemical Abstracts Service Registration Number
(CASRN). CASRN is a unique chemical identifier consisting of three groups of numbers,
separated by two dashes (e.g. 7732-18-5), where the last digit is a verification digit used to
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determine if a CASRN is valid or not. CASRNs were formatted, validated, and chemical names
were standardized.
Chemicals that were listed with invalid CASRNs were individually evaluated, and if possible,
identified. If a CASRN was listed with leading zeros, missing or added digits, one or two wrong
digits, or swapped digits AND if the provided chemical named matched another chemical with a
similar (but correct) CASRN, the chemical could be identified with high certainty. Examples are
provided in Table 1. In some cases, chemicals listed with a generic name and an invalid CASRN
that were not similar to other existing chemicals in the database could not be identified and no
further analysis was done on these chemicals. A complete list of chemicals reported with invalid
CASRNs and their corrected CASRNs is available in Appendix A, Table A.1

Table 1. Examples of chemicals with invalid CASRNs that could be identified.
Original Reported Name

Original Invalid
CASRNs

Alcohols, C12-15 ethoxylated 68131-39-5

Ethoxylated alcohol C12-15

683131-39-5

Bentonite

1302-78-9

Bentonite

1305-78-9

Isotridecanol, ethoxylated

9043-30-5

Isotridecanol, ethoxylated

9403-30-5

Pine oil

8002-09-3

Terpene hydrocarbon

80020-90-3
8002-09-0

Standardized Name

Correct
CASRN

Chemicals that were listed without CASRN could not be definitively identified. Changes to the
names of these chemicals were limited to fixing obvious spelling errors (e.g. aicd to acid), adding
or removing dashes for consistency, and changing capitalization. Trade secret chemical names that
suggested chemical mixtures (e.g. amine salts vs amine salt, fatty acids vs fatty acid) were
maintained as separate entries. Without additional information, chemical usage patterns were
evaluated (e.g., well drilling, well rework) but no further chemical characterization could be done
on these chemicals.
Individual chemical masses (in lbs) were typically reported for each event. If chemical mass usage
was not reported, mass was calculated using density (lbs/gal), volume (gal), and maximum
concentration of the additive (%). For events where multiple instances of the same chemical were
reported, the chemical masses were summed. For example, if water was reported as a base fluid,
it might also be listed as an individual component in other chemical mixtures used in the event.
This approach was used by Stringfellow et al. (2017b) in a previous study of chemical mass usage
in the SCAQMD.

3.3.

Mapping of Oil and Gas Events

Latitude and longitude data for individual events were mapped using ArcGIS and used to
determine locations of events and corresponding chemical usage relative to city, county, and oil
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field boundaries, as well as temporally. City and county boundaries were obtained from the County
of Los Angeles GIS Data Portal (Los Angeles County Enterprise GIS, 2017). Oil and gas field
boundaries were obtained from the California Department of Conservation, Division of Oil, Gas,
and Geothermal Resources GIS Mapping website (DOGGR, 2018c).

3.4.

Characterization of Chemicals

Physical, chemical, biological, and toxicological data for all chemicals identified by CASRN were
obtained from various national and international online databases. These databases are listed in
Table 3 3.

3.4.1. Characterization ofPhysical and Chemical Properties
Physical and chemical data can help further chemical understanding with respect to exposure
pathways and potential hazards. Physical and chemical data gathered included: chemical formula,
molecular weight, density, acid dissociation constants (pKa), melting and boiling point, log
octanol-water partition coefficients (log Kow), log organic carbon-water partition coefficients (log
Koc), water solubility, vapor pressure, and Henry’s constant (Kh). When experimental data could
not be found, computational estimates from the U.S. EPA Estimation Programs Interface Suite
(EPISuite™) KOWWINTM, MPBPWIN™, HENRYWIN™, and KOCWIN™ modules were used
(U.S. EPA 2012). These modules are used to estimate log Kow, melting/boiling points, Henry’s
constant, and log Koc, respectively. EPISuite™ is a screening-level tool and should not be used if
reliable experimental results are available (U.S. EPA, 2012).

3.4.2. Characterization ofAcute Inhalation Toxicity
Acute inhalation toxicity data was collected for common mammalian test species, including Rattus
norvegicus (rat) and Mus musculus (mice). Acute toxicity represents short-term effects of a single
or continuous exposure over a short period (typically hours). Acute toxicity results were rated
according to United Nations Globally Harmonized System (GHS) of Classification and Labelling
of Chemicals (United Nations, 2017). GHS categories range from 1-4 for acute inhalation toxicity
(Table 2). In GHS classifications, lower numbered categories indicate higher toxicity, with GHS
1 being the most toxic. GHS categorization utilizes 4-hour LC50 values (lethal concentration to
50% of a study population) for acute inhalation mammalian toxicity. When multiple values for
acute toxicity were available, the most conservative (i.e. most toxic) value was used to determine
GHS category. When acute toxicity values exceeded the maximum GHS category, the chemicals
were labeled as “>GHS 4” for acute inhalation toxicity. Chemicals that exceeded the GHS scale
were considered non-toxic for the purposes of hazard evaluation.
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Table 2. GHS categories for acute inhalation toxicity.
Acute Inhalation Toxicity
LC50 Gases

LC50 Vapors

LC50 Dusts and

(ppm/4hr)

(mg/L/4hr)

mists (mg/L/4hr)

1

<100

<0.5

<0.05

2

100<x<500

0.5<x<2

0.05<x<0.5

3

500<x<2500

2<x<10

0.5<x<1.0

4

2500<x<20000

10<x<20

1.0<x<5

GHS Category

Due to the general lack of acute inhalation data, and because this report focuses on air pollution
and inhalation hazards, an attempt was made to categorize all available acute inhalation data that
did not meet GHS 4-hour testing standards. In instances where acute inhalation LC50 values fell
within the range for GHS category 1, but the time frame was shorter than 4 hours, it could be safely
assumed to fall into GHS Category 1. For example, a reported LC50 value of 0.25 mg/L/30min for
vapor does not meet the standard 4-hour test time frame, however, it is inherently more toxic than
a GHS Category 1 LC50 value of 0.25 mg/L/4hr value due to its shorter time frame. In some
instances, inhalation toxicity was listed as a range (e.g. >4 mg/L/4hr). These instances were
categorized was based on the “floor level” value, therefore providing a very conservative estimate
of inhalation toxicity. For example, an inhalation toxicity range of >4 mg/L/4hr for a vapor would
be assigned a GHS value of 3 based on 4 mg/L/4hr. Floor level values should be interpreted with
caution.
Chemicals with no chronic toxicity data, or with toxicity data that were not compatible with timeperiods for GHS categorization standards or “floor level” estimates for acute inhalation toxicity
were labeled as “inadequate data.”

3.4.3. Characterization of Chronic Inhalation Toxicity
Chronic toxicity values generally represent an upper limit of inhalation exposure over a lifetime
period where there is unlikely to be appreciable risk of deleterious effects to a human population.
Chronic toxicity studies span the course of years or a lifetime. Chronic chemical toxicity values
were categorized from multiple databases including U.S. EPA Integrated Risk Information System
(IRIS), U.S. EPA Provisional Peer-Reviewed Toxicity Values (PPRTV), U.S. Department of
Health Agency for Toxic Substances and Disease Registry (ATSDR), California Office of
Environmental Health Hazard Assessment (OEHHA), and U.S. EPA Health Effects Assessment
Summary Tables (HEAST). Chronic toxicity sources were sorted into three tiers, where chronic
toxicity values from higher tiered sources were given priority over values from lower tiers. If
multiple toxicity values were available from sources within the same tier, the most conservative
value was chosen.
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Tier 1: OEHHA
Tier 2: IRIS, PPRTV, ATSDR, HEAST
Tier 3: Occupational exposure limits

Noncancer chronic inhalation toxicity values were reported as chronic reference exposure levels
(RELs), chronic reference concentrations (RfCs), and chronic minimal risk levels (MRLs) from
various toxicity databases. For carcinogenic compounds, inhalation unit risk (UR) and unit risk
estimate (URE) values were reported in databases. These toxicity values are defined as follows:
Reference exposure level (REL): concentrations for which adverse non-cancer health
effects are not anticipated over a specified exposure period (^g/m3)
Reference concentrations (RfC): estimate of continuous inhalation exposure of a substance
in humans without significant risk of negative effects during a lifetime (mg/m3)
Minimal risk levels (MRL): estimate of daily exposure to a substance without appreciable
risk of adverse non-cancer health effects over a specified exposure period (ppm)
Unit risk (UR) factors: estimate of increased cancer risk from inhalation exposure over a
lifetime (^g/m3)'1
In order to form a consistent scale for comparison of chemical toxicity values across multiple
databases, RELs, RfCs, MRLs, and UR factors were converted to a standardized inhalation
reference value (RfV) with units in mg/m3. Conversion of chronic toxicity values followed the
approach used by Shonkoff et al (2015). MRLs were converted from to mg/m3 by multiplying ppm
by the molecular weight of the chemical and dividing by 24.45 L air per mole at 25°C. Unit risk
factors were converted to mg/m3 using an acceptable cancer risk of 1 in 100,000 over an average
human lifetime of 70 years.
If no chronic inhalation information was available from Tier 1 or Tier 2 databases, occupational
exposure limits were used to compare chemicals. Sources for occupational exposure limits include
the National Institute for Occupational Safety and Health (NIOSH), the Occupational Safety and
Health Administration (OSHA), and the American Conference of Governmental Industrial
Hygienists (ACGIH). These occupational limits include permissible exposure limits (PEL),
threshold limit values (TLV), and recommended exposure limits (NIOSH REL) (NIOSH, 2016,
2007). These limits are defined as:
NIOSH Recommended exposure limits (NIOSH REL): recommended guideline for upper
exposure limits to hazardous substances, set by NIOSH, that would be protective of
employee health over a working lifetime (mg/m3 or ppm, time weighted average)
OSHA Permissible exposure limits (PEL): legal limit for worker exposure to a substance
set by OSHA (mg/m3 or ppm, time weighted average)
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ACGIH Threshold limit values (TLV): limit to which a worker can be exposed to daily
without adverse effects, or “workday concentration,” set by ACGIH (mg/m3 or ppm, time
weighted average)
Occupational exposure limits are reported as time weighted averages for healthy adults for an
8-hour workday over the course of a working lifetime of 45 years, and as such, are not
appropriate for direct comparison with chronic inhalation screening values. Occupational
exposure limits were converted to a standardized occupational reference value (RfV) (mg/m3)
following the approach used by Shonkoff et al (2015). Occupational exposure values were
converted to an equivalent 24-hour exposure level and then an uncertainty factor of 30 was
applied to account for sensitive subpopulations, such as children. It must be noted that
occupational exposure limits are not developed for protection of the general public and are
inappropriate for community-based decision making.

3.4.4. Characterization ofBiodegradability
Biodegradability data was categorized according to United Nations Organisation for Economic
Co-operation and Development (OECD) criteria for biodegradability (OECD, 1981, 1992a, 1992b,
2009). The OECD specifies two major tests for biodegradability: Test No. 301: Ready
Biodegradability and Test No. 302: Inherent Biodegradability. A chemical is classified as readily
biodegradable if meets two requirements: (1) demonstrates a biodegradation greater than 60%
theoretical oxygen demand (ThOD) removal, 60% theoretical carbon dioxide (ThCO2) removal,
or 70% dissolved organic carbon (DOC) removal, under aerobic conditions, in 28 days, and (2)
the 60%/70% level is reached within 10 days of reaching the 10% mark (“10-day window”
criterion) using unacclimated bacteria. For structurally similar compounds that are provided by
chemical suppliers as mixtures and cannot be reasonably separated, such as hydrocarbons or
surfactants, the 10-day window criterion is not applied to account for sequential biodegradation of
individual compounds.
A chemical classified as inherently biodegradable had demonstrated biodegradation above 20% of
theoretical as measured by biological oxygen demand (BOD), DOC removal, or chemical oxygen
demand (COD). Inherent biodegradability is generally a separate test from ready biodegradability,
however, when readily biodegradability tests are slightly below the 60%/70% mark, or when they
fail the 10-day window criterion, they can be considered inherently biodegradable.
There is no OECD test for non-biodegradability, so chemicals that failed readily biodegradability
tests were categorized as “not readily biodegradable.” In the absence of experimental
biodegradability data, computational estimates from the U.S. EPA EPISuite™ BIOWINN™
module were used (U.S. EPA, 2012).
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Table 3. Databases and other sources used to characterize physical, chemical, and toxicological properties of chemicals
(X indicates this category of chemical information was obtained from the database).
Physical/Chemical
Acute
Chronic
Biodegradation
Database Name
Properties
Toxicity Toxicity
X
American Chemical Society SciFinder Database
World Health Organization, International Programme on Chemical Safety
X
X
X
(IPCS) Database
National Library of Medicine, Toxicology Data Network (TOXNET)
X
X
X
Hazardous Substance Data Bank (HSDB) and ChemIDplus
Syracuse Research Corporation (SRC), Physical Properties Database
X
(PHYSPROP)
European Chemicals Agency, International Uniform Chemical
X
X
X
Information Database (IUCLID)
National Institute of Technology and Evaluation, Chemical Risk
X
X
Information Platform (NITE-CHRIP), Japan.
X
X
X
European Chemicals Agency - Information on Chemicals Website
U.S. EPA, Aggregated Computational Toxicology Resource Database
X
X
X
(ACToR)
U.S. EPA, Integrated Risk Information System (IRIS)
X
U.S. EPA, Human Health Benchmarks for Pesticides (HHBP)
X
X
U.S. EPA, Provisional Peer Reviewed Toxicity Values (PPRTV)
X
U.S. EPA, Health Effects Assessment Summary Tables (HEAST)
California Office of Environmental Health and Hazard Assessment
X
(OEHHA)
U.S. Department of Health and Human Services, Agency for Toxic
X
Substances and Disease Registry (ATSDR) Priority List of Hazardous
Substances
U.S. Department of Health and Human Services, National Institute for
X
Occupational Safety and Health (NIOSH), Pocket Guide to Chemical
Hazards
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3.4.5. Characterization of Carcinogenicity, Air Pollutants, and Other Hazards
All chemicals with valid CASRNs were screened using lists of known carcinogens, hazardous air
pollutants, and other priority action lists for potential hazards from government agencies (see Table
4).

Table 4. Screening lists and databases used to identify potentially hazardous chemicals.
Screening Type

Carcinogenicity

Air Pollution

General Hazard

Screening List
California EPA Chemicals Known to the State to Cause Cancer or Reproductive
Toxicity (Proposition 65 List)
National Toxicity Program Report on Carcinogens 14th Ed.
International Agency for Research on Cancer Monographs
U.S. EPA Clean Air Act Hazardous Air Pollutants
California Air Resources Board Air Toxics “Hot Spots” Program - Substances for
Which Emissions Must Be Quantified
California EPA Toxic Air Contaminant (TAC) Identification List
EU REACH Substances of Very High Concern (SVHC) Authorization List
EU REACH Substances of Very High Concern (SVHC) Candidate List
EU REACH Restricted List
OSPAR List of Substances of Possible Concern

4.0. Results and Discussion
4.1.
Distribution and Type of Events
A total 1,688 events were reported in the SCAQMD dataset from June 2013 to August 2018.
Events include well drilling, well completion, or rework of an onshore oil or gas well. A brief
description of these terms as defined by SCAQMD are provided below (SCAQMD, 2015).
Well drilling: digging or boring into the earth to develop, extract, or produce oil or gas.
Does not include remediation or clean-up efforts.
Well completion: production, stimulation, or treatment activities, that establish flow paths
for hydrocarbons between the reservoir and the surface, in order to prepare a well for
production
Rework: any operation involving deepening, re-drilling, stimulation, or treatment activity
of an existing well.
Well completion and rework events can be further categorized according to activity type including:
acidizing, maintenance acidizing, acid fracturing, matrix acidizing, gravel packing, and hydraulic
fracturing. A brief description of these activities are provided below (CCST et al., 2015b;
SCAQMD, 2015).
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Acidizing: use of acid to clean out scale, damage, or other debris in the
wellbore/formation, or to react with the soluble substances in the formation,
thereby enhancing permeability and well production
Matrix acidizing: use of low-pressure acid injection into a formation to dissolve
solids and sediments, thereby enhancing permeability and well production
Maintenance acidizing: use of acid to clean out scale, damage, or other debris in
the wellbore or reservoir formation
Acid fracturing: stimulating a formation by pressurized injection of acidic fluid
to fracture the formation and etch walls of fractures, thereby enhancing
permeability and well production
Gravel packing: use of water and additives to place sand and gravel near the
wellbore to limit entry of formation sand and particles into the wellbore
Hydraulic fracturing: stimulating a formation by pressurized injection of
hydraulic fracturing fluid (typically carrier fluid, chemical additives, and a
proppant) to fracture the formation, thereby enhancing permeability and well
production
Events were mapped using latitude and longitude (Figure 1). 131 events occurred within the
boundaries of the City of LA and 1,437 events occurred in the rest of Los Angeles county (not
counting the City of LA). The majority of all events reported occurred in Long Beach, which
borders the City of LA. 120 events took place in Orange County, with the majority occurring near
Huntington Beach.
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Figure 1. Events reported in the SCAQMD database from 2013 to 2018. Events within a 100meter range of each other were combined and assigned weighted symbols.
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Table 5. Number of events within 1,500 feet of a sensitive receptor in the SCAQMD.
Distance to Sensitive Receptor (ft)
0-300
301-600
601-900
901-1200
1201-1500
Total

All SCAQMD Events
115
253
132
49
48
597

City of LA Events
47
34
5
13
7
106

Table 6. Number of events with chemical data according to event type in all of SCAQMD and
the City of LA from 2013-2018. The first value is the number of events in SCAQMD, the value
in parenthesis is the number of events in the City of LA.
2013
195 (22)

2014
44 (2)

Gravel packing

40 (2)

93 (8)

0 (0)
29 (0)

Matrix acidizing

0 (0)

7 (0)

1 (0)

13 (0)
57 (9)

0 (0)
108 (18)

1 (0)
27 (1)

38 (1)

62 (2)

Well drilling, gravel packing,
and maintenance acidizing

0 (0)

Maintenance acidizing
Maintenance acidizing and
gravel packing

Event Type
Acidizing

Hydraulic fracturing
Well drilling
Well drilling and gravel
packing

Well completion and rework
(type unspecified)

Total City of LA Events
Total Non-City of LA Events
Total All SCAQMD Events

2015

2016
0 (0)

2017
0 (0)

2018
0 (0)

Total
239 (24)

2 (0)

28 (0)

20 (4)

212 (14)

1 (1)
0 (0)

0 (0)

0 (0)

9 (1)

0 (0)

0 (0)

0 (0)

1 (0)

1 (0)

14 (0)
194 (28)

7 (0)

5 (0)

10 (0)

16 (0)

138 (3)

0 (0)

0 (0)

0 (0)

5 (0)

6 (0)

11 (0)

13 (2)

242 (16)

196(17)

148(10)

148 (10)

90 (3)

837 (58)

0 (0)

2 (1)

0 (0)

0 (0)

0 (0)

0 (0)

2 (1)

6 (0)

23 (1)

3 (1)

0 (0)

0 (0)

0 (0)

32 (2)

36

48

19

11

10

7

131 (7.5%)

326

533

245

145

182

126

1557 (92.5%)

362

581

264

156

192

133

1688

Operators are required to notify SCAQMD if an event occurs within 1,500 feet of a sensitive
receptor such as a residence, school, hospital, or other health care facility (SCAQMD, 2015). A
total of 597 (35%) events in the SCAQMD were located near sensitive receptors, of which 368
were within 600 feet of the receptor (Table 5). 106 of 131 (81%) events in the City of LA were
located near a sensitive receptor. 81 of the 131 events were within 600 feet of the receptor.
California has no minimum setback requirement for oil and gas development. Other cities, such as
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Dallas, have setback distances as far as 1500-feet (City of Dallas, 2013) and it is unclear if similar
ordinances in the City of LA would be feasible without significantly impacting oil and gas
development, given the population density of the Los Angeles Basin.
A temporal analysis of the SCAQMD dataset reveals that the majority (71.5%) of reported events
took place from 2013-2015, with a sharp drop-off after 2014 (Table 6). This trend is consistent
with statewide trends in well drilling and completion operations reported by DOGGR for the
entirety of California from 2013-2017 and with the overall decrease in state oil and gas production
from the same period (Table 7; DOGGR, 2018a). An investigation into underreporting on part of
SCAQMD would involve a detailed comparison of submissions to both DOGGR and SCAQMD
and is beyond the scope of this report.

Table 7. Well drilling and completion activity reported by DOGGR
from 2013-2017 (DOGGR, 2018a).
2013

2014

2015

2016

2017

Wells Drilled

2723

3249

1016

759

996

Wells Completed
State Oil Production (million barrels)
State Net Gas Production (billion cubic feet)

3037

3647

1346

1111

1108

199.7

205.4

201.7

186.7

174.0

216.7

186.9

182.8

157.3

162.7

Maintenance acidizing, gravel packing, and well drilling, were the most commonly reported events
types in the SCAQMD. Prior to April 2014, submissions to SCAQMD were not required to
differentiate between maintenance acidizing and matrix acidizing, instead grouping them both
under the “acidizing” label (SCAQMD, 2014). After 2014, no additional acidizing events were
reported and maintenance acidizing became the most commonly reported type of event. Hydraulic
fracturing and matrix acidizing events were the least common, accounting for 1% of all reported
events. Hydraulic fracturing events were only reported in the Brea-Olinda and Wilmington oil
fields, none of which took place in the City of LA. No acid fracturing events were reported. Events
that occurred in the City of LA did not account for a disproportionate fraction of events for any
activity type.
The number of events by activity type may differ slightly from previous studies due to different
study periods, exclusion of canceled events, updates to previously submitted events, and attempts
to categorize “acidizing” events prior to April 2014. Events were reported for 24 unique facilities
within the City of LA (Table 8). The median number of events reported per facility ID was two;
however, three facilities accounted for 57% of the 131 total events reported in the City of LA.
These facilities were Warren E&P, Inc (facility ID: 144681; Wilmington oil field), Tidelands Oil
Production Co/Pier A West (facility ID: 149881; Wilmington oil field), and Plains Exploration &
Production Company (facility ID: 133989; Salt lake oil field)1. Facility ID was not specified for 4
events within the City of LA.
1

This facility is now associated with Sentinel Peak Resources; current facility ID: 184301.
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Table 8. Number of events within the City of LA according to facility ID and event type.

Facility ID

Acidizing

Gravel
packing

Unspecified
3061
10245
13627
82513
98158
101222
133987
133988
133989
144664
144681
144797
149027
149881
149883
165309
171042
171043
171050
175159
175164
175165
184298
800128
Total

3
1
0
0
3
1
1
1
4
5
2
0
0
0
3
0
0
0
0
0
0
0
0
0
0
24

1
0
0
0
0
0
1
0
0
0
0
8
0
0
3
1
0
0
0
0
0
0
0
0
0
14

Maintenance
acidizing

Well
drilling

Matrix
acidizing

Maintenance
acidizing &
gravel packing

0
1
0
1
2
2
3
0
2
9
2
13
4
1
9
0
2
1
0
1
0
2
2
1
0
58

0
0
2
0
2
0
0
0
0
0
0
19
0
0
2
0
0
0
0
0
1
0
0
0
2
28

0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
1

19

Gravel
packing &
well drilling
0
0
0
0
0
0
0
0
0
0
0
1
0
0
2
0
0
0
0
0
0
0
0
0
0
3

Well
completion &
rework
(unspecified)
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
2

Total
4
2
2
1
7
4
5
1
6
15
4
41
4
1
19
1
2
1
1
1
1
2
2
1
3
131

4.2.

Chemicals Identified in SCAQMD Dataset

Chemicals in the SCAQMD dataset were reported as either 1) trade name products (chemical
mixtures without CASRN), 2) chemicals with CASRN, or 3) trade secret chemicals. In part to
standardize with California Senate Bill 4 (SB 4) reporting requirements regarding well stimulation
activities, and in part to help encourage disclosure, SCAQMD updated Rule 1148.2 in 2015 to
unlink trade name products (chemical mixtures without CASRN) from their individual chemical
components with CASRN (SCAQMD, 2015b). Although the individual chemical compositions of
trade name products cannot be determined, other than what was disclosed prior to the updated Rule
1148.2 going into effect or inferring from similar mass usages with chemicals with CASRN, the
total sum of their components is reported and disclosed as chemicals with CASRN.
459 trade name products were disclosed, consisting of 378 individual chemicals with CASRN. 54
of these chemicals with CASRN were reported with incorrect CASRNs. Of these 54 chemicals, 51
could be positively identified based on the similarities of their CASRN and chemical names to
other chemicals in the dataset. Entries for three chemicals, alkylaryl sulfonate (CASRN: 68484
27-0), xanthan gum (CASRN: 59370-00-0), and d-limonene (CASRN: 254504-00-1) had invalid
CASRNs and could not be identified with confidence. Alkylaryl sulfonate was reported 24 times
throughout the dataset and was not similar in name or CASRN to any other known chemical.
Xanthan gum (CASRN: 59370-00-0), and d-limonene (CASRN: 254504-00-1) were both reported
once in the dataset, and although other entries for d-limonene and xanthan gum appear in the
SCAQMD dataset with the correct CASRNs, the incorrect CASRNs provided were not similar
enough to the correct CASRNs to identify them with confidence. These three chemicals were
grouped with trade secret chemicals for the purposes of this study.
A total of 327 trade secret chemicals identified by name only were reported in the SCAQMD
dataset. Trade secret chemicals could not be definitively identified or characterized for hazard
analysis. The 459 identified trade name products do not have CASRN, and their composition is
not always disclosed in a manner which is linked to individual chemicals with CASRN. However,
because the total sum of their components is reported and disclosed as chemicals with CASRN,
they are neither counted as trade secret chemicals nor are they counted for the total chemical count
in the SCAQMD dataset. Complete lists of trade secret chemicals and disclosed trade name
products are provided in Appendix A, Tables A.3 and A.4, respectively.
In total, 651 chemicals were identified in the SCAQMD dataset. A total of 324 chemicals
(approximately 50%) with unique, valid CASRNs were identified for further chemical analysis
and 327 chemicals were identified as trade secrets. A previous study of the SCAQMD dataset by
Stringfellow et al. (2017b) identified a total of 548 chemicals (249 chemicals with unique, valid
CASRN) for the period prior to September 2, 2015. A complete list of chemicals with unique,
valid CASRNs is provided in Appendix A, Table A.2.
Other oil and gas chemical data, such as chemicals disclosed to the City of LA Fire Department
via the California EPA and California Certified Unified Program Agencies are only available to
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regulators and are not publicly available. These data were not analyzed in this report; however,
future studies comparing these data to reporting in the SCAQMD dataset would be prudent.

4.3.

Comparison of Chemical Usage by Geographic Area and Event Type

The SCAQMD dataset includes events occurring in 26 oil fields in southern California. In the City
of Los Angeles, 131 oil and gas events were reported across 7 oil fields: Torrance, Wilmington,
Las Cienegas, Cheviot Hills, Beverly Hills, Salt Lake, and Aliso Canyon (Figure 2).
The Wilmington oil field accounted for most of the events within the City of LA with 70 events
(53%) and most of the events in the entire SCAQMD dataset at 1,174 (69%) (Table 9). Although
most of the events in the Wilmington oil field take place outside of the City of Los Angeles, they
occur in close proximity to the city borders. The oil field with the second highest number of events
is the Inglewood oil field with 145 events. While the Inglewood oil field is not within the city
limits, it is completely surrounded by the City of LA. Emissions from oil and gas operations in
these areas, while not technically in the City of LA, may still impact residents living within the
city due to their close proximity.
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Figure 2. Events reported in the SCAQMD database from 2013 to 2018 by oil field.
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Table 9. Total events and chemicals reported by oil field.
Oil Field

Total

Events within

Chemicals with CASRN

Events 1

the City of LA2

Reported (Entire Oil Field)

County

Wilmington
1174
70
181
LA
20
20
46
LA
Salt Lake
Beverly Hills
12
12
41
LA
3
11
11
50
LA
Las Cienegas
Torrance
20
11
22
LA
9
3
34
LA
Aliso Canyon
3
3
17
LA
Cheviot Hills
145
0
50
LA
Inglewood
81
0
53
Huntington Beach
Orange
51
0
54
LA
Long Beach
39
0
59
LA
Santa Fe Springs
Montebello
26
0
84
LA
22
0
15
LA
Placerita
164
0
18
Coyote, East
Orange
15
0
74
Brea Olinda
LA/Orange
9
0
15
LA
Wayside Canyon
6
0
39
Seal Beach
LA/Orange
Dominguez
5
0
47
LA
5
0
22
LA
Sansinena
3
0
22
LA
Whittier
2
0
15
LA
Rosecrans
Honor Rancho
2
0
18
LA
Richfield
2
0
8
Orange
Long Beach
1
0
17
LA
Airport
1
0
14
LA
Sawtelle
Bandini
1
0
20
LA
1. 7 events occurred offshore and were not categorized according to oil field
2. 1 event in the City of LA occurred on Terminal Island, outside of oil field GIS boundaries
3. Contains 1 event that was outside the borders of the oil field by less than 2000 feet, that was not
close to any other oil field
4. Contains 2 events that were outside the borders of the oil field by less than 2000 feet, that were not
close to any other oil field
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Salt Lake

Torrance

0

Las Cienegas

5
0

1

0
0

0

0

0

0

0
0

0

0

17

0
0
0

0

o

4

1

26
0

2

0

0

21 1
103

0

Wilmington
Beverly Hills
Figure 3. Comparison of chemical use between five oil fields with the greatest number of events
in the City of Los Angeles. This comparison is done using total chemicals reported with CASRN
in the entire oil field.
A comparison of the chemicals used in the five oil fields with the greatest number of events in the
City of Los Angeles reveals that chemical usage between oil fields is similar (Figure 3). 17
chemicals were reported as used in all five oil fields. Although 103 of the reported chemicals used
were unique to the Wilmington oil field, no chemicals reported were unique to any other oil field.
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Huntington Beach

Santa Fe Springs

0

Inglewood

0
0

0

0
0

1

1

5

2
0

0
0

0

46

0
0
0

2
2

0
0

0
0

0

0
0

ll 0

124
0

Wilmington
Long Beach
Figure 4. Comparison of chemical use between five oil fields with the greatest number of events
in the SCAQMD dataset. This comparison is done using total chemicals reported with CASRN
in the entire oil field.
A comparison of the chemicals used in the five oil fields with the greatest number of events in the
entirety of the SCAQMD reveals that chemical usage between oil fields is more similar than it is
different (Figure 4). 46 chemicals are common to all five oil fields. Similar to the analysis of
chemicals used in the City of LA oil fields, only the Wilmington oil field has a significant number
of chemicals unique to its oil and gas operations. This is possibly due to the sheer number of events
taking place in the Wilmington oil field compared to other oil fields in the SCAQMD. Another
possible explanation may be the inclusion of the THUMS Islands, which are artificial islands built
off the coast of Long Beach to exploit the Wilmington oil field.
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City of LA

7(23)

Non-City of LA

133(250)

184(378)

Figure 5. Chemicals used in City of LA and Non-City of LA events. The first number represents
chemicals with CASRN and the number in parentheses represents the total number of chemicals
(CASRN and trade secret).
A total of 273 chemicals (140 with CASRN) were identified in all the events taking place in the
City of Los Angeles. When compared to the entire SCAQMD dataset, only 23 chemicals (7 with
CASRN) are unique to City of Los Angeles events, with 250 being used in both City of LA and
Non-City of LA events (Figure 5). This further shows that there is major overlap between events
occurring within the City of Los Angeles and events occurring in the rest of Los Angeles County
and Orange County in terms of the variety of chemicals used.
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Acidizing

Maintenance Acidizing

32(75)

20(48)

106(198)

27(34)
0(0)

130(285)

9(10)

0(1)

Other
Activities

Matrix Acidizing
Figure 6. Chemical usage in acidizing, maintenance acidizing, and matrix acidizing events. The
first number represents chemicals with CASRN and the number in parentheses represents the
total number of chemicals (CASRN and trade secret).
Chemical usage for different acidizing events is presented in Figure 6. There is significant overlap
in chemical usage between all acidizing events, making it difficult to determine with certainty if
events labeled “acidizing” from 2013-2014 were maintenance acidizing or matrix acidizing events.
An earlier analysis by Stringfellow et al. (2017b) reached a similar conclusion. Maintenance
acidizing accounts for almost half of all reported events in the SCAQMD and the large number of
chemicals unique to maintenance acidizing is expected (198 chemicals, 106 with CASRN). Almost
half of all chemicals were not identifiable by CASRN for both acidizing (78 of 157) and
maintenance acidizing (143 of 317). No chemicals identifiable by CASRN were unique to matrix
acidizing events.
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Acidizing (All Categories)

Hydraulic Fracturing

Well Drilling

Gravel Packing

19(27)

83(212)

8(12)

8(9)

4(8)
34(133)

12(18)
0(0)

0(1)
4(17)
Other Activities

0(1)
20(22)

79(110)

2(2)

4(4)

45(75)

Figure 7. Chemical use in gravel packing, hydraulic fracturing, acidizing, and well drilling
events. Acidizing includes all events reported as matrix acidizing, acidizing, and maintenance
acidizing. The first number represents chemicals with CASRN and the number in parentheses
represents the total number of chemicals (CASRN and trade secret).
Chemical usage for all event types is presented in Figure 7. Although 212 and 133 chemicals are
unique to acidizing and well drilling, respectively, there is significant overlap in chemical usage
between all event types. Of the 239 chemicals used in gravel packing, 211 are also used in well
drilling, which is consistent with the fact that well drilling and gravel packing activities are
commonly reported for the same event. Overall, the greatest number of chemicals with CASRN
and trade secret chemicals without CASRN are used in acidizing (specifically maintenance
acidizing) and well drilling operations. Seventeen chemicals were unique to unspecified well
completion and rework events.
4.3.

Median Mass and Frequency of Chemical Usage

The top 40 most frequently reported chemicals with CASRN and their median masses per event
for both the entire SCAQMD dataset and just events occurring in the City of Los Angeles are
provided in Table 10 and Table 11, respectively. Comparing the frequency and median masses of
chemicals used in the City of Los Angeles and the entirety of the SCAQMD reveals that the most
commonly used chemicals and the median masses at which they are used are similar; 31 of the top
40 most commonly reported chemicals in the City of Los Angeles were also in the top 40 for the
entire SCAQMD dataset.
Frequently used chemicals include strong acids, minerals, carboxylic acids, solvents, petroleum
products, and salts (Table 10). Strong acids such as hydrofluoric acid and hydrochloric acid are
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routinely used in high masses for acidizing and well-maintenance operations (Stringfellow et al.,
2017b). Solvents, petroleum products, and salts are commonly used when blending commercial
chemical formulations (Stringfellow et al., 2017b). Carboxylic acids, such as erythorbic acid and
citric acid, can be utilized for a variety of functions including as corrosion inhibitors and to control
scaling (Stringfellow et al., 2017b). Mineral additives including silica, Portland cement, and
bentonite are frequently used in high masses for operations such as gravel packing, sealing wells,
and cementing well casings (Stringfellow et al., 2017b). Water is a principal component of well
drilling, completion, and rework fluids, as well as many pre-formulated chemical mixtures, and is
accounted for in this analysis.
The three most common forms of crystalline silica (quartz, cristobalite, and tridymite) were used
in 548 events in the SCAQMD. Crystalline silica is commonly used in hydraulic fracturing as a
proppant; however, hydraulic fracturing is relatively rare in the SCAQMD with only 14 reported
events. Crystalline silica was predominantly used in well drilling operations (158 events) as a
cement additive, in gravel packing (211 events) as a component of gravel, or any combination of
the two (149 events). Crystalline silica compounds are rarely used in maintenance acidizing events
(4 events). Of the three forms of crystalline silica, quartz (CASRN: 14808-60-7) was used in all
548 events. Cristobalite and tridymite were only used in conjunction with quartz.
A previous study done by Stringfellow et al. (2017b) compared chemical usage in the SCAQMD
dataset to chemical usage in oil fields in other areas of the world, specifically off-shore oil
operations in the North Sea and the Gulf of Mexico. Although this study was limited to SCAQMD
events prior to September 2, 2015, the results suggest that many of the SCAQMD chemicals are
not unique to operations in the SCAQMD. SCAQMD chemicals, or functionally similar
compounds, are routinely used for well cleaning and to control scaling and microbial growth in
the oil and gas industry worldwide suggesting that engineering controls, monitoring methods, and
other mitigation techniques used in other parts of the world may be relevant for operations in the
SCAQMD.
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1651
1319
1184
1108
1050
926
924
920
835

CASRN

7732-18-5

67-56-1
7647-14-5
77-92-9
7647-01-0
12125-02-9
50-00-0
107-19-7

7664-39-3

Water

Methanol
Sodium chloride
Citric acid
Hydrochloric acid
Ammonium chloride
Formaldehyde
Propargyl alcohol

Hydrofluoric acid

683
683
675
645

617

94266-47-4
89-65-6

68956-56-9

64742-94-5

91-20-3

14808-60-7

Naphthalene

Crystalline silica
(quartz)
547

705

68527-49-1

Thiourea, polymer with
formaldehyde and 1phenylethanone
Citrus terpenes
Erythorbic acid
Hydrocarbons, terpene
processing by-products
Heavy aromatic
naphtha

Chemical Name

Times
Reported

42,300

72

64

147

147
25

60

10,575

75
266
300
14,501
1,333
74
74

107,089

(lbs)

Median
Mass

54,311,959

106,363

95,989

164,230

325,908
24,234

47,879

11,487,931

301,432
13,389,499
770,049
24,283,348
6,025,517
86,426
84,823

489,961,351

(lbs)

Total Mass
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144-55-8

25213-24-5

Acetic acid ethenyl
ester, polymer with
ethenol
Sodium bicarbonate

61790-12-3

111-30-8

6834-92-0
107-22-2

7727-43-7

68951-67-7

98-82-8
1302-78-9
65997-15-1
13397-24-5
11138-66-2
1309-48-4
1305-78-8

64742-47-8

CASRN

Fatty acids, tall-oil

Glutaraldehyde

Disodium metasilicate
Glyoxal

Barium sulfate

Hydrotreated Light
Petroleum Distillate
Cumene
Bentonite
Portland cement
Phosphogypsum
Xanthan gum
Magnesium oxide
Calcium oxide
Alcohols, C14-C15,
ethoxylated

Chemical Name

283

284

285

285

294
286

294

295

376
312
306
305
304
303
301

417

Times
Reported

875

145

16

144

823
675

44,820

16

64
1,438
63,732
56,024
800
44,764
52,226

64

(lbs)

Median
Mass

337,045

58,623

6,169

98,650

262,377
225,407

19,833,022

6,563

24,062
2,033,032
23,173,711
6,831,484,103
299,547
14,563,529
15,849,469

809,410

(lbs)

Total Mass

Table 10. Forty most commonly reported chemicals with CASRN and their median use in entire SCAQMD dataset (sorted by times
reported).

544

CASRN

1330-20-7

100-41-4
7447-40-7
111-76-2

Chemical Name

Xylenes

Ethylbenzene
Potassium chloride
2-Butoxyethanol

80
23,691
141

84

(lbs)

Median
Mass

368,621
54,279,997
222,028

1,009,029

(lbs)

Total Mass

Sodium
carboxymethylcellulose
Propylene glycol
Alkenes, C>10 aLimestone

Chemical Name

57-55-6
64743-02-8
1317-65-3

9004-32-4

CASRN

280
280
279

280

Times
Reported

28
3
57,246

2,150

(lbs)

Median
Mass

8,630
2,444
15,165,589

119
98
72
66
65
59
54
54
54
54
45
44

CASRN

7732-18-5

67-56-1
7647-01-0
77-92-9
12125-02-9
107-19-7

7647-14-5

7664-39-3

64742-94-5

111-76-2
50-00-0

14808-60-7

Water

Methanol
Hydrochloric acid
Citric acid
Ammonium chloride
Propargyl alcohol

Sodium chloride

Hydrofluoric acid
Heavy aromatic
naphtha
2-Butoxyethanol
Formaldehyde
Crystalline silica
(quartz)

Chemical Name

Times
Reported

19,350

353
74

84

13,755

3,632

111
17,640
242
1,500
74

76,164

(lbs)

Median
Mass

2,838,928

35,994
7,700

19,361

1,183,501

866,393

27,593
2,458,354
31,729
893,747
7,922

30,286,693

(lbs)

Total Mass

31

Acetic acid

Disodium metasilicate
Sodium bicarbonate

Xanthan gum

Non-crystalline silica
(impurity)
Erythorbic acid
Calcium oxide
Aluminum oxide
Iron oxide
Bentonite
Hydrotreated Light
Petroleum Distillate
Phosphogypsum

Chemical Name

64-19-7

6834-92-0
144-55-8

11138-66-2

13397-24-5

64742-47-8

89-65-6
1305-78-8
1344-28-1
1309-37-1
1302-78-9

7631-86-9

CASRN

26

26
26

26

26

26

28
28
28
28
27

29

Times
Reported

613

118
925

1,025

62,162

277

43
12,200
5,735
5,402
2,475

9,345

(lbs)

Median
Mass

720,581

(lbs)

Total Mass

23,624

28,838
35,400

29,826

1,625,938

186,111

1,830
820,206
208,482
182,269
224,504

519,534

(lbs)

Total Mass

Table 11. Forty most commonly reported chemicals with CASRN and median use in City of LA events (sorted by times reported).

533
532
461

Times
Reported

35

31
30
30

CASRN

1330-20-7

100-41-4
7447-40-7
91-20-3

8002-09-3

5877-42-9

119-65-3
91-63-4

Chemical Name

Xylenes

Ethylbenzene
Potassium chloride
Naphthalene

Pine oil

Ethyl octynol

Isoquinoline
Quinaldine

31

35
34
32

Times
Reported

75
75

63

63

282
25,179
68

708

(lbs)

Median
Mass

5,163
5,475

5,478

5,488

53,621
4,038,271
12,907

80,875

(lbs)

Total Mass
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Thiourea, polymer with
formaldehyde and 1phenylethanone
Portland cement
Magnesium oxide
Glutaraldehyde
Acetic acid ethenyl
ester, polymer with
ethenol
Sodium
carboxymethylcellulose
Carbon
Citrus terpenes

Chemical Name

7440-44-0
94266-47-4

9004-32-4

25213-24-5

65997-15-1
1309-48-4
111-30-8

68527-49-1

CASRN

25
24

25

25

25
25
25

25

Times
Reported

3,696
213

2,200

370

70,674
20,086
188

74

(lbs)

Median
Mass

132,867
6,407

62,700

9,918

1,769,380
661,558
7,969

2,388

(lbs)

Total Mass

4.4.

Chemical Properties

4.4.1. Acute Inhalation Toxicity
Acute toxicity data for standard mammalian species (rat and mouse) was the most commonly
available toxicity data. Acute toxicity tests represent short-term cases of extreme chemical
exposure, where the outcome is measured (in this case) by death of the test animal. Acute toxicity
data is generally considered less useful for assessing health outcomes than chronic toxicity data,
however, it is still useful for comparing chemicals to one another and identifying chemicals that
are clearly hazardous (Shonkoff et al., 2015).
Toxicity values are typically reported for pure compounds. In practice, most chemical additives
are mixed on site or pre-mixed chemical formulations are provided by suppliers for use in oil and
gas operations. Standard toxicity tests do not account for chemical interactions and synergistic
effects of complex mixtures used in oil and gas operations. Assessing chemical mixtures is beyond
the scope of this analysis.
Acute mammalian inhalation toxicity data classifiable according to GHS category were available
for 50 (15%) chemicals reported with valid CASRNs (Figure 8). Fourteen of these chemicals are
classified as GHS category 1 or 2. An additional 18 chemicals were classified according to
estimated “floor level” GH values (Figure 9). Floor level estimated GHS values represent a
conservative estimate of inhalation GHS and need to be interpreted with caution. When “floor
level” GHS values were taken into consideration, a total of 68 (21%) chemicals were characterized
for acute inhalation toxicity (Figure 10) with a total of 20 chemicals classified as GHS category 1
or 2. Of the 68 chemicals with acute inhalation toxicity data, 37 chemicals (8 classified as GHS
category 1 or 2) were used in events taking place in the City of Los Angeles. Despite efforts to
categorize all available data, significant data gaps remain as 79% of all chemicals could not be
categorized according to acute inhalation toxicity. A complete list of all chemicals with acute
inhalation toxicity data and their associated GHS categories can be found in Appendix A, Table
A.5.
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274, 85%

6, 2%
8, 2%
12, 4%
6, 2%
18, 5%

■ GHS 1
GHS 2
■ GHS 3
■ GHS 4
■ >GHS4
■ Inadequate data

Figure 8. Availability of acute mammalian inhalation toxicity data according to GHS category
for entire SCAQMD dataset.

306, 94%

5, 2%
1, 0%
| 5, 2%
7, 2%

> GHS 1
> GHS 2
> GHS 3
> GHS 4
Inadequate data

Figure 9. Acute mammalian inhalation toxicity data estimated from toxicity ranges according to
GHS category for entire SCAQMD dataset. This is based off of the “floor level” analysis done
using toxicity values listed as a range and provides a very conservative estimate of inhalation
GHS.
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11, 3%
__ 9, 3%
256, 79%

—17, 5%
13, 4%
18, 6%

■ GHS 1
GHS 2
■ GHS 3
■ GHS 4
■ >GHS4
■ Inadequate data

Figure 10. Combined acute mammalian inhalation toxicity data and estimated “floor level”
analysis from toxicity ranges according to GHS category for entire SCAQMD dataset. This
combines Figure 8 and Figure 9.

4.4.2. Chronic Inhalation Toxicity
Chronic toxicity data, while generally less available than acute toxicity data, is important to
determine health outcomes associated with repeated exposure. Common endpoints for chronic
toxicity studies include increased frequency of cancer and tumors, and adverse reproductive,
developmental, neurological, respiratory, and lifespan changes. Most chronic toxicity data is
collected using animal studies; however, a few chemicals have human-based chronic data often as
a result of accidents, occupational exposure, or unregulated release of chemicals. In isolation, it
seems that the availability of chronic toxicity is similar to acute toxicity for the SCAQMD dataset;
however, this study does not consider acute and chronic oral toxicity, whereby the availability of
acute toxicity data then becomes significantly greater than chronic toxicity.
Similar to evaluations of acute toxicity, chronic toxicity values are typically reported for pure
compounds. Standard toxicity tests do not account for chemical interactions in complex mixtures
used in oil and gas operations. Assessing chemical mixtures is beyond the scope of this analysis.
Chronic inhalation toxicity data (e.g. RfC, MRL, REL, and UR) were available for 37 (11%)
chemicals reported with valid CASRNs in the SCAQMD dataset. An additional 39 chemicals had
available occupational exposure limits from OSHA, NIOSH, or ACGIH. Despite efforts to
categorize all available data, significant data gaps remain as 77% of all chemicals could not be
categorized according to chronic inhalation toxicity (Figure 11). Complete lists of chronic
inhalation reference concentrations and occupational exposure values can be found in Appendix
A, Tables A.6 and A.7, respectively.
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■ RfC, MRL, REL, UR, and
URE Data

37, 11%

248, 77%

■ Occupational Exposure Data
Only

39, 12%

■ Inadequate Data

Figure 11. Availability of chronic inhalation toxicity data for entire SCAQMD dataset.

4.4.3. Biodegradability
A key factor in evaluating the risk of chemical exposure is how persistent a chemical is in the
environment. Biodegradation is a major mechanism for environmental attenuation. Chemicals that
are readily biodegradable typically do not persist for long periods of time in the environment.
Chemicals that are resistant to biodegradation are more likely to accumulate in the environment
and are more likely to be subject to exposure pathway (e.g. inhalation) transport mechanisms.
Biodegradable chemicals are expected to have reduced risk of chemical exposure for pathways
that occur over the course of days or months; however, the impact of biodegradation is expected
to be negligible for exposure pathways that take place over the course of seconds to minutes.
Similar to acute and chronic toxicity, biodegradability is typically reported for pure compounds.
Although standard testing does account for simple mixtures of similar compounds that are
inseparable, such as hydrocarbon distillates, it does not account for chemical interactions (e.g.
bacterial inhibition) in complex mixtures used in oil and gas operations. Assessing chemical
mixtures is beyond the scope of this analysis.
Experimental biodegradation data was found for 40% of chemicals identified by CASRN, with
another 14% of chemicals being characterized using EPISuite™ computational software.
Approximately 70% of all chemicals with biodegradation data were found to be readily or
inherently biodegradable. Only 19% of chemicals had inadequate data to categorize them
according to OECD standards. A total of 51 (16%) chemicals were classified as not readily
biodegradable (Figure 12). Biodegradability is not relevant for inorganic chemicals. A complete
list of chemicals classified as not readily biodegradable according to OECD standards can be found
in Appendix A, Table A. 8.
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Readily Biodegradable

62, 19%

Readily Biodegradable
(Computational)
Inherently biodegradable

97, 30%

Not readily biodegradable

88, 27%

Not readily biodegradable

14, 4%
31
10%

12, 4%

(Computational)
Inorganic
Inadequate data

20, 6%

Figure 12. Available biodegradability data according to OECD standards for entire SCAQMD
dataset.

4.4.4. Carcinogenicity
Various factors can contribute to the increased risk of cancer in humans, including exposure to
carcinogenic chemicals, either synthetic and naturally occurring. It has long been assumed that
there is no safe level of exposure to carcinogens; however, recent studies suggests some
carcinogens exhibit a nonlinear response and carcinogenesis is not anticipated below certain levels
of exposure (Whittaker et al., 2016). Nevertheless, most carcinogens have no known safe exposure
level and risk management based on this notion is recommended (Whittaker et al., 2016).
Chemicals were screened for carcinogenicity using the International Agency for Research on
Cancer (IARC) Monographs on the Evaluation of Carcinogenic Risks to Humans, the U.S.
Department of Health and Human Services National Toxicity Program 14th Report on
Carcinogens, and California’s Proposition 65 List (California Environmental Protection Agency,
2018; International Agency for Research on Cancer (IARC), 2018; U.S. Department of Health and
Human Services, 2016).
Chemicals on the Proposition 65 List are either listed as causing cancer or reproductive toxicity
(California Environmental Protection Agency, 2018). The National Toxicity Program categorizes
chemicals as either known human carcinogens or reasonably anticipated to be a human carcinogen
(RAHC) (U.S. Department of Health and Human Services, 2016). The IARC system categorizes
chemicals into 5 groups (International Agency for Research on Cancer (IARC), 2018):
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Group 1: Carcinogenic to humans
Group 2A: Probably carcinogenic to humans
Group 2B: Possibly carcinogenic to humans
Group 3: Not classifiable as to its carcinogenicity to humans
Group 4: Probably not carcinogenic to humans
In this study, only chemicals in IARC Group 1, 2A, and 2B are considered carcinogenic.
Overall, 23 (6%) chemicals with CASRN were identified on cancer screening lists, of which 14
were used in the City of LA. A total of 18 chemicals were classified by IARC as Group 1, 2A, or
2B and 17 additional chemicals were classified as Group 3 but are not listed in Table 12. 19
chemicals were on California’s Prop 65 list, with 4 being listed for reproductive toxicity. One
chemical, crystalline silica (tridymite) (CASRN: 15468-32-3), was classified as a known
carcinogen by the National Toxicity Program and was on the Prop 65 list but was not classified by
the IARC. The IARC only classified the quartz and cristobalite forms of crystalline silica;
tridymite, while mentioned in monographs, was not given an IARC group classification
(International Agency for Research on Cancer (IARC), 2012).
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Table 12. Chemicals recognized as carcinogenic or possibly carcinogenic by IARC, CA Prop 65,
and National Toxicity Program for the entire SCAQMD dataset.
Chemical Name

CASRN

Used in
City of LA

IARC
Group 1
1

National Toxicity
Program
Known

Ethylene oxide
75-21-8
Crystalline silica
14464-46-1
X
1
Known
(cristobalite)
14808-60-7
X
1
Known
Crystalline silica (quartz)
Ethanol
64-17-5
X
1
Known
7647-01-0
X
11
Hydrochloric acid
7664-93-9
X
11
Known
Sulfuric acid
50-00-0
X
1
Known
Formaldehyde
Benzene
71-43-2
1
Known
10377-60-3
2A2
Magnesium nitrate
79-06-1
2A
Acrylamide
RAHC
108-10-1
2B
Methyl isobutyl ketone
Diethanolamine
111-42-2
2B
91-20-3
X
2B
RAHC
Naphthalene
Ethylbenzene
100-41-4
X
2B
98-82-8
X
2B
RAHC
Cumene
12002-43-6
2B
Gilsonite
139-13-9
X
2B
RAHC
Nitrilotriacetic acid
2B
Bis(isopropyl)naphthalene 38640-62-9
107-21-1
X
Ethylene glycol
Methanol
67-56-1
X
Crystalline silica
15468-32-3
X
Known4
(tridymite)
554-13-2
Lithium carbonate
108-88-3
X
3
Toluene
1. Listed as acid mist, strong inorganic
2. Listed as nitrate or nitrite under conditions that result in endogenous nitrosation
3. Listed for developmental toxicity
4. Listed as silica, crystalline (airborne particles of respirable size)

4.4.4.

Prop 65
List
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X3
X3
X4
X3
X3

Air Pollutants

Air pollutants pose a health risk to both oil and gas workers and residents living nearby active well
sites. Chemicals were screened for air pollutants using the Clean Air Act List of Hazardous Air
Pollutants, California Air Resources Board Hot Spots Program, and California Air Resources
Board Toxic Air Contaminants (TAC) lists (42 C.F.R. §7412, 1990; California Air Resources
Board, 2010, 2007).
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The Clean Air Act identifies 170 individual chemicals and 17 major chemical categories as
hazardous air pollutants. These chemical categories include fine mineral fibers, glycol ethers,
polycyclic organic matter (POM), cyanide compounds, and various metal compounds. Polycyclic
organic matter (POM) is broad category defined as any organic compound that contains more than
one benzene ring and has a boiling point greater than 100°C (42 C.F.R. §7412, 1990), and includes
polycyclic aromatic hydrocarbons (PAHs). POM is generally emitted through fuel combustion
processes or the direct volatilization of compounds (U.S. EPA, 1998). Glycol ethers is another
broad category that consists of mono- and di-ethers of ethylene glycol, diethylene glycol, and
triethylene glycol with the general formula R-(OCH2CH2)n-OR', where (65 FR 47342, 2000):
n = 1, 2, or 3
R = alkyl C7 or less; or phenyl or alkyl substituted phenyl;
R' H or alkyl C7 or less; or OR’ consisting of carboxylic acid ester, sulfate, phosphate,
nitrate, or sulfonate
The California Air Resources Board defines toxic air contaminants (TACs) as any air pollutant
that may pose a potential hazard to human health or cause an increase in serious illness or mortality.
TACs includes all hazardous air pollutants and are divided into categories including (California
Air Resources Board, 2010):
Category 1:

Substances identified as Toxic Air Contaminants, known to be emitted in
California, with a full set of health values

Category 2a:

Substances identified as Toxic Air Contaminants, known to be emitted in
California, with one or more health values under development

Category 2b:

Substances NOT identified as Toxic Air Contaminants, known to be emitted in
California, with one or more health values under development

Category 3:

Substances known to be emitted in California and are NOMINATED for
development of health values or additional health values.

Category 4a:

Substance identified as Toxic Air Contaminants, known to be emitted in California
and are to be evaluated for entry into Category 3.

Category 4b:

Substance NOT identified as Toxic Air Contaminants, known to be emitted in
California and are to be evaluated for entry into Category

Category 5:

Substance identified as Toxic Air Contaminants, and NOT KNOWN TO BE
EMITTED from stationary source facilities in California

Overall, 40 (12%) chemicals were identified on air pollution screening lists, of which 24 were used
in the City of LA (Table 13). A total of 22 chemicals were identified as Clean Air Act hazardous
air pollutants, half of which were reported as used in the City of Los Angeles. Thirty-eight
chemicals were identified on the TAC list, however, 12 fell under categories 2b or 4b and, while
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not classified as toxic air contaminants, are under review or have health values under development.
Three chemicals meet the criteria for POM; however, EPISuite™ was used to estimate boiling
point data for two of them. Two additional chemicals may possibly be considered POM due to
their chemical structures; however, boiling point data was unavailable for further classification.
These chemicals include naphthalenesulfonate-formaldehyde condensate, sodium salt (CASRN:
9008-63-3) and sodium polynaphthalenesulfonate (CASRN: 9084-06-4).
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Table 13. Chemicals identified as toxic air contaminants by the U.S. EPA Clean Air Act and California Air Resources Board for the
entire SCAQMD dataset.

X
X
X
X
X
X
X
X
X
X
X
X
X2
X3

California Air
Resources
Board Hot
Spots Program
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X2
X3

68425-61-6

X3

X3

2a3

112-34-5
111-46-6
111-30-8
67-63-0
1310-73-2
7664-93-9

X4
X4

X4
X4

2a4
2a4
2b
2b
2b
2b

Chemical Name

CASRN

Ethylene oxide
2-Butoxyethanol
Diethanolamine
Ethylene glycol
Hydrochloric acid
Hydrofluoric acid
Methanol
Naphthalene
Ethylbenzene
Toluene
Xylenes
Formaldehyde
Acrylamide
Benzene
Diisopropylnaphthalenesulfonic acid
Bis(isopropyl)naphthalene
Naphthalenesulfonic acid, bis(1-methylethyl), compd. with cyclohexanamine (1:1)
Diethylene glycol mono-n-butyl ether
2,2''-oxydiethanol (impurity)
Glutaraldehyde
Isopropanol
Sodium hydroxide
Sulfuric acid

75-21-8
111-76-2
111-42-2
107-21-1
7647-01-0
7664-39-3
67-56-1
91-20-3
100-41-4
108-88-3
1330-20-7
50-00-0
79-06-1
71-43-2
28757-00-8
38640-62-9

Used in
City of
LA

Clean Air Act
Hazardous Air
Pollutant

X

X
1

X
X
X
X
X
X
X
X
X

X
X
X
X

X
X
X
X
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California Air
Resources Board
TAC Category
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a
2a2
2a3

Chemical Name

CASRN

Used in
City of
LA

Clean Air Act
Hazardous Air
Pollutant

California Air
Resources
Board Hot
Spots Program
X

7664-38-2
X
Phosphoric acid
7631-86-9
X
Non-crystalline silica (impurity)
108-10-1
X
X
Methyl isobutyl ketone
98-82-8
X
X
X
Cumene
98-86-2
X
X
Acetophenone
95-63-6
X
X
1,2,4-Trimethylbenzene
Ammonium sulfate
7783-20-2
X
X
79-21-0
X
Peracetic acid
71-36-3
X
n-Butyl alcohol
Aluminum oxide
1344-28-1
X
X
139-13-9
X
X
Nitrilotriacetic acid
Aluminum
7429-90-5
X
X
Quinoline
91-22-5
X
X
107-98-2
X
X
1 -Methoxy-2-propanol
126-73-8
X
Tributyl phosphate
108-93-0
X
Cyclohexanol
Trimethylbenzenes
25551-13-7
X
1. 2-butoxyethanol was removed from the list of hazardous air pollutants in November, 2004
2. Listed as polycyclic organic matter (POM)
3. Listed as polycyclic organic matter (POM), boiling point estimated using U.S. EPA EPISuite TM MPBPWINTM module
4. Listed as glycol ethers
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California Air
Resources Board
TAC Category
2b
3
4a
4a
4a
4b
4b
4b
4b
4b
4b
4b
5

4.4.5. Other Priority Lists
Chemicals were screened using other priority lists including the European Union (EU) Regulation
on Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) Substances of
Very High Concern (SVHC) Candidate List, Authorization List, Restricted Substances List, and
the Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR)
Priority Action Chemical List, Substances of Possible Concern List, and the Norway and UK
National Lists of Candidates for Substitution.
Overall, 6 chemicals (~2%) were identified on the OSPAR Substance of Possible Concern List
and the EU REACH SVHC Candidate List (Table 14). Only one of these chemicals was used in
events in the City of Los Angeles. Chemicals are typically placed on the SVHC list if they are
classified as persistent, bioaccumulative, and toxic, or very persistent and very bioaccumulative
(PBT/vPvB), or if they are identified as a carcinogen, reproductive mutagen, or endocrine disruptor
(European Chemicals Agency, 2015). Chemicals are selected for OSPARs Substances of Possible
Concern list for reasons similar to those of the EU SVHC list. None of the chemicals identified by
CASRN appeared on the EU REACH SVHC Authorization List, Restricted Substances List, or
the OSPAR Priority Action Chemical List or the Norway and UK National Lists of Candidates for
Substitution.
Table 14. Chemicals identified on national and international priority lists for the entire
SCAQMD dataset.

Chemical Name

Poly(oxy-1,2-ethandiyl), a(nonylphenyl)-w-hydroxyBis(isopropyl)naphthalene
Boric acid
Sodium tetraborate decahydrate
Boron sodium oxide
Acrylamide

4.5.

CASRN

OSPAR
Substance
of Possible
Concern

9016-45-9

X

38640-62-9
10043-35-3
1303-96-4
1330-43-4
79-06-1

X

EU Candidate List
of Substances of
Very High Concern
Candidate List

Used in
City of
LA
X

X
X
X
X

Estimated Hazard Metric

To aid in organizing and ranking the chemicals by potential hazard, we used an estimated hazard
metric (EHM) was used. The estimated hazard metric (EHM) was developed by CCST in their
Independent Scientific Assessment of Well Stimulation in California to rank chemicals used in
well stimulation operations in terms of potential impacts on human health (Shonkoff et al., 2015).
The EHM is a semi-quantitative value, where higher values indicate higher concern, and takes into
account “frequency of use, mass or mass fraction used per treatment, and acute and/or chronic
health hazard criteria” (Shonkoff et al., 2015) according to the following equation:
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EHM = (frequency of use) x (mass or mass fraction used)/(toxicity criterion)

Eq. 1

This allows for chemicals with moderate or low toxicity to be ranked higher than highly toxic
chemicals if they are used with enough frequency and in high enough concentrations.
Frequency of use was determined by the total number of events the chemical was reported as being
used in. Mass or mass fraction used was calculated using the median mass reported for each
chemical across all events. Both frequency of use and median mass data were used as surrogates
for potential release and subsequent exposure (Shonkoff et al., 2015).
For acute inhalation toxicity, the toxicity criterion was calculated using GHS categories. LC50
values for acute inhalation toxicity cannot be directly used due to the differences in scale between
vapors, dusts, and gasses (see Table 2). Instead, GHS categories are used to first normalize the
differences in toxicity based on exposure. However, because GHS categories are not linear in
nature, GHS categories 1, 2, 3, and 4 were then assigned the mid-point exposure toxicity criteria
of 0.25, 1.25, 6, and 15 mg/L, respectively, to more accurately reflect the relative hazard posed.
Vapors, dusts, and gases were assigned the same mid-point exposure toxicity criteria to make the
results directly comparable to another. Chemicals categorized as “>GHS 4” were considered non
toxic and were not evaluated according to EHM. The most conservative (i.e. lowest) toxicity values
were used for acute inhalation EHM calculations.
For chronic inhalation toxicity, standard non-cancer reference concentrations (RfC, REL, MRL)
and inhalation unit risk (UR) and unit risk estimates (UREs) were all standardized to mg/m3 and
this inhalation reference value (RfV) was used as the toxicity criterion. When no other chronic
inhalation data were available, occupational exposure limits (PEL, TLV, and NIOSH REL) were
standardized to an occupational reference value and used to calculate EHM.
Estimated hazard metric was calculated for all chemicals with acute and chronic inhalation data
for both the entire SCAQMD dataset and for the subset of events that occurred in the City of Los
Angeles. EHM values for chronic inhalation ranged from the order of magnitude of 109 to 10"1 for
the entire SCAQMD dataset, and from 108 to 10-1 for the subset of events that occurred in the City
of LA. EHM values for acute inhalation ranged from order of magnitude of 105 to 10"4 for the entire
SCAQMD dataset, and from 104 to 10-3 for the subset of events that occurred in the City of LA..
Chemicals with higher relative EHM values are associated with higher concern (Shonkoff et al.,
2015). Although EHM values were higher for the chronic inhalation route, they cannot and should
not be directly compared to one another due to the differences in calculating the toxicity criteria.
Complete lists of EHM values for both chronic and acute inhalation for the subset of events that
occurred in the City of LA can be found in Table 15 and Table 16 respectively. EHM calculations
for the entire SCAQMD dataset can be found in Appendix A, Tables A.9 and A.10.
The chemicals with the highest EHM values for both chronic and acute inhalation include
hydrofluoric acids, hydrochloric acid, naphthalene, glutaraldehyde, and various silica-based
compounds. Hydrochloric and hydrofluoric acid rank high using EHM due to the predominance
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of maintenance acidizing events in the SCAQMD dataset, as they were used in 1,030 and 835
events (72 and 54 events within the City of LA), respectively. Glutaraldehyde is a commonly used
biocide in the oil and gas industry to control bacterial growth and prevent fouling, and although it
was only used in 285 events (25 events within the City of LA), it has one of the lowest (i.e. most
toxic) chronic inhalation reference value of all chemicals in the SCAQMD dataset. EHM rankings
for chemicals used in City of LA events are overall very similar to rankings for the entire
SCAQMD dataset.
A significant number of chemicals with high chronic inhalation EHM are minerals and other
inorganic compounds that are used in extremely high masses as cement additives, components of
gravel packing, or for other uses in a variety of activities. While not particularly toxic, these
compounds are expected to pose an inhalation hazard primarily due to airborne particles and
respirable dust.
Out of the 41 unique chemicals that make up the top 25 EHM values for both chronic and acute
inhalation toxicity for the entire SCAQMD dataset, only 7 are used in a single type of event (Table
17 and Table 18). It is far more common for a chemical to be used in 4 or 5 different event types.
This can be accounted for by the fact that frequency of use plays a key role in EHM calculations,
and chemicals that are used in multiple types of events are used more frequently and are
subsequently given higher EHMs.
Table 15. Estimated hazard metric for chronic inhalation toxicity for chemicals used in events
within the City of LA.

Chemical Name

CASRN

Frequency
of use
(wells)

Crystalline silica (quartz)
Hydrochloric acid
Glutaraldehyde
Hydrofluoric acid
Portland cement
Phosphogypsum
Limestone
Formic acid
Calcium oxide
Mica
Naphthalene
Barite
Magnesium oxide
Non-crystalline silica (impurity)
Aluminum oxide
Iron oxide
Ethylbenzene
Formaldehyde

14808-60-7
7647-01-0
111-30-8
7664-39-3
65997-15-1
13397-24-5
1317-65-3
64-18-6
1305-78-8
12001-26-2
91-20-3
7727-43-7
1309-48-4
7631-86-9
1344-28-1
1309-37-1
100-41-4
50-00-0

44
72
25
54
25
26
24
1
28
6
32
15
25
29
28
28
35
45
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Median
Mass Used
19350.00
17639.73
187.85
13755.00
70674.00
62162.20
61372.60
5040.00
12200.00
48200.00
68.00
23000.00
20086.00
9345.00
5735.00
5402.00
282.10
74.00

RfV
(mg/m3)

EHM

3.00E-03
9.00E-03
8.00E-05
1.40E-02
5.95E-02
5.95E-02
5.95E-02
3.00E-04
2.38E-02
3.57E-02
2.94E-04
5.95E-02
1.19E-01
7.14E-02
5.95E-02
5.95E-02
4.00E-03
1.66E-03

2.84E+08
1.41E+08
5.87E+07
5.31E+07
2.97E+07
2.72E+07
2.48E+07
1.68E+07
1.44E+07
8.10E+06
7.40E+06
5.80E+06
4.22E+06
3.80E+06
2.70E+06
2.54E+06
2.47E+06
2.01E+06

(lbs)

Chemical Name

CASRN

Frequency
of use
(wells)

Crystalline silica (cristobalite)
Nitrilotriacetic acid
Ammonium chloride
Crystalline silica (tridymite)
Phosphoric acid
2-Butoxyethanol
Propargyl alcohol
Potassium hydroxide
Cellulose, microcrystalline
1,2,4-Trimethylbenzene
Acetic acid
Aluminum
Xylenes
1,3,5-Trimethylbenzene
Solvent naphtha, petroleum, light
arom.
Sodium hydroxide
1,2,3-Trimethylbenzene
Methanol
Toluene
Sulfuric acid
Cumene
Ethylene glycol
Calcium sulfate
Acetone
Ethanol
Isopropanol
1 -Methoxy-2-propanol

14464-46-1
139-13-9
12125-02-9
15468-32-3
7664-38-2
111-76-2
107-19-7
1310-58-3
9004-34-6
95-63-6
64-19-7
7429-90-5
1330-20-7
108-67-8

4
12
65
9
7
54
59
1
5
5
26
5
35
3

64742-95-6
1310-73-2
526-73-8
67-56-1
108-88-3
7664-93-9
98-82-8
107-21-1
7778-18-9
67-64-1
64-17-5
67-63-0
107-98-2

6
3
3
98
20
1
12
1
1
3
4
4
4
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Median
Mass Used

RfV
(mg/m3)

EHM

1057.50
690.00
1500.00
168.00
294.00
352.73
74.00
1800.00
850.00
676.50
613.25
39.00
707.90
159.10

3.00E-03
6.66E-03
1.19E-01
3.00E-03
7.00E-03
8.20E-02
2.38E-02
2.38E-02
5.95E-02
6.00E-02
2.98E-01
5.00E-03
7.00E-01
6.00E-02

1.41E+06
1.24E+06
8.19E+05
5.04E+05
2.94E+05
2.32E+05
1.83E+05
7.56E+04
7.14E+04
5.64E+04
5.36E+04
3.90E+04
3.54E+04
7.96E+03

130.70
53.00
65.30
110.55
35.63
2.00
64.00
25.00
2.50
22.00
8.32
2.25
1.66

1.00E-01
2.38E-02
6.00E-02
4.00E+00
3.00E-01
1.00E-03
4.00E-01
4.00E-01
5.95E-02
3.08E+01
2.26E+01
7.00E+00
7.00E+00

7.84E+03
6.68E+03
3.27E+03
2.71E+03
2.38E+03
2.00E+03
1.92E+03
6.25E+01
4.20E+01
2.14E+00
1.47E+00
1.28E+00
9.51E-01

(lbs)

Table 16. Estimated hazard metric for acute inhalation toxicity for chemicals used in events
within the City of LA.
Median
Mass Used

Chemical Name

CASRN

Frequency
of use
(wells)

(lbs)

Acute
Toxicity
Criteria

Hydrofluoric acid
Hydrochloric acid
Potassium chloride
Glutaraldehyde
Naphthalene
Phosphoric acid
Non-crystalline silica (impurity)
Formaldehyde
Glyoxal
Glycolic acid
2-Butoxyethanol
Hydrotreated Light Petroleum
Distillate
Formic acid
Propargyl alcohol
Xylenes
2-Ethylhexan-1-ol
Sodium carbonate
Ethylbenzene
1,2,4-Trimethylbenzene
Solvent naphtha, petroleum, light
arom.
Cumene
Triethylene glycol
Sulfuric acid
1-Methoxy-2-propanol

7664-39-3
7647-01-0
7447-40-7
111-30-8
91-20-3
7664-38-2
7631-86-9
50-00-0
107-22-2
79-14-1
111-76-2

54
72
34
25
32
7
29
45
24
3
54

13755.00
17639.73
25179.00
187.85
68.00
294.00
9345.00
74.00
1025.00
98.00
352.73

25
200
200
2.5
2.5
2.5
1150
25
200
2.5
200

2.97E+04
6.35E+03
4.28E+03
1.88E+03
8.70E+02
8.23E+02
2.36E+02
1.33E+02
1.23E+02
1.18E+02
9.52E+01

64742-47-8
64-18-6
107-19-7
1330-20-7
104-76-7
497-19-8
100-41-4
95-63-6

26
1
59
35
4
23
35
5

277.00
5040.00
74.00
707.90
84.50
600.00
282.10
676.50

200
200
200
1150
25
1150
1150
1150

3.60E+01
2.52E+01
2.18E+01
2.15E+01
1.35E+01
1.20E+01
8.59E+00
2.94E+00

64742-95-6
98-82-8
112-27-6
7664-93-9
107-98-2

6
12
1
1
4

130.70
64.00
18.52
2.00
1.66

1150
1150
200
25
1150

6.82E-01
6.68E-01
9.26E-02
8.00E-02
5.79E-03

48

EHM

X

X
X
X
X
X

X
X

7647-01-0

1305-78-8

7664-39-3

111-30-8

65997-15-1

13397-24-5

12001-26-2

1317-65-3

7727-43-7

91-20-3

1309-48-4

50-00-0

1302-93-8

1330-43-4

Hydrochloric acid

Calcium oxide

Hydrofluoric acid

Glutaraldehyde

Portland cement

Phosphogypsum

Mica

Limestone

Barite

Naphthalene

Magnesium oxide

Formaldehyde

Mullite2

Boron sodium oxide

X

X

X

X

X

14808-60-7

Crystalline silica (quartz) 1

X

X

X

X

CASRN

Median
mass usage

Chemical Name

Frequency
of use

3

X

3

X

4

4

3

4

4

X

3

49

Chronic
Inhalation
Screening Value

18

13

11

12

7

10

6

5

3

4

9

2

1

Rankings for
only events in
the City of LA

Hydraulic fracturing, well drilling

Gravel packing, well drilling

Gravel packing, maintenance acidizing, acidizing, well
drilling, matrix acidizing, well completion & rework
Hydraulic fracturing, gravel packing, maintenance acidizing,
well drilling, well completion & rework
Gravel packing, maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, acidizing, well
drilling
Gravel packing, maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, acidizing, well
drilling, matrix acidizing, well completion & rework

Gravel packing, maintenance acidizing, well drilling

Hydraulic fracturing, gravel packing, maintenance acidizing,
acidizing, well drilling, well completion & rework
Gravel packing, maintenance acidizing, acidizing, well
drilling, matrix acidizing, well completion & rework

Event Type(s) Reported as Used in

Table 17. Chemicals with the highest estimated hazard metric for chronic inhalation toxicity within the entire SCAQMD dataset and
the factors that contributed most to their rankings (from high EHM to low).

64-18-6

7722-88-5

107-19-7

7664-38-2

9004-34-6

139-13-9

Formic acid

Tetrasodium
pyrophosphate

Propargyl alcohol

Phosphoric acid

Cellulose,
microcrystalline

Nitrilotriacetic acid

2.
3.
4.

1.

X

12125-02-9

Ammonium chloride

2-Butoxyethanol

X

100-41-4

Ethylbenzene

X

X

X

X

X

4

X

3

3

X

3

X

4

4

Chronic
Inhalation
Screening Value

20

27

23

25

8

21

17

16

15

Rankings for
only events in
the City of LA

Maintenance acidizing, acidizing, well completion & rework

Gravel packing, maintenance acidizing, well drilling

Gravel packing, maintenance acidizing, acidizing, well
drilling, matrix acidizing, well completion & rework
Gravel packing, maintenance acidizing, well drilling, well
completion & rework

Gravel packing, well drilling

Maintenance acidizing, acidizing,

Gravel packing, maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, acidizing, well
drilling, matrix acidizing
Gravel packing, maintenance acidizing, acidizing, well
drilling, matrix acidizing, well completion & rework

Event Type(s) Reported as Used in

111-76-2

50

24

Gravel packing, maintenance acidizing, acidizing, well
drilling, matrix acidizing, well completion & rework
To reduce redundancy, all other forms of silica that fell in the top 25 for EHM were excluded. These forms included Crystalline silica (cristobalite)
CASRN: 14464-46-1 (ranked 14th [19th for City of LA]), Non-crystalline silica (impurity) CASRN:7631-86-9 (ranked 16th [14th for City of LA].
Crystalline silica (quartz) (CASRN: 14808-60-7) was used as reference chemical for chronic inhalation hazard screening
Chronic inhalation screening value calculated using occupational exposure limits
Chronic inhalation screening value calculated using occupational exposure limits (as respirable dust)
X

X

X

X

1309-37-1

Iron oxide

X

1344-28-1

Median
mass usage

Aluminum oxide

Frequency
of use

CASRN

Chemical Name

X
X

X
X

64741-44-2

91-20-3

111-30-8

7664-38-2

50-00-0

7631-86-9

107-22-2

10043-35-3

Petroleum distillates

Naphthalene

Glutaraldehyde

Phosphoric acid

Formaldehyde

Non-crystalline silica
(impurity)

Glyoxal

Boric acid

X

X

X

7447-40-7

Potassium chloride

X

X

X

X

X

7647-01-0

Hydrochloric acid

X

X

7664-39-3

CASRN

Median
mass
usage

Hydrofluoric acid

Chemical Name

Frequency
of use

51

X1

1

X

X

X1

X

Acute
Inhalation
Screening Value

9

7

8

6

4

5

3

2

1

Rankings for
only events in
the City of LA

Gravel packing, maintenance acidizing,
acidizing, well drilling, matrix acidizing, well
completion & rework
Gravel packing, maintenance acidizing,
acidizing, well drilling, matrix acidizing, well
completion & rework
Gravel packing, maintenance acidizing,
acidizing, well drilling, well completion &
rework
Well drilling
Gravel packing, maintenance acidizing,
acidizing, well drilling
Hydraulic fracturing, gravel packing,
maintenance acidizing, well drilling, well
completion & rework
Gravel packing, maintenance acidizing, well
drilling, well completion & rework
Gravel packing, maintenance acidizing,
acidizing, well drilling, matrix acidizing, well
completion & rework
Hydraulic fracturing, gravel packing,
maintenance acidizing, acidizing, well drilling,
well completion & rework
Hydraulic fracturing, gravel packing,
maintenance acidizing, well drilling
Hydraulic fracturing, gravel packing, well
drilling

Event Type(s) Reported as Used in

Table 18. Chemicals with the highest estimated hazard metric for acute inhalation toxicity within the entire SCAQMD dataset and the
factors that contributed most to their rankings (from high EHM to low).

68-11-1
1330-43-4

104-76-7

497-19-8

64742-47-8

Thioglycolic acid
Boron sodium oxide

2-Ethylhexan-1 -ol

Sodium carbonate

Hydrotreated light
petroleum distillate

X
X

X

X

X

X

Median
mass
usage

X

1

X

X
X

1

1

X1

X
1

Acute
Inhalation
Screening Value

52

10

12

17

16

11

14

Rankings for
only events in
the City of LA

1. Acute inhalation screening value calculated using “floor level” toxicity estimate

1310-65-2
1302-93-8
79-21-0

10222-01-2

107-41-5
79-14-1

111-76-2

2-Butoxyethanol

Hexylene glycol
Glycolic acid
2,2 Dibromo-3nitrilopropionamide
Lithium hydroxide
Mullite
Peracetic acid

X

107-19-7

Propargyl alcohol

X

X

64742-55-8

CASRN

Paraffinic petroleum
distillate, hydrotreated
light

Chemical Name

Frequency
of use

Well drilling
Gravel packing, well drilling
Maintenance acidizing

Hydraulic fracturing, gravel packing

Gravel packing, maintenance acidizing,
acidizing, well drilling, matrix acidizing, well
completion & rework
Gravel packing, maintenance acidizing,
acidizing, well drilling, matrix acidizing, well
completion & rework
Acidizing
Hydraulic fracturing, well drilling
Maintenance acidizing, acidizing, well drilling,
well completion & rework
Gravel packing, maintenance acidizing,
acidizing, well drilling, well completion &
rework
Hydraulic fracturing, gravel packing,
maintenance acidizing, acidizing, well drilling,
well completion & rework
Well completion & rework
Maintenance acidizing

Hydraulic fracturing

Event Type(s) Reported as Used in

4.5.1. Potential Chemicals of Concern
Potential chemicals of concern were identified using EHM and various screening list. In this study,
the major criteria for being considered a chemical of concern is being ranked in the top 10 for
acute or chronic inhalation EHM, being a known toxic air contaminant, OR being a known
carcinogen.
Additional information concerning volatility and biodegradability is provided to assist with
evaluating risk. As discussed previously, readily biodegradable chemicals are expected to rapidly
degrade when released in the environment, reducing the risk of human exposure. Volatile
chemicals, as determined by vapor pressure or boiling point, are expected to readily evaporate (or
sublimate) and have a higher risk of inhalation exposure. The definition of a volatile chemical
varies between regulatory and governmental agencies (Brandt et al., 2015). The U.S. EPA defines
volatile organic compounds (VOCs) as organic chemicals that have vapor pressure greater than 1
Torr (~1mm Hg) at 25°C and 760 mm Hg (U.S. EPA, 1999). The European Union defines VOCs
as having a boiling point of less than or equal to 250°C under standard atmospheric conditions
(European Union, 2004). Chemicals that met either one of these requirements were classified as
volatile.
56 potential chemicals of concern are listed in Table 19, of which 36 were used in events in the
City of LA. Chemicals that are identified as hazardous air pollutants, carcinogens, and volatile
compounds are of high concern, with those meeting several of these requirements being of the
highest concern. However, many chemicals that meet these standards are also readily
biodegradable and as a result have a reduced risk of human exposure. Only 4 chemicals in Table
16 were classified as not readily biodegradable and 1 chemical had inadequate biodegradability
data; the remaining 51 chemicals are considered biodegradable or inorganic.
As previously mentioned, inorganic minerals and oxides used extensively in well drilling and
gravel packing are of particular concern due to their high median mass usage and frequency of use.
The mixing, handling, and use of these chemicals can release respirable particulates that (in the
case of silica compounds) are known to cause cancer.
Based on available data concerning inhalation toxicity, occupational exposure limits, air pollutant
screening lists, and volatility, a total of 72 chemicals used in the City of LA were identified as
having the potential for travel by air and subsequent inhalation exposure (Table 20). Chemicals
that were considered volatile according to U.S. EPA or EU standards, that were on any air pollution
screening lists, or that had any available inhalation toxicity data (acute, chronic, sub-chronic,
occupational, etc.) were included in Table 20. This is a conservative estimate due to data gaps
regarding chemical volatility and the particle sizes of chemicals used. It is important to note that
depending on operational and atmospheric conditions (e.g. well blow-out, high wind speeds, height
of release, particle size, etc), almost any chemical has the potential to travel by air and present an
inhalation exposure risk.

53

43

53
13

7429-90-5
1344-28-1
7783-20-2
7727-43-7
1305-78-8
14464-46-1
14808-60-7
15468-32-3
98-82-8
64-17-5
100-41-4
107-21-1
50-00-0

Aluminum
Aluminum oxide
Ammonium sulfate
Barite
Calcium oxide
Crystalline silica (cristobalite)
Crystalline silica (quartz)
Crystalline silica (tridymite)

Cumene

Ethanol

Ethylbenzene

Ethylene glycol

Formaldehyde

8

28

30

10
3
14
1
27

14

111-76-2

2-Butoxyethanol

20

69

30
18

29

72

43

107-98-2

1 -Methoxy-2-propanol

41

36

95-63-6

CASRN

Chronic
Inhalation
EHM
Rank

1,2,4-Trimethylbenzene

Chemical Name

Acute
Inhalation
EHM
Rank

54

X

X

X

X

X

X2

X

X

X

X
X
X

X

X

X

X

X

X

X1
X1
X1
X1

X

X1

Volatile
Compound
X

Known or
Probable
Carcinogen

X1

Known
Air
Pollutant
Readily
biodegradable
Readily
biodegradable
Readily
Biodegradable
Inorganic
Inorganic
Inorganic
Inorganic
Inorganic
Inorganic
Inorganic
Inorganic
Readily
Biodegradable
Readily
Biodegradable
Readily
Biodegradable
Readily
Biodegradable
Readily
biodegradable

Biodegradability

X

X

X

X

X

X
X
X
X
X
X
X
X

X

X

X

Used
in City
of LA

Table 19. Potential chemicals of concern based on EHM and available air pollutant and carcinogenicity data. This list currently
contains the top 10 for Acute and Chronic EHM rankings, along with most air pollutants and carcinogens within the entire SCAQMD
dataset. Listed in alphabetical order starting with chemicals used in the City of LA.

X1
X1

49
8

67-56-1
12001-26-2
91-20-3
139-13-9
7631-86-9
13397-24-5
7664-38-2
65997-15-1
7447-40-7
91-22-5
1310-73-2
7664-93-9

Methanol

Mica

Naphthalene

Nitrilotriacetic acid

Non-crystalline silica (impurity)

Phosphogypsum

Phosphoric acid

Portland cement

Potassium chloride

Quinoline

Sodium hydroxide
Sulfuric acid
39

3

73

93

37
46

6

25

7

16

28

11

55

X

9

1317-65-3

Limestone

53

70

67-63-0

Isopropanol

X1

X

X

X1
X

X

X2

X

Known or
Probable
Carcinogen

X

X

X1

X
X

2
1

7647-01-0
7664-39-3

Hydrochloric acid
Hydrofluoric acid

2
4

10

107-22-2

Glyoxal

X1

6

5

Known
Air
Pollutant

111-30-8

CASRN

Chronic
Inhalation
EHM
Rank

Glutaraldehyde

Chemical Name

Acute
Inhalation
EHM
Rank

X

X

X

X

X
X

X

X

Volatile
Compound

Inorganic
Not readily
biodegradable
Inorganic
Inorganic

Inorganic

Inorganic

Inorganic

Inherently
biodegradable
Readily
biodegradable
Inorganic

Inorganic

Readily
Biodegradable
Readily
Biodegradable
Inorganic
Inorganic
Readily
Biodegradable
Inorganic
Readily
Biodegradable

Biodegradability

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X

X

Used
in City
of LA

108-93-0
111-42-2

Cyclohexanol

Diethanolamine

40

33

75-21-8
12002-43-6
554-13-2
10377-60-3

Ethylene oxide

Gilsonite
Lithium carbonate
Magnesium nitrate

28757-00-8

493

35

36

68

76

45

56

38640-62-9

Bis(isopropyl)naphthalene

112-34-5

71-43-2

Benzene

Diethylene glycol mono-n-butyl
ether
Diisopropylnaphthalenesulfonic
acid

79-06-1

Acrylamide

38

X

98-86-2

Acetophenone
503

X

111-46-6

2,2''-oxydiethanol (impurity)

X

X

X

X

X1

X

X

X

X

42

27

1330-20-7

Xylenes

X

52

Known
Air
Pollutant

108-88-3

CASRN

Chronic
Inhalation
EHM
Rank

Toluene

Chemical Name

Acute
Inhalation
EHM
Rank

X

X
X2

X

X

X

X

X

X2

Known or
Probable
Carcinogen

X

X

X

X

X

X

X

X

X

Volatile
Compound
Readily
Biodegradable
Readily
Biodegradable
Readily
Biodegradable
Readily
biodegradable
Readily
Biodegradable
Readily
biodegradable
Not readily
biodegradable
Readily
biodegradable
Readily
biodegradable
Readily
biodegradable
Not readily
biodegradable
Readily
biodegradable
Inadequate data
Inorganic
Inorganic

Biodegradability

X

X

Used
in City
of LA

68425-61-6

Naphthalenesulfonic acid, bis(1methylethyl)-, compd. with
cyclohexanamine (1:1)
46

48

71

75

Chronic
Inhalation
EHM
Rank

X

X

Known
Air
Pollutant
X

Known or
Probable
Carcinogen

X

X

Volatile
Compound

Not readily
biodegradable

Readily
Biodegradable

Biodegradability

n-Butyl alcohol

71-36-3

57

X1

Readily
biodegradable
Readily
79-21-0
25
X1
X
Peracetic acid
Biodegradable
Readily
64741-44-2
4
X
Petroleum distillates
Biodegradable
Readily
126-73-8
58
X1
Tributyl phosphate
biodegradable
Not readily
Trimethylbenzenes
25551-13-7
X1
X
biodegradable
1. Not identified as Clean Air Act Hazardous Air Pollutants, but on California Air Resources Board TAC and Hot Spots Lists
2. On Prop 65 List for developmental toxicity
3. Acute inhalation EHM calculated using “floor level” toxicity estimate

108-10-1

CASRN

Methyl isobutyl ketone

Chemical Name

Acute
Inhalation
EHM
Rank
Used
in City
of LA

Table 20. Chemicals used in the City of LA identified as having the potential for travel by air
_________________________ and subsequent inhalation exposure.
Chemical Name
CASRN
Chemical Name
CASRN
1,2,3-Trimethylbenzene
1,2,4-Trimethylbenzene

526-73-8
95-63-6

Hydrochloric acid
Hydrofluoric acid

7647-01-0
7664-39-3

1,3,5-Trimethylbenzene

108-67-8

Hydrotreated Light Petroleum Distillate

64742-47-8

1-Methoxy-2-propanol
2-Butoxyethanol
2-Ethylhexan-1 -ol
Acetic acid
Acetone
Alkenes, C>10 aAluminum
Aluminum oxide
Ammonium chloride
Ammonium sulfate
Barium sulfate
Calcium oxide
Calcium sulfate
Carbon
Cellulose, microcrystalline
Citrus terpenes
Crystalline silica (cristobalite)

107-98-2
111-76-2
104-76-7
64-19-7
67-64-1
64743-02-8
7429-90-5
1344-28-1
12125-02-9
7783-20-2
7727-43-7
1305-78-8
7778-18-9
7440-44-0
9004-34-6
94266-47-4
14464-46-1

1309-37-1
67-63-0
119-65-3
9043-30-5
1317-65-3
138-86-3
1309-48-4
67-56-1
12001-26-2
91-20-3
139-13-9
7631-86-9
556-67-2
68647-72-3
13397-24-5
7664-38-2
8002-09-3

Crystalline silica (quartz)

14808-60-7

Crystalline silica (tridymite)
Cumene
Cyclohexasiloxane, 2,2,4,4,6,6,8,8,10,10,
12,12-dodecamethylCyclopentasiloxane, 2,2,4,4,6,6,8,8,10,10decamethylDimethyl siloxanes and silicones
Ethanol
Ethyl octynol
Ethylbenzene
Ethylene glycol
Formaldehyde
Formic acid
Glutaraldehyde

15468-32-3
98-82-8

Iron oxide
Isopropanol
Isoquinoline
Isotridecanol, ethoxylated
Limestone
Limonene
Magnesium oxide
Methanol
Mica
Naphthalene
Nitrilotriacetic acid
Non-crystalline silica (impurity)
Octamethylcyclotetrasiloxane
Orange terpenes
Phosphogypsum
Phosphoric acid
Pine oil
Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)w-hydroxyPortland cement
Potassium chloride

540-97-6

Potassium hydroxide

1310-58-3

541-02-6

Propargyl alcohol

107-19-7

63148-62-9
64-17-5
5877-42-9
100-41-4
107-21-1
50-00-0
64-18-6
111-30-8
79-14-1
107-22-2
64742-94-5

Propylene glycol
Quinaldine
Quinoline
Sodium carboxymethylcellulose
Sodium chloride
Sodium hydroxide
Sodium sulfate
Solvent naphtha, petroleum, light arom.
Sulfuric acid
Toluene
Xylenes

57-55-6
91-63-4
91-22-5
9004-32-4
7647-14-5
1310-73-2
7757-82-6
64742-95-6
7664-93-9
108-88-3
1330-20-7

Glycolic acid
Glyoxal
Heavy aromatic naphtha

58

9016-45-9
65997-15-1
7447-40-7

5.0. Findings, Conclusions, and Recommendations
FCR 1: chemicals of concern are used in upstream oil and gas operations in the City of Los
Angeles and in the SCAQMD more generally
Findings: The identity of 324 chemicals used in the SCAQMD were verified, of which 140 were
used in events taking place in the City of Los Angeles. Biodegradability data was generally more
available with 74% of relevant chemicals being classified according to OECD biodegradability
standards. 40 chemicals were identified on air pollution screening lists and 23 chemicals were
identified as known or possible carcinogens. When screened against lists of biodegradability, air
pollutant and carcinogenic screening lists, a total of 56 chemicals of concern were identified as
used in the SCAQMD, of which 36 were used in the City of Los Angeles.
Conclusion: Chemicals of concern pose a risk to nearby residents if environmental and exposure
pathways are present (e.g. inhalation). Although some chemicals are clearly of greater concern
than others (e.g. highly toxic chemicals used in large quantities that are also air pollutants),
chemicals of concern are not explicitly ranked. Additional information regarding environmental
profiles, acute and chronic toxicity is needed before a more thorough assessment of risk can be
completed. There are no regulations in place to limit the use of chemicals of concern in upstream
oil and gas development operations.
Recommendation: Given the findings of toxicological hazard, engineering controls, increased
environmental monitoring, and increased minimum surface setbacks between these operations and
sensitive receptors should be considered. Furthermore, agencies with jurisdiction may consider the
implementation of green chemistry principals to all oil and gas operations to limit risk by reducing
the use of hazardous and poorly understood chemicals and replacing hazardous chemicals with
less hazardous chemicals.

FCR 2: Events taking place outside the City of Los Angeles may still negatively impact
residents within the city
Finding: A total of 1,688 oil and gas events were reported from the period of2013-2018, with 131
events occurring within the City of LA. Although the majority of oil and gas events reported in the
SCAQMD took place outside of the City of LA, specifically in the City of Long Beach, they are
located relatively close to City of LA boundaries and there is nothing to prevent more events from
occurring within the city. Chemicals used in oil and gas events within the City of LA did not
significantly differ from chemicals used outside of the city in terms of type, frequency of use, and
median masses used.
Conclusion: The close proximity of oil and gas events occurring outside the City of LA to
communities that lie within the city suggest that negative impacts associated with emissions of
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TACs and other chemicals from events (particularly in Inglewood and Long Beach) could be
transported via air pathways into the City of LA. Furthermore, our analysis of chemical usage
across oil fields, event types, and city boundaries revealed significant overlap in chemicals used,
regardless of location or oil field, suggesting potential air pollution and inhalation hazards from
events outside the City of LA would be similar to those within the city.
Recommendation: Agencies with jurisdiction should consider implementing a uniform and
effective plan to reduce exposure to potential inhalation hazards associated with chemical use in
oil and gas operations. Operations outside the City of LA should be monitored and subjected to
the same regulations as those within the City of LA to prevent negative impacts from airborne
hazards migrating across city or jurisdictional boundaries.

FCR 3: Major data gaps regarding chemical identities, properties, and data reliability need
to be addressed before a full chemical risk assessment can be completed
Finding: Major data gaps exist regarding the identities of chemicals and associated environmental
and toxicological profiles. A total of 327 chemicals reported in the SCAQMD dataset could not be
definitively identified by CASRN and were labeled trade secret chemicals. 79% and 77% of
chemicals identified by CASRN did not have available acute inhalation toxicity data or chronic
inhalation toxicity data, respectively. Furthermore, chemical information that is submitted by
operators includes errors, such as incorrect CASRNs, obvious misspellings, and inconsistent data
entries. The SCAQMD dataset is maintained as separate event and chemical reporting datasets,
which themselves are further divided into the periods before and after September 4th, 2015.
Conclusions: The lack of strict quality control over operator submitted data and the disjointed
nature of the SCAQMD dataset hinders analysis of the dataset. Furthermore, major data gaps
regarding chemical identities, physical and chemical properties, toxicity, and environmental fate
and transport prevent further characterization of chemical hazards and risk. Assessing chemicals
for toxicity, biodegradability, and hazard is a vital first step; however, more data is needed before
a risk analysis can be completed.
Recommendations: SCAQMD should verify and validate all submitted chemical and mass usage
information. Mass, density, concentration, and volume data should be required for all chemical
disclosures, including trade secret chemicals, to ensure mass usage data is adequate and verifiable.
Data reported to SCAQMD should be compared to and verified against other datasets, including
those which are only reported to regulators and not publicly available. SCAQMD should maintain
their data as one integrated dataset that combines both event and chemical reporting data from all
time periods. SCAQMD should adopt approaches to chemical use reporting similar to SB 4
(Pavley, 2013) but also require operators to disclose all trade secret chemicals for all events
associated with oil and gas operations in general and not only for hydraulic fracturing and well
stimulation. SCAQMD should continue to work with chemical suppliers to come up with solutions
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to protecting trade secrets while at the same time encouraging disclosure, such as is exercised
under AB 1328 (Limon, 2017). Comprehensive environmental and toxicological profiles should
be developed for all oil and gas chemicals that are missing key data such as chronic and acute
toxicity and biodegradability and ideally agencies with jurisdiction could consider phasing out the
use of chemicals for which toxicological and environmental profiles have not been developed.

FCR 4: Setback distances and other controls may reduce health impacts of events taking
place near sensitive receptors
Finding: Of the 1,688 events where chemical use was reported in the SCAQMD, 597 events (106
in the City of LA) were located within 1,500 feet of sensitive receptors such as residences,
preschools, K-12 schools, hospitals, and other health care facilities. Of all 131 events reported in
the City of LA, 81 events (62%) were within 600 feet of the sensitive receptor.
Conclusion: These events have the potential to negatively impact surrounding populations and
should be prioritized for engineering controls and monitoring. The City of Los Angeles currently
only has a 200-foot setback requirement for upstream oil and gas development operations which
has multiple conditions which can circumnavigate this requirement.
Recommendation: Agencies with jurisdiction should consider the implementation of a larger
minimum surface setback between oil and gas development and sensitive receptors to reduce the
risk of exposure to chemicals of concern. A minimum surface setback distance should also be
accompanied by increased emission control and environmental monitoring appropriate to reported
chemical use should be implemented, in particular at locations in close proximity to sensitive
receptors.

FCR 5: SCAQMD reporting follows the overall statewide trend of declining well drilling and
completion.
Finding: The number of events reported by the SCAQMD has significantly decreased since 2014.
This trend is consistent with statewide oil and gas production and with the number of wells drilled
and completed statewide over the same period (DOGGR, 2018a).
Conclusion: Overall, California has seen a steady decline in oil and gas production since the mid
1980’s. It has been suggested anecdotally that SCAQMD Rule 1148.2 under-reports oil and gas
events in its jurisdiction; however, this cannot be determined without a thorough comparison of
SCAQMD event submissions and DOGGR records.
Recommendation: A detailed comparison of SCAQMD and DOGGR records is suggested to
determine if oil and gas events are accurately reported in the 1148.2 database.
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FCR 6: The majority of events reported by SCAQMD are conventional oil and gas
operations and data suggests this trend will continue
Finding: Maintenance acidizing, gravel packing, and well drilling account for approximately 83%
of reported events that involve the use of chemicals in the SCAQMD. In contrast, well stimulation
activities such as hydraulic fracturing, matrix acidizing, and acid fracturing play a minimal role in
oil and gas development, accounting for approximately 1% of all events. The distribution of events
by activity type has remained relatively consistent throughout the study period.
Conclusion: Despite the decrease in reported events since 2014, the distribution of events by
activity type remained relatively consistent, suggesting that maintenance acidizing, gravel packing
and well drilling will continue to be the dominant oil and gas activities in the SCAQMD and the
City of Los Angeles. An examination of the underlying petroleum geology of the Los Angeles
Basin revealed the similarity between the oil producing reservoirs in the region. If new oil fields
are developed in the basin, development practices are not expected to significantly differ from past
development (CCST et al., 2015b).
Recommendation: Future studies should focus on chemical hazards in routine and conventional
oil and gas operations in the SCAQMD. Full disclosure of chemical identities in a manner similar
to SB 4 is required for a more thorough understanding of chemical use in oil and gas operations in
the City of LA and the Los Angeles Basin.
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1.0.

Executive Summary

An April 2017 motion from City of Los Angeles council member Wesson directed the Petroleum
Administrator to work with the Los Angeles County Department of Public Health and other
agencies to assess the health effects of oil and gas production in the City of Los Angeles.
Physicians, Scientists and Engineers for Healthy Energy (PSE) was retained by the Office of
Petroleum and Natural Gas Administration and Safety in the City of Los Angeles to conduct a
review of the peer-reviewed literature focused on public health and oil and gas development and
assess the applicability of this body of literature to the context of the City of Los Angeles. This
study incorporates the findings contained in the public health sections of the California Council on
Science and Technology Senate Bill 4 Independent Scientific Study (CCST, 2015) and
incorporates a review of the peer-reviewed literature published since 2015.
For studies published since 2015, in this assessment we focus primarily on two broad categories
of studies: (1) studies of human health hazards, risks and impacts in the context of air pollution
from upstream oil and gas development; and (2) human health hazards, risks and impacts as a
function of distance from and density of upstream oil and gas development. A single peer-reviewed
oil and gas development and health study focused in California has been published to date. There
are however a variety of results and conclusions drawn from the greater peer-reviewed literature
outside of California that are applicable in many ways to the City of Los Angeles context. From
the findings of this assessment, we compiled the following findings, conclusions and research and
policy recommendations (FCR):

FCR-1: Conduct studies in the State of California to assess the relationship between oil and
gas development and public health as a function of distance.
Finding: Only one peer-reviewed oil and gas development and health study has been conducted
in the State of California. There are however a variety of results and conclusions drawn from the
greater peer-reviewed literature outside of California that are applicable to the California context.
Conclusion: There is a dearth of peer-reviewed studies on oil and gas development that are
specific to the State of California and the City of Los Angeles, yet there are results and conclusions
drawn from the weight of the peer-reviewed literature outside of California that are relevant to the
California context.
Recommendations:
(1) Conduct health studies in the City of Los Angeles on the health dimensions of oil and gas
development as a function of distance and oil and gas well density that incorporate multiple
potential environmental and exposure pathways. These studies should assess active oil and gas
development and could also include inactive oil and gas development such as plugged and
abandoned wells and associated infrastructure. Given the increasingly expansive body of
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health literature on the topic, consider promulgating health-protective policies based on the
existing literature.
(2) Ensure that field-based air pollution monitoring at the community scale and in close proximity
to oil and gas development continues and expands and that it is implemented in ways that
properly characterize emissions from these processes. This includes but is not limited to
ensuring that air monitoring methods are deployed to capture the intermittent and periodic
nature of emission events throughout the oil and gas development process and that there is
access to well pad-level activity information to inform the monitoring approaches.

FCR-2: Consider the implementation of a minimum surface setback requirement, caps on
oil and gas development density and deployment of increased emission control strategies in
the City of Los Angeles.
Finding: The majority of peer-reviewed studies that assess human health in the context of oil and
gas development as a function of distance and density have noted increased hazards, risks and
health impacts as distance decreases and density increases. The density of oil and gas development
in oil and gas-producing neighborhoods in and near the City of Los Angeles is as high or higher
than densities of oil and gas development associated with health impacts in out of state studies.
Conclusion: The development of oil and gas close to human populations poses higher risks of
exposure to health-damaging air pollutants than the development of oil and gas further away from
human populations. The same trend tends to exist for higher vs. lower density of oil and gas
development.
Recommendations:
(1) Agencies with jurisdiction should consider the implementation of minimum surface setbacks
between oil and gas development and sensitive receptors including but not limited to
residences, schools, daycare centers and hospitals in the City of Los Angeles. The decision as
to how large the setback is should also take the available body of epidemiological studies on
oil and gas development into account. Studies to date conducted in regions with migrated
hydrocarbon reservoirs have found associations with increased health risks associated with oil
and gas development ranging from approximately 0.1 miles (500 feet) to one mile (5,290 feet).
As such, a setback greater than 500 feet and up to 5,290 feet should be considered.
(2) Given that the density of oil and gas development has been found across a number of health
studies to be associated with increased health risks, agencies with jurisdiction may consider
limiting the density of wells and other oil and gas development infrastructure at oil and gas
producing areas within and near the City of Los Angeles.
(3) Best available emission control technologies and management approaches should be deployed
on all oil and gas wells and ancillary infrastructure to limit emissions of health-damaging air
pollutants. Target air pollutants should include both those that are regularly monitored for (e.g.,
Criteria Air Pollutants, Toxic Air Contaminants and aromatic hydrocarbons such as benzene)

2

as well as those pollutants that are less frequently monitored for including, but not limited to
chemicals reported to SCAQMD pursuant to Rule 1148.2 that are known air pollutants.

2.0.

Introduction

The City of Los Angeles is a global megacity where intensive oil development occurs in close
proximity to large urban populations. This co-occurrence of dense oil and gas activities and human
populations poses potential human health hazards, risks and impacts that may be less present in
areas of lower population density. Pursuant to California Senate Bill 4 (Pavley, 2013) (SB 4), the
California Council on Science and Technology (CCST) conducted an independent scientific
assessment of well stimulation in California with chapters focused on potential hazards and risks
of well stimulation (e.g. hydraulic fracturing) and oil and gas development in general (CCST,
2015). Within this report were two health assessments: one focused on human health and oil and
gas development across the state (Shonkoff et al., 2015a) and a human health case study specific
to the Los Angeles Basin (Shonkoff et al., 2015b). These human health assessments provided a
review of the peer-reviewed literature on oil and gas development and human health hazards, risks
and impacts published between 2009 to 2014. Since the CCST SB 4 Report (2015), numerous
additional studies focusing on oil and gas development and human health have been published. In
this report we review the public health findings presented in the CCST SB 4 Report (Shonkoff et
al., 2015a; Shonkoff et al., 2015b) and then summarize the findings of the peer-reviewed literature
on oil, gas and health published since then (2015 - 2018), with a particular focus on health outcome
studies and studies that have an air pollution focus. We then evaluate this body of literature in the
context of oil and gas development in the Los Angeles Basin and where possible in the City of Los
Angeles in particular.

2.1.

Our approach to hazard and risk

The terms hazard and risk, while often used interchangeably, have different implications in the
field of risk assessment. A hazard is defined as any biological, chemical, mechanical,
environmental, or physical stressor that is reasonably likely to cause harm or damage to humans,
other organisms, the environment, and/or engineered systems in the absence of control (Sperber,
2001). Risk is the probability that a given hazard plays out in a scenario that causes a particular
harm, loss, or damage (National Research Council, 2009). Determining risk, or the probability of
harm, requires a receptor (e.g., human population) to be exposed to the hazard, and often depends
on the vulnerability of the population (e.g., age, pre-existing conditions) (Shonkoff et al., 2015a).
Living in close proximity to oil and gas development may increase the likelihood of populations
to come into contact with various hazards, including air pollutants.
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2.2.

Impetus for this report

An April 2017 motion from City of Los Angeles council member Wesson directed the Petroleum
Administrator to work with the Los Angeles County Department of Public Health and other
agencies to assess the health effects of oil and gas production in the City of Los Angeles.
Physicians, Scientists and Engineers for Healthy Energy (PSE) was retained by the Office of
Petroleum and Natural Gas Administration and Safety in the City of Los Angeles to conduct a
review of the peer-reviewed literature focused on public health and oil and gas development and
assess the applicability of this body of literature to the context of the City of Los Angeles.

2.3.

Focus of this review: local air pollution and health dimensions of oil and gas
development

In this report we review the findings from the CCST SB 4 Report (2015) and synthesize the
available peer-reviewed literature on oil and gas development, air quality and human health that
has been published since. We finalize our assessment with a discussion of the applicability of this
body of peer-reviewed literature to the context of oil and gas development and human health in
the City of Los Angeles and provide conclusions and recommendations.

3.0.

Approach

In alignment with the approach of the health assessments in the CCST SB 4 Report (Shonkoff et
al., 2015a and Shonkoff et al., 2015b), in this report we employ a top-down assessment to evaluate
hazards associated with upstream oil and gas development by starting with population health
outcomes and working backwards to evaluate potential associations between health outcomes and
oil and gas development activity. Upstream activities include the transport of equipment and
materials to and from the well pad; well drilling, mixing, handling, and injection of oil and gas
chemicals; and management of recovered fluids/produced water, drill cuttings, and other waste
products (Adgate et al., 2014; Johnston et al., 2019; NRC, 2014; Shonkoff et al., 2014). Sources
of air pollutants include products of incomplete combustion and chemicals emitted directly and
indirectly from surface and subsurface equipment including, but not limited to, wells, pumps,
generators, compressors, pneumatic devices, storage and separator tanks, surface impoundments,
solid and liquid waste handling and from venting and flaring of gases. Air pollutant emissions
from upstream oil and gas development can include toxic air contaminants (TACs), criteria
pollutants, and reactive organic gases which are associated with the formation of tropospheric
ozone (i.e., smog).
Please note that air pollution and health impacts associated with midstream emissions (e.g.,
transmission pipelines and underground gas storage) and downstream emissions (e.g. emissions
from refining and use of hydrocarbon products) were not considered in the CCST SB 4 Report
(2015) or in this report. To apply this top-down approach, we draw from the peer-reviewed
literature, where health hazards, risks and impacts of upstream oil and gas development are studied.
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3.1.

Study Inclusion Criteria and Approach

We extracted peer-reviewed studies published prior to 2015 that focus on air pollution, public
health, and oil and gas development from the CCST SB 4 Report (2015). Peer-reviewed studies
that were published prior to 2015 but were not discussed in the CCST SB 4 Report (2015) were
beyond the scope of this review; however, we do note that there were approximately 25 health and
25 air quality original research studies published prior to 2015 (Shonkoff et al., 2015c). Four key
studies discussed within the CCST SB 4 Report (2015) are included in Section 4.3.
We then searched scientific publication databases (Web of Science, PubMed and Google Scholar)
using search terms (oilfield, oil field, oil drilling, oil and gas, natural gas, oil development, and gas
development) AND (health, epidemiology, risk, hazard, air pollution, air quality) for peer-

reviewed journal articles published after January 1, 2015. Finally, we extracted studies published
between 2015 and 2018 from the PSE Healthy Energy Repository for Oil and Gas Energy Research
(ROGER)1, a near-exhaustive database of peer-reviewed literature on the impacts of shale and
tight gas as well as other types oil and gas development (PSE Healthy Energy, 2018). Studies
housed in ROGER are classified by impact category (e.g. climate, air quality, water quality, health,
etc.). We conducted our last publication search on December 16th, 2018. Studies from the health
and air quality impact categories were evaluated for inclusion in this assessment.
We included studies if they examined health hazards, risks, or impacts associated with air
pollutants from upstream oil and gas activities in North America and were published in English.
Government reports, environmental impact statements, white papers, law review articles, and other
grey literature are not included in this assessment. Occupational health studies, while important,
were outside the scope of this assessment and are not discussed explicitly. Air pollution studies
were excluded if they lacked in-situ air quality measurements (e.g., studies that estimate emissions,
but not impacts on air quality), examined regional rather than local air quality, or did not examine
air pollution and exposure at specified distances.
Furthermore, health studies focused on factors of perception, subjective well-being, and mental
health were not included (e.g., Hirsch et al., 2018; Maguire & Winters, 2017). The health
literature also includes studies focused on other environmental stressors associated with oil and
gas development, such as noise and light pollution and chemical exposure pathways through
water. A relatively inclusive summary of this body of literature can be found in Hays and
Shonkoff (2016). These studies were also outside of the scope of this review. We identified five
studies focused on air pollution and health and 19 studies focused on public health outcomes
published between 2015 and 2018 for inclusion in this assessment (Section 4.4, Figure 2).

1

PSE Repository of Oil and Gas Energy Research (ROGER) Database can be accessed at:
https://www.psehealthvenergy.org/our-work/shale-gas-research-librarv/.
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3.2.

Approach to Calibration of Studies to City of Los Angeles Context

While there continues to be a dearth of epidemiological and other health investigations on oil and
gas development in the State of California in general and the Los Angeles Basin in particular, an
increasing number of these types of studies have assessed the health dimensions of oil and gas
development in other parts of the United States and Canada. Each of the studies discussed in this
review - as with any scientific study - has strengths and limitations in terms of study design,
geographic focus, and causal inference. Some of the studies to date focus on shale gas and tight
oil development enabled by high-volume hydraulic fracturing, which with few exceptions has not
been deployed in the State of California and the Los Angeles Basin in particular. However, many
of the studies published since January 2015 are relevant to the California and City of Los Angeles
contexts given similar petroleum geology (e.g., migrated oil), technological approach to oil and
gas production (e.g., enhanced oil recovery and other types of hydrocarbon production of migrated
oil accumulations), density of oil and gas development, regulatory requirements (e.g., methane and
non-methane volatile organic compound emission control rules), and maturity of oil and gas fields
(e.g., presence of gas-gathering infrastructure and pipeline networks for water and hydrocarbon
conveyance to reduce the need for trucking).
To further calibrate the results of the out of state studies to the City of Los Angeles context, we
evaluated the human health hazards of chemical use in upstream oil and gas development as
reported to South Coast Air Quality Management District (SCAQMD) pursuant to Rule 1148.2.
This analysis can be found in the chemical assessment (Shonkoff et al., 2019b) in this larger report
from the Office of Petroleum and Natural Gas Administration and Safety.

4.0.

Review of the peer-reviewed literature on air pollution, human health,
and oil and gas development

The results of our review of the literature are presented in the following sections:

Summary of key public health findings from the CCST SB 4 Report (2015): We review
the key air quality and public health conclusions and recommendations from the CCST SB
4 Report (CCST, 2015).
2. Studies that met our inclusion criteria for this review of the literature (2015 - 2018):
We depict the number of studies identified, screened, excluded, and included in this
assessment.
3. Review of air pollution and public health studies: We summarize the peer-reviewed
literature focused on air pollution associated with oil and gas development and health.
These studies typically include local air monitoring efforts that contextualize findings in
terms of human health hazard and risk through comparison of observed air pollution
concentrations with health-based air quality reference concentrations and other standards.
1.
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4. Review of public health outcome and epidemiological studies: We summarize
epidemiological research that estimates exposure using proximity to (or distance from) oil
and gas development. Exposure metrics used in these studies often consider well density,
temporally- and geographically-explicit well pad activities, and well productivity. While
our primary focus is on studies that measure local-level exposures (e.g. by residence),
studies that address exposures at a higher level (e.g. by zip code, county) are also discussed.
5. Setback distance summary: Peer-reviewed studies that discuss setback distances from oil
and gas development are discussed. Existing setback distances in California and other
states and localities are also presented.
4.1.

Summary of key public health findings in the CCST SB 4 Report (2015)

The CCST SB 4 Report (2015) characterized emissions associated with oil and gas development
in California, quantified populations in proximity to oil and gas development in California,
summarized the environmental public health literature, and made an effort to calibrate findings
from out-of-state studies to the California context. Direct and indirect impacts to air quality and
human health were considered. The key principles, conclusions, and recommendations from the
CCST SB 4 Report (2015) related to air quality and public health are presented verbatim in Table
1.
While the CCST SB 4 Report (2015) focused largely on issues of well stimulation (e.g. hydraulic
fracturing, matrix acidizing and acid fracturing), a significant overarching conclusion of the report
was that the majority of impacts associated with well stimulation are attributable to impacts of oil
and gas development more generally. For example, air pollutants - such as benzene - may be
emitted to the atmosphere during the relatively brief amount of time that hydraulic fracturing takes
place, but emissions also occur, often in higher mass and rate during other phases of oil and gas
development. Moreover, while benzene is sometimes reported as used as an additive in hydraulic
fracturing fluids, emissions of benzene occur throughout the oil and gas development process due
to the fact that the compound is co-produced with oil and gas and so the technological approach to
hydrocarbon extraction - be it via hydraulic fracturing, steam injection or waterflooding - may not
be as important from a toxic air pollutant exposure perspective.
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Table 1. Principles, conclusions, and recommendations from the CCST SB 4 Report (2015) that
consider air quality and public health.
Principle

Conclusion

Recommendation

Account for and manage
both direct and indirect
impacts of hydraulic
fracturing and acid
stimulation.

The majority of impacts
associated with hydraulic
fracturing are caused by the
indirect impacts of oil and gas
production enabled by the
hydraulic fracturing.

Evaluate impacts of production for all oil
and gas development, rather than just the
portion of production enabled by well
stimulation.

Air pollutants and toxic air
emissions2 from hydraulic
fracturing are mostly a small part
of total emissions, but pollutants
can be concentrated near
production wells.

Control toxic air emissions from oil and gas
production wells and measure their
concentrations near production wells: Apply
reduced-air-emission completion
technologies to production wells, including
stimulated wells, to limit direct emissions of
air pollutants, as planned. Reassess
opportunities for emission controls in
general oil and gas operations to limit
emissions. Improve specificity of
inventories to allow better understanding of
oil and gas emissions sources. Conduct
studies to improve our understanding of
toxics concentrations near stimulated and
un-stimulated wells

Emissions concentrated near all
oil and gas production could
present health hazards to nearby
communities in California.

Assess public health near oil and gas
production: Conduct studies in California to
assess public health as a function of
proximity to all oil and gas development,
not just stimulated wells, and develop
policies such as science-based surface
setbacks, to limit exposures.

Understand and control
emissions and their impact
on environmental and
human health.

4.2.

Summary of toxic air contaminant findings in the Los Angeles Basin from the CCST SB 4
Report (2015)

Emissions of benzene and other toxic air contaminants (TACs) present well understood health
hazards. Many TACs are co-produced with oil and gas development because of their natural
occurrence in oil and gas reservoirs, regardless of whether hydraulic fracturing and other forms of
well-stimulation are used (Garcia-Gonzales et al., 2019a). A previous assessment of California
emissions inventories suggest that the upstream oil and gas development sector is likely
2
Toxic air pollutants, also known as hazardous air pollutants, are those pollutants that are known or suspected to cause cancer or other serious
health effects, such as reproductive effects or birth defects, or adverse environmental effects. Criteria air contaminants (CAC), or criteria
pollutants, are a set of air pollutants that cause smog, acid rain, and other health hazards (CCST, 2015).
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responsible for a small fraction (<1%) of all criteria pollutants emitted in the South Coast Region
of California (including Los Angeles), as this region is known for significant and diverse sources
of emissions from mobile (cars, trucks and other transportation) and other industrial sources
(Shonkoff et al., 2015b). However, as of 2014, emissions reported to emissions inventories suggest
that 2,361 kg/year of benzene is emitted by the stationary components of upstream oil and gas
development in the Los Angeles Basin, accounting for 9.6% of benzene emissions and 3.8% of
formaldehyde emissions from all Los Angeles Basin stationary sources (Shonkoff et al. 2015b)
(Table 2).
Benzene and formaldehyde emissions from oil and gas development represented a much smaller
proportion (0.14% and 0.25%, respectively) of benzene emissions from all Los Angeles Basin
sources (including mobile sources) due to the fact that the mobile sector is the predominant
contributor of benzene emissions (Shonkoff et al. 2015b). Smaller proportions of other TAC
species were identified (Table 2).
The proportion of reported TACs

with the exception of benzene and to a lesser extent,

formaldehyde - attributable to upstream oil and gas development in the Los Angeles Basin has
been reported as low. However, basin-wide fractions of emissions are less meaningful from a
public health perspective than the mass of pollutants emitted, the timing and duration of emissions,
and the geographic location of and proximity to human populations where emissions occur. While
the spatial distribution of TAC emissions across Los Angeles oil and gas facilities are not known,
what is known is that emissions of these TACs and other air pollutants from oil and gas
development in the Los Angeles Basin occur in close proximity to human populations, including
sensitive receptors such as schools, daycare centers, hospitals and elderly care facilities.
Populations in close proximity to oil and gas development may be disproportionately exposed to
associated emissions.
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Table 2. Contribution of upstream oil and gas sources to TAC emissions in South Coast Region
(kg/y) in 2010.

Stationary
oil and gas
sources (kg/y)
(2012)

Fraction of
emissions
stationary
sources

Emissions
from all
stationary
and mobile
sources (kg/y)
(2010)

Fraction of
all emissions
sources (kg/y)
(stationary
and mobile)

1,3-Butadiene

56

1.60%

382,307

0.01%

Acetaldehyde

1

0.00%

1,552,128

0.00%

Benzene

2,361

9.60%

1,659,155

0.14%

Carbonyl sulfide

not available

not available

20

not available

Ethyl Benzene

28

0.50%

1,000,213

0.00%

Formaldehyde

5,846

3.80%

2,375,149

0.25%

Hexane

1

0.00%

1,608,302

0.00%

Hydrogen Sulfide

not available

not available

6,238

not available

Toluene

1
1

0.00%

6,860,168

0.00%

0.00%

1,275,480

0.00%

Xylenes (mixed)

Source: Shonkoff et al. (2015b)
As of 2015, in the Los Angeles Basin alone, approximately nearly 630,000 residents, 130 schools,
213 elderly facilities and 184 daycare facilities were sited, within a half-mile (2,625 ft) of an active
oil and gas well. Of note, more than 32,000 people in the Los Angeles Basin are estimated to live
within 100 meters (m) (328 ft) of an active oil and gas well (Shonkoff et al., 2015b) (Table 3).

Table 3. Numbers of residents and other sensitive receptors within various proximities of active
oil and gas wells.
Buffer
Distance
(ft)

Buffer
Distance

Number of
residents

Number of
Schools

Number of
Children
Attending Schools

Number of
Elderly
Facilities

Number of
Daycare
Facilities

Under 5

Over 75

328

100

32,071

4

3,270

12

5

2,295

1,664

1,312

400

233,102

50

34,819

94

72

16,685

14,005

2,625

800

627,546

130

89,241

213

184

4,050

35,189

3,281

1,000

866,299

180

135,797

258

262

62,547

47,759

5,249

1,600

1,677,594

348

242,833

429

524

122,321

91,452

6,562

2,000

2,257,933

470

332,855

582

718

164,992

122,737

(m)

Source: Adaptedfrom Shonkoff et al. (2015b)
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Many in-situ monitoring and modeling studies estimate that emissions of health-damaging air
pollutant species can be episodically elevated, leading to degraded air quality in proximity to and
downwind from oil and gas development operations. For instance, Brown et al. (2015) modeled
exposures between one and two kilometers (km) (3,281 - 6,562 ft) downwind of unconventional
natural gas development and noted the variability across oil and gas development (shale gas
development) phases by time (Figure 1). Brown et al. (2015) focused on shale gas and of course
the development of this unconventional resource differs in many ways from the production of more
shallow migrated oil and gas such as what occurs in the Los Angeles Basin. However, much of the
infrastructure deployed for such activities are similar. All of the categories visualized below in
Figure 1- flaring/finishing/compressor stations, and ongoing oil and gas production - are used in
the Los Angeles Basin with often the exception of hydraulic fracturing, which is only used on a
very limited basis in a small proportion of wells (Shonkoff et al., 2015b; DOGGR, 2019).
Producing well pad exposures
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Figure 1. Intermittent spikes in volatile organic compounds (VOCs) during oil and gas
development activities.
Source: Brown et al. (2015)
Many of constituents associated with oil and gas development can damage human health and place
disproportionate risks on sensitive populations (e.g. children, pregnant women, the elderly) if they
have significant enough exposures. Using California state emission inventories, Shonkoff et al.
(2015b) found that oil and gas production in the San Joaquin Valley air district likely accounts for
significant emissions of sulfur oxides (SOx), TACs such as benzene and hydrogen sulfide (H2S).
Oil and gas development accounted for a smaller proportion of total emissions in the Los Angeles
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Basin (Table 2); however, larger and denser populations live, work, play and learn within close
proximity of oil and gas development in this region, increasing the intake fraction of emissions
that do occur.
The intake fraction is defined as the ratio of the mass of a pollutant inhaled or ingested to the mass
of the pollutant emitted. As such, in the case of emissions of most pollutants to the air, intake
fraction is the proportion of the total air pollutants emitted that are taken into the lungs of a human.
The closer people are to oil and gas activities, the higher their potential exposure to air pollutants
emitted from these facilities and the higher their risk of associated health effects and the larger the
population, the larger the intake fraction. For a more in-depth discussion of intake fraction and its
relevance to the South Coast region of California, please see Shonkoff et al. 2015b.

4.3.

Summary of local air pollution and health studies and health outcome studies from the
CCST SB 4 Report (2015)

Four key peer-reviewed studies were discussed in the CCST SB 4 Report (2015) regarding local
air pollution and health or health outcomes associated with oil and gas activities. Considering
community-level exposures, McKenzie et al. (2012) conducted air monitoring near oil and gas
activities and proximal populations in Colorado. Using United States Environmental Protection
Agency (US EPA) guidance to estimate chronic and sub-chronic non-cancer hazard indices (HIs)
as well as cancer risks, the authors found that those living in closer geographical proximity to
active oil and gas wells (< 2,640 ft) were at an increased risk of acute and sub-chronic respiratory,
neurological, and reproductive health effects. Increased risk was driven primarily by exposure to
trimethylbenzenes, xylenes, and aliphatic hydrocarbons; slightly elevated excess lifetime cancer
risk estimates were also driven by benzene and aliphatic hydrocarbon exposure (McKenzie et al.,
2012).
The findings of McKenzie et al. (2012) are in line with assumptions and calculations of
atmospheric dilution data of conserved pollutants by the US EPA (1992). In 1992 the US EPA
published a study on screening procedures for estimating the air quality impact of stationary
sources. Using their assumptions, dilution of conserved TACs, such as benzene at 800 m (2,640
ft) is on the order of 0.1 mg/m3 per g/s (US EPA, 1992). At 2,000 m (6,562 ft), dilution increases
to 0.015 mg/m3 per g/s and 0.007 mg/m3 per g/s at 3,000 m (9,843 ft). Given that benzene poses
an increased risk at a dilution of 0.1 mg/m3 (estimated at

1/2

mile, 2,640 ft), it is not certain, under

these assumptions that atmospheric concentrations of benzene out to 2,000 m and 3,000 m (6,652
ft and 9,843 ft) can necessarily be considered low risk. However, beyond 3,000 m (9,843 ft), where
concentrations fall more than two orders of magnitude via dilution relative to the 1/2-mile radius,
there is likely to be a sufficient margin of safety for a given point source. Of course, the health
relevance of these estimates of atmospheric dilution strongly depend upon the mass and
concentration of conserved pollutant emissions - such as benzene - that are emitted from a given
stationary source.
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In an oil and gas industry study in Texas, Bunch et al. (2014) compared volatile organic compound
(VOC) concentration data from air monitors at six locations in the Barnett Shale with federal and
state health-based air concentration values to determine possible acute and chronic health effects.
The authors found that shale gas activities did not result in community-wide exposures to
concentrations of VOCs at levels that would pose a health concern. Bunch et al. (2014), unlike
McKenzie et al. (2012), used air quality data generated from monitors focused on regional
atmospheric concentrations of pollutants in Texas, while McKenzie et al. (2012) included samples
at the community level. Finer geographically scaled air sampling often captures local atmospheric
concentrations that are more relevant to human exposure than sampling at the regional scale
(Shonkoff et al., 2014). This observation may be driven by relatively steep gradients of conserved
pollutants falling out of the atmosphere as they move away from their emission source.
Macey et al. (2014) analyzed air samples from locations in five different states using a communitybased monitoring approach. Authors found that levels for eight volatile chemicals, including
benzene, formaldehyde, hexane, and hydrogen sulfide, exceeded federal guidelines (ATSDR
minimal risk levels (MRLs) (ATSDR, 2019) and US EPA Integrated Risk Information System
(IRIS) cancer risk levels (USEPA 2017) in a number of instances. Self-reported data from a
number of the residents who collected the samples reported a range of common health symptoms,
including “headaches, dizziness or light-headedness, irritated, burning, or running nose, nausea,
and sore or irritated throat” (Macey et al., 2014). The authors did not attempt to associate the
reported health effects with the chemicals measured in the samples or seek verification of health
symptoms by a physician. However, the study suggests that concentrations of air pollutants near
oil and gas operations may be elevated to levels where health impacts could occur.
Health outcome studies published by the release of the CCST SB4 Report (2015) primarily used
self-reported data as opposed to physician-reviewed and validated data (Rabinowitz et al., 2015;
Steinzor et al., 2013). However, one peer-reviewed health study (McKenzie et al., 2014) is an
exception to this trend. In a retrospective cohort study in Colorado, McKenzie et al. (2014)
examined associations between maternal residential proximity and well density and perinatal
outcomes. Risk for congenital heart defects in neonates was 30% (odds ratio [OR]: 1.3, (95%
confidence interval [CI]: 1.2-1.5) greater among those born to mothers who lived in the highest
density of gas development (> 125 wells per mile) compared to those with no wells within a 16
km (52,493 ft) radius of maternal residence. Babies born to mothers in the highest density of gas
development had twice the odds (OR = 2.0, 95% CI: 1.0-3.9) of being born with neural tube defects
than those born to mothers living with no wells within a 16-km (52,493 ft) radius (McKenzie et
al., 2014). Exposure was negatively associated with preterm birth and a positive association of
small magnitude was observed with fetal growth. No association was observed for oral clefts. The
authors suggest that observed increased risk of neural tube defects and congenital heart disease
with increasing density of gas development may be due increased atmospheric concentrations of
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benzene, a compound known to be associated with both of these conditions (Lupo et al., 2011).
However, no air quality monitoring or field-based exposure assessment were included in this study,
so the posited mechanism was not able to be directly verified.
While no peer-reviewed California-specific health studies were available for inclusion in the
CCST SB 4 Report (2015), studies outside of California indicate that the most significant
exposures to toxic air contaminants such as benzene, aliphatic hydrocarbons and hydrogen sulfide
occur within V2 mile (2,640 ft) from active oil and gas development. Many of these compounds
are co-produced from the hydrocarbon reservoir and co-emitted with oil and gas production. There
is less certainty surrounding the potential for and impact of exposures to chemicals used for well
stimulation and routine oil and gas development activities such as wellbore cleanouts, drilling, and
routine well maintenance, further emphasizing the need to examine air quality and health risks
associated with oil and gas development generally and not specifically around wells that have been
hydraulically fractured.

4.4.

Number of studies that met our inclusion criteria for this review of the literature published
between 2015 - 2018

In the approach section of this report, we described our criteria for inclusion of studies published
between 2015 and 2018 for further assessment in this report. In Figure 2 below, we show the
numbers of studies that we initially found using our keywords across the study databases we
searched and the number of studies that met our inclusion criteria and ended up included in this
review. In the end, there were 24 peer-reviewed studies that met our criteria and were included in
this study. We also included more studies on noise and oil and gas development, but these are
separate from our systematic literature review on studies focused on air pollution and distance
from and density of oil and gas development and public health.
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Identification

Studies identified
through database
searching
(2015 - 2018)
(n = 1,478)

Additional studies
identified
through ROGER
(2015 - 2018)
(n = 198)

Screening

Duplicate studies removed
(n = 134)

Studies screened by title
(n = 1,546)

Studies excluded
(n = 1,488)

2L
Eligibility

Studies assessed for
eligibility
(n = 58)

Studies excluded (n = 34)

Air pollution and health studies
Emissions not air quality (n = 4)
Regional air quality (n = 11)

2L

Health outcome studies
Distance not addressed (n = 5)
Review paper (n = 14)

Included

Studies included in this
assessment
(n = 24)

Local air pollution
and health studies
included
(n = 5)

Public health
outcome studies
included
(n = 19)

Figure 2. Decision tree to select studies that met our inclusion criteria for this 2015 - 2018 review.
4.5.

Review of studies that investigate air pollution and distance from and density of oil and
gas development and public health

As noted in the previous section, air pollution attributable to oil and gas development and its
associated hazards and risks were evaluated in the CCST SB 4 Report (2015). In this section we
discuss the peer-reviewed literature focused on local air pollution associated with upstream oil and
gas development activities and published since 2015. Upstream activities include the transport of
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equipment and materials to and from the well pad; mixing, handling, and injection of oil and gas
chemicals; and management of recovered fluids/produced water, drill cuttings, and other waste
products (Johnston et al., 2019; Adgate et al., 2014; NRC, 2014). Sources of air pollutants include
products of incomplete combustion and chemicals emitted directly and indirectly from surface and
subsurface equipment including, but not limited to, wells, pumps, generators, compressors,
pneumatic devices, storage and separator tanks, surface impoundments, solid and liquid waste
handling and from venting and flaring of gases. Air pollutant emissions from upstream oil and gas
development can include toxic air contaminants (TACs), criteria pollutants, and reactive organic
gases which are associated with the formation of tropospheric ozone (i.e., smog). Chemicals
known to be associated with oil and gas development pose acute and chronic health hazards,
however health risks and impacts associated with these contaminants are dependent on the
magnitude and duration of exposure.
While not always possible, in each reviewed study we note the geography, hydrocarbon resource
being developed (e.g., oil or gas or both), the formation type (source rock/shale, migrated oil or
gas, etc.) and the type of production technique employed (e.g., hydraulic fracturing, water
flooding, steam injection, enhanced oil recovery, etc.). These specifications help to determine the
applicability of a given study to the California context in general and the City of Los Angeles
context in particular. Further, while practices and outcomes of each project are not available, we
note the broad regulatory overlays of study location at the state level.
The environmental public health literature supports geographic proximity to active oil and gas
development as an exposure and health impact risk factor. While oil and gas development
contributes to regional air quality impacts (Allen, 2016; Halliday et al., 2016; Helmig, Thompson,
Evans, & Park, 2014; Hildenbrand et al., 2016; Petron et al., 2012; Petron et al., 2014; Roy et al.,
2014; Thompson et al., 2014) the majority of studies that assess air quality as a function of distance
have observed that concentrations of various hazardous and other air pollutants can be even higher
in close proximity to active oil and gas development (Brown et al., 2015; Brown et al., 2014;
Colborn et al., 2014; Macey et al., 2014; McKenzie et al., 2012; McKenzie et al., 2018a; Rich &
Orimoloye, 2016). The majority of studies that have assessed associations between oil and gas
development and emissions of hazardous air pollutants (HAPs) have identified benzene, toluene,
ethylbenzene and xylenes (BTEX), n-hexane, styrene, and 1,3 butadiene as emitted pollutants
(Garcia-Gonzales et al., 2019a). The minority of studies, such as Bunch et al. (2014) did not find
a positive correlation between proximity and air pollutant concentrations.
Intermittent spikes of emissions from oil and gas activities and equipment have also been observed
(Allen, 2014; Brown et al., 2015), which may have a limited influence on regional air pollutant
concentrations but are likely to be associated with increased exposures to populations in close
proximity to emission sources. As such, studies that focus on regional concentrations of air
pollutants associated with oil and gas development may arrive at estimates of low- to moderate-
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level chronic exposures experienced by regional populations, but it is important to consider the
proximity of receptors to sources to capture the range of potential public health risks (McKenzie
et al., 2018a; Petron et al., 2014; Shonkoff et al., 2015b).
Five studies have been published between 2015 - 2018 that characterize local exposures to nearby
oil and gas activities using in-situ air monitoring. Paulik et al. (2016) deployed 23 passive air
samplers in rural Ohio for three to four weeks to quantify polycyclic aromatic hydrocarbon (PAH)
concentrations by distance to an active natural gas well pad. Sites were excluded if they were near
other known sources of PAHs (e.g. airports, within city boundaries). Using PAH ratios, authors
determined that PAH concentrations were from primarily petrogenic sources, as opposed to
sources from combustion. As observed in other studies, health risk decreased with distance. Excess
lifetime cancer risks associated with exposure to PAHs at sites closest to active wells (<328 ft)
were estimated at 0.04 in one million, and decreased 30% at beyond 1 mile (5,280 ft) (0.027 in a
million). Lifetime cancer risks observed were below US EPA upper threshold of one case per
10,000. Of note, passive sampling methods are useful to calculate average concentrations over
deployment period, but do not characterize episodic spikes in emissions.
Paulik et al. (2018) used stationary passive samplers to characterize environmental exposure in
conjunction with wearable silicone wristbands to estimate individual exposure to PAHs associated
with nearby natural gas activities in Ohio. Thirty passive samplers were deployed near active (n=3)
and proposed (n=2) natural gas sites at 55 to 122 m (180 - 400 ft) from the edge of the well pad,
and silicone wristbands were given to participants living or working near the stationary sampling
sites (n=19). Total PAH summation (ZPAH) in air was significantly higher at active natural gas
sites (Wilcoxon rank sum test, p<0.01) and was also more petrogenic at active sites as compared
to proposed sites. ZPAH detected using wristbands was significantly higher for participants within
0.75 km (2,461 ft) of an active well as compared to participants within 2-10 km (6,562- 32,808 ft)
of an active well (Wilcoxon rank sum test, p < 0.005). Distance from participants home or work
locations to nearest active well was significantly negatively correlated with ZPAH detected by
participants wristband (Pearson’s correlation- -0.76, p=0.00010). Finally, there was a significant
positive correlation between ZPAH in participants' wristbands and ZPAH in air measured closest
to participants’ homes or workplaces (simple linear regression, p < 0.0001). This study evaluated
broad environmental exposure and individual exposure to PAHs associated with active natural gas
sites, and found highest exposure correlated with closer distance using stationary and personal
sampling devices. Participants completed exposure logs to identify additional sources of PAH
exposure (e.g., cigarette smoke). However, while homes and workplaces were used as reference
locations, exact time spent at reference locations was unknown. This work suggests that active
natural gas sites emit PAHs into the air, and that living or working close to these sites may increase
personal exposure to PAHs.
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In Washington County, Pennsylvania, Maskrey et al. (2016) monitored for VOCs for three
months at two locations near a single hydraulic fracturing well pad that had already been drilled.
Monitoring sites included a school 863 m (2,831 ft) away and generally upwind of the well pad
and a residence 774 m (2,539 ft) and generally downwind from the well pad. Authors monitored
for total VOCs continuously and collected intermittent 24-hour integrated air samples for 62
individual VOCs. Monitoring occurred after the well was drilled, and during four activity
periods, including an inactive period prior to fracturing, during hydraulic fracturing, during
flaring, and another inactive period following fracturing. Total VOC concentrations in ambient
air during well activity periods were similar to inactive periods. Furthermore, individual
maximum 24-hr VOC concentrations did not exceed subchronic or chronic US EPA Regional
Screening Levels. However, this study monitored air quality during limited activities at the well
pad (hydraulic fracturing, flaring) and did not capture other activities associated with oil and gas
development (e.g., drilling, flowback, emissions from tanks and separators). This study also
focused on a single well pad, and is likely not representative of air quality impacts of many well
pads in a given region.
In another recent study, McKenzie et al. (2018a) used in-situ air pollution monitoring to estimate
exposure and calculate risk across an array of distances plausible for residential proximity
established based on setbacks from surface property lines in Colorado. Monitoring the
concentrations of air pollutants (such as benzene) at various distances from active oil and gas
development operations, the authors found compelling evidence that cancer and non-cancer risks
and impacts increase as distance between oil and gas development and residential proximity
decreases. Most notably, the study found that within 152 m (~500 ft) of active oil and gas
development, the cancer risk estimate was 8.3 cases per 10,000 individuals, exceeding the US EPA
upper threshold for acceptable risk (1 case in 10,000) by 830%. The majority of the studies on the
topic of distance from and density of oil and gas wells and public health to date have used distance
and density as the exposure metric but have been criticized for not including actual in-situ air
quality measurements. This study is notably stronger than previous work given that it includes insitu air quality measurements that show compelling evidence that concentrations of some
hazardous air pollutants (HAPs) are higher near oil and gas wells compared to further away. These
findings also raise questions about existing minimum surface setback requirements in Colorado,
and the effectiveness of state and federal regulations to protect the health of those living near oil
and gas facilities.
Elevated benzene concentrations observed by McKenzie et al. (2018a) are also bolstered by a
recent study that found that the concentration of benzene in raw natural and associated gas in
Wyoming has a median concentration of 88.5 ppm and up to 330 ppm (DiGiulio and Jackson,
2016). Given that the majority of gas is captured for market or flared and the relatively steep
gradient that heavier hydrocarbons such as benzene fall out of the atmosphere moving away from
their emission source, these are not the concentrations that nearby and downwind communities

18

would likely be exposed to. However, these elevated source concentrations are important to
consider when assessing hazard and risk of nearby populations. At this time there are limited
publicly available data to adequately compare how benzene concentrations in California natural
and associated gas resources compare to concentrations observed in Wyoming, given the dearth of
publicly available data on benzene concentrations in gas produced from California oilfields.
Nonetheless, intended and unintended venting, leaks, blowouts, subsurface stray gas migration and
other emission events can result in benzene, a known human carcinogen, in the part per million
(ppm) concentration to be emitted to the atmosphere. Emissions of certain pollutants, such as
benzene at this concentration is certainly an occupational hazard (Esswein et al., 2014) and
potentially a community hazard given that community health benchmarks of benzene exposure
can be as low at 1 part per billion (ppb) (OEHHA, 2016).
Finally, McMullin et al. (2018) identified 56 VOCs emitted from oil and gas operations in
Colorado and collated 47 existing air monitoring datasets in 34 locations in oil and gas regions.
Authors aimed to characterize risk at and beyond 500 ft, and included air quality measurements
that were collected between 350 and 3,700 ft from an oil and gas site. Authors found that acute
and chronic non-cancer hazard quotients were not elevated for all individual VOCs, and hazard
indices (HI) combining exposures for all VOCs were elevated for acute and chronic exposures
(HI = 1.2 and 1.3, respectively). Similar to McKenzie et al. (2018a), the authors found lifetime
excess cancer risk estimates for benzene were between 1 to 3.6 cases per 100,000 individuals
and ethylbenzene was 7.3 cases per one million individuals. The lifetime excess cancer risk
estimate for combined exposures was 4.3 cases per 100,000 individuals for distances between
500 ft and greater, exceeding the US EPA upper threshold for acceptable risk (1 case in 10,000).
McMullin et al. (2018) lifetime excess cancer risk estimate also fell within the range reported
by McKenzie et al. (2018a) for these same distances (1 case per 10,000 to 5.7 cases per
100,000).

4.6.

Review of studies that investigate distance from and density of oil and gas development
and associations with public health outcomes

While limited epidemiological data on oil and gas development and health has been collected in
California, numerous epidemiological studies on this topic outside of California have been
published. The health impacts evaluated by this body of literature include various health outcomes,
including childhood and adult cancers, birth outcomes, upper and lower respiratory conditions,
cardiovascular disease, fatigue, dermatological symptoms, migraines, sleep problems, and
depression. In this section we discuss these 19 studies published between 2015 and 2018 in detail
and present them organizationally by health outcome evaluated. Studies that use community-level
exposure metrics (e.g. presence or absence of oil and gas development by zip code or county) are
also discussed in this section. Most, but not all studies to date include distance from oil and gas
development as at least part of the exposure metric considered. Studies that evaluate exposure
using distance to oil and gas development are summarized in Table 4.
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4.6.1. Cancer outcomes
A number of studies suggest that cancer risks increase with increasing proximity to oil and gas
development (McKenzie et al., 2012; McKenzie et al., 2018a). Many studies posit, but do not
confirm, that risks and incidence of hematological carcinogens, such as benzene, sourced from
hydrocarbon reservoirs and co-emitted during oil and gas production are a likely mechanism
(Garcia-Gonzales et al., 2019a).
McKenzie et al. (2017) investigated the potential association between residential proximity to and
density of oil and gas development in rural Colorado and risk of hematologic (blood) cancers.
Young individuals (ages 5-24) with acute lymphocytic leukemia (ALL) were over four times as
likely to live in the highest well proximity and density category (<33.6 wells per 1.6 km, 5,249 ft)
as compared to those not diagnosed with ALL [Odds ratio (OR): 4.3, 95% confidence interval
(CI): 1.1-16.0]. A linear increase in risk of ALL was observed with increasing proximity and
density exposure categories. No association was observed between proximity and well density for
young children (ages 0-4) and for non-Hodgkin lymphoma. The authors cite exposure to benzene
and other petroleum hydrocarbons in ambient air as well as elevated benzene concentrations
detected in groundwater at oil and gas development sites in northeastern Colorado as potential
environmental risk factors for childhood ALL. Furthermore, the researchers suspected that some
limitations of this study may have biased the results toward the null, indicating that these findings
may underestimate the true risk of hematologic cancer attributable to oil and gas development.
Another study in Pennsylvania showed the importance of considering legacy sources of pollution
in an area experiencing oil and gas development. Finkel (2016) investigated unconventional
natural gas development (UNGD) and cancer incidence in southwest Pennsylvania over time.
Urinary bladder cases were higher than expected in counties with shale gas activity. Thyroid cancer
cases increased over time, regardless of UNGD activity and patterns for leukemia incidence were
mixed. Overall, observed cancer incidence was higher than expected prior to unconventional gas
development in counties regardless of UNGD activity. While this study design is limited by
county-level estimates of exposure, it makes the point that investigations into trends in cancer
incidence associated with oil and gas development should take additional confounding factors,
such a legacy pollution and the potential for synergistic toxic exposures into account.

4.6.2. Perinatal outcomes
A number of compounds associated with oil and gas development are associated with various
perinatal outcomes (Balise et al., 2016; Webb et al., 2014). Four studies to date in Pennsylvania
have focused on perinatal outcomes associated with natural gas development. Stacy et al. (2015)
examined the association between proximity to UNGD in southwestern Pennsylvania and perinatal
outcomes between 2007 and 2010. Inverse-distance weight well count within a mile - a measure
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of distance and density - was used to estimate exposure. While no association was observed for
premature birth, comparison between the most exposed (>6 wells per mile, 5,280 ft) to least
exposed (<0.87 wells per mile, 5,280 ft) revealed lower birth weight (3323 ± 558 grams vs 3344
± 544 grams) and a 34% higher incidence of small for gestational age (OR: 1.34; 95% CI: 1.10
1.63).
In another study focused on Marcellus shale gas development in Pennsylvania, Casey et al. (2016)
used an Unconventional Natural Gas Development (UNGD) activity index as the exposure metric.
This exposure metric includes variables such as distance to maternal residence, dates and duration
of well activities (spudding, production, etc.), and well characteristics (depth and production)
during gestation. UNGD activity was associated with a 40% increased odds of a neonate being
born preterm (fourth quartile: OR: 1.4, 95% CI: 1.0 - 1.9) as well as a 30% increase odds of highrisk pregnancies among the mothers (fourth vs. first quartile, OR: 1.3, 95% CI: 1.1 - 1.7). The
authors did not observe associations between UNGD and Apgar score (an index measurement of
newborn physical condition), babies born small for gestational age, or term birth weight.
In another study, Currie et al. (2017) reviewed over 1.1 million birth records prior to and during
extensive hydrocarbon development in Pennsylvania. Authors compared births up to 15 km
(49,213 ft) from hydrocarbon development and also compared siblings born before and during
development. An association was observed between maternal residential proximity to active
unconventional oil and gas wells and increased incidence of low-birth weight babies and declines
in average birth weight. The most significant impacts on birth outcomes were observed within 1
km (3,281 ft) of unconventional oil and gas wells, while little evidence of health effects was
observed at and beyond 3 km (9,843 ft).
In a retrospective study focused on Marcellus shale gas development, Hill (2018) evaluated
adverse birth outcomes among babies born to mothers living near shale gas wells between 2003
and 2010. Introduction of drilling was associated with increased low birth weight (p<0.05) and
decreased term birth weight (p<0.01) on average among babies born to mothers living within 2.5
km (8,202 ft) of a well as compared to mothers living within 2.5 km of a permitted, but not yet
drilled, well. Singleton births (a birth of a single baby) to mothers living within 2.5 km of a well
were also associated with small for gestation age (SGA) (p<0.05) and reduced Apgar scores
(p<0.05), while no effects were observed for gestation or congenital anomalies. In an evaluation
of well density, an additional well drilled within 2.5 km of maternal residence was associated with
a 7 percent increase in low birth weight, a 5 g reduction in term birth weight, and a 3 percent
increase in premature birth.
Two studies examined birth outcomes and UNGD in the Barnett Shale region of Texas in recent
years. Whitworth et al. (2017), using a retrospective birth cohort study design, studied 158,894
women with a birth or fetal death from November 2010 to November 2012. The researchers
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evaluated correlations between poor birth outcomes and well-activity metrics that included inverse
distance-weighted sum of active wells within three separate geographic buffers surrounding the
maternal residence: V2, two, or ten-miles (2,640; 10,560; or 52,800 ft respectively. Women with
zero wells <10 miles near them served as the largest buffer evaluated and served as the control
group. A significant association was observed between distance/density and preterm birth across
all three distances: V2 mile (2,640 ft) (OR: 1.14, 95% CI: 1.03-1.25), two miles (10,560 ft) (OR:
1.14, 1.07-1.22), and ten miles (52,800 ft) (OR:1.15, 1.08-1.22) and for fetal death at two and ten
miles (OR: 1.56, 95% CI: 1.16-2.11; 1.34, 1.04-1.72). No significant association was observed for
small for gestational age or term birth weight. These results suggest that there is an association
between unconventional gas development activity and preterm birth and fetal death. A
shortcoming of this study, like many others in the literature is that the study did not collect in-situ
air and environmental samples to evaluate the incidence and magnitude of potential chemical
stressors that may be the mechanism behind these observed associations.
In a case-control study, Whitworth et al. (2018) - using the same birth dataset as Whitworth et al.
(2017) - estimated the effect of UNGD on birth outcomes in the Barnett Shale region of Northern
Texas. This study was notably more rigorous and detailed than Whitworth et al. (2017) as it
included more nuanced exposure metrics and parsed exposures by gestational age. The researchers
individually age- and race/ethnicity-matched five controls to each pre-term birth case (n = 13,328)
and divided the fetal time at risk according to the matched case’s gestational age. The study
included two phase-specific UNGD-activity metrics: (1) a simple IDW count of wells in the
drilling phase < V2 mile (2,640 ft) of the residence and (2) an integrated IDW sum of natural gas
produced < V2 mile (2,640 ft) of the residence. The researchers also constructed trimester- and
gestation-specific metrics. Metrics were categorized as follows: zero wells (reference), first,
second, third tertiles of UNGD activity. Analyses were repeated by pre-term birth severity:
extreme, very, and moderate (<28, 28 to <32, and 32 to <37 completed weeks). The study estimated
an increased odds of preterm birth in the third tertile of the UNGD drilling {OR = 1.20 [95%
confidence interval (CI): 1.06, 1.37]} and UNGD-production [OR = 1.15 (1.05, 1.26)] metrics.
Among women in the third tertile of UNGD-production, associations were strongest in trimesters
one [OR = 1:18 (1.02, 1.37)] and two [OR = 1:14 (0.99, 1.31). The greatest risk was observed for
extremely preterm birth [third tertile ORs: UNGD drilling, 2.00 (1.23, 3.24); UNGD production,
1.53 (1.03-2.27)]. While the magnitude differences in preterm birth are small, the results of this
study suggest that UNGD is associated with preterm birth and that associations are strongest when
exposures occur in early pregnancy.
In a retrospective cohort study in Oklahoma, Janitz et al. (2019) evaluated congenital abnormalities
among 476,000 singleton births and proximity to natural gas activity. Authors considered well
density and distance within two miles (10,560 ft) of maternal residence during the month of
delivery. Authors observed an increased prevalence of neural tube defects and specific critical
congenital heart defects among neonates both to mothers living within two miles of natural gas
activity compared to mothers living with no wells within two miles. However, these findings were
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not statistically significant. No association was observed for overall critical congenital heart
defects or oral clefts (Janitz et al., 2019).
Biomonitoring, the collection of biological samples (e.g. blood, urine), can also be used to estimate
individual exposure to contaminants. For pregnant women, biomonitoring can be used to
characterize maternal exposure throughout fetal development. Caron-Beaudoin et al. (2018)
detected developmental toxicants associated with oil and gas (e.g. benzene metabolites) in 29
pregnant women residing in unconventional gas producing areas of northeastern British Columbia
(Canada). Benzene metabolites were detected at significantly higher concentrations in pregnant
women living near gas development as compared to the general Canadian population (trans, transmuconic acid concentrations, median = 180 ug/g creatinine; 10th percentile = 53.3; 95th percentile
= 899). A significant shortcoming of this study is that although higher benzene metabolite
concentrations were observed in the sampled population, source attribution is difficult given that
this benzene metabolite is not specific to oil and gas development. A broader environmental
assessment to rule out competing benzene exposures would be helpful to interpret the results in
this study.

4.6.3. Cardiovascular and respiratory health outcomes and hospitalizations
Various peer-reviewed health studies have identified associations between oil and gas
development and indicators of cardiovascular disease, respiratory outcomes (asthma and
pneumonia), and hospitalizations for various health outcomes.
Only one peer-reviewed study has been published to date in California focusing on the Los Angeles
region. Shamasunder et al. (2018) conducted household health surveys using questions from a
validated health questionnaire (UCLA Center for Health Policy Research, 2016) within two 1,500
ft buffer areas surrounding the Jefferson and AllenCo oil production sites in the City Los Angeles.
Physician-diagnosed asthma rates were elevated within both buffer zones compared to state-level
and county-level surveys. Asthma prevalence was higher in one buffer zone (West Adams near the
Jefferson drill site) than Los Angeles County. The study indicated that 45% of residents surveyed
were reportedly unaware of nearby oil development. The study also included in situ air monitoring
but only measured methane which may be a surrogate for non-methane VOC emissions from
certain oil and gas infrastructure and processes, but there was no source apportionment and so the
source of the methane is difficult to ascertain. To our knowledge, this is the most localized peerreviewed assessment of asthma and oil and gas activities in the Los Angeles Basin. While this
study compared localized asthma rates to state and county-level surveys, these comparisons do not
take into account competing sources of air pollution - and other variables associated with asthma
prevalence - and baseline demographic differences between these populations. It also relies on
self-reported data, which can be difficult to interpret.
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In a recent study in northeastern Colorado, McKenzie et al. (2018b) observed an association
between the intensity of oil and gas activities and indications of cardiovascular disease. Using a
cross-sectional study design (exposure and outcome evaluated at the same time), McKenzie et al.
(2018b) recorded measurements of cardiovascular health and collected blood samples from
approximately 100 adults in northeastern Colorado. The authors used an intensity adjusted inverse
distance weighted exposure metric for wells within 16 km (52,493 ft) of each residence. This
method allows for wells closest to each residence to contribute the most to that individual’s
exposure metric, unlike methods that use concentric buffers without adjustments for distance or
intensity of activity. Greatest average plasma concentrations of systemic inflammation indicators
were observed for those in the highest exposure group (>1,242 well intensity/km2). Adjusted
average augmentation index (a measure of arterial stiffness) differed by 6.0% (95% CI: 0.6-11.4%)
and 5.1% (95% CI: -0.1 to 10.4%) between high and medium, respectively, and low exposure
categories. For those not taking prescription medications, the adjusted average systolic blood
pressure differed by 6 mmHg (95% CI: 0.1 to 13 mmHg) and 1 mmHg (95% CI: -6 to 8 mmHg)
between the high and medium, respectively, and low exposure categories; no effect was observed
for diastolic blood pressure. No association was observed with either systolic or diastolic blood
pressure for those taking prescription medications. While these results suggest that there is an
association between oil and gas activities and cardiovascular disease, this study was limited by its
small sample size, its cross-sectional design, and its potential for confounding. Additionally,
specific mechanisms of environmental stressors (e.g. air pollution or noise) were not evaluated.
However, authors do note that inhalation of hydrocarbons has been associated with increases in
cardiovascular emergency visits (Ye et al., 2017) and cardiovascular morbidity and mortality (Bard
et al., 2014; Harrison, 2016; Villeneuve et al., 2013; Xu et al., 2009).
Numerous studies in Pennsylvania have investigated associations between patient hospitalizations
and emergency room visits for respiratory and other health symptoms and UNGD in recent years.
Jemielita et al. (2015) examined an association between unconventional gas wells and healthcare
use by zip code from 2007 to 2011 across three northeastern counties. Cardiology inpatient
prevalence rates were significantly positively associated with number of wells per zip code and
wells per km2 (3,281 ft2), and neurology inpatient prevalence rates were significantly positively
associated with wells per km2 (3,281 ft2). Evidence also supported an association between well
density and inpatient prevalence rates for the medical categories of dermatology, neurology,
oncology, and urology. These data may suggest that unconventional oil and gas development may
be associated with increased inpatient prevalence rates within specific medical categories in
Pennsylvania; however, these data may also indicate that unconventional oil and gas development
disproportionately is sited in communities with higher existing disease burdens.
Willis et al. (2018) evaluated the association between UNGD and pediatric asthma hospitalizations
in Pennsylvania between 2003 and 2014. The authors compared pediatric asthma hospitalizations
among zip codes with and without UNGD activity, a community-level exposure metric including
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drilling activity and air pollutant emissions reported by site. Odds of pediatric hospitalizations
were consistently elevated in the highest exposure category compared to those unexposed. A 25%
increase in odds of pediatric hospitalization for asthma was observed if a well was drilled within
the same quarter (OR: 1.25; 95% CI: 1.07, 1.47). Presence of UNGD within the same zip code
over the entire study period was also associated with an increased odds of pediatric asthma
hospitalization 1.19 (95% CI: 1.04, 1.36). These results suggest that UNGD sites and associated
air pollutant emissions are associated with increased risks of pediatric asthma hospitalizations. A
potential alternative hypothesis could be that places with UNGD have become less attractive to
live in overtime and thus wealthier and healthier people have moved away leaving a higher
proportion of less healthy asthmatics.
In another study in Pennsylvania, Rasmussen et al. (2016) investigated the association between
UNGD development and asthma exacerbations in Pennsylvania. Authors conducted a nested casecontrol study comparing asthmatic patients with and without asthma exacerbations between 2005
and 2012. Exposure was assigned on the day prior to the exacerbation or control date using activity
metrics based on well phase (i.e., well pad development, drilling, stimulation, production) and
distance from patients’ home to well, well characteristics, and dates and durations of phases.
Associations were observed between the highest quartile of activity metric for each phase
compared with the lowest for nearly all exposure-outcome pairs. Exposure-outcome associations
ranged from pad development and severe asthma exacerbations (OR: 1.5, (95% CI: 1.2-1.7) to
production and mild asthma exacerbations (4.4, 3.8-5.2) This study provides compelling evidence
that residential UNGD activities are associated with mild to severe asthma exacerbations that may
require emergency room visits and/or hospitalization.
Koehler et al. (2018) used three UNGD exposure metrics to evaluate potential associations with
mild asthma exacerbations in Pennsylvania. The authors compared two previous approaches (1)
distance to nearest well drilled (<1 km, 1-2 km, >2km; <3,281, 3,281 - 6,562, >6,562 ft) and (2)
an inverse distance metric based on the drilling phase (wells within 16 km, 52,493 ft); and a novel
inverse distance-squared metric incorporating four phases of development (well pad development,
drilling, stimulation, production) and compressor engine activities. Each UNGD exposure metric
(highest exposure category compared to lowest) was associated with mild asthma exacerbations.
Using previous methods and exposure categories, this study shows how different exposure metrics
may yield similar findings.
Peng et al. (2018) also investigated the health impacts of UNGD of Marcellus shale in
Pennsylvania between 2001 and 2013 by merging well permit data from the Pennsylvania
Department of Environmental Protection with a database of all inpatient hospital admissions.
Authors found a significant association between shale gas development (counties with
unconventional wells) and hospitalizations for pneumonia among the elderly, which is consistent
with higher levels of air pollution resulting from UNGD. The study is limited in that it relied on
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county-level exposure characteristics rather than focusing on residential distance to oil and gas
wells.

4.6.4. Additional health outcomes
Numerous studies in Pennsylvania investigate broad health symptom reporting and psychosocial
outcomes. While these studies focus on proximity, density, and well activity, mechanisms and
exposure pathways are not specifically evaluated.
Tustin et al. (2016) investigated associations between UNGD and symptoms in a cross-sectional
study in Pennsylvania. Using a self-administered standardized and validated questionnaire, the
authors identified respondents with chronic rhinosinusitis (CRS), migraine headache, and fatigue
symptoms. The authors then used an UNGD activity metric that incorporated well phase, location,
total depth, daily gas production and inverse distance-squared to patient residences. Of
respondents reporting two or three of the health outcomes, significant associations were observed
between highest UNGD activity category compared to lowest for CRS and fatigue (OR: 1.88; 95%
CI: 1.08-3.25), migraine and fatigue (1.95, 1.18-3.21) and all three outcomes (1.84, 1.08-3.14).
Results indicate that UNGD activity was associated with acute health symptoms, such as nasal and
sinus, migraine headache, and fatigue, in the sampled population. However, the authors note that
the surveyed population oversampled patients with nasal and sinus symptoms; therefore, survey
respondents may be sicker than the general population, limiting the generalizability of these
findings.
Weinberger et al. (2017) reviewed records structured health assessments conducted between
February 2012 and October 2015 retrospectively for 51 adults who lived within 1 km (3,281 ft) of
a well across three southwestern Pennsylvania counties. Reported symptoms were reviewed by a
physician, and symptoms were excluded if they could be explained by pre-existing conditions or
those than began or worsened prior to exposure, measured by date of well drilling within 1 km
(3,281 ft). Symptoms most commonly reported were: sleep disruption, headache, throat irritation,
stress or anxiety, cough, shortness of breath, sinus problems, fatigue, nausea, and wheezing. While
health studies using self-reported symptoms can be limited, this assessment included a critical
review of symptoms for possible alternative causes through physician review, and confirmation of
timing of exposure to unconventional natural gas well relative to symptom onset or exacerbation.
Finally, Casey et al. (2018) evaluated the association between UNGD in Pennsylvania and
depression symptoms and disordered sleep diagnoses using a validated health questionnaire and
electronic health data. Exposure (very low, low, medium, high) was assigned retrospectively based
on residential proximity to wells, UNGD activity, and well characteristics. Depressive symptoms
were associated with increased well density and larger wells. Using two models, high exposure (as
compared to very low) was associated with depressive symptoms (exponentiated
coefficient = 1.18, 95% CI: 1.04-1.34), and high and low (compared to very low) were also

26

associated with depression symptoms (High = 1.51, 95% CI 1.12-2.04; low

1.63, 1.21-2.19).

No association was observed for disordered sleep diagnoses. Authors note that the originally
surveyed populations oversampled patients with nasal and sinus symptoms, and respondents may
be sicker than the general population, limiting the generalizability of these findings. However,
these findings suggest that UNGD may be associated with adverse mental health in a subset of
Pennsylvanians.

4.6.5. Noise associated with oil and gas development
As discussed in the CCST SB 4 Report (2015), proximal populations experience disproportionate
exposures to air pollution, noise, light associated with oil and gas development. While the
assessment in this report has focused largely on air pollution, co-occurrence of multiple hazards
from oil and gas activity readily occur and are important to consider. This section, separate from
our systematic review, briefly summarizes the oil and gas development literature focused on
proximity and noise.
Since the CCST SB 4 Report (2015), numerous additional studies have been published examining
noise exposures (A- and C- weighted decibels, dBA and dBC) from oil and gas development and
infrastructure near residential areas. A-weighted decibels (dBA) approximates the response of
human hearing and is used for determining annoyance; C-weighted decibels are used to measure
peak

sound

pressures

when

loud

impulsive

sources

are

expected

(Wong,

2010).

Hays et al. (2017) reviewed the scientific literature on environmental noise exposure to determine
the potential concerns, if any, that noise from oil and gas development activities present to public
health. The authors found that data on noise levels associated with oil and gas development are
limited, but measurements can be evaluated amidst the large body of epidemiology assessing the
non-auditory effects of environmental noise exposure and established public health guidelines for
community noise. The literature indicates that oil and gas activities produce noise at levels that
may increase the risk of adverse health outcomes, including annoyance, sleep disturbance, and
cardiovascular disease. More studies that investigate the relationships between noise exposure and
human health risks from UOGD are warranted. Finally, policies and mitigation techniques that
limit human exposure to noise from oil and gas operations should be considered to reduce health
risks.
Radtke et al. (2017) monitored noise at oil and gas 23 sites in northern Colorado. At 350 ft, during
three stages (drilling, hydraulic fracturing, and well completion) sites without noise barriers
exceeded permissible noise levels for residential (55 dBA) and commercial (60 dBA) zones.
Drilling and hydraulic fracturing sites with noise barriers also exceeded 55 dBA. At 107 m (350 ft)
from the noise source, all drilling, hydraulic fracturing, and completion sites exceeded 65 dBC.
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Boyle et al. (2017) evaluated noise from compressor stations used in oil and gas development and
transmission that may pose risks to nearby communities in West Virginia. The authors found that
noise levels exceeded both outdoor/daytime and indoor/nighttime US EPA decibel guidelines at
homes less than 300 meters (985 ft) from a natural gas compressor station. Average indoor noise
levels exceeded 40 A-weighted decibels (dBA), the level at which adverse health effects, such as
sleep disturbance and insomnia, have been reported.
Another study, Blair et al. (2018), documented noise levels at a multi-well oil and gas well pad
during construction and drilling in a residential area in Colorado over a 3-month period. Overall,
41.1% of daytime and 23.6% of nighttime dBA 1-min equivalent continuous noise measurements
were found to exceed 50 dBA, and 97.5% of daytime and 98.3% of nighttime measurements were
found to exceed 60 dBC. Measurements were taken within 320 - 550 m (1050 - 1805 ft) from the
center of the well pad, exceeding the state regulatory setback distance (~152 m, 500 ft). Noise
levels exceeding 50 dBA or 60 dBC may cause annoyance and be detrimental to health; thus, these
noise levels have the potential to impact health and noise levels and associated health effects
warrant further investigation. It would also be helpful for future studies like this one to help to
characterize the extent to which their well pad and infrastructure samples are representative of
these features more generally.

4.6.6. Summary of air pollution, noise, and health studies by distance
Studies are detailed by distance in Table 4. Increased risks from air pollution and elevated noise
levels associated with adverse health outcomes have been observed in close proximity to oil and
gas development. At 500 ft, the peer-reviewed literature suggests increased cancer risks
(McKenzie et al., 2018a; McMullin et al. 2018) and elevated noise levels (Radke et al.
2017). Paulik et al. (2016) found no increased cancer risk at 500 ft, but the researchers only looked
at PAHs rather than a wider array of pollutants identified in the literature. Elevated noise levels
were also observed out to approximately 1,000 feet from compressor stations at levels at which
adverse health effects, such as sleep disturbance and insomnia had been reported (Boyle et al.
2017). Furthermore, within 1,500-ft buffers around oil and gas sites in in Los Angeles, physiciandiagnosed asthma rates were higher than state-level and county-level surveys. Asthma prevalence
was also higher in a 1,500 ft buffer zone (West Adams near the Jefferson drill site) than Los
Angeles County (Shamasunder et al. 2018). Additionally, a survey of experts determined that the
minimum safe distance from unconventional oil and gas development is 1/4 mile (1,320 ft) and
additional setbacks should be considered for vulnerable groups (Lewis et al. 2018; see Section
4.7).
Hazards, risks, and impacts attributable to oil and gas development are also observed in the peerreviewed literature at 2,500 ft and beyond, including elevated noise levels (Blair et al. 2018),
adverse birth outcomes (Currie et al. 2017; Hill et al. 2018; McKenzie et al. 2014; Stacy et al.
2015; Whitworth et al. 2017; Whitworth et al. 2018), increased non-cancer and cancer risks
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(McKenzie et al. 2012), childhood cancer (McKenzie et al. 2017), and other acute adverse health
outcomes (Weinberger et al. 2017). One peer-reviewed industry study (Maskrey et al. 2016) found
that the maximum VOC concentrations did not exceed US EPA regional screening levels beyond
2,500 ft. However, numerous additional studies that have evaluated increased proximity, well
density, and certain activities at the well pad have observed associations with adverse respiratory,
cardiovascular, perinatal, mental health, and other acute health outcomes (Casey et al., 2016;
Casey et al., 2018; Koehler et al., 2018; McKenzie et al., 2018b; Rasmussen et al., 2016; Tustin et
al., 2016).
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Table 4. Summary of health studies that estimate exposures to air pollution, noise, or other co-exposures as function of proximity to (or distance from) oil and
gas development. Exposure metrics used may also incorporate well density, well pad activity. Studies are organized by distance evaluated and then
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6 Studies using exposure metrics including multiple parameters, such as distance, density, activity at well pad, and well productivity.

5 Studies published prior to 2015 and discussed in the CCST SB 4 Report that evaluate air pollution and health effects by proximity to oil and gas wells.

are not assessed.
4 Exposure assessed at different scales (ambient air, personal exposure) and at gradient of distance; health effects are not assessed.

2 Studies evaluating noise levels near oil and gas development published since 2015, but not included in the systematic review.
3 Study (discussed in Section 4.7) includes setback distance recommendations by health care providers, public health practitioners, environmental advocates, and researchers; health effects

where the study took place.

1 Determined by type of petroleum reservoir explicitly mentioned in the study; if not mentioned explicitly, we note the types of reservoirs produced from at the regional or state scale

(2016)

Tustin et al.

al. (2016)

Rasmussen et

al. (2018b)

McKenzie et

Publication

Reported
primary
hydrocarbon
produced

4.7.

Setback distances from oil and gas development and review of setback policies in the
United States

A national spatial assessment of population proximity to oil and gas development found that 17.6
million Americans, including 2.1 million Californians, live within 1 mile (5,280 ft) of an active oil
and/or gas well (Czolowski et al., 2017). Setback distances from oil and gas development can help
mitigate proximal population exposures to air pollutants and other stressors associated with oil and
gas activities that may be responsible for the observed human health risks and impacts in the peerreviewed literature. Setback distances are typically established at the state or local level.
A few publications have discussed setback distances from oil and gas development and their
associated effectiveness in reducing public health risks. Haley et al. (2016) investigated setback
distances from unconventional oil and gas development in the Marcellus, Barnett, and Niobrara
shale plays. In the areas studied, setback distances ranged from 150 to 1,500 ft. Given historical
events and published modeling and air pollution data, the authors concluded that these existing
setback distances do not appear sufficient to protect public health and safety from explosions,
radiant heat, and air pollution from oil and gas development activities. Although the authors state
that current legal setback distances are not adequate, no specific recommendations for setback
distances are provided.
Lewis et al. (2018) surveyed a group of experts (researchers, scientists at government and
regulatory agencies, and leaders in public policy and environmental advocacy) regarding safe
distances from unconventional oil and gas development. Consensus (defined as agreement among
70% of participants) was reached determining that the minimum safe distance from
unconventional oil and gas development is H mile (1,320 ft) and additional setbacks should be
used for settings where vulnerable groups are found, including schools, daycare centers, and
hospitals. There was a lack of consensus around setback distances between H - 2 miles (1,320 10,560 ft), due to limited health and exposure studies.
Webb et al. (2017) reviewed neurodevelopmental and neurological effects associated with
chemicals used in unconventional oil and gas operations and the potential effects on infants and
children. Upon review of Haley et al. (2016), the initial survey results presented in Lewis et al.,
(2018), and findings of McKenzie et al. (2012), Webb et al. (2017) recommended a setback
distance of 1.6 km (5,249 ft) or greater for dwellings such as schools, hospitals, and other spaces
where infants and children may frequent.

4.7.1. Review of setback policies in the United States
Existing setback distances for new development of oil and gas in the United States are summarized
in Table 5. While California has no established statewide setback for oil and gas development,
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local jurisdictions have established setbacks for residences and sites of sensitive receptors.
Recently in California, the City of Arvin adopted an ordinance that establishes setback distances
of 300 ft for new development and 600 ft for new drilling operations near sensitive sites, such as
parks, hospitals, and schools (City of Arvin, 2018). In addition to localized setback distances,
California Code of Regulation defines a critical well as within 300 ft of a residence or airport
runway or within 100 ft of a dedicated public street, highway, or operating railway; any navigable
body of water; any public recreational facility, or any other area of periodic high-density
population; or any officially recognized wildlife preserve (State of California, 2011). The Division
of Oil, Gas and Geothermal Resources (DOGGR) requires operators to disclose if a proposed well
for drilling meets critical well (CA DOC, 2018), implying that wells in close proximity to
populations may pose greater risk to public health and safety.

Table 5. Summary of minimum surface setback distances from oil and gas development in the
United States. Updated from LACDPH (2018) 1.
State

Jurisdiction

Year
Adopted

Setback
Setback Target
Distance (ft)
300

City of Arvin

New Development

2018

Sensitive sites, such as parks,

600
City of Carson
City of Los
Angeles

2015

2011

County

City of Arvin (2018)

hospitals, and schools

750

Housing, schools, hospitals

LACDPH (2018)

School, hospital, sanitarium, or

200

assembly occupancy

50

Building (>400 ft2 area, 36 ft tall)

California
Los Angeles

Source

City of Los Angeles
(2011)

Building not necessary to the

100
2013
300

operation of a well

LA County Fire

Place of assembly, institution, or

Department (2013)

school

Kern County

2015

210

SCAQMD 1

2015

1,500

Housing, schools, hospitals
Requires notification of nearby
sensitive receptors (residences,
schools, health care facilities)

500

Housing or commercial buildings

LACDPH (2018)
SCAQMD Rule 1148.2
(2015)
LACDPH (2018); Haley
et al. (2016)

High occupancy buildings -

1000

Colorado

State

2013

150

State

Haley et al. (2016);
(COGCC (2013)

correctional facilities)
350

Maryland

schools, day care centers,
hospitals, nursing homes, and
Outdoor recreational areas

Haley et al. 2016;

(playgrounds and sports fields)

COGCC (2013)

Surface property line

1,000

Housing, schools, faith institutions

2,000

Private drinking water wells

2016

Haley et al. (2016);
COGCC (2013)
LACDPH (2018)
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Year
Adopted

State

Jurisdiction

New Mexico

Santa Fe
County

2008

Oklahoma

Oklahoma City

2015

Pennsylvania State

Texas

1
2

2012

Setback
Setback Target
Distance (ft)

Source

750

Housing, schools

LACDPH (2018)

1,000

Groundwater and surface water
resources

LACDPH (2018)

300

Housing, fresh water well

LACDPH (2018)

600

Faith institutions

LACDPH (2018)

500

Housing and commercial buildings Haley et al. (2016)

200

Fresh water well

600

Housing, schools, faith
institutions, hospitals

City of
Arlington

2011

City of Dallas

2013

1,500

Housing, schools, faith institutions LACDPH (2018)

City of Flower
Mound

2011

1,500

Housing, schools, faith
institutions, hospitals, existing
water wells

City of Fort
Worth

200

Fresh water well

2010

600

Housing, schools, faith
institutions, hospitals

LACDPH (2018)

LACDPH (2018)

LACDPH (2018)

Setback table updated with information from the peer-reviewed literature and California county and city
policies.
Distance that requires notification of sensitive receptors, not a setback distance.

The California Air Resources Board (CARB) recommended that sensitive receptors should not be
located less than 1,000 feet from a variety of industrial land uses and stationary sources of air
pollutant emissions including distribution centers, rail yards and chrome platers (CARB 2005).
The CARB also recommends that sensitive receptors should be located at least 50 to 300 feet away
from gasoline dispensing facilities based on their size.
Of note, in Table 5, oil and gas operators in the SCAQMD are required - pursuant to SCAQMD
Rule 1148.2

to notify SCAQMD if an oil and gas well event (drilling, re-work, routine
maintenance, hydraulic fracturing, etc.) occurs within 1,500 ft of a sensitive receptor such as a
residence, school, hospital, or other health care facility (SCAQMD, 2015). A total of 597 (35%)
oil and gas well events in the SCAQMD were located within 1,500 ft of sensitive receptors, of

which 368 (62%) were within 600 ft of the receptor (Table 6, Shonkoff et al. 2019b). Within the
City of Los Angeles, 106 out of 131 total events (81%) were located within 1,500 ft of a sensitive
receptor and 81 out of 131 (62%) of the events were within 600 ft (Shonkoff et al. 2019b).
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Table 6. Number of oil and gas well events with associated chemical use reported within 1,500 ft
of a sensitive receptor in the SCAQMD.
Distance to Sensitive Receptor (ft)

All SCAQMD Events

City of LA Events

0-300

115

47

301-600

253

34

601-900

132

5

901-1,200

49

13

1,201-1,500

48

7

Total

597

106

Data Source: SCAQMD (2019)
Table Cited From: Shonkoff et al. (2019b)

5.0.

Relevance of results in the peer-reviewed literature to oil and gas
development and public health in the City of Los Angeles

As noted, the most rigorous and thorough way to evaluate the presence and magnitude of health
risks and impacts associated with oil and gas development in California would be to conduct
studies on oil and gas and public health in the within the State of California. Unfortunately, as
noted, there is only one health study to date on oil and gas development and public health outcomes
in California (Shamasunder et al., 2018) and it relies only on self-reported health outcomes data a type of data that is very difficult to interpret.
Health studies published since July 2015 have assessed health hazards, risks and impacts including
but not limited to childhood and adult cancers, upper and lower respiratory conditions,
cardiovascular outcomes, birth outcomes, hypertension, fatigue, dermatological symptoms, and
migraines. While there continues to be a dearth of epidemiological and other health investigations
on oil and gas development conducted in California, an increasing number of studies have focused
on these issues in other parts of the United States and Canada. Some of these studies to date focus
on types of oil and gas development and regulatory regimes that are uncommon in California such as shale gas development and coal bed methane production - however many of the studies
published since July 2015 are relevant to the California context given similar types of regional
petroleum geology (e.g., migrated oil) and methods of oil and gas development (e.g., enhanced oil
recovery and hydraulic fracturing of migrated oil deposits).
As noted earlier, there are a number of variables to consider when trying to assess the applicability
of a given study to the California context in general and the City of Los Angeles context in
particular. Some of the main variables include the following:
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(1) the type of petroleum reservoir (source rock vs. migrated hydrocarbons)
(2) the type of hydrocarbon under production (e.g., oil, gas, or oil and gas)
(3) the technological approach to hydrocarbon production (e.g., high volume hydraulic
fracturing, water flooding, steam injection, etc.)
(4) The types and intensities of emissions of criteria and hazardous air pollutants
(5) the regulatory environment (e.g., qualitative rigor of emission control regulations)
(6) the density of oil and gas development
(7) the density and demographics of human populations near the oil and gas development
under evaluation
In Table 4, a number of these variables are noted in order to help to illuminate the studies that are
likely to be the most relevant to the California and City of Los Angeles contexts. The studies that
take place in states and jurisdictions with similar attributes to the City of Los Angeles context are
those that evaluate health hazards, risks and outcomes from migrated oil and gas development in
states with relatively stringent air pollution emission control regulations. For instance, The State
of Colorado produces oil and gas both from source rock as well as migrated oil and gas with the
use of more shallow hydraulic fracturing and the application of enhanced oil recovery. Also,
Colorado, like California, has a methane emissions control rule which - if properly enforced - may
significantly reduce emissions of methane, non-methane VOCs and other air pollutants from
certain types of infrastructure during upstream oil and gas development. Below we explore some
of the similarities and differences between the oil and gas development context in the City of Los
Angeles and studies from other parts of the country.

5.1.

Petroleum Geology and Type of Oil and Gas Development

The majority of the studies that represent petroleum systems most similar to California were
conducted in the State of Colorado which has, like California, a diversified petroleum geological
system with significant migrated oil and gas development from shallower formations. Production
of Colorado oil, especially that in higher permeability, shallower geological formations is often
enabled with enhanced oil recovery (EOR) methods, much like in the City of Los Angeles.
Waterflooding, a primary type of EOR, is deployed significantly in the Los Angeles Basin in
general as well as in the City of Los Angeles. Furthermore, Colorado, like California has a methane
emissions reduction rule which - if properly enforced - may significantly reduce emissions of
VOCs and other air pollutants from certain infrastructure during upstream oil and gas
development.
Studies that focus on air pollution and human health associated with the development of oil and
gas from source rock - for instance shale wells in the Marcellus Shale region of Pennsylvania or
the Bakken Shale region of North Dakota - may differ from studies that could be conducted in
California or City of Los Angeles in a number of key ways. First, unlike many of the oilfields in
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City of Los Angeles that have been in production for more than one hundred years, the
development of shale gas in the Marcellus has only been at scale since the mid-2000s. The
development of oil and gas in new areas often means that the gas-gathering and water movement
infrastructure has not been built out to the degree that it is with mature oilfield operations, which
can result in increased gas venting and the use of trucks for movement of water on and off site.
Of course, there are also similarities between oil and gas production in Pennsylvania and
California. While in recent years unconventional oil and gas has dominated public conversation
around well development, conventional well development in Pennsylvania is by no means
obsolete. According to 2017 PADEP production records, 89.5% of all active Pennsylvania oil and
gas wells are conventional (PADEP, 2018a; Hill et al., 2019). Over the years 2013 to 2017, 2,228
new conventional wells were spudded in Pennsylvania, making up 32% of all wells spudded during
this time frame (PADEP, 2018b; Hill et al., 2019). Meanwhile, an increasing body of literature
suggests that various hazards and risks are intrinsic to both types of hydrocarbon production
(Jackson et al., 2014; Lauer et al., 2018; Stringfellow et al., 2017; Zammerilli et al., 2014). While
most health studies in Pennsylvania are explicitly focused on shale gas development, few studies
consider whether conventional oil production and associated infrastructure may be playing a role
in their observations of air quality and health hazards, risks and impacts.
The lack of insight into the petroleum geology and hydrocarbon type under production is a frequent
shortcoming of health studies on oil and gas development in the peer reviewed literature. For
instance, as noted, Colorado has a very diverse petroleum geology with oil, natural gas, associated
gas and condensate being produced from source rock as well as migrated accumulations in
shallower geologies. In Colorado, there is are geographic and geological propensities for
hydrocarbon type with oil being more prominently found in the Denver-Julesburg Basin - e.g., the
region where the study by McKenzie et al. (2018a) was conducted - and natural gas being more
prominent in the Piceance Basin - e.g., where the study by McKenzie et al. (2012) was conducted.
Despite this shortcoming - or perhaps in light of it - it is notable that the maj ority of peer-reviewed
studies on oil and gas development have found associated hazards, risks and/or impacts to human
health (Hays & Shonkoff, 2016).

5.2.

Differences in Air Pollution Monitoring

Given the use of exposure metrics (e.g., distance from and density of oil and gas development,
volume of production of hydrocarbons, etc.) instead of in situ environmental measurements, it
remains a challenge to determine which exposure or series of exposures may be driving the
repeated observations of health impacts found in the peer-reviewed literature. While many of these
studies posit that benzene and other air pollutants from oil and gas development activities may be
driving these trends, the mechanisms of health impact remain uncertain. It is also possible that
health impacts may be driven by pollutants that are not routinely monitored for, such as the volatile
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fraction of compounds used as additives in oil and gas development. The chapter in this report that
assesses the SCAQMD 1148.2 database on chemicals used in oil and gas operations in the Los
Angeles Basin, and City of Los Angeles in particular (Shonkoff et al. 2019b), evaluates what some
of these compounds might be and what future air pollution monitoring efforts could expand their
scope to focus on.

5.3.

Overlap of types of pollutants emitted from the City of Los Angeles with those observed
in the peer-reviewed literature

One way to compare the human health hazards of oil and gas development operations outside of
the City of Los Angeles to those within the City of Los Angeles is to compare the types and
intensities of emissions from the operations. As mentioned previously in this report, GarciaGonzales et al. (2019a) conducted a systematic review of peer-reviewed literature on hazardous
air pollutants observed in emissions from and in the air near oil and gas development operations
in the United States. The results of which HAPs were identified in the reviewed studies is shown
below in Figure 3.
While there has been very limited in-situ air pollution monitoring around oil and gas development
operations in the City of Los Angeles to date, the SCAQMD requires the reporting of toxic
pollutant (many of which are HAPs) emissions from oil and gas operators in the State of California
pursuant to The Air Toxics “Hot Spots” Information and Assessment Act (AB 2588, 1987,
Connelly) enacted in 1987. The Hot Spots Program requires stationary sources to report the types
and quantities of certain substances routinely released into the air. Many pollutants reported as
emitted from oil and gas development pursuant to the Hot Spots Program to SCAQMD are also
on the list of hazardous air pollutants observed at oil and gas operations nationally.
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Figure 3. HAPs identified in studies from Garcia-Gonzales et al. (2019a).
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It is difficult to directly compare the mass and intensity of emissions of pollutants between
operations in the City of Los Angeles and other operations in the United States for a number of
reasons, including:
Emission reporting requirements, if they exist are not uniform across states and regional
jurisdictions.
Emissions reporting to the SCAQMD are not the result of field-based measurements, but
rather estimates based on assumptions regarding emission factors from equipment and the
number of units of that equipment deployed.
Emissions reporting to SCAQMD is not temporally explicit. For instance, reporting refers
to pounds per year, but does not provide information on the intensity of emissions at any
given time during the year.
Emissions are reported to SCAQMD at the facility scale and geographically explicit
information is not provided.
An in-depth comparison of pollutants observed in the peer-reviewed literature with chemicals
reported to SCAQMD is beyond the scope of this report. However, available information on
emissions of toxic pollutants and hazardous air pollutants suggest that the types of pollutants
emitted from oil and gas development operations in the City of Los Angeles are similar to those
emitted from operations in other parts of the United States where health hazards, risks and
impacts have been observed in studies.

5.4.

Density of Oil and Gas Development

While distance from oil and gas development is - across many of the peer-reviewed studies associated with increased health risks and endpoints, the density of oil and gas development is also
noted as a key factor. For instance, in Colorado, McKenzie et al. (2014) found that incidence of
congenital heart defects and neural tube defects were associated with the highest exposure category
(126 to 1,400 wells per square mile) as compared to the lowest exposure category (0 wells within
10 square miles). Similarly, in a case-control study, McKenzie et al. (2017) found that young
individuals (ages 5-24) with acute lymphocytic lymphoma (ALL) were over four times as likely
to live in the highest well proximity and density category (>33.6 wells per square mile) as
compared to those not diagnosed with ALL. Additionally, a linear increase in risk of ALL was
observed with increasing proximity and density exposure categories. In order to assess similarities
in the oil and gas development context between the City of Los Angeles and studies that have
assessed density of oil and gas wells as a proxy for exposure, we conducted a spatial analysis on
density of oil and gas wells in The City of Los Angeles.
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5.4.1. Approach to well andpopulation density assessment in and around the City ofLos Angeles
In the context of the City of Los Angeles, it is important to identify the particular neighborhoods
and communities that host the most extensive oil and gas development to be able to appropriately
put the density of oil and gas development in the City of Los Angeles in the context of findings of
health outcome associations with oil and gas well density in the body of peer-reviewed literature.
To assess oil and gas development density in a comparable fashion to what exists in the peerreviewed literature, we used measures of the spatial density of oil and gas wells as a proxy for oil
and gas activity. To do this we conducted a census tract cluster analysis to determine the well
density in the most oil and gas well-dense regions of the City of Los Angeles and adjacent areas.
To conduct this analysis we used the 2012 census tract boundary file with 2017 tract-level
demographics provided by ESRI, Inc (ESRI, 2019) dataset which provides current estimates based
upon the most recent American Community Survey (ACS) 5-year data (2009-2017) (US Census
Bureau, 2019). We then buffered these tracts at 1,000 feet, as per guidance of the California Air
Resources Board for recommended separation of sensitive land uses from significant sources of
air toxics and other health-threat air pollution (CARB, 2017) and calculated a “preliminary well
density” metric for each tract that reflects the number of oil and gas wells within the tract buffer. 3
This analysis was conducted for the entire area of the City of Los Angeles, but includes wells near
the city boundaries, as these add to the total impact of well density on a given census tract and its
residents. The frequency distribution of this metric, countywide, was evaluated using the Jenk’s
Optimization procedure to identify a natural break at 10 wells per square kilometer. Because of
the highly clustered nature of oil and gas wells in Los Angeles, tracts with values higher than this
are adjacent, creating “clusters” of census tracts which define areas of the highest oil and gas well
density in this region. These tract clusters, were for the most prominent Los Angeles neighborhood
within their area, and a final well density metric was calculated to reflect the number of wells per
square kilometer for the tract cluster. A variety of human population metrics are reported, below,
reflecting aggregated values for each tract cluster.

5.4.2. Results of well and population density assessment in and around the City ofLos Angeles
The tract clusters that represent neighborhoods with the highest well density in the City of Los
Angeles and adjacent areas can be seen in Figure 4.

3 Well data from DOGGR downloaded in March 2019; this analysis considers all wells described as either “active”,

inactive” or “new”
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In Table 7, we show the results of our analysis of oil and gas well and sensitive receptor density
in neighborhoods within and near the City of Los Angeles. The highest well density in/near the
City of Los Angeles is in the Baldwin Hills neighborhood which has 216 wells per square mile (83
wells per square kilometer). It should be noted that all of the wells near this neighborhood are
located in unincorporated Los Angeles County. The highest well density within the City of Los
Angeles is in the LA City Neighborhood (Koreatown, Westlake and Chinatown) with 162 wells
per square mile (63 wells per square kilometer). Studies in the peer reviewed literature have found
associations with poor birth outcomes, some childhood and adult cancers and other health
outcomes at densities of 33.6 to 1,400 wells per square mile (13 to 540 wells per square kilometer).
Using this range, 14 of the 15 tract cluster neighborhoods in the City of Los Angeles have oil and
gas development (using oil and gas wells as a proxy) at the density associated with poor health
outcomes in studies conducted in other parts of the country. In fact, density of oil and gas wells is
in some cases higher per square mile in parts of the City of Los Angeles than the highest density
category evaluated in studies in Colorado, Pennsylvania and Texas (Table 4).
Also of note in Table 7 is that the population density and demographics in the neighborhoods with
high oil and gas well density. Population density is approximately 8,940 people per square mile
(3,430 per square kilometer) throughout the City of Los Angeles and surrounding areas. The three
highest population densities in high well density areas are found in the Jefferson (22,257 per square
mile), University Park (22,237 per square mile) and LA City (Koreatown, Westlake, and
Chinatown) (21,803 per square mile) neighborhoods. These population densities are much higher
than those in rural Colorado, Pennsylvania and Texas where the majority of the peer-reviewed
health studies have been undertaken. As such, while uncertainty exists as to how the emission
profiles of oil and gas development in the City of Los Angeles compares to those in the studied
areas in Colorado, Pennsylvania and Texas, what is clear is that emissions that do occur in the City
of Los Angeles have a much higher intake fraction, i.e. the fraction of emissions that are inhaled
by a human (Apte 2012; Marshall et al. 2003).
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6.0.

Discussion and research and policy recommendations

We reviewed the peer-reviewed literature to assess the weight of the evidence surrounding whether
oil and gas development is associated with human health hazards, risks and impacts. Our broad
conclusion is that the literature published to date strongly suggests that there are health hazards,
risks, and potential impacts to communities that live, work and play in close proximity to and
among high density of oil and gas development. While the magnitude of health risks and impacts
associated with oil and gas development in the City of Los Angeles is not extensively characterized
there are enough similarities between the types of operations studied outside of California to
operations located in the Los Angeles Basin that this body of literature should be carefully
considered by regulators and policy decisionmakers. Moreover, the population density near oil and
gas development in the City of Los Angeles is much higher than in most of the places where oil
and gas has been studied and, as such, should also be a carefully considered in policy
decisionmaking.
While not all of the peer-reviewed studies published to date are directly applicable to the City of
Los Angeles, the body of science that is most relevant - predominantly from the State of Colorado
- strongly suggests that public health risks and impacts increase as a function of density of and
distance from, oil and gas development. Further, the density of wells in the primary oil and gas
development areas of the City of Los Angeles is similar to those densities of wells that have been
associated with poor health outcomes in multiple studies across multiple states in the peerreviewed literature. While oil and gas well density does not answer questions about relative
emission rates and intensities and other factors that may influence exposure, it is clear that multiple
factors are similar between studied oil and gas areas and the City of Los Angeles context. Further,
as noted, population density in the City of Los Angeles and surrounding areas is significantly
higher than the majority of places studied in the peer-reviewed literature. While this fact should
not influence the oil and gas development operations, it does suggest that any emissions that do
occur in the City of Los Angeles could impact a far greater number of people.
The State of California and the SCAQMD in particular has taken important regulatory steps to
control emissions from upstream oil and gas development. The CARB has been working to
implement landmark methane control legislation that may also control some additional sources of
non-methane VOC emissions and air districts have promulgated regulations to reduce VOC and
NOx emissions from a variety of emission sources within upstream oil and gas development.
However, simultaneously there are some key uncertainties and potential shortcomings of these
state and regional regulations. For instance, approaches to methane control under the CARB
methane rule may not control emissions from certain sources of non-methane volatile organic
compounds (NMVOCs) and aromatic hydrocarbons such as those from oil flashing.
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6.1.

Emerging Field-Based Air Pollution Measurements Near Oil and Gas Development in the
Los Angeles Basin

6.1.1. Mellqvist et al., 2017
While this report is a systematic review of the peer-reviewed literature, it is worth briefly
discussing a recent report authored by the SCAQMD given its relevance to the City of Los
Angeles. In an effort to characterize VOC emissions from stationary industrial sources (e.g., oil
and gas wells, refineries, gas stations) in the South Coast Air Basin, SCAQMD supported
FluxSense measurement projects using optical remote sensing methods (Mellqvist et al., 2017).
The quantification effort included 5,000 active oil and gas wells across 17 sites in the Los
Angeles Basin. Oil and gas wells were associated the following relative contributions of
emissions sources assessed: 53% of alkane and benzene, toluene, ethylbenzene, and xylene
(BTEX) emissions; 40% of BTEX emissions, and 46% of benzene emissions. Emission rates
from oil and gas wells were estimated to be 6,510 kg/h of alkanes, 467 kg/hour of BTEX, and 75
kg/h of benzene emitted from oil and gas wells (138 kg/h of alkanes, 0.075 kg/h BTEX, and
0.012 kg/h benzene per well). The authors emphasize that given the substantial number of
sources that are located close to residential neighborhoods, these results suggest that further
investigation is needed to better quantify the impact of small sources to the overall BTEX
emissions in the region (Mellqvist et al., 2017).

6.1.2. Garcia-Gonzales et al. (2019b)
In a recent effort to characterize pollutant decay by distance from oil and gas wells at the
Jefferson drill site in the City of Los Angeles, Garcia-Gonzales et al. (2019b) monitored for air
toxics (benzene and n-hexane) and an oil and gas tracer compounds (n-pentane) at 11 residential
sites within 245 m (804 ft) of the closest wellhead. On the eastern transect, benzene and nhexane were found to decay to background levels at approximately 130 m and 195 m (427 and
640 ft), respectively; n-pentane was detected at background level from 165 m (541 ft), but
concentrations increased at the furthest sampling location. The opposite was observed at the
western transect, where n-pentane concentrations decreased with distance and benzene and nhexane concentrations increased with distance; authors note that the western transect was likely
influenced by another upwind pollution source. Notably, n-hexane concentrations were elevated
above background at approximately 200 m (656 ft) from the closest wellhead.

6.1.3. Study ofNeighborhood Air Near Petroleum Sources (SNAPS)
Some remaining data gaps may be filled through the Study of Neighborhood Air near Petroleum
Sources (SNAPS) program run by the CARB. The SNAPS program is tasked with measuring air
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pollutant concentrations near oil and gas operations at the community level throughout the State
of California.
The SNAPS program

if air quality data is collected in ways that appropriately captures the

episodic nature of diverse emissions from upstream oil and gas systems - may provide important
information for researchers, regulators and communities on questions surrounding human health
risks associated with California oil and gas development activities. However, SNAPS is a single
study and prudence should be exercised in over-extrapolating the validity of its results - positive
or negative - to oil and gas development in general across temporal, geographical, geological, oil
and gas operator and regulatory space in California. SNAPS results should be critically examined,
compared against and integrated with results of other studies in the field, including those reviewed
in this report.

6.2.

The consideration of minimum surface setbacks to protect public health

The science is relatively clear that the development of oil and gas immediately adjacent to places
where people live, work and play poses hazards and risks to public health and that some minimum
distance from sensitive receptors should be considered. Texas, Pennsylvania, Colorado, New
Mexico and other major oil and gas producing states have regulations that set a minimum surface
setback requirement from sensitive receptors where oil and gas can be produced and in most cases
these setback requirements are larger than those that exist in the City of Los Angeles and the State
of California more generally.
The determination of how far is far enough is complex, especially given that much of the literature
to date has also identified the density of oil and gas development to be a key factor associated with
health risks. Nonetheless, analysis in this report has concluded that 14 of the 15 most oil and gas
well-dense areas in the City of Los Angeles are at or above well density that has been associated
with health hazards, risks and impacts in peer-reviewed studies from other parts of the country
(see section 5.4).
LACDPH (2018) in their recent report provide helpful guidance with respect to recommendations
for a setback policy in the City of Los Angeles. A summary of their assessment with respect to
mitigation of health risks as a function of distance can be found below in Table 8 below. It should
be noted that LACDPH reviewed Los Angeles County health complaints data and environmental
impact statements in their assessment, yet included a more limited number of peer-reviewed air
pollution and epidemiological studies than we did in this report.
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Table 8. Mitigation of human health and emergency risks as a function of distance.
Setback
Distance

Air duality

Noise

Odors

Fires,
Explosion^
and Other

Additional Mitigation and Assessment Notes

Emergencies

Some health and safety Impacts may still be
unavoidable regardless of additional mitigation.

300 feet

Additional mitigation and assessment would
likely be needed to avoid most impacts. Odors
may be unavoidable, regardless of mitigation. Air
monitoring is advised.

600 feet

Additional mitigation and assessment may be
needed to avoid noise impacts during certain
operations, e.g. well advancement. Odors may be
unavoidable in loss of containment events,
regardless of additional mitigation.

1,000 feet

Additional mitigation not likely to be needed.
Some uncertainty remains due to gaps In long
term health and exposure data.

1,5 00 feet

y

Represents the distance at which the impact is likely mitigated

Source: LACDPH (2018), p. 22
As noted in Table 8, LACDPH (2018) asserts that concentrations of health-damaging air pollutants
are expected to fall considerably around 600 ft from their emission source, but additional
mitigation measures (e.g., heightened emission controls) should also be deployed as well as air
pollution monitoring to screen for effectiveness. The LACDPH also concludes that most key
public health and safety hazards would likely be mitigated at 1,500 ft from the emission source,
with the exception of risks posed by fires, explosions and other emergencies.
The conclusions of the LACDPH (2018) report agree to a large degree with the findings in this
literature review. The heavier and conserved air pollutants, such as benzene have a steep air
concentration gradient as they move away from their emission source. However, as noted earlier,
most of the studies that assess health risks and impacts as a function of distance in the peerreviewed literature do not consider distances less than 2,500 ft due to the need for population
sample sizes large enough to power their study and the majority - but not all - of these studies
have found evidence of health impacts associated with oil and gas development at this distance.
Additionally, as noted in Shonkoff et al. (2019b), SCAQMD Rule 1148.2 requires reporting
distance of oil and gas well events from sensitive receptors. Of note, 62% of oil and gas well events
reported to this database between 2013 and 2018 in the City of Los Angeles occur within 600 ft of
sensitive receptors. This may be important given that 40 (12%) chemicals reported to the
SCAQMD dataset were identified on air pollution screening lists, of which 24 were used in the
City of Los Angeles. A total of 22 chemicals were identified as hazardous air pollutants (HAPs)
under the Clean Air Act, half of which were reported as used in the City of Los Angeles (Shonkoff
et al. 2019b).
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Recent published reviews of the literature (Johnston et al., 2019; Stacy, 2017) call for improved
characterization of exposures by community health studies as vital to determine the full range of
health risks to populations near oil and gas extraction. Given that it takes time to develop,
implement, and publish peer-reviewed epidemiological research, strategies to mitigate community
exposures should be undertaken. These approaches may include the implementation of minimum
surface setbacks, emissions control technologies, caps on the number of oil and gas wells that can
be sited per unit area, and other strategies (CCST, 2015). These types of exposure reduction
strategies may be particularly beneficial in areas of high population density near dense oil and gas
development, such as in the City of Los Angeles.
Below we list the key findings, conclusions and recommendations (FCR) that emerged from our
assessment of the peer-reviewed literature:

6.3.

Findings, Conclusions and Recommendations

Below we summarize our main findings, conclusions and recommendations (FCR) from this
review of the literature and assessment of applicability to the City of Los Angeles Context.

FCR-1: Conduct studies in the State of California to assess the relationship between oil and
gas development and public health as a function of distance.
Finding: Only one peer-reviewed oil and gas development and health study has been conducted
in the State of California. There are however a variety of results and conclusions drawn from the
greater peer-reviewed literature outside of California that are applicable to the California context.
Conclusion: There is a dearth of peer-reviewed studies on oil and gas development that are
specific to the State of California and the City of Los Angeles, yet there are results and conclusions
drawn from the weight of the peer-reviewed literature outside of California that are relevant to the
California context.
Recommendations:
(1) Conduct health studies in the City of Los Angeles on the health dimensions of oil and gas
development as a function of distance and oil and gas well density that incorporate multiple
potential environmental and exposure pathways. These studies should assess active oil and
gas development and could also include inactive oil and gas development such as plugged
and abandoned wells and associated infrastructure. Given the increasingly expansive body
of health literature on the topic, consider promulgating health-protective policies based on
the existing literature.
(2) Ensure that field-based air pollution monitoring at the community scale and in close
proximity to oil and gas development continues and expands and that it is implemented in
ways that properly characterize emissions from these processes. This includes but is not
limited to ensuring that air monitoring methods are deployed to capture the intermittent
and periodic nature of emission events throughout the oil and gas development process and
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that there is access to well pad-level activity information to inform the monitoring
approaches.

FCR-2: Consider the implementation of a minimum surface setback requirement, caps on
oil and gas development density and deployment of increased emission control strategies in
the City of Los Angeles.
Finding: The majority of peer-reviewed studies that assess human health in the context of oil and
gas development as a function of distance and density have noted increased hazards, risks and
health impacts as distance decreases and density increases. The density of oil and gas development
in oil and gas-producing neighborhoods in and near the City of Los Angeles is as high or higher
than densities of oil and gas development associated with health impacts in out of state studies.
Conclusion: The development of oil and gas close to human populations poses higher risks of
exposure to health-damaging air pollutants than the development of oil and gas further away from
human populations. The same trend tends to exist for higher vs. lower density of oil and gas
development.
Recommendations:
(1) Agencies with jurisdiction should consider the implementation of minimum surface
setbacks between oil and gas development and sensitive receptors including but not limited
to residences, schools and hospitals in the City of Los Angeles. The distance determined
should, at a minimum, be far enough that heavier conserved air pollutants such as benzene
have time to fall out of the atmosphere before reaching sensitive receptors. The decision as
to how large the setback is should also take the available body of epidemiological studies
into account. Studies to date conducted in regions with migrated hydrocarbon reservoirs
have found associations with increased health risks associated with oil and gas
development ranging from approximately 0.1 miles (500 feet) to one mile (5,290 feet). As
such, a setback greater than 500 feet and up to 5,290 feet should be considered.
(2) Given that the density of oil and gas development has been found across a number of health
studies to be associated with increased health risks, agencies with jurisdiction may consider
limiting the density of wells and other oil and gas development infrastructure at oil and gas
producing areas within and near the City of Los Angeles.
(3) Best available emission control technologies and management approaches should be
deployed on all oil and gas wells and ancillary infrastructure to limit emissions of health
damaging air pollutants. Target air pollutants should include both those that are regularly
monitored for (e.g., Criteria Air Pollutants, TACs and aromatic hydrocarbons such as
benzene) as well as those pollutants that are less frequently monitored for including, but
not limited to chemicals reported to SCAQMD pursuant to Rule 1148.2 that are known air
pollutants.
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Abstract
Increased energy demands and innovations in upstream oil and natural
gas (ONG) extraction technologies have enabled the United States to
become one of the world’s leading producers of petroleum and natural
gas hydrocarbons. The US Environmental Protection Agency (EPA) lists
187 hazardous air pollutants (HAPs) that are known or suspected to cause
cancer or other serious health effects. Several of these HAPs have been
measured at elevated concentrations around ONG sites, but most have not
been studied in the context of upstream development. In this review, we
analyzed recent global peer-reviewed articles that investigated HAPs near
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ONG operations to (a) identify HAPs associated with upstream ONG development, (b) identify
their specific sources in upstream processes, and (c) examine the potential for adverse health outcomes from HAPs emitted during these phases of hydrocarbon development.

1. INTRODUCTION
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Over the past several decades, as energy demands have increased contemporaneously with innovations in upstream oil and natural gas (ONG) extraction technologies, the United States has
become the world’s top producer of petroleum and natural gas hydrocarbons (34). The US Energy
Information Administration (104) reported that US petroleum and other liquid fuel production
reached 9.3 million barrels per day, and dry natural gas production averaged 73.6 billion cubic feet
per day in 2017, with increases projected for 2018 and 2019. In some areas, including Pennsylvania, Colorado, Texas, and California, ONG extraction and development have expanded closer
to residential communities, increasing risks of population exposures to air, water, soil, noise, and
light pollution. Research suggests that current setback standards—or distances in which the ONG
industry can develop from water sources, residential structures, and other facilities—may not be
sufficient to reduce potential risks to human health from ONG activities (12, 53). A growing, yet
still relatively small body of studies has investigated the relationship between the proximity of
these facilities and human health impacts (21, 22, 31, 60, 78, 79, 96, 97, 99). With a dearth of
scientific data characterizing exposure risks, it is difficult to offer scientific guidance on specific
adequate setback requirements, despite the fact that an estimated 18 million people live within
1,600 m (∼1 mile) from an active ONG well (32). Special disclosure exemptions from the federal
Emergency Planning and Community Right-to-Know Act allow the ONG industry to withhold
information regarding chemical constituents used, produced, and emitted, further compounding
the difficulty in identifying chemical-related hazards and their associated exposure pathways (106).
The current body of scientific literature suggests that upstream ONG development processes emit numerous air pollutants, including methane, nonmethane-volatile organic compounds
(VOCs), particulate matter (PM), aliphatic and aromatic hydrocarbons, aldehydes, and nitrogen
oxides, some of which are also precursors to tropospheric ozone and secondary organic aerosol
(SOA) production (18, 41, 89, 95, 111, 115, 122). Upstream ONG development includes all phases
and processes necessary to extract ONG hydrocarbons from subsurface reservoirs, excluding the
transportation, transmission, storage, refinement, and wholesale of refined products. Upstream
processes consist of four broad phases of operation: (a) exploration and well pad and infrastructure construction; (b) well drilling and construction of associated surface and subsurface equipment
and facilities; (c) application of well stimulation or secondary oil and gas recovery techniques (e.g.,
water flooding and steam injection) and completion, or both; and (d) hydrocarbon production
and processing. Various attempts to identify and classify all products and chemicals used or emitted during the upstream ONG development process have resulted in disparate lists ranging from
343 to 1,177 unique chemicals, some classified as HAP compounds with known carcinogenic and
noncarcinogenic toxicological properties (26, 38, 82, 108). Current research on oil and gas development provides conflicting evidence over the concentrations of various pollutants in the air
across geographic, regulatory, and corporate spaces; however, a consensus exists regarding the
presence of air pollutants that can pose human health hazards around ONG sites (19, 27, 48, 56,
68, 73, 79, 88).
Emissions of hazardous air pollutants (HAPs) from ONG are of particular concern because
they are known or suspected to cause cancer or other serious noncancer health effects. The US
Clean Air Act currently lists 187 HAPs for regulation (107), some of which have been associated
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with ONG activities. The Committee on Energy and Commerce and the Endocrine Disruption
Exchange have identified more than 20 different HAPs, which have been associated with upstream
ONG activities or processes (101, 109). While the number of studies examining the human health
impacts of ONG development is growing, limited information exists on the role of HAPs in the
upstream process and the health impacts of HAP-related emissions (18, 44, 80, 114).
The purpose of this review is to summarize the research conducted to date on the associations between HAPs and upstream ONG development. Specifically, this article aims to (a) identify
HAP compounds that have been investigated near upstream operations within the peer-reviewed
literature; (b) determine which of these compounds has been traced to a specific upstream phase,
process, or source; and (c) examine the potential health hazards attributable to these HAPs. Our
synthesis of the science is intended to inform future research priorities and to assist in public health
protection. A list of ONG industry terms can be found in the sidebar titled Terms and Definitions.

TERMS AND DEFINITIONS
Anthropogenic: originating from human activities. With air pollution, these activities include those related to
transportation (or mobile), agriculture, or industry sources.
BTEX: the group of compounds, including benzene, toluene, ethylbenzene, and total xylenes. These compounds
occur naturally in petroleum and are released primarily through motor vehicle emissions, but they are also emitted
naturally via volcanoes and forest fires.
Condensate: broadly defined as a liquid formed by condensation. With oil and natural gas, condensate is a gas that
condenses into a liquid hydrocarbon mixture after being liberated from the high-pressure environment within a
well.
Hazardous air pollutant (HAP): the US EPA defines HAPs as pollutants that are known or suspected to cause
cancer or other serious health effects, such as reproductive effects or birth defects, or adverse environmental effects.
Oil and natural gas (ONG): describing both liquid and gas fossil fuel products. Oil refers to crude oil hydrocarbon mixtures that exist in liquid form, whereas natural gas consists mainly of methane (CH4 ), a small amount of
hydrocarbon gas liquids, and nonhydrocarbon gases. Oil, gas, and liquid gas hydrocarbons can be found in underground reservoirs, sedimentary rocks, or tar sands and can be recovered in the near absence of the other forms or
simultaneously.
Polycyclic aromatic compounds (PAHs): a class of organic compounds composed of multiple aromatic rings that
occur naturally in crude oil. More than 100 different PAHs exist, including benzo[a]pyrene, benz[a]anthracene, and
chrysene, with varying degrees of toxicity.
Petrogenic: originating from hydrocarbons formed by the decomposition of organic matter. In regard to petrogenic
air pollutants, these may be released when fuel oil and crude oil are exposed during upstream oil and natural gas
operations.
Polycyclic organic matter (POM): defines a broad class of compounds that generally includes structures containing 2–7 fused aromatic rings and are present in the atmosphere mostly in particle form. PAHs are a subset of
POMs.
Proppant: a material (often sand) used to prop open cracks within fractured shale rocks to harvest oil, natural gas,
or other targeted materials. Proppant is often mixed with a chemical liquid mixture and forced into shale formations
at high pressure.
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Reference effect level (REL): a reference exposure level from the Office of Environmental Health Hazard Assessment (OEHHA) of the California Environmental Protection Agency (Cal/EPA). The REL is a concentration
of a single chemical at or below which adverse noncancer health effects are not anticipated to occur for a specified exposure duration. RELs have been developed for a limited number of compounds for acute, eight-hour, and
chronic exposures.
Repository for Oil and Gas Energy Research (ROGER) database: PSE’s nearly exhaustive database of
peer-reviewed literature on shale gas development, which can be found on the PSE website (http://www.
psehealthyenergy.org).
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Wet gas: a natural gas that contains less than ∼85% methane and increased amounts of ethane and other hydrocarbons, as opposed to dry gas, which occurs in the near absence of condensate or liquid hydrocarbons.

2. MATERIALS AND METHODS
2.1. Scope
We began with the inclusion of all 187 HAPs listed by the US Environmental Protection Agency
(EPA). Hydrogen sulfide (H2 S) was removed from the official US EPA list in 1991 but was included
in our review owing to its toxic properties, detection at low concentrations (0.03–0.05 ppm), and
prevalence in oil and gas development operations. From this point forward, when referring to
HAPs, we include all 187 compounds listed by the US EPA, plus H2 S for a total of 188 compounds.
Given the rapid expansion of ONG development activities over the past few years, only peerreviewed articles published between January 1, 2012, and February 28, 2018, were included in the
current review. Many HAPs have been measured and monitored near ONG operations as primary
pollutants; however, some HAPs—including, for example, formaldehyde and acetaldehyde—are
also secondary pollutants formed from the atmospheric transformation of precursor compounds
emitted from ONG operations (27). Although they are central to the question of HAP formation
and atmospheric concentrations, HAP precursors fall outside the scope of this review.

2.2. Keyword Search
We developed a list of keywords to assist in a comprehensive literature search of all upstream ONG
processes and target pollutants. Owing to the inconsistency of the terminology surrounding the
upstream ONG development process, we cast a wide net to be inclusive of possible iterations
when building the keyword search. These keywords included, but were not limited to, the terms
“fracking,” “fracturing,” “hydraulic fracturing,” “oil and natural gas development,” and common
acronyms including “UNGD” and “ONG.” In all, we incorporated 18 iterations and acronyms.
Additionally, we included keywords for transport media to ensure that search results encompassed
airborne compounds. We erred on the side of being overly inclusive and integrated broad group
names, including volatile organic compounds (VOCs), nonmethane hydrocarbons (NMHCs), and
hazardous air pollutants (HAPs) during the search process. Keywords and search queries are provided in Supplemental Table 1.

2.3. Electronic Database Search
We searched peer-reviewed journal articles within three electronic search databases in
March 2018. First, we searched the Clarivate Analytics Web of Science database (http://
www.webofknowledge.com) using their Advanced Search query tool. Boolean operators were
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used to narrow English language article search results by topic and by publication timeframe.
We also searched PubMed (http://www.ncbi.nlm.nih.gov) to ensure our literature review included a comprehensive search of peer-reviewed journal articles focused on the human health dimensions of upstream ONG development. Results were narrowed by text words and publication
timeframe. Search queries resulted in 639 and 1,146 peer-reviewed journal articles in the Web of
Science and PubMed, respectively. After comparing databases and eliminating duplicate articles,
search results were then compared with PSE Healthy Energy’s Repository for Oil and Gas Energy Research (ROGER) database (https://www.psehealthyenergy.org/our-work/shale-gasresearch-library/). Articles found in the ROGER database that were not included in searches
from the electronic databases were added to the collection, for a final count of 1,833 journal articles. These articles were then collected, organized, and evaluated using the inclusion/exclusion
criteria.

2.4. Inclusion and Exclusion Criteria
A Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart
shows how the inclusion/exclusion criteria resulted in the final article count (Figure 1). We first
scanned titles to remove papers from our review on the bases of whether a paper met the following criteria: (a) not written in English; (b) was a review, commentary, or response paper and not
a primary study; and (c) did not investigate air quality near ONG development. After reviewing
the abstracts and content of the remaining papers, we excluded studies that did not collect primary, modeled, or estimated HAP emissions and concentrations or did not conduct other primary
HAP analyses from secondary data sources. We focused on papers that described ground-level or
local-level pollutant concentrations and papers that focused on source attribution of HAPs to upstream ONG operations. Several articles using concentrations of HAP compounds to model the
formation of secondary non-HAP air pollutions were excluded if they did not directly investigate
impacts of local-scale HAP compounds or their emission sources.

3. RESULTS
A total of 37 peer-reviewed journal articles, published between January 1, 2012, and February 28,
2018, met our inclusion/exclusion criteria (Supplemental Table 2). One peer-reviewed article
focused on ONG operations in Poland, and the rest of the articles focused on operations within
the United States. Thirty-one articles (84%) included primary HAP measurements within eight
states, including Arkansas, Colorado, Ohio, Oklahoma, Pennsylvania, Texas, Utah, and Wyoming.
The remaining articles included primary data analyses from secondary data sources or publicly
accessible data sets.

3.1. HAPs Identified Within Review
To enable generalization of results across all studies, we extracted the reported HAP concentrations from the article content, tables, or supporting information; we did not extract concentrations
from graphs or figures. HAPs that were not found in the atmosphere above the sample limit of
detection (LOD) were labeled as “Not Detected” (for additional information on the metric of interest, see the sidebar titled Metric of Interest: Sample Limits of Detection versus Health-Based
Comparison Values). Of the 37 studies we reviewed, a total of 61 unique HAP compounds were
measured near upstream ONG or investigated from secondary data sources. Forty-four HAPs
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PubMed

Web of Science

ROGER

Jan 2012–Feb 2018
1,146 citations

Jan 2012–Feb 2018
639 citations

Jan 2012–Feb 2018
227 citations

1,833 nonduplicate
citations screened
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Inclusion/exclusion
criteria applied

1,536 articles excluded
after title/abstract
screen

297 articles
retrieved

254 articles excluded
after full text screen
Inclusion/exclusion
criteria applied
6 articles excluded
during data extraction

37 articles included
Figure 1
A Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for
hazardous air pollutant (HAP) emissions near upstream oil and natural gas (ONG) development.
Abbreviation: ROGER, PSE Healthy Energy’s Repository for Oil and Gas Energy Research.

were collected and reported in more than one article as primary or in-situ data, of which 32 were
found above the sample LOD. Supplemental Figure 1 provides the full inventory of HAP compounds investigated within the collected literature. HAPs collected from primary data sources
were further listed by the state in which they were investigated and included in Supplemental
Table 4.
Many of the peer-reviewed studies investigated a broad range of target analytes in ambient
air, several of which are ubiquitous in the environment and are sourced not only in upstream
ONG operations. While some of the HAP compounds listed in Supplemental Figure 1 and
Supplemental Table 4 may have a source in upstream ONG, without point source or source
attribution methodologies, their association is speculative. Therefore, in the following sections,
we have further assessed the 61 HAP compounds identified within the peer-reviewed literature to
classify pollutants assessed for contributing sources and to determine their potential association
with upstream ONG development.
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METRIC OF INTEREST: SAMPLE LIMITS OF DETECTION VERSUS HEALTH-BASED
COMPARISON VALUES
The sample limit of detection (LOD) expresses the lowest concentration of the targeted analyte that can be distinguished within a given sample, instrument, or method. We use the sample LOD as our metric of interest instead
of commonly referenced health-based comparison values for several reasons. First, the heterogeneity of sampling
methodologies prevents direct comparison between concentration results (6). Second, it is difficult to select a single
health-based standard exposure timeframe that adequately represents the variety of sampling durations present in
the reviewed literature (Supplemental Table 3). Finally, many health-based standards are derived from limited data
sets and inadequate conversion factors that do not appropriately define the risk threshold of sensitive populations
nor do they address the risks of exposure to multiple HAPs concurrently and, thus, may inappropriately imply the
absence of health risks.
Despite these advantages, an LOD above health-based standards may erroneously imply low exposure risk when
concentrations are not detected within the sample. To address these issues, we advise researchers to include LODs
within the results to avoid misleading the reader. Failure to supply sample LODs encumbers accurate descriptions
of atmospheric concentrations, leading to underestimations of exposure, an issue we have found rife in the ONG
literature.

3.2. Sources of HAP Emissions
The range of air pollutant emission sources identified in the reviewed literature includes equipment (e.g., dehydrators, condensate tanks), activities (e.g., flashings, gauging flowback tanks), development phases (e.g., drilling, well stimulation), and facilities (e.g., flowback and produced water
treatment and recycling center, oil storage facility). To simplify these broadly categorized emission sources, we recategorized equipment, activities, and facilities into one of the four most appropriate upstream ONG phases: (a) exploration and well pad and infrastructure construction;
(b) well drilling and construction of associated facilities; (c) well stimulation, enhanced oil recovery,
and completion; and (d) ONG production and processing. For example, air quality measurements
collected from flowback were recategorized into the third phase (well stimulation, enhanced oil
recovery, and completion) because flowback is a fluid often recovered as a result of well stimulation (e.g., hydraulic fracturing). Storage tanks and impoundments can be present at the well pad
through multiple phases or can be transported off-site via trucks or pipeline networks. Since the
location of storage-related equipment and associated activities varies by location, HAP compounds
identified from these sources have been recategorized into a separate storage and impoundment
phase and described in Section 3.2.4.
Point source data are collected from stationary, identifiable locations and equipment that release pollutants into the atmosphere. Studies that included the collection of on-site primary point
source air quality data, including Brantley et al. (15), Esswein et al. (39), and Hildenbrand et al.
(58), provided detailed information about the equipment and activities that occurred during their
sampling periods. On the basis of these detailed descriptions, we collected and recategorized the
reported data into one of our five phases. In the absence of identifiable emission points, source attribution methods are important to estimate probable sources or categories of sources. Examples
of source attribution methods employed in the reviewed literature include factor analyses (1, 43,
90), distance decay gradients (125), and sourcing ratios (45, 46, 50, 54, 85, 99), among others. Additional studies, including Macey et al. (73) and Colborn et al. (27), collected samples off-site and
provided information about potential emission sources by detailing the most proximate upstream
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No articles identified
in review

POMs including:
Naphthalene
Phenanthrene
Fluorene
Indeno(1,2,3-cd)pyrene
Benzo(g,h,i)perylene
Dibenzo(a,h)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)anthracene
Chrysene
Acenaphthylene

3

4

5

Well stimulation
and completion

ONG production
and processing

Storage and
impoundments

2,2,4-trimethylpentane
Benzene
Ethylbenzene
n-Hexane
Hydrogen sulfide
Methyl chloride
Naphthalene
POMs
Toluene
Xylenes

1,3-butadiene
2,2,4-trimethylpentane
Benzene
Cumene
Ethylbenzene
Formaldehyde
n-Hexane
Hydrogen sulfide
Mercury
Methanol
Styrene
Toluene
Xylenes

2,2,4-trimethylpentane
Benzene
Ethylbenzene
Hydrogen sulfide
Methanol
n-Hexane
Styrene
Toluene
Xylenes

Figure 2
Hazardous air pollutant (HAP) compounds collected through primary measurements and recategorized. Abbreviations: ONG, oil and
natural gas; POMs, polycyclic organic matter.

ONG equipment or activities during the data collection timeframe but did not specifically apply
commonly used source attribution techniques. Recognizing the limitations of off-site activity reporting in the absence of well-established source attribution analyses, we cautiously used these
descriptions as a guide for recategorization but used our best discretion for inclusion.
A complete summary of recategorized HAP emissions from primary measurements within the
reviewed literature is provided in Figure 2. We did not identify any HAPs that were sourced
to emissions during the first phase of development (exploration and well pad and infrastructure
construction).
3.2.1. HAP emissions from well drilling and construction of subsurface infrastructure.
After the site has been cleared and a well pad is established, a vertical well is drilled often using
gas-powered rigs and other ancillary equipment to reach depths of several hundred meters below
the surface. If necessary, operators will continue to drill directionally (e.g., horizontally) to increase
the surface area of the target petroleum geologic zone (e.g., in the case of shale gas development).
Drilling through intermediate geological formation on the way to the target formation may release
trapped hydrocarbons that can migrate to the atmosphere (23, 51). Thus, both ancillary drilling
equipment and subsurface pockets of gaseous fluids within intermediate geologic formation are
a source of various HAP emissions into the ambient environment during the drilling and well
construction phase (17).
Colborn et al. (27) measured the most elevated chemical concentrations in the ambient air
from a stationary monitoring site located 1.1 km from a well pad during drilling activities in rural
Colorado. Samples identified twelve different polycyclic aromatic hydrocarbon (PAH) compounds, a subset of polycyclic organic matter (POM) compounds, during a timeframe dominated
by drilling activities. Elevated carbonyl and VOC concentrations were also detected; however,
290

Garcia-Gonzales et al.

Annu. Rev. Public Health 2019.40:283-304. Downloaded from www.annualreviews.org
Access provided by 98.33.93.37 on 09/16/20. For personal use only.

the individual VOC species were not detailed within the paper and, thus, are not included in this
section. Source attribution using temporal patterns of PAH concentrations in the ambient environment without supplementary sourcing analyses is difficult to interpret, especially for PAHs
that lack chemical disclosures or inventories as well as PAHs commonly formed from combustion
or other anthropogenic sources. Yet, analyses of similar PAH compounds found evidence of petrogenic sources during a range of upstream ONG activities in Ohio (85); thus, we have included
these within the current section. Additional mobile measurements in Pennsylvania detected acetaldehyde, acetonitrile, benzene, methanol, and toluene downwind from a drilling rig; however,
concentrations were not elevated above background, suggesting that the rig was not operating at
full capacity, the emissions from this activity in this particular geographic and geologic area did
not have high emissions, or the activities and equipment associated with the drilling phase were
not the source of these pollutants and thus were not included in our sourcing analyses (51).
3.2.2. HAP emissions from well stimulation, secondary recovery, and completion. The
well completion phase encompasses all processes associated with preparing a newly drilled well
for the production of oil and gas. This phase is relatively short in duration (3–15 days) but can
include a variety of activities, including flowback collection, flaring, workovers, and completion
venting. Once the well is drilled, cement and casing are installed to stabilize the wellbore and
provide zonal isolation to minimize subsurface migration of liquid and gaseous fluids. This step is
followed by the perforation of the casing in the target hydrocarbon reservoir to allow for the stimulation and other injected fluids to gain access to the petroleum reservoir and then subsequently
for the flow of hydrocarbons into the well. In low-permeability reservoirs, where hydraulic fracturing and other stimulation are required to extract hydrocarbons, between 0.25 and 50 million
gallons of water, chemicals, and proppant are injected down the well at a pressure high enough
to increase the permeability of the target geology. The return of these stimulation fluids to the
wellhead is referred to as “flowback.” Although chemical constituents from the geological formation are present in this flowback, these fluids are often opaquely distinguished from “produced”
water, which surfaces shortly thereafter and often throughout the lifetime of active hydrocarbon
production (13). Because flowback is limited mostly to the current phase, we include emissions
associated with flowback, and not produced water, which is reviewed in subsequent sections. It
should be noted, however, that scientific distinctions between the flowback and produced water
phases of oil and gas development are not specific and vary considerably across geological and
regulatory spaces (70).
BTEX, 1,3-butadiene, n-hexane, cumene, styrene, and 2,2,4-trimethylpentane were identified
around the perimeter of five well pads in Colorado during completion activities and, with the
exception of styrene, cumene, and 1,3-butadiene, median concentrations were higher than background in ONG area samples (79). Field sampling downwind of a well pad in Pennsylvania during
flaring activities measured benzene, toluene, and n-hexane above the sample LOD and at concentrations higher than the upwind direction (76). Occupational and off-site measurements identified
POMs (including naphthalene) and H2 S near flowback and workover rigs (39, 73).
BTEX compounds and n-hexane are found in diesel combustion emissions from equipment
and vehicles used in ONG, drilling fluids, and fracturing additives. BTEX compounds, in particular, occur naturally in oil and gas geological formations, and emissions of these compounds during
oil and gas development are likely attributable to various processes, including those that provide an
opportunity for gas compounds to migrate to the surface and volatize into the ambient air. Therefore, many of the HAPs identified in ambient air near ONG operations during well stimulation
and completion could be direct emissions from ancillary well pad equipment, loss of wellbore integrity, improper handling of flowback fluids, and volatilization from the chemical mixtures used
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for stimulation fluids or completion activities (61, 101, 108, 109). With the current evidence, we
cannot identify the specific source activity or equipment, although ONG development appears to
be a likely source of these compounds identified at elevated concentrations in the ambient air.

Annu. Rev. Public Health 2019.40:283-304. Downloaded from www.annualreviews.org
Access provided by 98.33.93.37 on 09/16/20. For personal use only.

3.2.3. HAP emissions from oil and gas production and processing. During the production
phase, ONG is collected from the well and processed with various ancillary equipment, including
wellhead compressors, pneumatic devices, separators, and dehydrators. The production phase is
the longest of all the upstream phases with the potential to emit maximum peak values that exceed the stimulation and completion phase (17), and it was linked to the most varied number of
HAPs within our review. While a given shale well may be depleted within 1–5 years, migrated oil
reservoirs may produce for decades. Hydrocarbon production in geological zones richer in oil and
wet gas may be associated with HAPs and other larger-molecular-weight hydrocarbon emissions
during the production and processing phase when target alkanes are separated from heavier compounds. Operational practices, the spud date, the petroleum geology, and production volumes can
also heavily impact emissions from producing wells within the same shale play (51, 98). Therefore, without insight into reservoir composition and well pad operations, it is difficult to predict
the geography and magnitude of HAP emissions or to extrapolate results to larger areas.
Wellheads, dehydrators, and separators are important sources of elevated HAP emissions during production and processing in regions rich in oil, wet gas, and condensate (43, 112). Dehydration units account for an estimated 40% of HAP emissions (36). Point source measurements
collected on a well pad in Colorado identified BTEX compounds, styrene, n-hexane, and 2,2,4trimethylpentane near producing wellheads, dehydrators, and separator units (15). Off-site measurements in Texas and Wyoming identified similar emissions with an addition of cumene and
H2 S near wellheads, separators, and produced water tanks and discharge canals (35, 73). Compressors used to maintain hydrocarbon flow were associated with emissions of BTEX compounds,
1,3-butadiene, methanol, formaldehyde, mercury, and n-hexane (35, 51, 65, 73, 75, 90). With the
exception of mercury, these compounds are commonly emitted from continuously reciprocating
natural gas–fired engines, and their presence within the collected samples was not unexpected. A
report analyzing point source emissions data from 58 compressor stations found formaldehyde to
be the fourth largest chemical released by compressors by total pounds, just after total VOCs (92).
Mercury, a trace component in natural gas condensate, is removed from the compressor process;
thus, its emission may actually be a result of ineffective mercury removal systems and therefore is
included in this phase (65).
Abnormal process conditions including control failures, design failures, and malfunctions upstream of the point of emission occur in only a small fraction of facilities, yet they may be responsible for a significant portion of ONG-related air pollution (16, 30, 59, 123). Flyover measurements
in the Haynesville and Marcellus Shale gas production regions found that only ∼10% of facilities were responsible for up to ∼40% of the total CH4 emissions emitted from these operations
(120). Although these measurements might not be representative of all associated HAP emissions,
enhancement ratios and correlations between CH4 and benzene suggest a similar source. Furthermore, mobile measurements in the Barnett Shale area found that only 4% of measured ONG facilities were responsible for a relatively large amount of the measured atmospheric mercury (65).
Within the current review, few air quality samples were reported as collected during abnormal
ONG development process conditions, yet it is possible that off-normal events occurred without
operator knowledge or public disclosure. For example, samples collected near production phase
equipment described as “rusty” recorded HAP concentrations up to 47 times higher than those
described as being in “good” operating condition, yet neither were identified as abnormal processes (15). In the instance where infrared video captured a clear example of a leaking natural gas
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wellhead, elevated concentrations of benzene, xylenes, n-hexane, and toluene were detected onand off-site and near residential homes (40).
3.2.4. HAP emissions from storage tanks and impoundments. Storage tanks and impoundments are often used to hold production and maintenance chemicals or condensate and recovered
fluids collected and separated during various phases. Chemicals stored at upstream ONG sites include chemical additives and mixtures for well stimulation and various well and equipment maintenance needs. Condensate is different from stored chemicals, flowback, and produced water in
that it has been separated from extracted crude oil or natural gas matrices in preparation for additional processing or disposal. Emissions from storage and condensate tanks have been associated
with H2 S, BTEX, n-hexane, styrene, methanol, and 2,2,4-trimethylpentane (15, 67, 112). Many
of the stored liquids are volatile and enter a gaseous phase as a result of increases in temperature
and decreases in pressure. Workers in the upstream ONG industry, especially those working with
flowback and condensate tanks, are at increased risk of exposure during routine gauging, measurement, and oil flashing activities, which provide an opportunity for stored liquids to volatilize and
escape into the atmosphere. A number of occupational deaths have been reported among workers
taking volume measurements of condensate tanks (55).
Such condensate tank emission events, even if brief, can be significant, which may have a substantial impact on local air quality (46), especially in oil-producing areas (72). Storage tanks can
be housed at the well site that provide additional emissions source points during the associated
phase; however, they can also be sited at different locations, far from the well pad, or piped off-site
through transmission pipeline networks (45). Many of the listed HAPs in this section were found
at well pads during production, but they were recategorized into the current separate group as the
location of storage equipment and related activities varies by well site.

3.3. Summary of Health Impacts from HAP Compounds
HAP compounds are associated with multiple cancer and noncancer health outcomes and have,
in some studies, been detected near ONG sites at levels that exceed health-based standards and
reference concentrations. The current ONG literature offers limited insights into specific etiological agents and health outcomes because granular measurements of exposure have largely not
been undertaken. To better understand health risks and impacts from HAP exposures near upstream ONG development, we further evaluated the studies that included a health component in
the analysis. Although exposure to any of the 188 listed HAP compounds may pose reason for
concern, we identified several HAPs that were consistently found to be above sample LODs or
above health benchmarks or that posed the highest risk from inhalation exposures. A summary of
some of the key findings is provided in the following sections.
3.3.1. HAPs of highest concern. BTEX compounds are associated with several serious human
health impacts, including neurological damage, birth defects, some cancers, and hearing loss (117).
Ubiquitous in the environment, these compounds commonly exceed sample LODs in urban areas
as a result of transportation and industrial processes (11); however, many of the reviewed samples
were collected near ONG activities in rural regions, where urban emission sources are likely to
have minimal impact on local and regional ambient air quality. Several of the studies included
in this review found rural BTEX concentrations to exceed those measured in dense urban areas
and at concentrations that exceed health-based standards, with some concentrations over 2,900
ppb (parts per billion) (37, 43, 45, 46, 48, 51, 54, 73, 88, 91, 99, 102, 112). For reference, the Office of Environmental Health Hazard Assessment (OEHHA) acute reference effect level (REL)
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in nonoccupational settings for benzene is 8 ppb, and the 8-hour and chronic RELs for benzene
are 1.0 ppb (29). Studies that report ambient BTEX concentrations below existing health-based
standards have implied that upstream ONG emissions of these compounds may not have a substantial impact on human health, yet ambient BTEX concentrations, below health benchmarks,
have been associated with adverse health outcomes in numerous epidemiological studies (2, 3, 7,
33, 47, 63, 64, 69, 71, 74, 87, 119, 121, 124).
While health-based air quality standards provide a guide on which to base regulatory thresholds, many standards are extrapolated from in vivo or in vitro animal studies or human-based
occupational studies that may not be appropriate for the protection of sensitive populations such
as children and pregnant women (42, 110, 113). Recognizing the possible inadequacies of existing uncertainty factors for benzene, the OEHHA in California recently applied a stricter REL
to include additional protections to sensitive populations (29), yet questions remain over whether
these updated standards are protective enough. On the basis of the existing evidence of exposure risks from chronic, low-level concentrations, current noncancer health benchmarks, such
as the OEHHA RELs, may be insufficient for estimating health impacts from benzene-related
exposures near upstream ONG development. Recognizing the cancer risks associated with benzene exposures, the World Health Organization states that “no level of exposure can be recommended,” implying that there is likely no safe lower threshold of exposure as implied by the RELs
(116).
Formaldehyde and acetaldehyde were found to be the most abundant carbonyl species when
sampling ambient air near ONG facilities. The chronic OEHHA nonoccupational RELs for acetaldehyde and formaldehyde are 80 ppb and 7 ppb, respectively (84). While many of the observed
concentrations around ONG operations were below health standards, the International Agency
for Research on Cancer has classified formaldehyde as a group 1 carcinogen, meaning it causes
cancer in humans (8) and, generally, does not have a threshold below which there is a safe level
of exposure. Furthermore, simplified health risk assessments and modeling estimates near ONG
activities have suggested that formaldehyde and acetaldehyde are the dominant contributors to
cancer risks (25, 99). The abundance of formaldehyde detection in ambient collected samples
may actually indicate secondary atmospheric formation as the dominant source and not primary
emissions released directly from an ONG point source. Mandated state inventories that focus on
primary emissions may actually lead to underreporting if secondary atmospheric formation is the
dominant pollutant source.
The natural gas and crude oil impurity H2 S is a colorless and flammable toxicant easily identifiable by its rotten egg odor. H2 S becomes detectable at concentrations as low as 0.5 ppb (10),
becomes chronically toxic at 8 ppb (83), and has a National Institute for Occupational Safety and
Health (NIOSH) immediately dangerous to life or health (IDLH) concentration of 100 ppm (24).
Within the current review, H2 S has been measured in ambient air at various phases of upstream
ONG development, including during separation, in storage tanks, and in discharge canals at concentrations exceeding those known to be safe (35, 39, 67, 73). Concentrations of H2 S above the
odor threshold were measured just beyond the fence line in 8% of natural gas production sites in
Texas during mobile measurements (35).
The simplest unsaturated aldehyde, acrolein, is fairly ubiquitous throughout the environment
at concentrations above chronic noncancer benchmarks (77, 81, 100, 118). Used as a biocide additive and H2 S scavenger in ONG operations, acrolein is also emitted from more common sources,
including incomplete combustion of petroleum products, tobacco smoke, and cooking activities.
Owing to the current health burden of exposure in the ambient environment, the OEHHA identified acrolein as one of the top five most important pollutants of concern in California (4), and
an additional exposure from ONG operations could compound the existing public health burden.
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Acrolein is difficult to measure accurately, and controversy over prevailing sampling methods persists (49, 57, 62). Exposure to acrolein may cause adverse health effects, including eye, nose, and
throat irritation, chest pain, and difficulty breathing (9). In California underground natural gas
storage facilities, acrolein is reported as the eighth highest emitted air pollutant in California and
was found at elevated levels in indoor environments near the site of the Aliso Canyon natural gas
storage blowout (66, 94). Acrolein plays a substantial role in the upstream ONG process, and yet
methodological constraints limit the availability of reliable industry-related emissions estimates
and, consequently, obscure the understanding of the potential impact to human health.

3.3.2. Gaps in health research. Recent health-based studies have uncovered a spatial relationship between upstream ONG and a range of health outcomes. Epidemiological and health-based
studies have found increased risk and incidence of adverse birth outcomes near ONG activity
compared with further away (22, 31, 60, 96). Similarly, studies that utilize distance metrics as
proxies of exposure reported increased health risks for individuals living near ONG activity compared with further away (21, 79, 99). These findings are corroborated by symptom surveys that
found that the number of reported symptoms was higher among residents living closer to well
pads compared with those living further away (97). Moreover, McKenzie et al. (78) paired insitu air quality measurements with distance and cancer risk assessment. The study found that
within 152 m (∼500 feet) of active oil and gas development, the cancer risk estimate was 8.3 cases
per 10,000 individuals, greatly exceeding the US EPA’s upper threshold for acceptable risk (1 excess case in 10,000).
Despite findings of a spatial dimension of health data near upstream ONG development, measured pollutant concentrations, including concentrations of HAPs, were generally below healthbased standards. It is unclear why ambient air samples have failed to capture concentrations above
health benchmarks while the majority of epidemiological studies continue to find incidence of
poor health outcomes increasing as distance from these operations decreases. Recent literature
provides insights into methodological shortcomings that make investigations more prone to null
air pollutant concentration findings. First, in-situ measurements of emissions collected at a distance from well pad activities are prone to effects of atmospheric degradation, dispersion, and
deposition (86), and yet they are commonly, and inappropriately, extrapolated to describe local
exposures. Studies that utilize data from standard air monitoring networks, such as the Texas Commission on Environmental Quality (19, 40, 93), may fail to capture concentrations that pose actual
exposure risks as a result of such methodological biases.
Second, samples collected with short collection timeframes (e.g., “grab samples”) are capable
of detailing only conditions at a particular—and short—moment in time and often fail to capture
the episodic peaks commonly associated with many of the upstream ONG development processes
(17). Similarly, integrated concentrations derived from longer sampling timeframes may dilute
elevated concentrations during peak emission events and, thus, underestimate the full range of
potentially recurring acute exposures (54). Recent evidence suggests that abnormal process conditions or uncontrolled emission events from a small proportion of wells or associated ancillary
infrastructures may better explain the complex exposure environment from local to regional scales
(123). Studies that estimate exposures on the basis of modeled emission masses and rates may miss
peak exposures from abnormal process conditions that are more accurately characterized via field
sampling. Air quality studies that focus on granular geographic estimates of exposures via continuous, local-level monitoring better characterize ambient concentrations during brief peak emission
episodes, common in upstream ONG development, that may be missed using intermittent sampling methods at select stages (28, 54).
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Third, the current state of toxicological data and exposure science may not adequately address
potential risks associated with long-term, chronic, lower levels of exposure, particularly when multiple air pollutants might be implicated (18, 20, 52). Thus, available health standards developed
from inadequate uncertainty factors may not provide protection for human populations and especially for sensitive subpopulations, including infants, children, pregnant mothers, and people
with preexisting medical conditions. Using OEHHA’s conservative list of approved risk assessment health values as a guide to understand the current state of available health benchmarks (5),
we found that fewer than 40% of all HAP compounds had inhalation cancer risks or noncancer
health-based exposure levels. Several compounds that lack reference values were detected in air
near, and are likely associated with, ONG sites. Other contaminants with health benchmarks, such
as benzene, may still elicit health effects at concentrations lower than the REL. Furthermore, many
HAP compounds are associated with cancer end points that, even at low atmospheric concentrations, generally do not have a threshold below which there is a safe level of exposure. Therefore,
health studies that provide only comparisons to noncancer benchmarks may be misleading in their
estimates of actual long-term health impacts.
Finally, health studies that use single pollutant health-based standards may fail to provide accurate risk estimates from concurrent or close-succession exposures to multiple pollutants that may
act biologically antagonistic, synergistic, or additive (105). This situation of potential exposures
to multiple air pollutants is particularly relevant for upstream ONG development where emission
inventories and air quality monitoring have identified a wide range of pollutants that are often
coemitted. Without knowledge of a specific etiological agent or exposure pathway, investigators
may find that these studies fail to sample and analyze the full range of biologically relevant ONG
pollutants or determine the most appropriate exposure pathways.

4. DISCUSSION
We identified 37 peer-reviewed journal articles that met our inclusion/exclusion criteria, of which
all but one focused on ONG operations within the United States. In our review, we found a lack
of peer-reviewed literature from outside the United States, likely owing to the growing concerns
about human health and environmental impacts, which may have slowed adoption of novel extraction methods in other countries. With the exception of Russia, the United States produced at least
twice as much natural gas compared with all other regions in the world (103). In Europe, most
exploratory shale gas extraction has occurred in Poland and the United Kingdom, but France and
Norway have some of the most promising reserves that remain largely unexploited (44). Within
the collected literature, we identified 61 HAPs, of which only 32 were collected during in-situ
monitoring. Hydraulic fracturing has received the greatest attention for its potential impact to
human and environmental health (14). In the context of HAPs, however, we did not find evidence
to support the common assumption that the discrete hydraulic fracturing phase itself is associated
with the highest risk of exposure. Instead, we found that the production phase—with its lengthy
operation timeframe, episodic peak emission events, and largest number of HAPs sourced to the
various equipment and operations—has the potential to emit the highest concentrations and the
most varied mixture of HAPs over the longest time period, especially in regions rich in oil, wet
gas, and condensate. Our review of the literature further suggests that exposure risks can be much
higher if production equipment is colocated with condensate storage and wastewater impoundments. ONG development does not necessarily involve hydraulic fracturing but may include a
myriad of different oil and gas development techniques, many that were not investigated within
the collected literature.

296

Garcia-Gonzales et al.

Annu. Rev. Public Health 2019.40:283-304. Downloaded from www.annualreviews.org
Access provided by 98.33.93.37 on 09/16/20. For personal use only.

PU40CH16_Garcia-Gonzales

ARjats.cls

February 25, 2019

11:50

In general, in-situ air pollutant measurements were found to be below health benchmarks, and
yet multiple health-based studies found evidence of a spatial relationship between concentrations
of HAPs and incidence of cancer and noncancer health end points in the context of proximity to oil
and gas development operations. These findings suggest several possible explanations: (a) Spatial
sampling methodologies fail to properly characterize exposures prior to atmospheric degradation,
dispersion, and disposition of sampled pollutants; (b) ambient air sampling timeframes are inappropriate for capturing the episodic peak emission events characteristic of upstream ONG; and
(c) prevailing health benchmarks are inadequate to identify exposures to chronic, low levels of
pollutants, multiple chemical exposures or from multiple exposure pathways.
This review has several limitations. First, some HAPs targeted for this review include broadrange categories (e.g., POM) that contain multiple constituents of varying degrees of toxicity, of
which some may have been overlooked during the inclusion/exclusion review. Second, some activities and equipment are used in both upstream and midstream (e.g., hydrocarbon transport)
processes, and it was not always clear which was being measured when in-situ monitoring data
was being collected. For example, compressors can be used to transport hydrocarbons and other
compounds off the well pad during upstream activities, but the act of transportation would classify
associated releases as midstream emissions. We used our best judgment when collecting and recategorizing HAP compounds; however, without clarification from the studies’ authors, we may have
included some midstream processes in our reclassification efforts. Third, several studies included
in our review suffered from methodological limitations resulting in over- or underestimated concentrations of summary findings. Although we attempted to recognize and address these inadequacies we may not have adjusted for all possible shortcomings in the reviewed literature. Fourth, we
used sample LODs as the most appropriate metric of interest because the heterogeneity of sampling methodologies limited direct comparisons of measured or estimated concentrations across
studies (for more information, see the sidebar titled Metric of Interest: Sample Limits of Detection
versus Health-Based Comparison Values). While it would be helpful to consider sample LODs
when evaluating nondetected HAPs, we identified a consistent failure to supply sample detection
limits within the peer-reviewed literature in this review. Finally, our review was limited to constituents classified as HAPs; non-HAP compounds were beyond the scope of this article. Similarly,
HAP compounds that were excluded from the collected literature were not extensively discussed
here. By design, this review was limited to a select group of compounds that have been previously
studied within the peer-reviewed literature. However, non-HAP compounds, HAP compounds
not measured, and HAP compounds found under the sample LOD may still have a significant
role in upstream ONG development and should be investigated in future studies.
Through our synthesis of the peer-reviewed literature, we have identified the following research priorities: (a) Increase research of HAPs near upstream ONG development with an emphasis on those that have not been extensively measured or reported on in the peer-reviewed literature, especially those that overlap with chemicals identified in state inventories or disclosures;
(b) undertake detailed source attribution investigations of emissions using spatially and temporally
appropriate measurements; (c) conduct detailed health studies that focus on granular estimates of
exposures near upstream ONG development via personalized and community-based monitoring;
and (d) implement additional research on health impacts from chronic, low-level ambient HAP
exposures. Adoption and implementation of these research priorities will help guide future policy
aimed to implement appropriate upstream ONG development emission control measures that
will protect human and environmental health and decrease the adverse impacts of upstream oil
and gas development.
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The Barnett Shale play in North Texas is one of the largest active onshore shale gas regions in the United States.
Over the past two decades, unconventional energy production from shale gas in North Texas has grown rapidly.
The energy production peaked in 2012 and has declined since. The city of Denton is located at the edge of the
Barnett Shale play and is within the Dallas-Fort Worth metropolitan area. In this paper, we describe a long-term
trend study of 84 total non-methane organic carbon (TNMOC) species measured at the Denton Airport South
monitoring station, an exurban site. The annual mean TNMOC concentrations measured during 2000–2017
increased by +8.03 ± 12.92 ppb-C/year (+12.75%/year). The year-to-year increase in the mean TNMOC
concentrations mirrored the energy production volume changes from natural gas wells and liquid condensate
facilities within 2-km from the ambient air quality monitoring station. Concentrations of alkanes increased
signiﬁcantly, especially the natural gas species of ethane, propane, n-butane, and isobutane. The annual variations in the ethane concentrations were similar to changes observed in the natural gas and liquid condensate
production from nearby wells. High levels of ethane, a dominant natural gas species, were originating from
regions with a higher density of gas wells within close proximity of the monitoring site. In contrast, the concentrations of alkene and aromatic species have declined during the study period as a result of decreases from
traditional urban emission sources. However, the trend in benzene, a carcinogenic aromatic species found in
vehicular and natural gas emissions, and xylene concentrations were similar to the n-alkane trend, suggesting the
inﬂuence of energy production activities on key ambient aromatic compounds.

1. Introduction
Natural gas is a cleaner burning fossil fuel compared to coal and oil
(Henner and Lamadrid, 2013). Natural gas trapped under shale formation, or shale gas, is an increasingly valuable energy resource in the
United States. Improvement in hydraulic fracturing (or “fracking”) and
horizontal drilling technologies has permitted access to the previously
inaccessible shale gas resource. In 2017, the United States Energy Information Administration (EIA) estimated about 62% of the total dry
natural gas produced in the United States was from shale resources,
which totals approximately 16.9 trillion cubic feet of dry natural gas
(U.S. EIA, 2018). The International Energy Agency (IEA) has predicted
the natural gas demand to increase by 42% by 2040 (IEA, 2018).
The Barnett Shale was the United States’ largest producing onshore
shale gas ﬁeld before being surpassed by the Marcellus Shale in 2012
(Kenomore et al., 2018). The region experienced a rapid increase in
shale gas production activities over the past two decades, driven by

high natural gas prices as well as demand for cleaner fossil fuel (U.S.
Department of Energy, 2009). At its peak in 2012, the Barnett Shale
produced nearly 6-million MMBtu of natural gas daily (RRC, 2018). The
Barnett Shale play region underlies eighteen North Texas counties, most
of which are within the Dallas – Fort Worth (DFW) metroplex, one of
the largest and fastest growing metropolitan regions in the United
States (U.S. Census Bureau, 2018).
Despite the growth in shale gas operations over the past two decades, emissions from shale gas production activities are still treated as
an unconventional emission source and are not fully accounted for in
air pollution management strategies. Some studies have suggested that
shale gas emissions aﬀect regions immediately downwind (Zielinska
et al., 2014); whereas other studies have pointed out that shale gas
emissions had a long-term negative impact on local and regional air
quality, and have the potential to negate air pollution control eﬀorts
(Swarthout et al., 2015; Vinciguerra et al., 2015). Bunch et al. have
concluded that the hydrocarbon emissions in the Barnett shale were not
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Fig. 1. Denton Airport South ambient air quality monitoring station and nearby gas well locations.

Common anthropogenic TNMOC sources in an urban region include
traﬃc, power plants, biomass burning, industrial solvents, and secondary organic aerosols. In shale gas regions, such as Denton, natural
gas emissions contribute to a major component of ambient TNMOC
concentrations. A mobile measurement around natural gas production
facilities showed that 9.7% of the fence-line air quality samples collected in Denton County had methane concentrations exceeding 3 ppm
(Eapi et al., 2014). While several air monitoring studies focused on the
greater DFW and the Barnett Shale region, to the authors' knowledge,
none focused on the impact of shale gas development on air quality in
the city of Denton. However, several energy policy papers used the city
of Denton as a testbed to address socio-political impacts of the 2014
fracking ban and its subsequent nulliﬁcation (Fry et al., 2015a; Fry
et al., 2015b; Fisk et al., 2017; Whitton et al., 2017). In this paper, we
evaluate the inﬂuence of unconventional gas development (UGD) on
Denton's air quality by analyzing the long-term trends by using 24-h
canister-based measurements of TNMOC concentrations.

directly harmful to human health (Bunch et al., 2014). During the shale
gas development phase, emissions from completion vents and condensate tanks serve as major sources of VOC, whereas emissions from
drill rigs, fracturing pumps, and truck traﬃc are minor sources of VOC.
During the production phase of shale gas, emissions from compressor
stations serve as major sources of VOC, while emissions from wellhead
compressors, heaters, blowdown vents, and pneumatics are minor
sources of VOC (Robinson, 2012). Between 6 and 18% of volatile organic compounds (VOC) and oxides of nitrogen (NOx) emissions from
the Marcellus Shale play, which underlies parts of Pennsylvania, New
York, and West Virginia, were generated by shale gas operations, and
they have severely complicated the ozone reduction eﬀorts (Roy et al.,
2014).
The negative impacts from shale gas emissions on DFW air quality
have been reported in earlier studies. In a study by Ahmadi and John
(2015), they observed that the mean concentrations of ozone within
shale gas regions of DFW were found to be 8% higher than the nonshale gas regions. The authors noted that while the overall ozone
concentrations in DFW decreased during the study period, this decrease
was not uniform at all air monitoring sites. The non-shale gas region
saw an additional 4% reduction in the number of high ozone days than
within the shale gas region (Ahmadi and John, 2015). The non-urban
shale gas regions in DFW had a higher mean concentration of total nonmethane organic carbon (TNMOC), a precursor species to ozone generation, compared to some of DFW's highly urbanized areas. Concentrations of alkane species were also much higher than the alkenes,
alkynes, and aromatics species concentrations in the non-urban shale
gas regions (Lim et al., 2019). Since the beginning of the shale gas boom
in the early 2000s, numerous air quality monitoring and measurement
studies have been performed across DFW. Evidence of heightened impacts from UGD has been documented throughout the shale gas region.
Methane concentrations were above detection limits in 98% of the
samples collected in the shale gas region and were reported to be higher
than the urban background concentration range of 1.8–2 ppm (Rich
et al., 2014).
The primary objective of this study was to evaluate the overall trend
of TNMOC and assess the inﬂuence of shale gas production on the observed TNMOC concentrations. A long-term trend analysis was performed using TNMOC concentrations collected from a monitoring station in Denton County. Denton County is among the most signiﬁcant
gas production counties within the Barnett Shale play (RRC, 2018).

2. Data and methodology
The city of Denton is located at the northwest end of the DFW
metroplex region and is the 12th most populous city in the region with
136,268 inhabitants based on the 2017 U.S. Census Bureau data (U.S.
Census Bureau, 2018). The air monitoring station in Denton is located
at the Denton Airport South (33.219069, −97.1962836) and is operated by the Texas Commission of Environmental Quality (TCEQ). Fig. 1
shows a satellite view of the monitoring station and natural gas wells
surrounding it. The station is located in an exurban region just west of
the city of Denton and is within close proximity to the Denton Enterprise Airport, and two major arteries - the U.S. 380 highway and the
U.S. Interstate 35W highway. The monitoring station was activated on
February 16, 1998 and is currently equipped with a canister sampling
station for TNMOC measurements.
TNMOC concentration data, from January 1, 2000, to December 31,
2017, were downloaded from the TCEQ operated website: Texas Air
Monitoring Information System (TAMIS). The dataset used in this
contains 24-h averaged concentrations of 84 individual TNMOC species. Air samples were collected using steel summa canisters and were
analyzed by TCEQ scientists using the gas chromatography method
(Ethridge et al., 2015). The statistics of the 84 measured TNMOC species are shown in Table 1.
410
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Table 1 (continued)

Table 1
TNMOC concentrations (ppb-C) mean, standard deviation (SD), minimum,
maximum, the number of non-zero data (N), and percentage of non-zero data
(%).
Species

Mean

SD

Min

Max

N

%

Ethane
Propane
n-Butane
Isobutane
Isopentane
n-Pentane
n-Hexane
2-Methylpentane
Toluene
n-Heptane
2-Methylhexane
Methylcyclohexane
3-Methylpentane
Cyclohexane
3-Methylhexane
2,2,4-Trimethylpentane
Benzene
Ethylene
n-Octane
Acetylene
Methylcyclopentane
2,3-Dimethylpentane
2-Methylheptane
Propylene
m/p Xylene
2,3-Dimethylbutane
n-Nonane
3-Methylheptane
2,3,4-Trimethylpentane
Chloromethane
2,2-Dimethylbutane
Isoprene
1-Butene
Dichlorodiﬂuoromethane
2,4-Dimethylpentane
n-Decane
1,2-Dichloropropane
Cyclopentane
n-Undecane
Ethylbenzene
1,2,4-Trimethylbenzene

79.77
50.37
24.12
14.79
11.80
10.45
5.07
3.63
2.45
2.32
2.25
2.03
2.02
2.01
1.66
1.57
1.39
1.38
1.17
1.17
1.11
0.97
0.94
0.93
0.89
0.75
0.74
0.69
0.65
0.59
0.59
0.52
0.52
0.51
0.50
0.41
0.38
0.35
0.31
0.30
0.28

128.26
77.15
38.99
24.24
18.87
19.96
19.70
7.27
11.22
6.73
4.68
4.90
4.09
3.46
3.59
2.20
1.30
0.94
4.00
0.80
4.76
1.24
3.14
1.17
1.41
1.03
1.47
1.87
0.86
0.11
0.76
0.48
0.39
0.06
0.76
0.91
0.65
0.42
0.44
0.26
0.57

0.50
0.96
0.40
0.16
0.25
0.15
0.06
0.06
0.21
0.07
0.07
0.07
0.06
0.06
0.07
0.08
0.12
0.06
0.08
0.24
0.06
0.07
0.08
0.18
0.08
0.06
0.09
0.08
0.08
0.29
0.06
0.05
0.04
0.20
0.07
0.10
0.03
0.05
0.11
0.08
0.09

1292.30
714.27
508.32
285.24
275.20
316.80
514.56
145.98
353.92
162.96
97.16
108.15
85.02
66.00
80.29
20.96
19.86
18.54
89.20
12.90
122.34
19.04
68.00
25.08
29.36
15.42
16.47
37.36
6.40
1.20
10.50
5.10
2.96
0.77
13.16
11.90
3.66
4.80
3.96
3.44
9.81

1084
1085
1082
1079
1057
931
915
926
1070
812
657
728
958
590
785
889
1014
942
633
852
748
474
576
599
897
556
332
541
707
901
514
351
700
901
590
307
46
460
279
669
382

99.91%
100%
99.72%
99.45%
97.42%
85.81%
84.33%
85.35%
98.62%
74.84%
60.55%
67.10%
88.29%
54.38%
72.35%
81.94%
93.46%
86.82%
58.34%
78.53%
68.94%
43.69%
53.09%
55.21%
82.67%
51.24%
30.60%
49.86%
65.16%
83.04%
47.37%
32.35%
64.52%
83.04%
54.38%
28.29%
4.24%
42.40%
25.71%
61.66%
35.21%

Species

Mean

SD

Min

Max

N

%

o-Xylene
cis-1,3-Dichloropropene
Trichloroﬂuoromethane
p-Diethylbenzene
m-Diethylbenzene
m-Ethyltoluene
1-Pentene
1,2,3-Trimethylbenzene
p-Ethyltoluene
1,3,5-Trimethylbenzene
o-Ethyltoluene
1,3-Butadiene
n-Propylbenzene
trans-2-Butene
Styrene
Isopropylbenzene
1-Hexene & 2-Methyl-1-Pentene
4-Methyl-1-Pentene
Carbon Tetrachloride
Dichloromethane
2-Methyl-2-Butene
trans-2-Pentene
Chlorobenzene
trans-2-Hexene
2-Chloropentane
cis-2-Hexene
cis-2-Butene
Trichloroethylene

0.27
0.25
0.25
0.24
0.23
0.22
0.20
0.17
0.17
0.16
0.16
0.16
0.16
0.13
0.13
0.12
0.11
0.10
0.09
0.09
0.09
0.09
0.08
0.08
0.08
0.08
0.08
0.07

0.34
0.46
0.03
0.24
0.16
0.52
0.26
0.38
0.27
0.34
0.33
0.31
0.26
0.14
0.14
0.09
0.11
0.05
0.02
0.22
0.08
0.07
0.06
0.04
0.03
0.03
0.09
0.38

0.08
0.03
0.14
0.10
0.10
0.09
0.05
0.09
0.09
0.09
0.09
0.04
0.09
0.04
0.08
0.09
0.06
0.06
0.01
0.01
0.05
0.05
0.06
0.06
0.05
0.06
0.04
0.02

4.00
1.71
0.48
1.40
0.70
8.19
1.65
4.05
3.78
3.96
3.60
2.28
3.51
0.56
1.36
0.99
0.66
0.18
0.42
4.87
0.55
0.40
0.36
0.18
0.15
0.12
0.72
3.12

703
15
1083
67
22
271
94
113
205
162
119
53
211
63
139
142
51
6
1010
755
147
97
68
21
10
12
66
67

64.79%
1.38%
99.82%
6.18%
2.03%
24.98%
8.66%
10.41%
18.89%
14.93%
10.97%
4.88%
19.45%
5.81%
12.81%
13.09%
4.70%
0.55%
93.09%
69.59%
13.55%
8.94%
6.27%
1.94%
0.92%
1.11%
6.08%
6.18%

Species

Mean

SD

Min

Max

N

%

cis-2-Pentene
3-Methyl-1-Butene
Cyclopentene
trans-1,3-Dichloropropene
1,1-Dichloroethylene
Ethylene Dibromide
Tetrachloroethylene
Ethylene Dichloride
Methyl Chloroform
1,1-Dichloroethane
1,1,2,2-Tetrachloroethane
Vinyl Chloride
1,1,2-Trichloroethane
Chloroform
Bromomethane

0.07
0.07
0.06
0.05
0.05
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.02

0.04
0.04
0.02
0.05
0.04
0.05
0.10
0.02
0.02
0.02
0.02
0.01
0.01
0.02
0.01

0.05
0.05
0.05
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01

0.25
0.25
0.10
0.21
0.12
0.24
1.84
0.34
0.12
0.06
0.10
0.08
0.06
0.41
0.11

52
51
18
14
105
34
449
271
307
7
30
19
10
512
313

4.79%
4.70%
1.66%
1.29%
9.68%
3.13%
41.38%
24.98%
28.29%
0.65%
2.76%
1.75%
0.92%
47.19%
28.85%

Natural gas and liquid condensate production data for the region
were obtained from the Railroad Commissions of Texas (RRC). Natural
gas production in the region grew from 223,992 MMBtu of natural gas
per day in 2000 to 5,955,491 MMBtu per day in 2012, as shown in
Fig. 2. The region was aﬀected by the global downturn in the economy
during 2008–2009, followed by a recovery from 2010. From 2014 onwards, the production volumes for natural gas and liquid condensate
has declined, likely due to low energy prices and maturing of the gas
ﬁelds. Based on these observations, four distinct evaluation periods
were established for this study: 2000–2006, 2007–2009, 2010–2013,
and 2014–2017.
Data analysis and visualization were performed using “R”, an opensource statistical computing programming language (R Core Team,
2018). The ‘openair’ package on R, a spatial analysis tool for identifying
eﬀects of wind speed and direction on the measured air pollutant
concentrations, was used to generate the bivariate polar plots (Carslaw
and Ropkins, 2012).

3. Results and discussion
3.1. Total non-methane organic carbons (TNMOC)
The mean measured TNMOC concentration during 2000–2017 in
Denton was 226.17 ± 10.84 ppb-C, and it increased by
+8.03 ± 12.92 ppb-C/year (+12.75%/year) from 57.27 ppb-C in
2000 to 193.75 ppb-C in 2017. As shown in Fig. 3, two peaks were
noted in the mean and 95th-percentile TNMOC concentration trends.
The mean concentration peaked in 2005 and 2014 while the 95thpercentile peaked in 2006 and 2013. A signiﬁcant increase in drilling
permits were issued in the Barnett Shale during the early 2000s that
mirrored the growth shown in the measured TNMOC concentrations,
and this peaked in 2005. Activities tied to the well development stage of
UGD, which includes drilling and increased truck traﬃc, resulted in
elevated measured TNMOC concentrations during the pre-2007 period.
The economic recession that started in 2007 caused the drilling permits
issued to drop, resulting in a decrease in the measured TNMOC concentrations from 2007 through 2009. Post-2010, the Barnett Shale gas
region had largely matured, and the number of new permits issued
dropped signiﬁcantly. Post-recession the natural gas production volume
continued to increase through 2012, despite relatively stagnant number
of producing wells, and this explained the growth in the measured
TNMOC concentrations as it peaked in 2013. Natural gas production
and subsequently the measured TNMOC concentrations have declined
since 2013.
The TNMOC concentrations measured in Denton increased by
+37.58%/year during 2000–2006 and had a mean concentration of
211.34 ± 17.57 ppb-C during this period, as shown in Table 2. This
dropped signiﬁcantly during the economic downturn during the
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Fig. 2. Barnett Shale natural gas production [MMBtu/day], new gas well permit issued, and average natural gas spot price [$/MMBtu].

recession period in 2007–2009. The TNMOC concentrations decreased
by −5.88%/year and the mean TNMOC concentration of
178 ± 16.31 ppb-C was lower than the earlier period. Since the
economy rebounded in 2010, TNMOC concentration saw an increase at
the rate of +16.1%/year, and the mean concentration grew to
265.8 ± 23.51 ppb-C during the 2010–2013 period. Finally, during
the 2014–2017 period a −15.74%/year decrease was noted in the
TNMOC concentrations and the mean TNMOC concentration was observed to be 246.27 ± 26.95 ppb-C.
The observed TNMOC concentrations were higher during the winter
months than in the summer in Denton. Fig. 4 shows the monthly
TNMOC concentration along with the monthly outdoor temperatures,
and the corresponding wind rose plots. Mean TNMOC concentration
was the highest in November and was lowest in July, which was inverse
of the temperature proﬁle. Most TNMOCs are relatively volatile during
the warmer months, and they tend to be more reactive in the atmosphere due to the abundance of OH radicals resulting in lower observed
concentration. However, the reactivity tend to be lower during winter
months due to smaller available pool of free OH radicals, and thus
leading to higher measured TNMOC concentration in the ambient
(Filella and Penuelas, 2006; Vaughan et al., 2012; Lelieveld et al., 2016;
Kenagy et al., 2018). The wind was blowing predominantly from the
southeast of the monitoring site year-round and westerly winds were
the least uncommon during summer months. Faster winds usually result
in lower measured TNMOC concentrations, and November's average
wind speed was 1.7 km/h greater than July. The inﬂuence of lower OH
radicals in November, however, was greater than that of increased wind
speed, resulting in higher TNMOC concentrations in November.

Table 2
Mean TNMOC concentration measured and average change in annual TNMOC
during 2000–2006, 2007–2009, 2010–2013, and 2014–2017 period.
Period

Mean TNMOC Concentration
(ppb-C)

Average change in annual
TNMOC

2000–2006
2007–2009
2010–2013
2014–2017

211.34 ± 17.57
178 ± 16.31
265.8 ± 23.51
246.27 ± 26.95

+37.58%/year
−5.88%/year
+16.1%/year
−15.74%/year

Alkanes were the largest TNMOC group at Denton, and their compositions (alkane/TNMOC ratio) had increased signiﬁcantly since 2000
whereas the alkene/TNMOC and aromatics/TNMOC ratios were consistently in decline, as shown in Fig. 5. Alkanes are the predominant
TNMOC group emitted during UGD production activities, and the increased alkane composition in the measured TNMOC concentrations
suggest an increasing inﬂuence from UGD emission sources between
2000 and 2017. The alkene and aromatic species’ decline in the TNMOC
composition suggests a lowered inﬂuence of urban emission sources,
which indicated an improvement because of conventional emission
source controls.
Fig. 6 shows box-whiskers plots for select alkane (ethane, propane,
n-butane, and isobutane), alkene (ethylene, and propylene), alkyne
(acetylene), and aromatics (benzene, toluene, ethylbenzene, and
(O + M/P) xylenes) species. All four alkane species experienced trends
similar to the measured TNMOC concentration and the UGD production, which strengthens the correlation between both variables. Since

Fig. 3. TNMOC concentration [ppb-C] timeseries box-whiskers plot for 2000–2017.
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Fig. 4. (a) TNMOC concentration [ppb-C] box-whiskers plot, (b) ambient temperature [°C], and (c) windrose diagrams [km h-1].

decrease in the observed concentration of these species strongly suggest
the inﬂuence of decreasing exhaust emissions from vehicles. Unlike
other TNMOC groups, each of the aromatic species had diﬀerent trends
that were independent of all the other members of the group.

2000, the measured concentration of alkenes and acetylene have declined. Acetylene, an alkyne species, along with ethylene and propylene, which are alkenes, are commonly associated with combustion of
gasoline powered engines (Xie and Berkowitz, 2006). Thus, the
413

Atmospheric Pollution Research 11 (2020) 409–418

G.Q. Lim and K. John

Fig. 5. (a) Alkane/TNMOC, (b) alkene/TNMOC, and (c) aromatics/TNMOC concentration ratios box-whiskers plots.

Truck traﬃc increase during the development phase of the UGD wells
prior to 2008 was likely the primary contributor to the ethylbenzene
concentration; the truck traﬃc volume dropped with the decrease in
UGD. Xylene concentrations saw rapid growth from 2000 through
2014, which was followed by a signiﬁcant drop from 1.46 ppb-C to
0.723 ppb-C from 2015 onwards. Xylenes are commonly found in industrial solvents and fracturing ﬂuids; the decline in xylene concentrations post-2015 may be the result of reduced fracking activities
after the initiation of the fracking ban.

The trend showed by benzene was similar to that shown by the
alkane species and TNMOC, which would indicate some correlation
between benzene and natural gas production. Benzene is a hazardous
air pollutant (HAP) species known to be carcinogenic and can cause
serious health issues (U.S. EPA, 2018). While the primary source of
benzene in an urban region is vehicle exhaust emissions, benzene is also
found in natural gas emissions. Benzene concentrations in the other
parts of DFW were shown to be decreasing and were stated to be mostly
released from sources other than natural gas production (Bunch et al.,
2014). However, the benzene concentrations measured at the Denton
site had a higher correlation with ethane than acetylene with R2-values
of 0.212 and 0.09, respectively. Ethane is a major natural gas species
whereas acetylene is commonly emitted from vehicle exhausts (Xie and
Berkowitz, 2006). The higher correlation between benzene and ethane
indicated that the benzene concentrations observed in Denton were
more likely to be emitted from natural gas sources. Nevertheless, the
benzene concentrations measured at the Denton site, with a mean and
median values of 1.39 ppb-C and 1.14 ppb-C, respectively, were lower
than the median background concentration of benzene in the United
States cities (2.05 ppb-C) (McCarthy et al., 2006) and were not likely to
be a major hazard to human health. Toluene concentration showed a
constant decrease since 2000 despite a spike in mean concentration in
2004 and a spike in the 95th-percentile value in 2013. Toluene can be
emitted from engines in on-road and oﬀ-road vehicles, where its decrease also coincided with the decline in the measured alkene and
acetylene concentrations. The spike in the mean toluene concentrations
in 2004 was a result of an extreme outlier value. The mean concentration of toluene observed in 2004 was 8.83 ppb-C, which was
higher than its corresponding 95th-percentile of 5.53 ppb-C, which indicated that a single extreme outlier was skewing the measured mean
concentration. The increases observed in alkane, benzene, toluene and
xylene concentrations in 2013 corresponded to the peak production of
oil and gas during 2011–2013 and subsequently it started to decline.
Ethylbenzene concentrations showed an upward ﬂuctuating trend from
2000 through 2008, followed by a consistent decrease in post-2009.

3.2. Impacts of UGD on TNMOC concentrations
Between 2001 and 2002, the mean TNMOC concentrations showed
a signiﬁcant increase of +156.32% from 75.16 ppb-C to 192.64 ppb-C
(Fig. 3). During the same timeframe, the natural gas production volumes from wells within 2-km from the Denton site had also increased
from zero to 388,261 MMBtu (Fig. 2). The increase in liquid condensate
production during the early 2000s also correlated with the peak in the
mean TNMOC concentration in 2005. Mean concentrations of ethane
(79.77 ppb-C), propane (50.37 ppb-C), n-butane (24.12 ppb), and isobutane (14.79 ppb) observed in Denton, suggested the inﬂuence of
natural gas sources. These four are considered to be natural gas emission species (Xie and Berkowitz, 2006) and can be found in high concentrations throughout the Barnett Shale gas region (Zielinska et al.,
2010). While the reactivity of alkane species is low towards the formation of ozone, alkanes were key contributors to the bulk of TNMOC
reactivity observed in other oil and gas regions (Gilman et al., 2013;
Abeleira et al., 2017). Thus, we believe that the elevated concentrations
of alkanes at the Denton site potentially could impact the local ozone
formation despite lower reactivity.
Ethane/TNMOC ratios, as shown in Fig. 7(a), saw signiﬁcant growth
(p-value = 0.0009) during 2000–2006, but remained relatively constant post-2007. The growth in the pre-2007 ethane/TNMOC ratio was
the product of rapid growth in UGD and an increase in the issuance of
drilling permits. The normalized log trends (Fig. 7(b)) for natural gas
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Fig. 6. Box-whiskers plot for alkanes (ethane, propane, n-butane, and isobutane), alkenes and alkynes (acetylene, ethylene, and propylene), and aromatics (benzene,
toluene, ethylbenzene, and xylene).

production, liquid condensate production, and ethane bivariate polar
plots are available in Figs. S1 through S3. The production volume plots
scale from green to red, where green represents the lowest production
volume and red represents the highest production volume. The rings on
the bivariate polar plots represent wind speed, where a high concentration region near the origin, or 0 km/h, shows that the measured
air pollutant concentration was not carried in by high speed winds and
is an indication of local emission sources. Natural gas wells with higher
production volumes were located to the south-southwest of the Denton
site, whereas liquid condensate facilities with higher production volumes were located to the north-northwest of the monitoring station.
The largest concentration of ethane was found on the west side of the
monitoring station. This high concentration region was closer to the
5 km/h radius, which would strongly suggest the inﬂuence of some

and liquid condensate production within 2-km from the Denton air
monitoring site and the observed ethane concentrations showed a high
correlation, and there was no signiﬁcant diﬀerence between the three
variables (p-value = 0.828). The lack of signiﬁcant diﬀerence between
the ethane concentration and UGD production strongly suggests UGD
activities were the predominant source of ethane and in-extension the
major contributor to TNMOC concentration in the region. Thus, the
decrease in TNMOC concentration post-2013 (Fig. 3) was likely caused
by the decrease in natural gas production in the region (Fig. 2). On the
contrary, an increase in natural gas production will likely increase the
emissions of TNMOC in the region.
Fig. 8 shows the cumulative sum of natural gas and liquid condensate production volume and the ethane bivariate polar plot for the
entire study period (2000–2017), while the annual natural gas
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Fig. 7. (a) Ethane/TNMOC ratio; (b) log normal timeseries trend of natural gas and liquid condensate production volume and mean ethane concentration.

Fig. 8. (a) Location of natural gas wells overlaid with total production volume contour [MMBtu]; (b) location of liquid condensate facilities overlaid with total
production volume contour [BBL]; and (c) bivariate polar plot for measured ethane concentrations [ppb-C].
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KJ; project administration, KJ.

nearby localized sources.
The bivariate polar plots for ethane (Fig. S3) corresponds to the high
production areas for liquid condensate production by volume (Fig. S2)
very closely between 2002 and 2008; the region with high liquid condensate production volume were in the west-northwest side of the
monitoring station between 2002 and 2008, which coincided with the
high concentration regions on the bivariate polar plot for ethane. Between 2011 and 2014, the region with high ethane concentrations (Fig.
S3) had a higher correlation with natural gas production volume (Fig.
S1) than liquid condensate production (Fig. S2). Also, high ethane
concentrations observed after 2008 were predominately linked to regions in the west of the monitoring site with a high density of both
natural gas and liquid condensate facilities. The ethane concentrations
observed were very likely to be from fugitive emissions from natural gas
compressor stations and liquid condensate storage tanks. Compressor
stations, storage tanks and gas processing plants were likely sources of
elevated TNMOC levels as opposed to the operation of single gas wells.
More importantly, the number of existing facilities and production
volume do not always translate directly to the measured emissions. In
an earlier study, it was found that just 10% of the facilities were mainly
responsible for 90% of the emissions within the Barnett Shale (ZavalaAraiza et al., 2015).
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4. Conclusions
Over the past two decades, shale gas activities have had a signiﬁcant
inﬂuence on the TNMOC concentration measured in Denton, Texas. The
annual mean TNMOC concentrations grew from 57.3 ppb-C to 194 ppbC from 2000 through 2017, and it followed the trend set by natural gas
and liquid condensate production from wells located within 2-km from
the monitoring site. Ethane was the most abundant component in the
measured TNMOC concentration, and it originated from regions with a
high density of active natural gas and liquid condensate facilities.
Furthermore, while the concentration of alkane hydrocarbon species
increased, the alkene, alkyne, and aromatic species decreased during
the study period. The TNMOC concentrations measured has declined
since 2014, which coincided with a decrease in shale gas production
due to lower gas prices. This study showed that shale gas activities in
Denton had a strong inﬂuence on the measured TNMOC concentrations
in the ambient atmosphere. While lower reactivity alkane species
dominated the observed TNMOC concentrations, large amount of alkanes were suﬃcient to oﬀset their lower reactivity and potentially
contributed to elevated ozone levels in the region. For now, the shale
gas play in this region has matured and a declining trend in both production and corresponding ambient concentrations of TNMOC were
noted. However, in the future, if shale gas production were to rise again
within this mature play, it would likely cause potential increase in the
ambient TNMOC concentrations. Further studies are required using
hourly measured TNMOC concentration data along with the photochemical modeling of these UGD emission sources to understand the
complex air quality challenges faced by exurban areas with signiﬁcant
oil and gas development and production activities.
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ABSTRACT: Oil and gas (O&G) facilities emit air pollutants
that are potentially a major health risk for nearby populations.
We characterized prenatal through adult health risks for acute
(1 h) and chronic (30 year) residential inhalation exposure
scenarios to nonmethane hydrocarbons (NMHCs) for these
populations. We used ambient air sample results to estimate
and compare risks for four residential scenarios. We found that
air pollutant concentrations increased with proximity to an
O&G facility, as did health risks. Acute hazard indices for
neurological (18), hematological (15), and developmental (15)
health eﬀects indicate that populations living within 152 m of
an O&G facility could experience these health eﬀects from
inhalation exposures to benzene and alkanes. Lifetime excess
cancer risks exceeded 1 in a million for all scenarios. The cancer risk estimate of 8.3 per 10 000 for populations living within 152
m of an O&G facility exceeded the United States Environmental Protection Agency’s 1 in 10 000 upper threshold. These ﬁndings
indicate that state and federal regulatory policies may not be protective of health for populations residing near O&G facilities.
Health risk assessment results can be used for informing policies and studies aimed at reducing and understanding health eﬀects
associated with air pollutants emitted from O&G facilities.

■

INTRODUCTION

O&G well site grew almost 3 times faster than the population
living further away.5
Colorado mandated regulatory exclusion zones around
residential structures in which the drilling of O&G wells is
discouraged are referred to as setback distances. Colorado
setback distances were historically as short as 150 feet (46 m)
and are currently at 500 feet (152 m).6 Additionally, setback
distances of 1000 feet (305 m) apply to high occupancy
buildings serving 50 or more people (e.g., schools and
hospitals) as well as operating child care centers for 5 or
more children.6 While the setback distances are intended to
protect the general public’s safety and welfare from environmental and nuisance impacts resulting from O&G develop-

Horizontal drilling and high-volume hydraulic fracturing have
resulted in a dramatic increase in the number of oil and gas
(O&G) wells located on a single pad.1,2 It is now common for
O&G well sites to contain 20 to 40 wells, related infrastructure,
and tank batteries to store and/or pipelines to transport
petroleum products and exploration and production (E&P)
waste.3 Additional equipment and facilities, such as gathering
lines, compressor stations, and E&P waste disposal sites may
also be located in areas of intensive O&G development.4
In the Denver Julesberg Basin (DJB) on the Colorado
Northern Front Range (CNFR), the O&G industry is rapidly
expanding at the same time that housing construction is
increasing to accommodate a rapidly growing population.5 As a
result, 19% of the population (∼356 000 people) in the DJB
live within 1600 m of an active O&G well site.5 Between 2000
and 2012, the number of people living within 1600 m of an
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Figure 1. Colorado Northern Front Range: sample locations37−39 and oil and gas well density.36

quantitative hazard indices (HI), and cancer risks have
expressed as risk in excess of the baseline lifetime cancer risk
for Americans of 44 per 100 (lifetime excess cancer risk).28 The
previous assessments indicate the potential for short-term
respiratory, neurological, hematological, and developmental
eﬀects and elevated estimated lifetime excess cancer risk for
populations living within approximately 800 m of O&G well
pads,8 while the potential for chronic noncancer health eﬀects
and lifetime excess cancer risk are lower for populations living
further from O&G sites.8,26,29,30 One important shortcoming of
previous risk assessments is that they did not consider shortterm and repeated nighttime peak exposures. They did not
explicitly address childhood exposures or incorporate ﬁndings
from the most recent studies on health eﬀects associated with
ambient benzene exposure. Additionally, data sets supporting
most of the previous risk assessments were not suﬃcient for
assessment of short-term exposures to air pollution O&G
facilities or the variance in health risks with diﬀering setback
distances from O&G facilities.
The goal of this analysis is to characterize prenatal through
adult noncancer and cancer health risks from both short-term
(acute) and long-term (chronic) residential exposures to
NMHCs measured in CNFR O&G development areas and
how health risks vary with proximity to O&G facilities.

ment, they are not intended to address potential human health
impacts associated with O&G development air emissions.7
Air pollution is one of the major potential health risks for
populations living near O&G sites.4,8 O&G sites directly emit
nonmethane hydrocarbons (NMHCs) into the air,9−11 and
several studies have identiﬁed O&G facilities as major
contributors to ambient NMHC levels along the CNFR.12−17
Some of these NMHCs such as benzene, toluene, ethylbenzene,
and xylenes (BTEX) are deﬁned as hazardous air pollutants.18
Because of higher atmospheric stability at night, nighttime
emissions do not disperse as much as during the daytime, and
average nighttime benzene levels are approximately twice
daytime levels.15
Recent Colorado studies observed that infants with
congenital heart defects and children diagnosed with leukemia
are more likely to live in the densest areas of O&G wells.19,20
Studies in Pennsylvania and Texas have observed associations
between proximity to O&G wells and fetal death, low
birthweight, preterm birth, asthma, fatigue, migraines, and
chronic rhinosinusitis.21−25
The few previous human health risk assessments conducted
in areas with O&G development have used results from
ambient air samples to predict the risk for both noncancer and
cancer health eﬀects in the surrounding population.8,26,27 Risks
for noncancer health eﬀects have been expressed as semiB
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Figure 2. Samples collected along Colorado’s Northern Front Range in summer 2014 used to develop exposure and risk estimates.

■

METHODS
We used California’s Oﬃce of Environmental Health Hazard
Assessment (OEHHA) Risk Assessment Guidelines to estimate
acute and chronic noncancer hazards and cancer risks for
exposures to NMHCs, including BTEX, in residential exposure
scenarios.31 California’s OEHHA guidance addresses developmental outcomes not fully covered in standard United States
Environmental Protection Agency’s (USEPA) risk guidance.32,33 Speciﬁcally, OEHHA guidance has incorporated
recent research ﬁndings on the developmental toxicity of
ambient level benzene into their toxicity factors as well as a
lifespan beginning in the third trimester of pregnancy into their
cancer risk assessment.31,34,35
Data Sources. We characterized risks for residential
populations based on proximity to the nearest O&G facility,
as recorded in the Colorado Oil and Gas Information System.36
All samples included in this risk assessment were collected at

plausible residential locations (i.e., at a distance greater that
Colorado’s historic 150 foot (46 m) setback distance from the
nearest O&G facility) using NMHC measurement results from
one of three CNFR studies conducted in the summer of 2014
(Figure 1, Figure 2, Supporting Information):
Study 1: 1-min canister samples (hereafter 1-min samples)
and continuous air monitoring (1-s time resolution readings
every minute: 60 consecutive minutes averaged to represent 1 h
of exposure, hereafter 1-h samples) from the 2014 DISCOVERAQ (Deriving Information on Surface conditions from Column
and VERtically resolved observations relevant to Air Quality)
ﬁeld campaign.37 The 1-min samples collected during the
DISCOVER-AQ study targeted O&G, power generation,
agricultural facilities, and high vehicle traﬃc areas. In situ
methane, carbon dioxide, and carbon monoxide measurements
were used to identify plume and background locations. In
addition to residential plausibility-based setback distances, we
C
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The nearest O&G facility from each sample location included
well pads, tank batteries, E&P waste disposal sites, gathering
lines, and processing facilities.
To estimate acute and chronic noncancer health hazards and
cancer risks, we considered short and long-term exposures to
NMHCs. For acute exposure, we used the maximum measured
concentration of each NMHC from the 1-min samples to
estimate the maximum 1-h ambient air concentration for all
scenarios and compounds, except for benzene, toluene, and C9
aromatics in the 152−610 m scenario. For the 152−610 m
acute scenario, we used maximum 1-h sample results for
benzene, toluene, and C9 aromatics that were available only for
this scenario. For chronic hazards and cancer risks, timeweighted average (TWA) mean (1-min and 3-h samples) over
24 h and mean (72−96-h samples) ambient NMHC
concentrations were used to represent the average concentration and calculate a daily intake dose for each NMHC
according to OEHHA Guidance (Supporting Information).31
We calculated a TWA mean for the 1-min and 3-h samples
because these samples were mostly collected in the daytime and
do not represent nighttime concentrations. Continuous
sampling results at the Platteville location indicate that the
average mean benzene concentration from 19:00 in the evening
to 7:00 the following morning is 2.34 times higher than
between 7:00 and 19:00 h.15 On the basis of these observations,
eq 1 was used to calculate the TWA mean:

reviewed Google Earth satellite images dated between June 2
and October 6, 2014 to determine if the sample location was
appropriate for evaluating residential exposures. On the basis of
these reviews, we excluded results from seven 1-min samples
that had been collected at locations adjacent to large O&G
processing plants or propane tank facilities because these
locations were not plausible residential locations (Supporting
Information Table S1). The 1-h samples were collected at a
ﬁxed site located in a rural area at 229 m from the nearest O&G
facility.
Study 2: 72−96-h integrated canister samples (hereafter 72−
96-h samples) collected for the 2014 Boulder County air
quality monitoring study.38 All sites were located in residential
areas. The site in western Boulder was selected as a reference
site (i.e., with minimal O&G development inﬂuence) and was
located on the grounds of the Boulder County Public Health
oﬃces near a busy intersection. Results from this location are
subjected to urban and traﬃc inﬂuences and thus provide a
representative urban signature. Twelve summa canister samples
were collected at the Boulder site. The sites in Eastern Boulder
County, along the border between Boulder and Weld County,
were selected to assess the geographical gradients of NMHCs
resulting from dense O&G development. The Eastern Boulder
County sites were public facilities (a school, park, church, and
ﬁre station) located in residential areas, and other obvious
sources of NMHCs were avoided. A total of 47 summa canister
samples were collected from 4 sites in Eastern Boulder County
(11−12 samples at each site).
Study 3: 41 3-h integrated canister samples (hereafter 3-h
samples) collected by the Colorado Department of Public
Health and Environment (CDPHE) at a single site in a
residential area of Platteville, CO located 247 m from the
nearest O&G facility.39
Data Assessment. Field measurement results were
grouped by exposure scenario and sample type, as indicated
in Figure 2. Because the underlying measurements were not
normally distributed, all data were log transformed prior to
statistical analysis. We evaluated the remaining measurements
from the 1-min samples as well as the 1-h, 3-h, and 72−96-h
samples for outliers using Q-Q plots.39 No results were
removed based on the outlier analysis. For results below the
limit of detection, we substituted the limit of detection for
statistical evaluations and calculations of mean concentrations.40 Supporting Information Tables S2−S4 contain
summary statistics and limits of detection for NMHCs included
in the risk assessment.
We used analysis of variance (ANOVA) to compare means of
speciﬁc NMHC concentrations between the four scenarios
described below. We evaluated diﬀerences between mean
NMHC concentrations with post hoc Tukey’s studentized
range (HSD) tests. Results were considered statistically
diﬀerent at an α of 0.05. All statistical analyses were conducted
using SAS software version 9.3 (Cary, NC).40
Exposure Assessment. Acute and chronic exposure
estimates were developed for four scenarios based on Colorado
regulatory setback distances between O&G wells and
residential facilities of 152 m6 and literature reference points
of 1600 m:5,41
(1)
(2)
(3)
(4)

TWA mean =
(mean concentration × 12 h × 2.34) + (mean concentration × 12 h)
24 h

(1)

Toxicity Assessment and Risk Characterization. For
noncarcinogens, we expressed inhalation toxicity health-based
factors as a reference concentration (RfC) in units of μg/m3
(Supporting Information Table S5). We used OEHHA chronic
reference exposure levels (REL) to evaluate long-term
exposures of 8 or more years (OEHHA 2015).31 If an
OEHHA chronic REL was not available, we used the USEPA’s
risk screening level (RSL) for ambient air.42 The OEHHA
chronic RELs and EPA chronic RSLs are applicable to 24-h per
day exposures over 10 to ≥12% of a 70-year lifespan (i.e., 7 to 8
years of exposure).31,34,42 We used OEHHA acute RELs to
evaluate acute 1-h exposures.31 If an acute OEHHA REL was
not available, we used the ATSDR’s acute MRLs.43 If RELs,
RSL, or MRL were not available, RfCs were obtained from (in
order of preference) EPA’s Integrated Risk Information System
(IRIS) subchronic RfCs,44 EPA’s subchronic Provisional PeerReviewed Toxicity Values (PPRTV),45 or Health Eﬀects
Assessment Summary Tables.46 We used surrogate RfCs
according to EPA guidance for C5 to C8 alkanes and C9
aromatic hydrocarbons, which do not have a chemical-speciﬁc
toxicity value.45 We derived semiquantitative noncancer hazard
quotients (HQs), deﬁned as the ratio between the estimated
exposure concentration and RfC.31,32 We summed HQs for
speciﬁc NMHCs to calculate the HI. We also separated the
HQs speciﬁc to neurological, respiratory, hematological, and
developmental eﬀects and calculated a separate end pointspeciﬁc HI for each of health eﬀect. HQ’s and HI’s > 1 indicate
that the estimated exposure exceeds the threshold exposure and
the possibility of adverse health eﬀects.32 Because the HI is
semiquantitative metric, it does not imply a multiplier. For
example, an HI of 4 is not twice the risk of an HI of 2.

No O&G facilities within 1600 m.
Nearest O&G facility within 610−1600 m.
Nearest O&G facility within 152 to 610 m.
Nearest O&G facility within 152 m.
D
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Figure 3. (A) Distributions and means of selected hydrocarbon concentrations from 1-min samples by distance from the nearest oil and gas facility.
(B) Distributions and means of selected hydrocarbon concentrations from 3 to 96 h samples by distance from the nearest oil and gas facility.

Figure 4. (A) Chronic and acute hazard quotients and hazard indices for residents living >1600, 610−1600, 152−610, and within 152 m from an oil
and gas facility based on 1-min and 1-h sample results. (B) Chronic hazard quotients and hazard indices for residents living in Boulder, Eastern
Boulder County, and Platteville based on 3-, 72-, and 96-h sample results.

exposure over 30 years, per OEHHA guidance,34 which is
consistent with the USEPA reasonable maximum exposure.32
To estimate the population cancer risk for residential
scenarios of less than 1600 m, we adjusted the cumulative
lifetime excess cancer risk by subtracting the risk for
populations with no O&G facilities within 1600 m of their
home from the risk for populations living in closer proximity to
facilities. We derived 2014 population estimates by adjusting
the DJB 2012 population estimates at speciﬁc distances from

For carcinogens, we expressed inhalation toxicity measurements as OEHHA inhalation cancer potency factors (CPFs)
summarized in units of (mg/kg-day)−1.31 The lifetime excess
cancer risk for each carcinogenic NMHC was derived per
OEHHA guidance (Supporting Information).31 We summed
individual lifetime excess cancer risks for each NMHC to
estimate cumulative lifetime excess risk. Risks are expressed as
excess cancers over a lifetime per 1 million population based on
E
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Figure 5. Lifetime excess cancer risks (30 year exposure duration) for residents >1600, 610−1600, 152−610, and within 152 m from an oil and gas
facility based on 1-min sample results.

nearest O&G facility. Acute HIs for nervous system (18), blood
system (15), and developmental eﬀects (15) were >1 for
residents living within 152 m of an O&G facility, and benzene
and alkanes contributed more than 80 and 13%, respectively, to
these end point speciﬁc HIs. Acute respiratory HIs were <1 for
all scenarios. Chronic HIs for blood system (4) and
developmental eﬀects (4) were >1 for residents living within
152 m of an O&G facility, and benzene contributed to 84% of
the HI (Supporting Information Tables S7). Acute and chronic
HIs for all eﬀects were <1 at distances greater than 152 m from
O&G facilities.
Figure 4 b presents chronic HQ and HI estimates based on
TWA mean 3-h (Platteville) and mean 72−96 h (Boulder and
Erie) sample results (Supporting Information Table S8). Total
chronic HIs were highest in Eastern Boulder County, where the
total HI was 1.1, followed by Boulder, and then Platteville.
Nervous system, respiratory system, blood system, and
developmental HIs were <1 for all locations.
The chronic HIs based on 72−96-h samples are 2−10 times
greater than those reported for residential exposures to NMHC
in O&G areas in previous risk assessments8,26,27 primarily
because the OEHHA chronic REL for benzene (3 μg/m3) is 10
times less than the USEPA’s chronic RfC (30 μg/m3). The
OEHHA chronic benzene REL34 considers several studies
published after USEPA’s 2002 benzene assessment,47 which
found increased eﬃciency of benzene metabolism at low
doses,48−51 decreased peripheral blood cell counts at low doses
(800−1860 μg/m3) with no apparent threshold,52−54 and large
population variation in the response of metabolic enzymes
involved in benzene activation and detoxiﬁcation.55
Lifetime Excess Cancer Risk Estimates. Figure 5 presents
lifetime excess cancer risks based on daily inhalation intake
dose estimates calculated from 1-min, 3-h, and 72−96-h sample
results (Supporting Information Tables S9 and S10). All
cumulative lifetime excess cancer risks exceeded USEPA’s de
minimus benchmark of 1 in a million58 with benzene
representing more than 95% of the total risk estimate for all
scenarios. The cumulative lifetime excess cancer risk increased
with decreasing distance to the nearest O&G facility. For

O&G wells for 2 years of population growth based on the
average annual rate of growth between 2000 and 2012.5 We
then estimated the population risk for each scenario by
multiplying the adjusted cumulative lifetime excess cancer risk
by the estimated 2014 population estimate.31

■

RESULTS AND DISCUSSION

For the 1-min samples (Figure 3), mean ambient BTEX and
total alkane concentrations increased as the distance of the
sample collection from the nearest O&G facility decreased (p <
0.001). The mean ambient benzene, toluene, ethylbenzene,
total xylene and total alkane concentrations from the 1-min
samples collected within 152 m of the nearest O&G facility
were 41, 34, 35, 32, and 86 times higher, respectively, than the
mean from 1-min samples collected further than 1600 m from
the nearest O&G facility (p < 0.05, Figure 3). Supporting
Information Table S6 presents the ANOVA results comparing
selected NMHC mean concentrations as a function of distance
to O&G facility.
For the 3-, 72-, and 96-h samples (Figure 3b and Table S6b),
the TWA mean concentration from the 3-h samples collected
in Platteville (247 m from nearest O&G facility) was compared
to the mean concentration from the 72- and 96-h samples
collected in Boulder (>1600 m from nearest O&G facility) and
Eastern Boulder County (448−625 m from nearest O&G
facility). Mean ambient benzene, ethylbenzene, and total xylene
concentrations did not vary signiﬁcantly between locations,
although the lowest mean concentrations occurred in samples
collected in Boulder. Mean ambient toluene concentrations in
Platteville and Eastern Boulder County were twice the mean
concentration in Boulder (p < 0.05). Mean ambient total alkane
concentrations in Platteville were 1.3 and 1.8 times greater than
those in Eastern Boulder County and Boulder (p < 0.05)
(Figure 3b).
Noncancer Hazards. Figure 4a presents acute and chronic
noncancer HQ and HI estimates based on maximum 1-min and
1-h sample results, and TWA mean 1-min sample results,
respectively (Supporting Information Tables S7). Acute and
chronic HQs and HIs increased with decreasing distance to the
F
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residents living within 152 m of an O&G facility, the risk
exceeded the USEPA upper bound risk level of 1 in 10 00056
with an overall risk of 8.3 per 10 000 (Supporting Information
Table S9). The cumulative lifetime excess cancer risk was
higher in Eastern Boulder County and Platteville than in
Boulder and reached the USEPA’s upper bound risk level of 1
in 10 000 in Platteville (nearest O&G facility 247 m) based on
the 3-, 72-, and 96-h sample results (Supporting Information
Table S10). For similar scenarios, the cumulative lifetime excess
cancer risks based on mean 72−96-h sample results are greater
than risks based on TWA mean 1-min and 3-h sample results.
These lifetime excess cancer risk estimates are 10−100 times
greater than those reported in previous risk assessments in
O&G development areas that used USEPA guidance.8,26,27 This
is partly because the OEHHA inhalation benzene CPF (0.1
(mg/kg-day)−1 is 4 times higher than USEPA’s benzene slope
factor (0.027 (mg/kg-day)−1.31,44 The OEHHA approach
addresses methodological shortcomings in the derivation of
USEPA’s current slope factor, which was calculated with a
linear extrapolation model that assumes excess risk is
proportional to the lifetime average exposure, is the same for
all ages, and does not explicitly address the impact of episodic
exposure peaks.57 OEHHA’s inhalation CPF was calculated
using a weighted cumulative exposure/relative risk procedure
that assumes with continuous exposure, age-speciﬁc cancer
incidence continues to increase as a power function of the
elapsed time since the initial exposure.35 Additionally, OEHHA
includes prenatal exposures in the calculation of lifetime excess
cancer risk based on recent studies indicating increased
susceptibility to benzene in early life.35 Even using USEPA’s
current slope factor, which would reduce the lifetime excess
cancer risk from benzene for residents living within 152 m of an
O&G facility to 2.2 in 10 000, our results remain above
USEPA’s 1 in 10 000 upper bound for remedial action.
Overall Strengths and Limitations. We assessed acute
and chronic health risks from air pollution associated with
O&G operations using data collected in close proximity to
O&G facilities and realistic residential scenarios tied to
regulatory setback distances and literature reference points.
This approach allowed us to incorporate proximity, spatial
variability, and temporally relevant sampling durations into our
exposure scenarios. The consistent application of exposure and
toxicity parameters for all four scenarios allows for the
comparison of hazards and risks between the scenarios. We
found increasing (1) hematological and developmental HIs and
(2) cumulative lifetime excess cancer risks with decreasing
distance to the nearest O&G facility. These results are
consistent with ﬁndings from observational epidemiological
studies that indicate an increased likelihood of adverse birth
outcomes and childhood acute lymphocytic leukemia with
increasing proximity to O&G wells.19−21,23,24 The weight of
evidence increasingly suggests that plausible outcomes to
explore in future epidemiological studies of exposure to
O&G-related pollutants include: neural tube defects,58 changes
in blood cell and platelet counts and aberrant nucleic acid
methylation patterns,59−61 and increased levels of 8-hydroxydeoxygunaosine, a biomarker of short-term nucleic acid
damage.62−64
However, the uncertainties in our risk assessment are
substantial, and the results are best suited for scoping policy
and future studies. Some of our assumptions are inherent in the
risk assessment process (Table 1), while others are more
speciﬁc to this study. Exposure to benzene had the largest

Table 1. Assumptions Adherent in Risk Assessment Process
That Lead to Uncertainty
assumption

description

1

Maximum concentrations from 1-min samples to estimate acute
exposure levels.
Chronic reference exposure levels and risk screening levels
assume 24 h per day exposures, 365 and 350 days per year,
respectively, for more than 7 years.
Multiple uncertainty factors applied in derivation of the
reference concentrations.
The lifetime excess cancer risk assumed that residents spend
72−85% of their time at home over a 30 year period.
Reference concentrations that were mostly derived from
occupational studies on adults or animal toxicity studies may
not adequately represent the current understanding of
developmental and reproductive eﬀects.

2
3
4
5

contribution our predicted health risks. While there is extensive
evidence that occupational benzene exposure is linked to
leukemia, the evidence in nonoccupational populations is less
robust. Nonetheless, the body of literature suggesting that
exposures to ambient levels of benzene are associated with
incidence of childhood leukemia is increasing. Additionally,
recent studies that were included in the derivation of the RELs
for toluene in this risk assessment suggest that low dose toluene
exposure can alter fetal and adult testosterone levels.65−67
Reductions in testosterone and mRNA 3B-hydroxysteroid
dehydrogenase levels were observed in male fetal rats at low
toluene exposures.65 Using the lowest observed adverse eﬀect
level of 3400 μg/m3 from that study results in chronic and
acute toxicity values of approximately 300 and 30 000 times
lower, respectively, than current toxicity values, resulting in a
corresponding increase of acute and chronic toluene HQs > 1
for the <610 m exposure scenarios.
Ideally, chronic HIs and cancer risk are estimated from a
large number of air samples that represent 24-h exposure. In
the summer of 2014, only the 72- to 96-h samples collected in
Boulder and Eastern Boulder County captured full 24-h
exposure periods. Because 24-h data was not available to
estimate chronic HIs and cancer risks for populations living in
close proximity to O&G facilities (i.e., 305 m),5 we used 3-h
and 1-min measurements as they were the best available to
estimate 24-h exposures for this scenario. However, the 1-min
and 3-h samples were collected mostly during the daytime and
do not represent the contribution of what are likely higher
nighttime ambient NMHC concentrations,15 even after the
TWA adjustment. This is likely the reason our chronic
cumulative HIs and cancer risks based on mean 72−96-h
sample results are greater than those based on TWA mean 1min and 3-h sample results for similar scenarios. This also
indicates that the HIs and cancer risks calculated from the 3-h
and 1-min samples are likely not overestimated because they
are an empirical estimate of local short-term concentrations of
these compounds.
Our ﬁndings are based on ambient air samples collected in
the summer of 2014 that may not capture temporal variations
in NMHC concentrations associated with O&G activities. For
example, NMHC concentrations likely diﬀer by season and will
vary in the future as O&G emission control technology evolves.
Existing studies suggest that winter levels of these pollutants are
higher because longer nights and cold daytime temperatures
keep the atmospheric boundary layer lower than that in
summer and thus increase NMHC concentrations near the
surface.12,68
G

DOI: 10.1021/acs.est.7b05983
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Policy Analysis

Environmental Science & Technology

of VOC emissions from new and existing wells, storage tanks,
compressor stations, and glycol dehydrators.78 Colorado’s
revised Regulations 6 and 7 aim to reduce ozone precursor
and methane emissions from larger and newer O&G facilities
and could eliminate 93 500 tons of VOCs per year.78 Our
results provide further justiﬁcation for implementation of these
regulations because such regulations could also reduce
emissions of hazardous air pollutants such as benzene that
drive our risk estimates.
However, our risk results include both older and smaller
O&G facilities, and other studies indicate that older and smaller
O&G facilities could emit signiﬁcant levels of air pollutants that
are important contributors to health risk. Because Colorado
Regulations 6 and 7 are less stringent for older wells, controls
on small emitters (<6 tons VOCs per year), and temporary frac
tanks,78 they may not be suﬃciently protective for residents
living near these facilities. The NSPS OOOO is applicable only
to wells built or modiﬁed starting in 2015; the current United
States administration is seeking delay of implementation, and
the O&G industry is challenging the federal regulation in
court.77,79 A study in the Marcellus shale found that older well
sites generally had much high production normalized methane
emission rates than newer multiwell sites because of a range of
issues, including a lack of maintenance.80 Small emitters outside
the nonattainment area for zone are required under Regulation
7 to conduct monthly audio, visual, and olfactory (AVO)
inspections, and they are currently required to conduct only
one inspection with an approved instrument monitoring
method (e.g., an infrared [IR]camera capable of detecting
hydrocarbon and VOC emissions) over the lifetime of the
facility.81 Additionally, the regulations exempt storage tanks
from emission inspections and small emitters from emission’s
management plans.81 A recent analysis conducted with an
infrared camera in Boulder County, CO detected gas leaks at
65% of 145 inspected O&G sites, most of which were small
emitters developed prior to 2011. Ninety-two percent of the
detected gas leaks were at storage tanks, separators, or
wellheads, and at least 31% involved pneumatic devices or
equipment associated with them.82 Several studies have
implicated storage tanks, thief hatches, and pneumatic devices
as major sources of VOC emissions from O&G facilities.12,15,83−85 The Boulder County analysis found that only
2.5% of AVO inspections identiﬁed a gas leak, compared to
66% of inspections using an IR camera, indicating that in this
program monthly AVO inspections are not eﬀective in
detecting VOC emissions from leaking equipment.82 Intermittent and continuous bleed pneumatic devices may be a
signiﬁcant source of emissions even when operating properly.86
Zero-bleed pneumatic devices could also signiﬁcantly reduce
emissions.86 Ultimately, this means that the large number of
old, low producing, and insuﬃciently inspected O&G
operations could be a signiﬁcant source of air pollutant
emissions and related health risks.
While the magnitude of air pollutant emissions may vary by
region, these results also have implications for policies in other
O&G regions where homes are located near O&G facilities75,76
and NMHCs have been measured. Studies in regions of dense
O&G development in the Uintah basin, Marcellus Shale,
Barnett Shale, and Eagle Ford Shale have documented elevated
levels of NMHCs11,27,87,88 as well as increased risks for several
adverse health eﬀects.21−25 Risk assessments using air sampling
results speciﬁc to these regions could be useful for informing

Finally, exposure to other air pollutants, drinking water
contaminants, and nonchemical stressors (e.g., noise) associated with upstream O&G operations could further contribute
to the health risks estimated in this study. For example, alkanes
emitted from O&G operations contribute to approximately
20% of summertime photochemical ozone production along
the CNFR,69 and each 10 ppb increase in ozone may result in
an 2% increase in mortality.70 Ozone levels in several CNFR
cities exceed National Ambient Air Quality standards.71
To better understand health risks from air pollution
originating from O&G operations, systematic ongoing sampling
of NMHCs (especially BTEX), source tracers, and other air
pollutants such as formaldehyde, acetaldehyde, and polycyclic
aromatic hydrocarbons72,73 associated with O&G activities is
needed. Future research should focus on providing measured
and modeled exposure estimates of key risk drivers (e.g.,
BTEX) for populations living near O&G operations.74

■

POLICY IMPLICATIONS
Our results indicate that State regulatory setback distances (the
minimum distance an O&G wellhead may be located from a
home) and reverse setback distances (the minimum distance a
home may be located from an O&G wellhead) and related
municipal codes may not protect nearby residents from health
eﬀects resulting from air pollutants emitted from these facilities.
Setback distances between homes and other types of O&G
facilities (e.g., tank batteries, waste disposal sites, gathering
lines, compressor stations, etc.) have not been speciﬁed,6 and
very few municipal codes regulate the siting of homes near
existing O&G well sites.5,75,76 We found that Colorado
populations within 152 m of an O&G facility are more likely
to experience neurological, hematological, and developmental
health eﬀects from acute inhalation exposures to benzene and
alkanes. We also estimated cumulative lifetime excess cancer
risks for populations living within 610 m of an O&G facility
exceed USEPA’s upper threshold of 1 in 10 000.
Sources of air pollutants other than O&G facilities (e.g., non
O&G related traﬃc) likely partially contributed to the health
risks for all exposure scenarios. Nonetheless, our results
indicate that air pollutants from O&G facilities increasingly
contribute to the health risks as the distance from the nearest
O&G facility decreases. For the more than 380 000 people
along the CNFR estimated to be living within 1600 m of an
O&G well in 2014, we estimate an additional 17 to 27 cases of
cancer over a lifetime (70 years). We estimate that more than
50% of these additional cancers may occur in the population
living within 152 m of an O&G facility (Supporting
Information Table S11).
Our results could be useful in justifying and further scoping
of Colorado regulations on air emissions from O&G facilities.
In 2014, the Colorado Air Quality Control Commission fully
adopted EPA’s Standards of Performance for Crude Oil and
Natural Gas Production, Transmission, and Distribution (NSPS
OOOO) (40 C.F.R. Part 60, Subpart OOOO) into Colorado
Regulation Number 6 and adopted complementary O&G
emission control measures in Colorado Regulation Number
7.77,78 EPA’s NSPS OOOO stipulates that hydraulic fracturing
and well completion operations begun on or after January 1,
2015 and storage tanks must use control measures to reduce
VOC emissions.77 In 2016, the Colorado Department of Public
Health and Environment’s Air Pollution Control Division
implemented Regulation 7, which requires O&G operators to
ﬁnd and repair leaks and install devices to capture at least 95%
H
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policies aimed at reducing health risks associated with O&G
facilities for nearby populations.
This study provides further evidence that populations living
nearest to O&G facilities bear the greatest risk of acute and
chronic health risk from exposures to NMHC air pollutants
emitted from upstream O&G facilities. Therefore, this analysis
supports and highlights the importance of policies aimed at
reducing or eliminating air emissions from O&G equipment
and facilities, particularly those near homes, and eﬀective
monitoring of emissions from these facilities.
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ABSTRACT: A comprehensive analysis of all publicly available
data and reports was conducted to evaluate impact to
Underground Sources of Drinking Water (USDWs) as a result
of acid stimulation and hydraulic fracturing in the Pavillion, WY,
Field. Although injection of stimulation ﬂuids into USDWs in the
Pavillion Field was documented by EPA, potential impact to
USDWs at the depths of stimulation as a result of this activity
was not previously evaluated. Concentrations of major ions in
produced water samples outside expected levels in the Wind
River Formation, leakoﬀ of stimulation ﬂuids into formation
media, and likely loss of zonal isolation during stimulation at
several production wells, indicates that impact to USDWs has
occurred. Detection of organic compounds used for well
stimulation in samples from two monitoring wells installed by
EPA, plus anomalies in major ion concentrations in water from one of these monitoring wells, provide additional evidence of
impact to USDWs and indicate upward solute migration to depths of current groundwater use. Detections of diesel range
organics and other organic compounds in domestic wells <600 m from unlined pits used prior to the mid-1990s to dispose
diesel-fuel based drilling mud and production ﬂuids suggest impact to domestic wells as a result of legacy pit disposal practices.

■

allowing injection of stimulation ﬂuids into USDWs. However,
under Section 1431 of the SDWA, the Administrator of EPA
may take action if impact to a USDW “may present an
imminent and substantial endangerment to the health of
persons.”
The term “usable water” applies to lands containing federal
or tribal mineral rights regulated by the Bureau of Land
Management (BLM). This term is applicable to the Pavillion
Field because tribal mineral rights are associated with more
than half of production wells there. In the BLM Onshore Oil
and Gas Order No. 2, usable water is deﬁned as water
containing ≤10 000 mg/L total dissolved solids (TDS) − a
deﬁnition maintained in the March 2015 BLM rule on
hydraulic fracturing (43 CFR 3160). In 43 CFR 3160, BLM
retained a threshold for groundwater protection at 10 000
mg/L stating, “Given the increasing scarcity and technological
improvements in water treatment, it is not unreasonable to
assume aquifers with TDS levels above 5000 ppm are usable
now or will be usable in the future.” However, on September
30, 2015, the U.S. District Court for Wyoming granted a

INTRODUCTION
Between 2005 and 2013, natural gas production in the U.S.
increased by 35% largely due to unconventional gas production
in shale and tight gas formations.1 Between 2013 and 2040,
natural gas production is expected to increase another 45% with
production from tight gas formations in particular increasing
from 4.4 to 7.0 trillion cubic feet (59%) primarily in the Gulf
Coast and Dakotas/Rocky Mountain regions.1 Tight gas
formations already account for 26% of total natural gas
production in the United States today.2
In the U.S. Code of Federal Regulations (CFR), there are
two federal regulations for protecting groundwater resources
for present and future use relevant to oil and gas extraction −
“Underground Source of Drinking Water” (USDW) and
“usable water.” A USDW is deﬁned in 40 CFR 144.3 in
requirements for the Underground Injection Control program
promulgated under Part C of the Safe Drinking Water Act
(SDWA) as “an aquifer or its portion: (a)(1) Which supplies
any public water system; or (2) Which contains a suﬃcient
quantity of ground water to supply a public water system; and
(i) Currently supplies drinking water for human consumption;
or (ii) Contains fewer than 10 000 mg/L total dissolved solids;
and (b) Which is not an exempted aquifer.” With the exception
of use of diesel fuels, the Energy Policy Act of 2005 (“EPAct”)
exempted hydraulic fracturing from the SDWA, thereby
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preliminary injunction ﬁled by the States of Wyoming and
Colorado to stop implementation of the BLM rule based on the
assertion that the EPAct precludes BLM rulemaking.3
In 2004, EPA4 documented the widespread use of hydraulic
fracturing in USDWs colocated in formations used for coal bed
methane (CBM) recovery. EPA4 acknowledged likely groundwater contamination as a result of this activity but stated that
the attenuation factors of dilution, adsorption, and biodegradation would reduce contaminant concentrations to safe
levels prior to reaching domestic wells that are generally
shallower than production wells. Thus, EPA4 distinguished
impact to USDWs from impact to domestic wells. In 2014,
while deﬁning the chemical abstract numbers of ﬂuids
designated as diesel fuels, EPA revised its position and stated
that injecting stimulation ﬂuids directly into USDWs “presents
an immediate risk to public health because it can directly
degrade groundwater, especially if the injected ﬂuids do not
beneﬁt from any natural attenuation from contact with soil, as
they might during movement through an aquifer or separating
stratum.”5
The Pavillion Field (Figure 1) is located east of the Town of
Pavillion in Fremont County, WY, in the west-central portion

domestic wells as is common in oil- and gas-ﬁeld-based
investigations.
EPA conducted two domestic well sampling events in March
2009 (Phase I)6 and January 2010 (Phase II).8 Between June
and September 2010, EPA installed two monitoring wells,
MW01 and MW02, using mud rotary drilling with screened
intervals at 233−239 m and 296−302 m below ground surface
(bgs), respectively. These monitoring wells were installed to
evaluate potential upward solute transport of compounds
associated with well stimulation to maximum depths of current
groundwater use (∼322 m).9 EPA sampled MW01 and MW02
during the Phase III (October 2010) and Phase IV (April 2011)
sampling events.
In December 2011, EPA9 released a draft report summarizing
results of the Phase I−IV sampling events. EPA documented
groundwater contamination in surﬁcial Quaternary unconsolidated alluvium attributable to numerous unlined pits used
for disposal of diesel-oil-based (invert) drilling mud and
production ﬂuids including ﬂowback, condensate, and
produced water prior to the mid-1990s. EPA9 also documented
injection of stimulation ﬂuids into USDWs and concluded that
inorganic and organic geochemical anomalies at MW01 and
MW02 appeared to be attributable to production well
stimulation. EPA received numerous comments both challenging and supporting its ﬁndings in the draft EPA report.10−37 We
reviewed and considered these comments when preparing this
manuscript.
A substantial amount of data has been collected since
publication of the 2011 draft EPA report, adding to an already
extensive data set. In April 2012 (Phase V) the EPA38,39 split
samples with the U.S. Geological Survey at MW0140,41 and
MW02.42 In 2014, the Wyoming Oil and Gas Conservation
Commission (WOGCC) released a report on production well
integrity43 and in 2015 released a report on surface pits.44 In
December 2015, the Wyoming Department of Environmental
Quality (WDEQ) released a report on sample results of a
subset of domestic wells previously sampled by EPA.45
We conducted a comprehensive analysis of all publicly
available online data and reports, to evaluate impact to USDWs
and usable water as a result of acid stimulation and hydraulic
fracturing. Although injection of stimulation ﬂuids into USDWs
in the Pavillion Field was previously documented by EPA,9 the
potential impact to USDWs at depths of stimulation was not
assessed. We evaluate potential upward migration of contaminants to depths of current groundwater use using data from
MW01 and MW02. We also evaluate potential impact to
domestic wells as a result of legacy disposal of production and
drilling ﬂuids in unlined pits.

Figure 1. Central portion of the Pavillion Field illustrating locations of
domestic water wells, production wells, plugged and abandoned
(P&A) wells, and EPA monitoring wells (labeled). The entire Field,
with labels for production and domestic wells and approximate
locations of unlined pits, is illustrated in Figure SI A5. The geographic
area in which the Field is located is illustrated in Figure SI A1.

of the Wind River Basin (WRB) (Figure SI A1). The ﬁeld
consists of 181 production wells including plugged and
abandoned wells. Conventional and unconventional (tight
gas) hydrocarbon production in the Pavillion Field is primarily
natural gas from sandstone units in the Paleocene Fort Union
and overlying Early Eocene Wind River Formations. However,
oil has also been produced from production wells in these
formations, primarily in the western portion of the ﬁeld close to
the suspected location of a fault (SI Sections A.1 and A.2).
In response to complaints regarding foul taste and odor in
water from domestic wells within the Pavillion Field, EPA
initiated a groundwater investigation in September 2008 under
the Comprehensive Environmental Response and Liability Act
(CERCLA).6 This investigation remains the only one in which
CERCLA has been invoked to investigate potential groundwater contamination due to hydraulic fracturing.7 Under
CERCLA, impact to both groundwater resources and domestic
wells is evaluated, in contrast to limiting evaluation to impact to

■

MATERIALS AND METHODS
Sources of EPA reports, versions of the Quality Assurance
Project Plan (QAPP), and Audits of Data Quality (ADQs) are
provided in Table SI H1. Sources of analytical data and
associated information on quality assurance and control are
summarized in Table SI H2. ADQs were conducted by EPA for
Phase I−IV investigations to verify the quality of analytical data
and consistency with requirements speciﬁed in the QAPP.
In response to a comprehensive information request by EPA
regarding oil and gas production and disposal activities in the
Pavillion Field, the ﬁeld operator, Encana Oil & Gas (U.S.) Inc.,
provided Material Safety and Data Sheets (MSDSs) of products
used for well stimulation to EPA46 (Table SI C3). During the
Phase V sampling event, EPA developed a gas chromatographyB
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Table 1. Summary of Major Ion Concentrations of Domestic Wells in the Wind River Indian Reservation (WRIR), Fremont
County, WY, and within and around the Pavillion Field
WRIRa

Fremont Countyb

within and around Pavillion Fieldc

parameter (mg/L)

n

median

range

n

median

range

n

median

range

TDS
Ca
Mg
Na
K
SO4
Cl
F

154
149
128
153
149
154
154
154

490
10
2.2
150
2.0
201
14
0.7

211−5110
1−486
0.1−195
5−1500
0.2−30
2−3250
2−466
0.1−8.8

77
77
77
77
77
77
77
76

1030
45
8.2
285
2.45
510
20
0.9

248−5100
1.7−380
0.095−99
4.5−1500
0.1−30
12−3300
3−420
0.2−4.9

65
48
45
72
43
88
48
46

925†
50.8
5.32
260
1.36
590
21.1
0.88

229†−4901†
3.32−452
0.024−147
38.0−1290
0.179−10.5
29.0−3640
2.60−77.6
0.20−4.1

a

With the exception of potassium, from Daddow.48 Information on potassium extracted from Daddow.53 bFrom Plafcan et al.51 There is overlap of
19 sample results with Daddow.48,53 cMajor ion concentrations in domestic wells6,8,9,39,45,52 summarized in Table SI B2. Mean values used for
domestic wells sampled more than once. nNumber of sample results. †TDS for EPA data estimated using linear regression equation from Daddow48
TDS (mg/L) = 0.785 × speciﬁc conductance (μs/cm) − 130 (n = 151, r2 = 0.979)

ﬂame ionization-based approach to obtain a lower reporting
limit (50 μg/L) for methanol compared to commercial
laboratory analysis (5000 μg/L). We obtained this data set as
the result of a Freedom of Information Act request to EPA.47
We reviewed over 1000 publicly available well completion
reports, sundry notices, drilling reports, and cement bond and
variable density logs accessed from the WOGCC Internet site
using API search numbers to determine dates of well
completion, depths of surface casing, top of original or primary
cement, and numbers and depths of cement squeeze jobs
(injection of cement through perforated production casing to
remediate or extend existing primary cement). Similarly, we
reviewed online information to document well stimulation
practices summarized in Tables SI C1 and SI C2.
The ﬁeld operator analyzed major ions in produced water
samples at 42 production wells in 2007 (Table SI D1). EPA
collected produced water samples at four production wells in
2010 and analyzed them for organic compounds (Table SI
D3).8 The ﬁeld operator also conducted mechanical integrity
and bradenhead (annular space between production and
surface casing) testing between November 2011 and December
2012. In addition to sustained casing pressure at many
production wells during that period (Table SI D2), water
ﬂowed through the bradenhead valve to the surface at four
production wells (SI Section D.3). Aqueous analysis of
bradenhead water samples by the ﬁeld operator was limited
to major ions (Table SI D1). Production well string and
brandenhead gas samples were collected for benzene, toluene,
ethylbenzene, xylenes (BTEX) and light hydrocarbons (Table
SI D2).
To evaluate the eﬀect of purging volume on water quality,
EPA collected ten samples through time (Table SI 3a) during
the Phase V sampling event at MW01. Based on EPA’s purging
procedure, we developed a model incorporating plug ﬂow in
casing and mixing in the screened interval (SI Section E.3,
Figure SI E4). Our simulations indicated that virtually all
(99.997%) of water entering the sampling train at the surface at
the time of the ﬁrst sample collection at MW01 originated
directly from the surrounding formation (i.e., no stagnant
casing water) (Figure SI E6). MW02 was a low ﬂow monitoring
well. The cause of low ﬂow is unknown but could be due to
several factors, including low relative aqueous permeability due
to gas ﬂow or insuﬃcient removal of drilling mud during well
development. During the Phase V sampling event, MW02 was
repeatedly purged over a 6-day period to ensure that sampled

water originated from the surrounding formation (SI Section
E.2, Figure SI E5). A discussion of monitoring well
construction, including schematics for MW01 (Figure SI E1)
and MW02 (Figure SI E2), is provided in SI Section E.1.

■

RESULTS AND DISCUSSION
Groundwater Resources in the Pavillion Area. The
Wind River and Fort Union Formations are variably saturated
ﬂuvial depositional systems characterized by shale and ﬁne-,
medium-, and coarse-grained sandstone sequences. Lithology is
highly variable and diﬃcult to correlate from borehole data. No
laterally continuous conﬁning layers of shale exist below the
maximum depth of groundwater use to retard upward solute
migration. A comprehensive review of regional and local
geology, including a lithologic cross-section in the vicinity of
MW01 and MW02 (Figure SI A4), is provided in SI Sections
A.1−A.6.
Domestic wells in the Pavillion area draw water from the
Wind River Formationa major aquifer system in the
WRB.48,49 From the surface to approximately 30 m bgs,
groundwater exists under unconﬁned conditions.50 Below this
depth, groundwater is present in lenticular, discontinuous,
conﬁned sandstone units with water levels above hydrostatic
pressure, and in some instances ﬂowing to the surface,48,50,51
indicating the presence of strong localized upward gradients.
The majority of documented domestic well completions in
Fremont County51 and ﬁve municipal wells in the Town of
Pavillion52 west of the Field are completed in the Wind River
Formation.
Flow to the surface was observed in a domestic well during
the Phase II sampling event,6 and as mentioned, at four
production wells during bradenhead testing in 2012. While the
overall vertical groundwater gradient in the Pavillion Field is
downward, these observations indicate that localized upward
hydraulic gradients exist in the Field, which is relevant to
potential upward solute migration from depths of production
well stimulation. The deepest domestic wells in the Pavillion
Field and immediate surrounding area are 229 and 322 m bgs,
respectively (Table SI B1). Two municipal wells were
proposed, but not drilled, in the Pavillion Field as replacement
water for domestic wells at depths of 305 m bgs,52 similar to the
depth of MW02 installed by EPA.
Major ion concentrations of domestic wells in the Pavillion
ﬁeld (summarized in Table SI B2) are typical of the Wind River
Indian Reservation (WRIR),48 west of the Pavillion Field, and
C
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Figure 2. (a) Elevation in absolute mean seal level (AMSL) and approximate depth below ground surface of documented acid and hydraulic
fracturing stimulation stages. (b) Cumulative distribution of stimulation stages as a function of depth below deepest groundwater use in the Pavillion
Field. Documentation of stimulation stages is absent at a number of production wells so that numbers presented here are a lower bound.

in Fremont County,51 where the Pavillion Field lies, (Table 1)
with TDS levels <5000 mg/L. TDS concentrations in the Wind
River Formation appear to vary with lithology rather than depth
(white coarse sandstone associated with lower TDS values).52
There are no apparent trends in TDS levels with depth from
data sets from the WRIR,53 Fremont County,51 and domestic
wells in and around the Pavillion Field.
The Fort Union Formation is not used for water supply in
the Pavillion area. However, the formation is highly productive
and permeable where fractured49 with TDS values from 1000 to
5000 mg/L.54 An aquifer exemption was obtained to enable
disposal of produced water in a disposal well perforated in the
Fort Union Formation55 at a location 5.6 km northwest of the
Pavillion Field. Use of this well was suspended due to failure of
well casing. Thus, the Wind River and Fort Union Formations
in the Pavillion Field meet the regulatory deﬁnition of USDWs,
as explicitly stated by EPA,9,55 and of usable water as deﬁned by
the BLM.
Well Stimulation Depths, Treatments, and Chemical
Additives. Exploration of oil and gas in the Pavillion Field
commenced in August 1953 with increasingly shallow
stimulations through time (Figure 2). The ﬁrst acid stimulation
and hydraulic fracturing stages (injection over one or more
discrete intervals) occurred in June 1960 and October 1964,
respectively. Acid stimulation ceased in 2001. To date, the last
stimulation stage (hydraulic fracturing) occurred in April 2007.
Most production wells were completed and stimulated during
several periods of increased activity, especially after 1997

(Figure 2a). Acid stimulation and hydraulic fracturing occurred
as shallowly as 213 and 322 m bgs, respectively, at depths
comparable to deepest domestic groundwater use in the area
(Figure 2a). Approximately 10% of stimulation stages were
<250 m of deepest domestic groundwater use whereas
approximately 50% of stimulation stages were <600 m and
80% were <1 km of deepest domestic groundwater use (Figure
2b).
Surface casing of production wellsthe primary line of
defense to protect groundwater during conventional and
unconventional oil and gas extractionis relatively shallow in
the Pavillion ﬁeld with a median depth of 185 m bgs (i.e.,
shallower than the deepest groundwater use) and range of
100−706 m bgs (Figure SI C1). There is no primary cement
below surface casing, often for hundreds of meters, for 55 of
106 (∼52%) production wells for which cement bond logs are
available (Table SI C1, Figure SI CI). There is currently no
requirement in Wyoming for placement of primary cement to
surface casing or to ground surface.45
Instantaneous shut in pressures (ISIP) (wellhead gauge
pressure immediately following fracture treatment) were similar
for acid stimulation and hydraulic fracturing (Figure SI C2)
suggesting that both matrix acidizing and acid fracturing (no
proppants used56) occurred in the Pavillion Field. Acidizing
solutions used in the Pavillion Field typically consisted of a
7.5% or 15% hydrochloric acid solution plus additives described
in well completion reports as inhibitors, surfactants, diverters,
iron sequestration agents, mutual solvents, and clay stabilizers.
D
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Figure 3. Box and whisker plots of minimum and maximum, quartiles, median (line in boxes), mean (crosses in boxes) of (a) Na, (b) K, (c) Cl, (d)
SO4 for domestic wells inventoried by Daddow48,53 and Plafcan51 in the Wind River Indian Reservation and Fremont County, respectively, sampled
by EPA6,8,9,39 and WDEQ45 (PGDWXX series) greater than and less than 1 km from a production well, Wyoming Water Development
Commission52 (WWDC series) greater than 1 km from a production well, EPA monitoring wells9,39 (Tables SI E2b, SI E3b), and produced water
and bradenhead water samples (Table SI D1). Domestic wells sampled more than once, including data from Daddow,53 are represented with a mean
value. Fourteen measurements in Daddow53 < 1 mg/L for potassium are not illustrated. Data points at MW01 and MW02 are samples collected
during Phase III, IV, and V sample events.

Gelled fracture ﬂuids were used extensively with CO2 foam
(Table SI C4). Between 2001 and 2005, “WF-125” was used
with CO2 foam (often with a 6% KCl solution) for hydraulic
fracturing (Table SI C5). A stimulation report (one of only
three publicly available throughout the operating history of the
Field) and MSDSs indicate that WF-125 contained diesel fuel
#2, 2-butoxyethanol, isopropanol, ethoxylated linear alcohols,
ethanol, and methanol. During 2001, WF-125 and unidentiﬁed
product mixtures were used with a 6% KCl and a 10% methanol
solution and CO2 foam for hydraulic fracturing followed with a
6% KCl and 10% methanol solution ﬂush. Other WF-series
compound mixtures of unknown composition were also used
with CO2 foam and in some cases with N2 gas. Methanol,
isopropanol, glycols, and 2-butoxyethanol were used in foaming
agents (Table SI C3). Ethoxylated linear alcohols, isopropanol,
methanol, 2-butoxyethanol, heavy aromatic petroleum naptha,
naphthalene, and 1,2,4-trimethylbenzene were used in
surfactants (Table SI C3). Slickwater (commonly with a 6%
KCl solution) was used for hydraulic fracturing with and
without CO2 foam in 2004 and 2005, respectively (Table SI
C6).

Acidizing solutions were often ﬂushed with a 2, 4, or 6%
potassium chloride (KCl) solution. Pad acid, to initiate
fractures, contained 10−50% heavy aromatic petroleum naptha.
Corrosion inhibitors contained isopropanol and propargyl
alcohol. Clay stabilizers contained methanol. Musol solvents
used for acid stimulation consisted of 60−100% 2-butoxyethanol and 10−30% oxylated alcohol (Table SI C3).
Prior to 1999, “salt solutions” were commonly used for
hydraulic fracturing. After 1999, a 6% KCl solution was used
extensively for hydraulic fracturing often combined with CO2
foam, with subsequent ﬂushing using a 6% KCl solution. There
were reported losses of KCl solutions during stimulation (e.g.,
at Tribal Pavillion 12−13 “lost thousands of bbls KCl”).
Undiluted diesel fuel was used for hydraulic fracturing at three
production wells before 1985. From the mid-1970s through
2007, there was widespread use of gelled fracture ﬂuids (gelled
water, linear gel, and cross-linked gel). Diesel fuel #2 was used
for liquid gel concentrates (Table SI C3). Ammonium chloride,
potassium hydroxide, potassium metaborate, and a zirconium
complex were used as cross-linkers.
E
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At least 41.5 million liters (or ∼11 million gallons) of ﬂuid
was used for well stimulation in the Pavillion Field (calculated
from Table SI C2). Given lack of information at numerous
production wells, this is an underestimate of actual cumulative
stimulation volume. The cumulative volume of well stimulation
in closely spaced vertical wells in the Pavillion Field is
characteristic of high volume hydraulic fracturing in shale
units.57 In evaluating solute attenuation in USDWs, EPA4 did
not consider cumulative volumes of injection of well
stimulation ﬂuids in closely spaced vertical production wells
common to CBM and tight gas production.
Evaluation of Impact to USDWs and Usable Water. In
the Pavillion Field, impact to USDWs and usable waters
depends upon the advective-dispersive solute transport of
compounds (or their degradation products) used for well
stimulation to water-bearing units (sandstone units at or near
water saturation). Water-bearing units exist throughout the
Wind River and Fort Union Formations in the Pavillion Field.
For instance, production well Unit 41X-10 was recommended
for plugging and abandonment in 1980 because of “problems
with water production and casing failure.” In 1980, drilling logs
at Tribal Pavillion 14−2 stated “Hit water ﬂow while drilling at
4105−4109 ft” bgs. The magnitude of produced water
production in the Pavillion Field is variable with some wells
having high produced water production (e.g., 17.9 million liters
∼4.7 million gallons at Tribal Pavillion 23−10 from July 2000
to present) (Table SI C2). In some cases, stimulation ﬂuids
were injected directly into water bearing units. For instance, at
Tribal Pavillion 14−1, a cast iron bridge plug was used to stop
water production in 1993 from an interval where hydraulic
fracturing occurred using undiluted diesel fuel in 1964 (Table
SI C2).
The migration of stimulation ﬂuid to water-bearing sandstone units in the Pavillion Field also likely occurred during
fracture propagation and subsequent leakoﬀ (loss of ﬂuid into a
formation in or near the target stratum). Leakoﬀ increases in
complex fracture networks as a result of lithologic variation over
short distances and contact of stimulation ﬂuid with permeable
strata58−61 expected during hydraulic fracturing in ﬂuvial
depositional environments of the Wind River and Fort Union
Formations. Leakoﬀ can remove much or most of the fracturing
ﬂuid even for moderate sized induced fractures.58,59 Maximum
ISIP values for acid stimulation and hydraulic fracturing were
19.5 and 40.1 MPa (Figure SI C2), respectively, equivalent to
∼2000 and ∼4100 m of hydraulic head. Pressure buildup
during hydraulic fracturing far in excess of drawdown expected
during produced water extraction makes full recovery of
stimulation ﬂuids unlikely.4,62
The migration of stimulation ﬂuids to water-bearing units
also likely occurred as a result of loss of zonal isolation during
well stimulation (SI Section D.1). Casing failure occurred at
ﬁve production wells following well stimulation. Cement
squeezes were performed above primary cement often days
after hydraulic fracturing without explanation63 at six
production wells, potentially because of migration of
stimulation ﬂuid above primary cement. At one production
well, stimulation ﬂuid was injected just 4 m below an interval
lacking cement outside of the production casing with a
stimulation pressure of only 1.3 MPa indicating potential
entry into the annular space.
Major ion concentrations in produced water sampled after
stimulation (Table SI D1) were distinct from values expected in
the Wind River Formation as evidenced by sample data from

the WRIR,48,53 Fremont County,51 and domestic wells in and
around the Pavillion Field which were representative of the
Wind River Formation regardless of distance from production
wells (Table 1, Figure 3). Using combined data sets in and
around the Pavillion Field, and the nonparametric Mann−
Whitney test (null hypothesis that two sample sets come from
the same population), sodium, potassium, and chloride
concentrations were higher and sulfate concentrations lower
in produced water compared to concentrations expected in the
Wind River Formation (p = 6.6 × 10−19, 2.1 × 10−15, 2.6 ×
10−16, and 4.4 × 10−19, respectively), providing direct evidence
of impact to USDWs at depths of stimulation. Also, potassium
increased with calcium concentrations and sulfate increased
with TDS concentrations, respectively, in domestic wells but
not in production wells (Figures SI D1). Chloride is a major
component of TDS concentrations in production wells.
Potassium/calcium and chloride/sulfate concentration ratios
were higher in production wells than in domestic wells (Figures
SI D2), further indicating anomalous potassium, chloride, and
sulfate concentrations in production wells.
Produced water samples were collected from gas−water
separators at four production wells and analyzed for organic
compounds (Table SI D3, Figure SI D3) during the Phase II
sampling event.6 Samples from one production well appeared
to be from both an aqueous and an apparent nonaqueous phase
liquid with the latter exhibiting thousands of mg/L of benzene,
toluene, ethylbenzene, xylenes (BTEX). Synthetic organic
compounds methylene chloride and triethylene glycol (TEG)
were detected in produced water samples at 0.51 and 17.8 mg/
L, respectively indicating anthropogenic origin. Methylene
chloride has been detected in ﬂowback water in other
systems,64 including 122 domestic wells above the Barnett
Shale TX,65 and in air sampled near well sites.66
Sample Results at MW01 and MW02. Concentrations of
potassium in MW01 and MW02 were higher than expected
values in the Wind River Formation (Figure 3) at p-values of
2.6 × 10−13 and 1.2 × 10−06, respectively. High pH values (>11
standard units) were observed during purging at both
monitoring wells (Tables SI E3b, SI E4b, Figures SI E5, SI
E6, SI E7), indicating that elevated potassium concentrations
may have been attributable to release of potassium from
potassium oxides and sulfates during curing of cement67−71
used for monitoring well construction. However, a number of
observations were inconsistent with cement interaction as a
causative factor for elevated pH, and there was extensive use of
compounds containing potassium including potassium hydroxide during stimulation (Table SI C3). Water in contact with
hydrating cement is saturated or oversaturated to portlandite
(Ca(OH2))72−74 and remains oversaturated prior to degradation or carbonation.75−78 In contrast, water from monitoring
wells was highly undersaturated to portlandite. Elevated pH in
monitoring wells was not observed during monitoring well
development until natural gas intrusion occurred in the wells,
suggesting degassing as a possible cause of elevated pH (SI
Section E.5). Also, potassium was detected at a concentration
of 6000 mg/L in a bradenhead water sample having a pH of
10.86 standard units from Tribal Pavillion 13−1 (Table SI D1).
This may indicate either high potassium concentration at
depths below EPA monitoring wells due to well stimulation
(water from bradenhead samples originated at some unknown
distance above cement outside production casing at each
production well) or interaction of bradenhead water with
wellbore cement.
F
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Figure 4. Summary of organic compounds detected by EPA in MW01 and MW02 during Phase III, IV, and V sampling events. Glycols, alcohols, and
low molecular weight organic acids were not analyzed in Phase III. Alkylphenols and methanol (GC-FID method) were only analyzed in Phase V.
Organic compounds detections for MW01 and MW02 are summarized in Table SI E3a and Table SI E4a, respectively.

The median chloride concentration at MW02 was 469 mg/L
(Figure 3), well above expected values in the Wind River
Formation (p = 7.0 × 10−07). Compounds containing chlorides
(e.g., KCl solutions) were used extensively for stimulation in
the Pavillion Field. Sulfate concentrations in MW02 were below
expected values in the Wind River Formation (p = 2.7 × 10−07)
and not dissimilar (p = 0.40) to produced water concentrations.
The Cl/SO4 concentration ratio was similar to produced water
(Figure SI D2) at MW02. Chloride and sulfate concentrations
in MW01 were more typical of the Wind River Formation
which may be due variation in well stimulation practices both
spatially and over time.
Concentrations of organic compounds detected in MW01
and MW02 are summarized in Tables SI E3a, SI E4a and Figure
4. Diesel range organics (DRO) and gasoline range organics
(GRO) were detected in MW01 and MW02 with maximum
DRO concentrations of 924 and 4200 μg/L, respectively and
GRO concentrations of 760 and 5290 μg/L, respectively.
Benzene, toluene, ethylbenzene, m,p-xylenes, and o-xylene were
detected in MW02 at maximum concentrations of 247, 677,
101, 973, and 253 μg/L, respectively, but were not detected at
MW01. The maximum contaminant level (MCL) of benzene is
5 μg/L, so the observed maximum value was 50 times higher
than the MCL. Nondetection of BTEX at MW01 is surprising
given that the well was gas-charged (foaming during sampling,
Figure SI E9) with similar light hydrocarbon composition to
MW02 (Table SI E5). Nondetection of BTEX may be due to
increased dispersion and biodegradation of these compounds at
the shallower depth of this well. We could ﬁnd no published
information on BTEX compounds in groundwater at
concentrations detected in MW02 occurring above a gas ﬁeld
in the absence of well stimulation. However, further testing,
such as compound speciﬁc isotope analysis of BTEX
components present in natural gas from the Pavillion Field

(Table SI D2) and water from MW02, is necessary to attribute
detection of BTEX to well stimulation.
1,3,5-, 1,2,4-, and 1,2,3-Trimethylbenzene were detected at
maximum concentrations of 71.4, 148, and 45.8 μg/L,
respectively in MW02 and at an order of magnitude lower
concentrations in MW01. Naphthalene, methylnaphthalenes,
and alkylbenzenes were also detected in MW02 at concentrations up to 7.9, 10.2, and 21.2 μg/L, respectively. Similar to
BTEX compounds, detection of trimethylbenzenes, alkylbenzenes, and naphthalenes could in principle reﬂect nonanthropogenic origin but natural gas from the Pavillion Field
and in EPA monitoring wells is “dry” (ratio of methane to
methane through pentane concentration >0.95) (SI Section
A.2, Table SI E5). Also, oil production in the vicinity of
monitoring wells is very low or zero especially in the vicinity of
MW02 (Table SI C2, Figure SI A5). Thus, the detection of
higher molecular weight hydrocarbons in groundwater is
unexpected. Trimethylbenzenes and naphthalenes were present
in mixtures used for well stimulation (Table SI C3).
Other organic compounds used extensively for well
stimulation were detected in MW01 and MW02 (Figure 4).
Methanol, ethanol, and isopropanol were detected in
monitoring wells at up to 863, 28.4, and 862 μg/L, respectively
(Figure 4). Tert-butyl alcohol (TBA) was detected at 6120 μg/
L in MW02. Detection of TBA in groundwater has been
associated with degradation of tert-butyl hydroperoxide used for
hydraulic fracturing.79 Another potential source of TBA is
degradation of methyl tert-butyl ether (MTBE) associated with
diesel fuel.80−84
Diethylene glycol (DEG) and TEG were detected in both
monitoring wells at maximum concentrations of 226 and 12.7
μg/L, respectively, in MW01, and at 1570 and 310 μg/L
respectively, in MW02 (Figure 4). Tetraethylene glycol was
detected only in MW02 at 27.2 μg/L. MSDSs indicate that
G
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Figure 5. (a) Box and whisker plots of minimum and maximum, quartiles, median (line in boxes), mean (crosses in boxes) of diesel range organics
(DRO) in shallow monitoring wells near unlined pits potentially receiving production ﬂuids (abbreviations of production wells in Table SI C1) and
domestic wells6,8,9,39,45 (LD-20 and PGDWXX series) less than and greater than 600 m from pits. Mean values are used for domestic well sampled
more than once. (b) DRO as a function of elevation and approximate depth below surface for domestic wells with results of multiple sample events
illustrated.

formate were detected in ﬂowback water from two diﬀerent
fracturing sites in Germany with investigators concluding that
these compounds were likely of anthropogenic origin resulting
from degradation of polymers used in the fracturing ﬂuid.102
Formate and acetate are also degradation products of
methylene chloride.103 Benzoic acid, a degradation product of
aromatics, was also detected in both monitoring wells at a
maximum concentration of 513 μg/L.
Phenols were detected in both monitoring wells with
maximum concentrations of phenol, 2-methylphenol, 3&4methylphenol, and 2,4-dimethylphenol at MW02 at 32.7, 22.2,
39.8, and 46.3 μg/L, respectively. Ketones were also detected in
both monitoring wells with maximum concentrations of
acetone, 2-butanone (MEK), and 4-methyl-2-pentanone
(MIBK) at MW02 at 1460, 208, and 12.5 μg/L, respectively.
Acetone, MEK, phenol, 2-methylphenol, 3&4 methylphenol,
and 2,4-dimethylphenol were detected in produced water from
the Denver-Julesburg Basin.101 MIBK, MEK, and acetone may
result from microbial degradation of biopolymers used for
hydraulic fracturing.101 Nonylphenol and octylphenol, commonly present in mixtures of ethoxlyated alcohols, were
detected in both monitoring wells with maximum concentrations at MW02 at 28 and 2.9 μg/L, respectively. Ethoxlyated
alcohols were used for well stimulation in the Pavillion Field.
Detection of organic compounds, especially those that
cannot be attributed to cement, and degradation products of
compounds known to have been used for production well
stimulation in both MW01 and MW02 provide additional
evidence of impact to USDWs and indicate upward solute
migration to depths of current groundwater use. Installation of
additional monitoring wells at depths similar to MW02, with
sample analysis supplemented by state-of-the-art analytical
methods better suited to detection of compounds present in

DEG was used for well stimulation. Use of TEG was not
speciﬁed. Polar organic compounds, including DEG, are
commonly used as cement grinding agents.85−88 DEG and
TEG have been detected in leachate from cured cement
samples under static (no ﬂow) conditions.89 Similar to elevated
potassium detection, it is possible that detection of glycols
could be attributable to cement used for monitoring well
construction. However, mass ﬂux scenario modeling, commonly used to evaluate potential concentrations of exposure of
compounds released from materials in contact with drinking
water under dynamic (ﬂowing) conditions,90 was conducted on
MW01 (SI Section E.7) indicating unlikely impact. The
relevance of dynamic testing is corroborated by the observation
that detection of DEG and TEG was limited to a water sample
from a gas production well91 with nondetection in water
samples from 83 domestic wells at ﬁve retrospective study
sites79,91−94 using high performance liquid chromatography
with dual mass spectrometry at a reporting limit 5 μg/L in
EPA’s national study on hydraulic fracturing. 2-Butoxyethanol,
a glycol ether used extensively for well stimulation in the
Pavillion Field (Table SI C3), was detected in both monitoring
wells at a maximum concentration of 12.7 μg/L. 2Butoxyethanol was not detected in leachate from cured
cement.89.
The low molecular weight organic acids (LMWOAs) lactate,
formate, acetate, and propionate were detected in both
monitoring wells at maximum concentrations of 253, 584,
8050, and 844 μg/L, respectively (Figure 4). LMWOAs are
anaerobic degradation products associated with hydrocarbon
contamination in groundwater.95,96 Acetate has been detected
in produced water,97−99 in impoundments used to hold
ﬂowback water from the Marcellus Shale,100 and in produced
water from the Denver-Julesburg Basin, CO.101 Acetate and
H
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stimulation ﬂuids (e.g., liquid chromatography coupled with
quadrupole time-of-ﬂight mass spectrometry104−106), is necessary to evaluate long-term risk to domestic well users in the
Pavillion Field.
Assessment of Potential Impact of Unlined Pits to
Domestic Wells. EPA7 previously reported disposal of diesel
fuel-based (invert) drilling mud and production ﬂuids (ﬂowback, condensate, produced water) in unlined pits in the
Pavillion Field and resultant groundwater contamination in
surﬁcial Quaternary deposits in shallow monitoring wells
sampled by EPA in the vicinity of three unlined pits but did
not document the extent of these disposal practices. At least 64
unlined pits were used for disposal of drilling ﬂuids of which
invert mud was disposed in 57 pits consisting of up to 79%
diesel fuel (Tables SI F1, SI F2). As many as 44 of 64 unlined
pits were used or likely used for disposal of production ﬂuids.
Unlined pits were emptied and closed in 1995.107,108
A summary of information available on disposal of drilling
and production ﬂuids in pits is provided in Table SI F2. This
summary includes results of soil and groundwater sampling,
excavation volumes and associated criteria (1000−8500 mg/kg
total petroleum hydrocarbons), proximity and direction of
unlined pits to domestic wells, and recommendations by
WOGCC44 for further investigation (or no investigation).
The ﬁeld operator has collected groundwater samples in
surﬁcial Quaternary deposits at 12 unlined pit locations.44 The
highest reported concentrations of GRO and DRO were 91 000
and 78 000 μg/L, respectively (Figure 5, Table SI F2). Benzene,
toluene, ethylbenzene, and xylenes were detected at ﬁve
locations at concentrations up to 1960, 250, 240, and 1200
μg/l, respectively (Table SI F2). Thus, sample results indicate
impact to surﬁcial groundwater in Quaternary deposits.
There may be as many as 48 domestic wells within 600 m of
unlined pits of which 22 domestic wells were sampled by
EPA6,8,9,39 and 11 were resampled by WDEQ45 (Table SI F3).
DRO concentrations in domestic wells <600 m from unlined
pits likely receiving production ﬂuids were elevated (p = 0.003)
compared to domestic wells >600 m from unlined pits (Figure
5a). DRO was detected at 752 mg/kg in a reverse osmosis ﬁlter
sample from a domestic well (PGDW20) during the Phase II
sampling event8 (Table SI F3). Concentrations of DRO in
domestic wells generally decreased with depth (Figure 5b).
Another potential source of DRO in some domestic wells
(Table SI G1) is invert mud remaining in boreholes. However,
diﬀerentiation from other source terms (unlined pits and
stimulation) is not possible with currently available data (SI
Section G.1).
At two domestic wells (PGDW05 and PGDW30), chromatograms for DRO analysis suggest a diesel fuel source (Figure SI
F1a, b). Chromatograms of aqueous (Figure SI F2a) and
carbon trap samples (Figure SI F2b) for DRO at another
domestic well (PGDW20) indicated the presence of heavy
hydrocarbons in water. All three domestic wells are located near
unlined pits likely used for disposal of production ﬂuids.
Adamantanes were detected at low aqueous concentrations
(<5 μg/L) at four domestic wells (PGDW05, PGDW20,
PGDW30, and PGDW32) (Table SI F3). Admantane, 2-methyl
adamantane, and 1,3-dimethyladamantane were detected in a
reverse osmosis ﬁlter sample at PGDW20 at concentrations of
420, 9400, and 2960 μg/kg, respectively. Adamantanes were
detected in produced water up to 74 mg/L (Table SI D3)
indicating disposal in unlined pits as a potential source term.
The inherent molecular stability of admantanes and other

diamondoid compounds imparts thermal stability resulting in
enrichment in manufactured petroleum distillates.109 Diamondoids are resistant to biodegradation110,111 resulting in their use
as a ﬁngerprinting tool to characterize petroleum and
condensate induced groundwater contamination.112
2-Butoxyethanol was detected at 3300 μg/L in a domestic
well (PGDW33)45 (Table SI F3). The depth of this domestic
well is only 9.1 m bgs and is located within 134 m of an unlined
pit used for disposal of production ﬂuids. Other compounds,
including BTEX, associated with production well stimulation
(e.g., isopropanol) were detected at lower concentrations (<10
μg/L) in other domestic wells (Table SI F3). Sample results at
domestic wells suggest impact from unlined pits and the
immediate need for further investigation including installation
of monitoring wells in the Wind River Formation. Since ﬂood
irrigation is common in the vicinity of unlined pit areas, the
lateral extent of groundwater contamination is potentially
greater in the Wind River Formation than in overlying surﬁcial
Quaternary deposits due to “plume diving” (i.e., uncontaminated water overlies portions of a contaminant plume).113−115
Our investigation highlights several important issues related
to impact to groundwater from unconventional oil and gas
extraction. We have, for the ﬁrst time, demonstrated impact to
USDWs as a result of hydraulic fracturing. Given the high
frequency of injection of stimulation ﬂuids into USDWs to
support CBM extraction and unknown frequency in tight gas
formations, it is unlikely that impact to USDWs is limited to the
Pavillion Field requiring investigation elsewhere.
Second, well stimulation in the Pavillion Field occurred many
times less than 500 m from ground surface and, in some cases,
at or very close to depths of deepest domestic groundwater use
in the area. Shallow hydraulic fracturing poses greater risks than
deeper fracturing does,57,116 especially in the presence of well
integrity issues117,118 as documented here in the Pavillion Field.
Additional investigations elsewhere are needed.
Finally, while disposal of production ﬂuids in unlined pits is a
legacy issue in Wyoming, this practice has nevertheless caused
enduring groundwater contamination in the Pavillion Field.
Impact to groundwater from unlined pits is unlikely to have
occurred only in the Pavillion Field, necessitating investigation
elsewhere.
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(103) Mägli, A.; Messmer, M.; Leisinger, T. Metabolism of
Dichloromethane by the Strict Anaerobe Dehalobacterium formicoaceticum. Appl. Environ. Microbiol. 1988, 64 (2), 646−650.
(104) Ferrer, I.; Thurman, E. M. Analysis of hydraulic fracturing
additives by LC/Q-TOF-MS. Anal. Bioanal. Chem. 2015, 407 (21),
6417−6428.
(105) Thurman, E. M.; Ferrer, I.; Blotevogel, J.; Borch, T. Analysis of
hydraulic fracturing flowback and produced waters using accurate
mass: Identification of ethoxylated surfactants. Anal. Chem. 2014, 86
(19), 9653−9661.
(106) Thurman, E. M.; Ferrer, I.; Rosenblum, J.; Linden, K.; Ryan, J.
M. Identiﬁcation of polypropylene glycols and polyethylene glycol
carboxylates in ﬂowback and produced water from hydraulic fracturing.
J. Hazard. Mater. 2016, http://dx.doi.org/10.10116/j.jhazmat.2016.02.
041.10.1016/j.jhazmat.2016.02.041
(107) Encana Oil & Gas (USA) Inc. Comments of Encana Oil & Gas
(USA) Inc. on the WOGCC Report: Pavillion Field Pit Review (Nov
24, 2014) submitted January 16, 2015 http://wogcc.state.wy.us/
pavillionworkinggrp/PitReviewPubComments/
Encana20150116CommentstoWOGCCPitRvw.pdf.
(108) Encana Oil & Gas (USA) Inc. Document 2 Summary of
Historic Pit Evaluation and Remediation Activities Pavillion Field,
Wyoming January 2015 http://wogcc.state.wy.us/
pavillionworkinggrp/PitReviewPubComments/
Encana20150116Doc2CommentsHistPitEval.pdf.
(109) Wingert, W.S. G c-m.s analysis of diamondoid hydrocarbons in
smackover petroleums. Fuel 1992, 71, 37−43.
(110) Grice, K.; Alexander, R.; Kagi, R. I. Diamondoid hydrocarbon
ratios as indicators of biodegradation in Australian crude oils. Org.
Geochem. 2000, 31, 67−73.
(111) Williams, J. A.; Bjorøy, M.; Dolcater, D. L.; Winters, J. C.
Biodegradation in South Texas Eocene oils − Effects on aromatics and
biomarkers. Org. Geochem. 1986, 10, 451−461.
(112) Stout, S. A.; Douglas, G. S. Diamondoid hydrocarbons Application in the chemical fingerprinting of natural gas condensate
and gasoline. Environ. Forensics 2004, 5, 225−235.
(113) American Petroleum Institute. Downward Solute Plume
Migration: Assessment, Signiﬁcance, and Implications for Characterization
and Monitoring of “Diving Plumes”, Regulatory Analysis and Scientiﬁc
Aﬀairs API Soil and Groundwater Technical Task Force Bulletin 24,
April 2006.
(114) United States Environmental Protection Agency (EPA 2001).
Plume Dive Calculator. Prepared by Jim Weaver for the EPA Oﬃce of
Research and Development. 2001 http://www.epa.gov/athens/
learn2model/part-two/onsite/diving.htm.
(115) Weaver, J. W.; Wilson, J. T. Diving plumes and vertical
migration at petroleum hydrocarbon release sites. LUSTLine 2000,
Bulletin 36, 12−15.
(116) Llewellyn, G. T.; Dorman, F.; Westland, J. L.; Yoxtheimerc, D.;
Grievec, P.; Sowersc, T.; Humston-Fulmerd, E.; Brantley, S. L.

Evaluating a groundwater supply contamination incident attributed to
Marcellus Shale gas development. Proc. Natl. Acad. Sci. U. S. A. 2015,
112 (20), 6325−6330.
(117) Darrah, T. H.; Vengosh, A.; Jackson, R. B.; Warner, N. R.;
Poreda, R. J. Noble gases identify the mechanisms of fugitive gas
contamination in drinking-water wells overlying the Marcellus and
Barnett Shales. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (39), 14076−
14081.
(118) Jackson, R. B.; Vengosh, A.; Darrah, T. H.; Warner, N. R.;
Down, A.; Poreda, R. J.; Osborne, S. G.; Zhao, K.; Karr, J. D. Increased
stray gas abundance in a subset of drinking water wells near Marcellus
shale gas extraction. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 (28),
11250−11255.

M

DOI: 10.1021/acs.est.5b04970
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Review

A Section 508–conformant HTML version of this article
is available at http://dx.doi.org/10.1289/ehp.1510547.

Adequacy of Current State Setbacks for Directional High-Volume Hydraulic
Fracturing in the Marcellus, Barnett, and Niobrara Shale Plays
Marsha Haley,1 Michael McCawley,2 Anne C. Epstein,3 Bob Arrington,4 and Elizabeth Ferrell Bjerke 5
1Department

of Radiation Oncology, University of Pittsburgh Cancer Institute, Pittsburgh, Pennsylvania, USA; 2School of Public Health,
West Virginia University, Morgantown, West Virginia, USA; 3Department of Internal Medicine, Texas Tech University Health Sciences
Center School of Medicine, Lubbock, Texas, USA; 4Parachute, Colorado, USA; 5Graduate School of Public Health, Department of Health
Policy and Management, University of Pittsburgh School of Law, Pittsburgh, Pennsylvania, USA

Background: There is an increasing awareness of the multiple potential pathways leading to
human health risks from hydraulic fracturing. Setback distances are a legislative method to mitigate
potential risks.
Objectives: We attempted to determine whether legal setback distances between well-pad sites and
the public are adequate in three shale plays.
M ethods : We reviewed geography, current statutes and regulations, evacuations, thermal
modeling, air pollution studies, and vapor cloud modeling within the Marcellus, Barnett, and
Niobrara Shale Plays.
Discussion: The evidence suggests that presently utilized setbacks may leave the public vulnerable
to explosions, radiant heat, toxic gas clouds, and air pollution from hydraulic fracturing activities.
Conclusions: Our results suggest that setbacks may not be sufficient to reduce potential threats
to human health in areas where hydraulic fracturing occurs. It is more likely that a combination
of reasonable setbacks with controls for other sources of pollution associated with the process will
be required.
Citation: Haley M, McCawley M, Epstein AC, Arrington B, Bjerke EF. 2016. Adequacy of
current state setbacks for directional high-volume hydraulic fracturing in the Marcellus,
Barnett, and Niobrara Shale Plays. Environ Health Perspect 124:1323–1333; http://dx.doi.
org/10.1289/ehp.1510547

Introduction
Hydraulic fracturing, also referred to
as “fracking,” is a relatively recent wellstimulation technique used in some forms
of oil and gas development. The method
entails injecting pressurized liquids into
rock formations of low permeability (e.g.,
shale) to mobilize oil or gas to the wellbore
(Gandossi 2013). Hydraulic fracturing is
used with other novel technologies, such
as directional drilling, to access previously
inaccessible resources such as shale gas, which
has become an increasingly large portion of
the overall energy supply in the United States
(Pless 2012). Directional drilling increased
from 6% of new hydraulically fractured wells
drilled in the United States in 2000 to 42%
of new wells drilled in 2010 (Gallegos and
Varela 2015). This number is rising and the
trajectory is expected to continue. A decade
ago, shale gas production accounted for 2%
of total U.S. output. In 2014, that figure was
37%, and an Information Handling Services
study projects that natural gas developed
through the use of hydraulic fracturing will
rise to more than 75% of the domestic supply
by 2035 (API 2014).
As a result of the proliferation of
hydraulic fracturing, there is an increasing
awareness of the multiple potential pathways
leading to human health risks from this
practice. Air pollution is a significant
pathway: From volatile organic compounds
Environmental Health Perspectives •

volume

(VOCs) found naturally in shale gas released
during the drilling process, during blowdowns and venting (Macey et al. 2014), and
through leaks at multiple connection points
(U.S. EPA 2014); heavy diesel equipment
used in the drilling process (Macey et al.
2014); chemical mixtures used to facilitate
extraction (Goldstein et al. 2014); and silica
sand as proppant (American Public Health
Association 2012). Vapor dispersion is
another health concern (Center for Chemical
Process Safety 2015); in addition, natural
gas well sites have experienced blowouts and
other types of explosions (Hoffman 2015).
What constitutes a judicious setback
distance between natural gas industrial activities and natural or anthropogenic structures is
a debatable issue in more densely populated
areas (Begos 2014). The literature is currently
lacking concerning which particular setbacks
are adequate to protect the health and safety
of the public. In this paper we examine
setback distances in three states located in
three major shale plays—the Barnett, the
Marcellus, and the Niobrara—and attempt
to determine whether these legal setbacks
are adequate.

Methods
We chose three of the largest and most
heavily drilled areas of technically recoverable
natural gas resources (natural gas plays) in the
United States: the Barnett, Marcellus, and
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Niobrara (U.S. EIA 2011a), and confined
our study to gas wells within three states in
these regions of interest. Texas, Pennsylvania,
and Colorado were selected to allow a
comparison between state setback laws. We
used the definition of “gas well” as defined by
the International Association of Oil and Gas
Producers (OGP) as one which has an estimated gas:oil ratio of > 1,000 (OGP 2010).
We first reviewed the intended purpose of
setbacks and the distances utilized. We then
conducted an analysis of federal and state
laws in Texas, Pennsylvania, and Colorado.
In addition, Texas had municipal ordinances
in place that were preempted by state law in
2015, and these were examined as well.
To determine whether current setbacks
provide adequate distance in the case of a
well blowout, we compiled historical blowout
incidents and evacuations within the Texas
Barnett Shale, the Pennsylvania Marcellus
Shale, and the Colorado Niobrara Shale.
Measurable evacuation zones in adjacent
states within the target shale plays were
included if available. We used the definition of “blowout” from the OGP as “an
incident where formation fluid flows out of
the well or between formation layers after
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all the predefined technical well barriers or
the activation of the same has failed” (OGP
2010). In our analysis, we included Level 3
blowout events, which are defined as those
that present serious and immediate risks
to personnel, equipment, and the environment, and warrant the immediate activation of an emergency response plan. Surface
blowouts and underground blowouts with
insufficient casing fall into this category
(Wild Well Control, Inc., and Travelers
Indemnity Company 2012). We compiled
the data using state agency reports, literature
sources, incident reports, and media reports
from 1997 to 2015. Wherever possible, we
reviewed multiple reports of the same event
to determine consistency and veracity. This
search revealed 16 relevant sources, which
are referenced in the Results section. We
recorded the number of homes/families
displaced, using these terms interchangeably.
Evacuation zones were reported in feet and/
or miles (Table 1). We did not use individual
evacuees or well workers in our mathematical
data, but discussed them where appropriate.
Since natural gas is composed primarily
of methane hydrocarbon, it is flammable
within a certain range in air (Cashdollar et al.
1996). An ignition source at a natural gas well
site has the potential to set off an explosion
(Nguyen 2010). Hazard assessment studies
from liquefied natural gas fires indicate the
potential for thermal injury to humans from
radiant heat (Raj 2008). At a well site, if
the combustion process occurs in the open
air, the gas will burn at a constant pressure,
allowing the gas to expand during the process
(Arrington 2014). To estimate the radiant
heat effects on humans from a natural gas well
fire, we applied thermal modeling to a typical
gas well. Allowing for a constant pressure and
changing volume, the adiabatic flame temperature of methane is 1,950°C (3,452°F).
We applied the Stefan-Boltzmann Law to a
typical gas well producing 5.8 million ft3/day
with a pipe diameter up to 6 in. An average
well is producing 549 times the fuel needed
to supply a 1 ft2 flux area. This assumes a
flame ball of 549 ft2, metric conversion of
51 m2, with reduction of 1 m2 to allow for
a standard industry claim of 98% efficiency
decline for a flare (Arrington 2014).
In addition to blowouts and radiant
heat, potential hazards from hydraulic fracturing include vapor and toxic gas clouds.
Shale gas often contains tens or hundreds of
parts per million (ppm) of hydrogen sulfide
(H2S) (Weiland and Hatcher 2012), a flammable gas with known adverse respiratory
and nervous systems effects [Agency for Toxic
Substances and Disease Registry (ATSDR)
2014]. We included one recent (2014) reference each from Texas, Pennsylvania, and
Colorado on H2S measured in proximity to
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natural gas wells. We reviewed a 2005 report
that was prepared for the U.S. Department
of Transportation (DOT), Office of Pipeline
Safety detailing the potential impact radius
(PIR), which can be obtained to determine
the possible impact on people or property in
the case of failure of natural gas infrastructure (U.S. DOT 2005). A series of best-fit
equations were used to relate release rate to
distance to toxic end points based on information presented in the U.S. Environmental
Protection Agency (EPA) Risk Management
guidance document (U.S. EPA 2015b),
assuming a 10-min peak-release period (U.S.
DOT 2005). We also reviewed a 2011 report
by the Fort Worth League of Neighborhoods.
The League convened a committee of scientific and health professionals to review air
testing data in the vicinity of gas drilling
activities in the Barnett Shale. Their report
included data from private tests by GD
Air Testing Inc., Texas Commission on
Environmental Quality (TCEQ 2010), and
the Barnett Shale Energy Education Council’s
industry-funded study conducted by Titan
Engineering (Barnett Shale Energy Education
Council 2010). Dispersion modeling was
performed to predict the way pollutants
might travel from their source (Fort Worth
League of Neighborhoods 2011). We used
the results from these two studies to determine whether current setback distances
provide adequate distance from clinically
significant sulfide exposure, based on OSHA
and NIOSH adult short-term exposure
regulatory and recommended limits (U.S.
Department of Labor 2015). Hydrogen
sulfide levels are reported in ppm and carbon
disulfide levels are reported in milligrams per
cubic meter (mg/m3) (Table 1).
Air pollution sources from shale gas
extraction and its related activities include
emissions from engines powering the drilling
and hydraulic fracturing operations, equipment used to capture and transport the gas
on site, venting, blowdowns, and flaring. Air
pollutants include particulate matter, carbon
monoxide, nitrogen dioxide, methane, and
VOCs (Lattanzio 2013). Notable among
the list of VOCs are the BTEX (Benzene,
Toluene, Ethyl benzene and isomers of
Xylene) compounds, which tend to be found
ubiquitously at drill sites (Leusch and Bartlow
2010). In an exploratory study, benzene was
the most common BTEX to exceed healthbased risk levels (Macey et al. 2014). In

addition, benzene is well-studied with regard
to deleterious effects on humans (CDC
2013). We therefore focused on benzene for
our air pollution analysis. Benzene levels are
reported in both parts per billion (ppb) and
micrograms per cubic meter (μg/m3) to allow
comparison between studies (Table 1).
We did not include data from predominantly oil sites, pipeline explosions, or
compressor stations. Although we used
Occupational Safety & Health Administration
(OSHA) and National Institute for
Occupational Safety and Health (NIOSH)
data (U.S. Department of Labor 2015), we did
not include studies of occupational safety and
exposure. We did not address drinking well,
aquifer, and natural water contamination by
formation fluids and hydraulic fracturing fluid.

Results
Geography and Production
The Barnett Shale, the largest natural gas
play in Texas (Airhart 2015), is located in
the north-central part of the state, extending
over a total area of 5,000 mi2. It lies below
the surface of 25 counties in Texas, 4 of
these being core counties with the highest
gas production (Railroad Commission of
Texas 2015a). The Barnett shale produces
primarily methane, and the producing gas-oil
ratio in the core areas of the Barnett shale
is above 100,000 standard ft 3/stock tank
barrels (Holme 2013). There are approximately 18,000 to 19,000 producing gas wells
in the Barnett Shale (Barnett Shale Energy
Education Council 2012); the majority of
these are horizontal wells that employ
hydraulic fracturing (U.S. EIA 2011b).
The Marcellus Shale covers 95,000 mi2
and stretches across eight states: New York
(which currently has a hydraulic fracturing
ban) (Klopott 2015); Pennsylvania (which
has the most drilling in the Marcellus
Shale) (Penn State Public Broadcasting
2014); West Virginia, Ohio, Maryland, and
smaller portions of Virginia, Tennessee, and
Kentucky. The shale play covers an estimated 64% of Pennsylvania (Curtis 2011),
approximately 29,500 mi2. The Marcellus is
a predominantly methane-producing shale
play (Holme 2013). By 2012, Marcellus
Shale drilling had affected 0.07% of the
total land area of the state (Penn State Public
Broadcasting 2014). In 2013, Pennsylvania
had over 57,000 producing gas wells; the

Table 1. Analysis parameters, methods, and units of measurement.
Parameter
Thermal exposure
Vapor dispersion (hydrogen sulfide)
Vapor dispersion (carbon disulfide)
Air pollution (benzene)

volume

Methods
Modeling
Measurements and modeling
(literature review)
Measurements (literature review)
Measurements (literature review)

Units
kW/m2
Concentration (ppm) and distance
Concentration (mg/m3) and distance
Concentration (μg/m3 and ppb)
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majority of new wells drilled in Pennsylvania
are directional (U.S. EIA 2015).
The Niobrara Shale is situated in
Northeastern and Northwestern Colorado and
also covers portions of adjacent Wyoming,
Nebraska, and Kansas. Natural gas is produced
primarily from the Piceance Basin and gas
and oil from the Denver-Julesburg (D-J)
Basin (Higley and Cox 2007); it is one of the
top 10 sources of natural gas in the United
States (U.S. EIA 2009). There are approximately 15,000 gas wells in the Colorado
Niobrara (Colorado Geological Survey 2011).
Over 90% of new gas wells in Colorado use
hydraulic fracturing (Weiner 2014).

Policies and Oversight
Natural gas well setbacks are determined at
the state and, in some cases, municipality
level (the exception to this is when drilling
occurs near public work projects, such as
dams and critical structures; in these cases
federal regulation applies) (Fry 2013). In
general, the source for a setback distance is
considered to be the well bore, although this
is not specifically indicated in all statutes.
As discussed below, setback distances vary
among the three states we studied (Table 2),
and all three have variances which can shorten
the distance.
Within the Barnett Shale of Texas,
setbacks are designed to protect the health,
safety, and welfare of residents; protect the
rights of property owners; safeguard environmental quality; and promote efficient
gas extraction. The Railroad Commission of
Texas (RRC) is responsible for activities associated with oil and gas, including exploration,
extraction, production, and transport (Fry
2013). The RRC does not directly determine
setback distances; per Texas State Legislature
Section 253.005c, a well “may not be drilled
in the thickly settled part of the municipality
or within 200 feet of a private residence”
(Texas State Legislature 2009). In Texas,
variances are granted “to prevent waste or to
prevent the confiscation of property” (RRC
2015c). The majority of applications for gas
drilling in the Dallas/Fort Worth Metroplex
area contain a distance setback variance
request (Welch 2015). Many municipalities
consider the minimum setback to be too close
and have established local setback distances.
For example, setback rules vary among the
26 municipalities in heavily drilled Denton
County, with a range of 300–1,500 ft, mode
of 1,000 ft. With variance, the range is
150–1,125 ft, mode of 300 ft (Fry 2013).
Recently, the state of Texas passed into law
H.B. No. 40, which preempts regulation
of oil and gas operations by municipalities
(Texas State Legislature 2015); therefore all
sites will presumably be required to conform
to state law—even those such as the city
Environmental Health Perspectives •
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of Denton, which had previously banned
hydraulic fracturing entirely.
In Pennsylvania, setback distances
are determined by the state legislature and
enforced primarily by the Pennsylvania
Department of Environmental Protection
(PA DEP 2014b). In February of 2012, the
Pennsylvania General Assembly enacted
the Omnibus Amendment to the Oil and
Gas Act (commonly known as Act 13),
intended to strengthen environmental standards for unconventional shale gas extraction (Pennsylvania General Assembly 2012).
According to Title 58, Section 3215 of the
Pennsylvania Legislature, the current setback
distance to buildings is 500 ft, unless the
owner of the structure consents to a shorter
distance (Pennsylvania General Assembly
2016). PA DEP may grant a variance
from these distance restrictions if the well
operator submits a plan identifying additional
measures. Also, existing active well sites are
“grandfathered” in and new wells can be
drilled closer than 500 ft from a dwelling at
such sites (PA DEP 2014b).
In Colorado, setbacks are determined
by the Colorado Oil and Gas Conservation
Commission (COGCC). The stated purpose
of setbacks is to “protect the safety and
welfare of the general public from environmental and nuisance impacts resulting
from oil and gas development in Colorado,
including spills, odors, noise, dust, and
lighting” (COGCC 2013). In 2013, 2 CCR
404-1 Cause No. 1R Docket No. 1211RM-04 established new rules for statewide
setbacks (COGCC 2013). The distance is
500 ft from buildings (such as homes and
commercial facilities), 1,000 ft from highoccupancy buildings (schools, day care
centers, hospitals, nursing homes, and
correctional facilities), 350 ft from outdoor
recreational areas (playgrounds and sports
fields), and 150 ft from a surface property
line. Energy companies are also expected to
employ mitigation measures to reduce the
impact of their operations upon the public.
Variances may be granted for existing wells,
if the operator employs mitigation reassures,
or if alternate locations are technically or
economically impractical (COGCC 2013).
Federal laws provide for clean air (U.S.
EPA 2015d); however, with few exceptions, natural gas extraction activities are
exempt from these laws (NRDC 2013).
Under federal law, gas well operators must
comply with Title 40 of the Code of Federal
Regulations, which outline emission standards and compliance schedules for the
control of VOCs and sulfur dioxide (SO 2)
emissions (U.S. EPA 2012b). The United
States Environmental Protection Agency
(EPA) requires gas well operators to utilize
green completions (capturing of excess gas
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instead of releasing it into the atmosphere) to
reduce air pollution from VOCs (U.S. EPA
2012a). According to Title 40 Subpart 0000
§60.5375, if state rules are more stringent
and do not otherwise conflict with federal
regulations, state law will prevail (U.S. EPA
2012b). In Texas, air quality is managed by
TCEQ (RRC 2015a). In Pennsylvania, the
PA DEP has the authority to regulate air
quality, and operators are required to utilize
detection and repair methods to control
volatile organic compounds and associated
hazardous air pollutants (PA DEP 2014a).
In Colorado, emissions are overseen by the
Colorado Department of Public Health and
Environment (2013).
Thermal exposure criteria are regulated on
a national basis. The National Fire Protection
Association (NFPA; see http://www.nfpa.
org/about-nfpa) is a global nonprofit organization which sets standards to eliminate
death, injury, property and economic loss
due to fire, electrical and related hazards.
Liquid Natural Gas (LNG) Standard, NFPA
59A, sets limits in terms of maximum heat
flux. For human outdoor exposure the
limiting heat flux is 5 kW/m2 (kilowatt per
square meter) (NFPA 2015). The thermal
radiation protection requirements in the U.S.
Department of Transportation Regulations in
49 CFR, part 193 (U.S. GPO 2015) specify
essentially the same requirements as NFPA
59A. The U.S. Department of Housing and
Urban Development (HUD) regulations,
which are applicable to HUD-assisted residential projects, have a much lower threshold
of 1.4 kW/m2 (HUD 1982).
Raw natural gas contains hydrogen
sulfide (H 2 S), which is classified by the
EPA as a hazardous air pollutant (U.S. EPA
2015d). Due to its toxicity, flammability,
and corrosive properties, H2S is an important component to control at all stages of
natural gas handling. H 2S has destructive
effects on natural gas extraction and transportation equipment; there is also a threat
to personnel working at natural gas sites
(Ratner and Tiemann 2015). The U.S.
Department of Labor recommends well-site
management based on potential exposure
to H 2 S. OSHA set a ceiling limit of 20
ppm for hydrogen sulfide in workplace air,
which is a 15-min time-weighted average
that cannot be exceeded at any time during
the working day. NIOSH recommends a
10-min ceiling level of 10 ppm for workers;
100 ppm is immediately dangerous to life
Table 2. Legal setback distances by state.
State
Texas
Pennsylvania
Colorado

Minimum setback distance from
buildings without variance
200 ft
500 ft
500 ft (1,000 ft high occupancy)
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or health of workers (U.S. Department of
Labor 2015). A Minimal Risk Level of
0.07 ppm has been recommended by
the ATSDR for acute-d uration inhalation
exposure to hydrogen sulfide, and a Minimal
Risk Level of 0.02 ppm has been derived for
intermediate-duration inhalation. Death has
occurred after acute exposure to high concentrations (≥ 500 ppm) of hydrogen sulfide gas
(ATSDR 2014). Carbon disulfide is another
sulfide compound with neurotoxicological
properties. OSHA 15-min exposure limit
is 36 mg/m3, and NIOSH 15-min limit is
30 mg/m3 (ATSDR 1996).

Blowouts and Evacuations
Within the Barnett Shale between 1997
and 2006, there were 18 well blowouts—14
blowouts in Wise County and 4 in Denton
County (Nguyen 2010). Since 2006, 16
blowouts have been reported by operators
(RRC 2015b). A blowout in 2002 forced
the evacuation of 30 homes in Haslet, TX
(Nguyen 2010). In December 2005, an
operator lost control of a Barnett Shale gas
well in Palo Pinto County. The ensuing
explosion blew a 750-ft-wide crater in the
ground, and the fire burned uncontrollably for several days (Heinkel-Wolfe 2013;
Nguyen 2010). On 22 April 2006, a blowout
in Fort Worth required evacuation of 500
homes in a ½-mi radius. One worker was
killed (Korosec 2006; Nguyen 2010). On
19 April 2013, a gas well blowout required
evacuation of four homes and diversion of
flights from the Denton Enterprise Airport
(Heinkel-Wolfe 2013). On 11 April 2015,
uncontrolled pressurized flowback required
the evacuation of 100 homes and an evacuation zone of ⅛ mi (Arlington Voice 2015).
On 7 May, lightning struck a gas well in
Denton, resulting in an explosion and fire.
No evacuation was ordered, but residents selfevacuated due to overwhelming smoke and
fumes (Sakelaris 2015).
In June of 2010, a blowout in the
Marcellus Shale of Clearfield County,
Pennsylvania, spewed gas and drilling fluid
75 ft into the air, requiring closure of roads
and a no-fly zone over the area. No evacuations were needed as there were no homes
within 1 mi (Hurdle 2010; Nguyen
2010). On 7 June 2010, an explosion at a
Moundsville, West Virginia, Marcellus
shale well required burn unit hospitalization
for seven people and closure of a highway
(Nguyen 2010; Templeton and Hopey 2010).
In April of 2011, a well blowout in Bradford
County required evacuation of seven families
(Casselman 2011). In June of 2012, a blowout
in Tioga County required a 1-mi evacuation
zone, with contingent plans for a 2-mi zone
in case the well could not be brought under
control (Detrow 2012). In March of 2013,
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a blowout in Wyoming County required a
1,500 ft evacuation zone and evacuation of
three families (Legere 2013). On 11 February
2014, three gas wells exploded at a gas well site
in Dunkard Township, Green County, Pa.
The fire burned for 5 days, and well control
was not regained until 2 weeks after the explosion. The accident killed one gas well worker
and injured another. A ½-mi safety perimeter
was established around the pad (RKR Hess
2014). At this rural site, no homes or businesses required evacuation (Santoni 2014). In
September 2014, a blowout in Mercer County
caused an evacuation of homes within a 1-mi
radius of the well pad (CBS Pittsburgh 2014).
In October 2014, a well rupture in adjacent
Jefferson County, Ohio, Marcellus required
evacuation of 400 families (Arenschield 2014).
In April of 2012, the operator lost
control of a gas well in the Niobrara Shale of
Wyoming, requiring evacuation of 67 residents within a 2.5 mi radius (Gebrekidan and
Schneyer 2012).

In the report by the Fort Worth League
of Neighborhoods (2011) described in the
Methods section, various sulfur compounds
were detected at extremely high levels. The
neurotoxin carbon disulfide was found at
levels 300 times the norm for ambient urban
air. Based on the testing results, dispersion
modeling was performed for a drill site near
an elementary school. The carbon disulfide
plume extended 1 mi from the source; the full
extent of plume was in excess of 2 mi. The
model predicted up to 1,000 times the short
term health benchmark for carbon disulfide,
based on OSHA and NIOSH adult shortterm exposure regulatory and recommended
limits (ATSDR 1996). A second model on
carbonyl sulfide was performed based on a
site near three elementary schools and one
high school. The plume extended in excess of
1 mi, with levels six times the health benchmark for carbonyl sulfide (Fort Worth League
of Neighborhoods 2011).

Thermal Modeling

Within the Barnett Shale, air quality
canister sampling identified 70 individual
volatile organic compounds in the vicinity
of gas wells and associated transport operation. The most abundant non-methane
VOCs, accounting for approximately 90%
of emissions, were ethane, propane, butane,
and pentanes (Kibble et al. 2013). In 2009,
TCEQ used infrared cameras to survey 94
natural gas sites in the Dallas-Fort Worth
area in order to identify potential sources of
emissions (Whiteley and Doty 2010). Air
samples were collected at 73 of the sites; at
21 of those sites, benzene levels exceeded the
U.S. EPA level for long-term health effects
(ATSDR 2007), and 2 sites required immediate action for benzene levels high enough
to pose an immediate threat to health and
safety (Ethridge 2010). In 2010, testing by
TCEQ confirmed that toluene and carbon
disulfide, in addition to other chemicals, were
being emitted by gas facilities in the Barnett
Shale. Their report concluded that “gas
production facilities can, and in some cases
do, emit contaminants in amounts that could
be deemed unsafe” and that “35 chemicals
were detected above appropriate short term
comparisons” (TCEQ 2010; Fort Worth
League of Neighborhoods 2011).
In a community-based study in
Susquehanna County, Pennsylvania, 25% of
grab samples from well pads and associated
infrastructure contained benzene levels that
exceeded the 1/100,000 U.S. EPA cancer risk
level (Macey et al. 2014; U.S. EPA 2015c).
McCawley, working for the West Virginia
Department of Environmental Protection in
May 2013, obtained air samples 625 ft from
the well pad center at seven unconventional
drilling sites in the West Virginia Marcellus,

Damage from well-pad fires is a function of
time and energy flux intensity and, in general,
damage increases the longer a fire burns. In
addition, the interval between blowout and
gas ignition can affect the size of the resulting
fireball and the extent of explosive damage. At
a well site, if the combustion process occurs
in the open air, the gas will burn at a constant
pressure, allowing the gas to expand during
the process (Arrington 2014). The risks to
people and objects outside a vapor cloud fire
arise primarily from radiant heat emitted by
the fire (Raj 2007).
Applying the Stefan-Boltzmann Law to a
typical gas well as described in the Methods
section, at 500 ft the thermal exposure would
be 2.98 kW/m2; at 350 ft the thermal exposure
would be 6 kW/m2 (Arrington 2014).

Vapor Dispersion
Measurements of H2S in four core counties in
the Barnett Shale showed that 8.0% of wells
had hydrogen sulfide concentrations > 4.7 ppb
(0.0047 ppm) beyond the fence line (Eapi
et al. 2014). PA DEP has designated 19 wells
as “Special Caution Areas” due to elevated
levels of H2S encountered during drilling,
defined as > 20 ppm (PA DEP 2014b),
which is above the 15-min OSHA ceiling
limit (U.S. Department of Labor 2015). In a
community–based grab sample study, one in
five samples in Colorado contained H2S that
exceeded ATSDR intermediate minimal risk
levels (Macey et al. 2014).
PIR calculations presented in the U.S.
DOT report resulted in a hydrogen sulfide
toxic gas cloud radius of 0.27 mi (1,426 ft)
for urban conditions and 0.37 mi (1,954 ft)
for rural conditions (U.S. DOT 2005).
volume

Air Pollution
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specifically for the purpose of determining
if the 625 ft setback established for West
Virginia was adequate to protect public health
(McCawley 2013). Five of the sites were
locations of active drilling and completion
activities, and two sites involved only site
preparation work. There were 22 data points
provided, 15 of which came from the five
active sites, and 7 of which came from the two
well-pad preparation sites, all located 625 ft
away from the well pad center. Benzene was
found at the highest concentration of any of
the VOCs, although toluene was the single
VOC found most frequently (Figure 1)
(McCawley 2015). Benzene levels exceeded
the ATSDR minimum risk level for acute
exposure-9 ppb (28.7 μg/m3) for exposure of
14 days or less—in 5 out of 15 samples, and
at 3 out of the 5 active drilling sites. The two
highest benzene values, 85 ppb (270 μg/m3)
and 49 ppb (160 μg/m3), were found at a
single site during hydraulic fracturing and
flowback activities. Well-pad preparation was
not associated with elevated benzene levels
(McCawley 2013).
In Colorado, daily air samples collected
by the National Oceanic and Atmospheric
Administration Boulder Atmospheric
Observatory revealed that oil and gas activities, including shale gas extraction, were
strongly associated with alkane and benzene
levels in the atmosphere (Pétron et al. 2012).
McKenzie et al. (2012) performed a health
risk assessment by analyzing samples collected
by the Garfield County Department of Public
Health and Antero Resources. In 2008, the
Garfield County Department of Public Health
collected ambient air well completion samples,
including emissions from both uncontrolled
flowback and supporting completion equipment such as trucks and generators. Samples
were taken 130–500 ft from the well pad.
In 2010, Antero Resources Inc. collected
ambient air samples 350 and 500 ft from the
well pad center during completion activities. No other hydrocarbon sources were in
the vicinity of the sampling locations. These
samples were compared with 163 samples
taken from a fixed monitor in a rural natural
gas development area 2,500 ft away from
the nearest well pad. The median air level of
benzene in the well completion samples was
2.6 μg/m3 (0.82 ppb), which is below level of
concern, but benzene samples were found to
be highly variable: the 95% level of benzene
was 20 μg/m3 (6.26 ppb), which is right at the
6 ppb Minimal Risk Level for intermediate
exposure (ATSDR 2007), and the maximum
benzene level was 69 μg/m3 (21.6 ppb), which
is more than twice the 9 ppb minimal risk
level for acute exposure (ATSDR 2007). The
benzene levels in the natural gas development area, by contrast, never reached levels
of concern for health impacts. Residents
Environmental Health Perspectives •
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living within ½ mi of an unconventional gas
well were found to have an increased risk of
neurological and respiratory health effects than
residents living greater than ½ mi away. The
risk of cancer was increased in these residents
as well, with benzene and ethylbenzene as the
primary hydrocarbon contributors (McKenzie
et al. 2012).

Discussion
In the 155 years since the first modern oil
well was drilled in Pennsylvania, technology has evolved from the spring pole to
modern rotary rigs that can drill miles into
the earth (American Oil & Gas Historical
Society 2015). The more recent technological
advancement of horizontal hydraulic fracturing has changed the landscape of gas and
oil production.
Natural gas has the potential for a smaller
carbon footprint than historical fossil fuel
sources; for instance, there are substantially
lower emissions of nitrous oxides and carbon
dioxide per Btu of energy produced compared
to coal (U.S. EIA 2015). As a result of the
ability to access unconventional formations, the United States is less dependent on
foreign natural gas; the United States has now
surpassed Russia as the world’s largest natural
gas producer (Ratner and Tiemann 2015).
While the influx of wells and related natural
gas infrastructure has advanced the economics
of some individuals and communities (API
2014), questions remain about public health
and safety when a heavy industrial process is
placed close to the public. The consequence
of these concerns is that public support for
hydraulic fracturing is declining, and the
industry realizes the need to minimize risks to
communities and the environment (Dittrick
2015). Setbacks are an attempt to address this
need. Our paper attempts to address whether
the current setback laws in three heavily
drilled states within the Barnett, Marcellus,
and Niobrara shale plays are sufficient to
protect public health and safety.
The majority of setback distances in
the areas we studied are not derived from
peer-reviewed data, data driven analysis,
or historical events (Fry 2013)—they are a
compromise between governments, the regulated community, environmental and citizen
interest groups, and landowners (COGCC
2013). In part to address the issue of setbacks,
the University of Maryland School of Public
Health performed an in-depth analysis of the
current data, and prepared a report for the
Maryland Department of the Environment
and the Department of Health & Mental
Hygiene. The authors recommended a
minimum setback distance of 2,000 ft from
well pads (Maryland Institute for Applied
Environmental Health 2014). Also in 2014,
the New York State Department of Health
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(NY DOH) published the results of a Public
Health Review process. In preparing the
report, the NY DOH reviewed and evaluated scientific literature, obtained input from
outside public health expert consultants,
engaged in field visits and discussions with
health and environmental authorities in
states with hydraulic fracturing activity, and
communicated with multiple local, state,
federal, international, academic, environmental, and public health stakeholders. The
DOH report concluded that hydraulic fracturing activity has resulted in environmental
impacts that are potentially adverse to public
health (NY DOH 2014). As a result of this
study, the Concerned Health Professionals of
New York recommended a moratorium on
hydraulic fracturing in New York State until
it could be determined whether the potential
risks could be managed (Concerned Health
Professionals of New York 2014); the state
subsequently banned the practice altogether
(Klopott 2015). Citing similar concerns
of environmental contamination, some
countries, including France, Bulgaria, and
Scotland have current bans and moratoria on
hydraulic fracturing (Patel 2015).
In the geographic areas we studied,
the most common setback distances from
buildings were 300 and 500 ft with a range
of 150–1,500 ft. Based on historical catastrophic events, thermal modeling, vapor
cloud modeling, and air pollution data, these
distances do not appear sufficient to protect
public health and safety. We address each of
these subsections below.

Blowouts and Evacuations/
Thermal Modeling
Blowouts can cause drill pipe, mud, cement,
fracking fluids, and produced water (water
that has been used in the hydraulic fracturing process) to be ejected from the bore
and expelled at high pressure. These drilling

Figure 1. Distribution of chemical species of VOCs
around Marcellus Shale drill sites.
Michael McCawley. Air Contaminants Associated with
Potential Respiratory Effects from Unconventional
Resource Development Activities. Seminars in Respiratory
and Critical Care Med 2015;36:379–387, Thieme Publishers,
www.thieme.com (printed by permission).
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materials can be followed by production
waters, gases and/or petroleum. Gas well
blowouts can be very dangerous since a spark
can set off an explosion (Nguyen 2010).
Fires can involve other equipment on the
well pad, releasing additional fumes, smoke,
and volatiles (Arrington 2014). If members
of the public are located in the vicinity,
evacuations may be required, with a safety
perimeter established around the well (Wild
Well Control, Inc., and Travelers Indemnity
Company 2012). Historical data indicate that
blowout frequency is approximately 1 per
10,000 wells (OGP 2010). Published data
from the Marcellus Shale indicates a blowout
risk of 0.17%, with a well barrier or integrity
failure rate of 6.3% for the years 2005–2013
(Davies et al. 2014); this is consistent with
the historical numbers. Well blowout preventers are intended to control the internal well
pressure; however, these blowout preventers
are not failsafe (Nguyen 2010).
The Federal Emergency Management
Agency (FEMA) Emergency Management
Institute provides recommendations for emergency planning and response (Appendix 1)
(FEMA 2015). During a level 3 event within
the suburban setting, special consideration
must be given to gas plume concentration/
dispersion, smoke, hydrogen sulfide gas,
explosions, heat radiation, and effects on
buildings, homes, power lines, and nearby
well and gas pipelines. Once the decision to
evacuate is made, it should be done quickly
and efficiently, with ongoing communication and assistance to evacuees (Wild Well
Control, Inc., and Travelers Indemnity
Company 2012). Based on thermal modeling,
at 500 ft, the thermal exposure to those evacuating would be below the NFPA standard
of 5 kW/m2 (NFPA 2015). 2.7 kW/m2 at
500 ft is what firefighters encounter and up to
second degree burns will occur after 30 min
or less of unprotected exposure, as indicated
by sunburn type at 1.4 kW/m 2 at 30 min
(Arrington 2014). API proposes a level of
6.3 kW/m2 for situations in which emergency
actions lasting up to 30 sec may be required
by people without shielding but wearing
clothing (API 2007). At the common Texas
setback distance of 300 ft and the Colorado
outdoor recreational distance of 350 ft, based
on the calculation of radiant heat flux, second
degree burn blisters would be expected to
form after approximately 16 sec and 22 sec,
respectively (Figure 2).
In the evacuation data we collected, the
average evacuation zone was 0.8 mi (range
of 660–13,200 ft) and the average number
of homes/families displaced was 149 (range
of 3–500 per event). Two incidents required
aircraft diversion, one in the Barnett Shale
(Heinkel-Wolfe 2013) and one in the
Marcellus Shale (Nguyen 2010). An explosion
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in the Barnett Shale produced a 750 ft
burn crater (Heinkel-Wolfe 2013; Nguyen
2010). The sizes of the evacuation zones,
the number of families displaced, and the
presence of a measurable burn crater, along
with the thermal modeling data above, raise
several questions: Does current unconventional gas well preplanning take into account
a) the number of people to be evacuated
from an area, b) the time it would take to
evacuate, and c) the route needed for evacuation? Unfortunately, this does not appear
to uniformly be the case. Wolverton (2010)
published an Applied Research Project for the
city of Shreveport, Louisiana, focusing on the
hazards, challenges, and concerns regarding
emergency response and public safety in
relation to natural gas wells. For this study, a
literature review was performed through the
National Fire Academy’s Learning Resource
Center (U.S. Fire Administration 2016),
search engines from the web, and published
articles. Wolverton concluded that there was
minimal research done on the topic of emergency response preplanning. In the Barnett
shale area, some individual municipalities and
gas companies develop and mail brochures
to residents near gas wells, but this is not a
uniform practice. Among the major challenges
to responding to gas well hazards, Wolverton
identified a lack of preplanning, inadequate
resources, proximity to high-occupancy facilities, size of fires, and lack of training and
equipment (Wolverton 2010).
During a level 3 event involving a gas well,
officials should have a clear plan of notification, transportation, and evacuation routes
for high-occupancy buildings. The COGCC
appears to be considering this concept
with the increased setback requirement for

high-occupancy buildings, including schools
(COGCC 2013). School evacuation protocols
vary among states and districts; in general,
in ideal circumstances, a fire drill evacuation is accomplished in several minutes. In
an actual emergency, however, the evacuation time may be longer. For instance, after
a school shooting in Connecticut, once the
shelter in place was lifted, it took over 30 min
to evacuate Sandy Hook Elementary School
(Connecticut State Police 2013). Historical
evacuation data, as well as the potential for
thermal injury during an evacuation, should
be taken into consideration when planning the
location of a well.

Air Pollution/Vapor Dispersion
With variable frequency, benzene levels are
elevated at multiple locations in close proximity to some gas development sites (Epstein
2016). This is not unexpected, considering
that benzene occurs naturally in crude petroleum in levels up to 4 g/L (WHO 2010). At
issue is that the frequency of elevated levels
is sufficient to present a public health risk.
Benzene is released from a number of natural
gas extraction processes, and has the potential
for adverse human health outcomes through
inhalation exposure (Finkel et al. 2013).
In 2014, Bunch et al. (2014) published
results of air monitoring from 4.6 million data
points (representing data from seven monitors
at six locations). Using a qualitative risk-based
approach, the authors concluded that shale
gas production activities have not resulted in
exposures to VOCs, including benzene, at
levels that would pose a health concern (Bunch
et al. 2014). As discussed previously in this
paper, however, other air monitoring studies
have found benzene exceeding recommended

Figure 2. Range of experimental data on skin pain and skin burns and correlations of time for injury vs.
incident radiant flux. (From Raj PK. A review of the criteria for people exposure to radiant heat flux from
fires. J Hazard Mater 2008;159:61–71, with permission from Elsevier.)
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health-based risk levels (McCawley 2013;
McKenzie et al. 2012). Also notable is that
multiple studies have found an association
between proximity to natural gas well sites and
adverse health outcomes, including congenital
defects (McKenzie et al. 2014), decreased
birth weight (Stacy et al. 2015), and increased
hospitalization rates (Jemielita et al. 2015).
These findings lend weight to the possibility
that pollution from shale gas activities could
potentially precipitate adverse health effects.
Hydrogen sulfide modeling has shown
toxic gas cloud dispersion beyond even the
most generous setback in our states of interest
(U.S. DOT 2005). Dispersion modeling has
also shown carbon dioxide and carbonyl sulfide
plumes extending in excess of 1 mi from drill
sites (Fort Worth League of Neighborhoods
2011). H 2 S has an odor threshold of
0.01–1.5 ppm, whereupon people will begin
to notice the unpleasant characteristic “rotten
egg” smell. The odor becomes offensive at
3–5 ppm (U.S. Department of Labor 2015).
Levels at which odor can be detected have been
associated with mucosal irritation, respiratory
symptoms, and need for anti-asthma drugs
(ATSDR 2014). In a controlled setting, adults
exposed to a range of H2S from 0.05 to 5 ppm
experienced anxiety and compromised verbal
learning performance (Fiedler et al. 2008).
At the basic science level, laboratory studies
have shown genotoxicity and DNA damage
from H2S. Odor exposure is also associated
with negative mood, stress, and annoyance
for those living near H2S-producing facilities
(ATSDR 2014). Combined with the VOCs,
this produces a potentially new set of exposures, possibly at distances of 2 km, which
have not yet been well characterized nor well
studied for their accompanying health effects.
For example, there are recurring reports of
nose bleeds and a metallic taste in populations living near drilling activity (McCawley
2015). A survey-based ambient health effects
study showed that prevalence of dermal and
respiratory complaints increased with proximity to drilling activities (Rabinowitz et al.
2015) (Table 3).
Air pollution from inadequate setbacks
is of particular concern for vulnerable populations. The economically disadvantaged,
people > 65 years old, and younger people
with disabilities are most likely to have
chronic health conditions which require institutional care (American Hospital Association
2011). In Pennsylvania, those living below
the poverty line are significantly more likely
to be exposed to pollution from unconventional gas wells (Ogneva-Himmelberger and
Huang 2015). Children are a group that
deserves special consideration, as physical
vulnerabilities increase children and youth’s
susceptibility to illnesses, including asthma
and other respiratory ailments (USDA 2012).
Environmental Health Perspectives •
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Children are also more vulnerable to pollutants by nature of their developmental status
(Pediatric Environmental Health Specialty
Units 2011). These facts bring into particular
question the wisdom of granting permits for
unconventional gas wells in close proximity
to schools and health care facilities, where a
significant number of vulnerable individuals
would be expected to be located.
With regard to air pollution associated
with hydraulic fracturing, current setbacks do
not appear to be fully protective. Although
appropriately set distances may provide some
measure of safety, setbacks do not necessarily reduce risk associated with potentially
hazardous air emissions. Not all emissions
emanate from the point of drilling and many
may originate from distances as far away
from the well pad as the setback distance
itself, or even beyond. For example, when
measured at the same setback distance for
all the processes in an active drilling operation in the West Virginia study, the benzene
concentration fluctuated substantially due to
the proximity of the source to the setback
distance (McCawley 2013). At the highest
concentration, the source (a flare) was immediately adjacent to the samplers, even though
the samplers were 625 ft from the center of
the well pad. In this scenario, a setback does
nothing to control the location or strength of
the multiple possible sources at a well site and
so it cannot be considered a control at all.
Given the advantages of domestic natural
gas development, the question arises as to
whether the risks of hydraulic fracturing are
acceptable, particularly in close proximity to
the public. There are many accepted definitions and permutations of acceptable risk,
depending on one’s point of view. From a
business standpoint, acceptable risk is generally considered to be injury or loss from an
industrial process that is considered tolerable
by a society in view of the political, social, and
economic cost-benefit analysis. From a scientific standpoint, the Precautionary Principle,
which is endorsed by multiple national and
international agencies, states that in cases of
serious or irreversible threats to the health
of humans or ecosystems, acknowledged
scientific uncertainty should not be used as
a reason to postpone preventive measures
(WHO 2004). The U.S. EPA calculates both
non-cancer and cancer risks from chemical
exposure. Non-cancer risk is calculated by
comparing the estimated daily intake of the
chemical over a specific time period with the
reference dose for that chemical derived for

a similar period of exposure. Cancer risk is
the probability that an exposed individual
will develop cancer due to that exposure by
age 70. For each chemical of concern, this
value is calculated from the daily intake of
the chemical from the site averaged over a
lifetime, including a slope factor. In general,
the U.S. EPA considers excess cancer risks
that are below about 1 chance in 1,000,000
to be so small as to be negligible, and risks
above 1 in 10,000 to be sufficiently large that
some sort of remediation is preferred. The
level of total cancer risk that is of concern,
however, is a matter of personal, community,
and regulatory judgment (U.S. EPA 2015c).
Our findings represent an important case
study for the science of risk assessment and
public policy decisions of risk management.
In the United States, risk management strategies for gas development vary widely by state,
including acceptance of large-scale development (Texas, Pennsylvania, Colorado); more
cautious consideration with extended controls
and protections (Maryland); and outright
bans (New York). The question remains as
to whether society will continue to accept
the level of risk associated with shale gas
development given its potential benefits.
There are at least some additional actions
to help to mitigate risk. The report by
Wolverton (2010) highlighted the need for
comprehensive planning prior to drilling. For
detection of air pollution, air monitors could
be placed at sensitive locations, and the sites
connected to a central monitoring station by
cellular phone or Wi-Fi to record air emission
levels 24 hr a day. When the desired levels are
exceeded, engineers would investigate to seek
the source and report not only the cause, but
also the steps taken to prevent a recurrence.
Monitoring of all pertinent hazards could be
considered for future regulations in conjunction with setbacks (Ziemkiewicz et al. 2014).
In addition, the standard method of measuring
air quality, using periodic 24-hr averages, does
not accurately reflect the intensity, frequency
or duration of meaningful exposure to the
pollutants associated with the hydraulic fracturing process (Brown et al. 2014). Another
factor to consider is well density. Risk calculations for environmental hazards are often
based on measurements from a single source
(U.S. EPA 2015a). In today’s hydraulic fracturing environment, however, public exposure
can come from multiple sources–either from
multiwell pads or single well pads in proximity
to one another. Simultaneous operations can
introduce multiple hazards carrying additional

Table 3. Prevalences of reported respiratory disease in areas near drill sites (Rabinowitz et al. 2015).
Respiratory symptoms
Upper respiratory [n (%)]
Lower respiratory [n (%)]
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< 1 km (N = 150)

1–2 km (N = 150)

> 2 km (N = 192)

58 (39)
29 (19)

46 (31)
29 (19)

35 (18)
27 (14)
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risks (Boquist 2014). Applying accurate and
comprehensive measurement techniques, along
with mitigation factors, could allow selection
of a setback based on the level of control exercised and maintained rather than on arbitrary
distances set by legislative compromise.

Limitations
Our present study has some limitations.
There are over 20 shale plays in the lower 48
United States (U.S. EIA 2011a); by confining
our study to 3 shale plays, the scope of data
was narrowed. We also limited our study to
well sites. Excluding pipelines limited data on
explosions and evacuations (Riordan Seville
2014), and excluding compressor stations
restricted air pollution results (Shogren
2011). An inclusive study of the outcomes
outlined in this study would include the wells
and the potential contribution from necessary
accompanying infrastructure.
Some of the evacuation data and noise
complaint cases were gathered from media
reports, which can introduce reporting errors
and/or bias. Whenever possible, we evaluated information from multiple sources to
determine consistency. Not all well blowouts
required evacuations or had evacuation data
available; for our analysis, we focused on
those blowouts for which we could report
an evacuation distance and/or number of
families displaced.
Our air pollution analysis is by no means
comprehensive. In the past several years, more
data have emerged regarding air pollution
related to hydraulic fracturing. Studies have
varied in methods of collection and analysis;
however, multiple studies show air pollutants at levels which raise health concerns
(Shonkoff et al. 2014). We focused on those
studies which raised concern regarding
benzene and H2S levels; a more thorough
air pollution analysis would include nitrogen
oxides, ozone, particulate matter, and the

spectrum of VOCs (Shonkoff et al. 2014).
In addition, benzene levels are characterized by high variability, which can result in
inconsistencies within and between studies.
Compounding the difficulty is the fact that
air pollution varies widely, and there is an
unmet need to study the episodic nature of air
pollutant emissions.
Our thermal modeling was based on an
average gas well. At each site, it is crucial
to take into account the local geography,
weather patterns, engineering specifics of each
particular well, and nearby structures, which
was not feasible for the purposes of this study.

Conclusion
Current natural gas well setbacks in the
Barnett Shale of Texas, the Marcellus Shale
of Pennsylvania, and the Niobrara Shale
of Colorado cannot be considered sufficient in all cases to protect public health
and safety. Based on historical evacuations
and thermal modeling, people within these
setback distances are potentially vulnerable
to thermal injury during a well blowout.
According to air measurements and vapor
dispersion modeling, the same populations are
susceptible to benzene and hydrogen sulfide
exposure above health-based risk levels. Texas,
Pennsylvania, and Colorado should consider
adopting more generous setback distances,
particularly in reference to vulnerable populations; however, distance is not an absolute
measure of protection. Unfortunately, there is
no defined setback distance that assures safety.
As mitigation technology advances, current
setback distances may eventually be sufficient
to protect the public. Unfortunately, current
mitigations are not fail-safe, and each has its
limitations (U.S. Forest Service 2011). The
results of our analysis based on three states
suggest that assuming the threat posed to
health originates from either the center of the
drill pad or some small distance surrounding

Appendix 1. FEMA EMI recommendations for emergency planning and response (FEMA 2015).
Emergency planners should anticipate both active and passive resistance to the planning process and develop
strategies to manage these obstacles.
Preimpact planning should address all hazards to which the community is exposed.
Preimpact planning should elicit participation, commitment, and clearly defined agreement among all response
organizations.
Preimpact planning should be based upon accurate assumptions about the threat, typical human behavior in
disasters, and likely support from external sources such as state and federal agencies.
EOPs should identify the types of emergency response actions that are most likely to be appropriate, but
encourage improvisation based on continuing emergency assessment.
Emergency planning should address the linkage of emergency response to disaster recovery and hazard
mitigation.
Preimpact planning should provide for training and evaluating the emergency response organization at all
levels—individual, team, department, and community.
Emergency planning should be recognized as a continuing process.
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it requires reevaluation. A combination
of a reasonable setback with accompanying
controls on all aspects of the process is the best
method for reducing the potential threats to
public health.
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Background: There is an increasing awareness of the multiple potential pathways leading to
human health risks from hydraulic fracturing. Setback distances are a legislative method to mitigate
potential risks.
Objectives: We attempted to determine whether legal setback distances between well-pad sites and
the public are adequate in three shale plays.
M ethods : We reviewed geography, current statutes and regulations, evacuations, thermal
modeling, air pollution studies, and vapor cloud modeling within the Marcellus, Barnett, and
Niobrara Shale Plays.
Discussion: The evidence suggests that presently utilized setbacks may leave the public vulnerable
to explosions, radiant heat, toxic gas clouds, and air pollution from hydraulic fracturing activities.
Conclusions: Our results suggest that setbacks may not be sufficient to reduce potential threats
to human health in areas where hydraulic fracturing occurs. It is more likely that a combination
of reasonable setbacks with controls for other sources of pollution associated with the process will
be required.
Citation: Haley M, McCawley M, Epstein AC, Arrington B, Bjerke EF. 2016. Adequacy of
current state setbacks for directional high-volume hydraulic fracturing in the Marcellus,
Barnett, and Niobrara Shale Plays. Environ Health Perspect 124:1323–1333; http://dx.doi.
org/10.1289/ehp.1510547

Introduction
Hydraulic fracturing, also referred to
as “fracking,” is a relatively recent wellstimulation technique used in some forms
of oil and gas development. The method
entails injecting pressurized liquids into
rock formations of low permeability (e.g.,
shale) to mobilize oil or gas to the wellbore
(Gandossi 2013). Hydraulic fracturing is
used with other novel technologies, such
as directional drilling, to access previously
inaccessible resources such as shale gas, which
has become an increasingly large portion of
the overall energy supply in the United States
(Pless 2012). Directional drilling increased
from 6% of new hydraulically fractured wells
drilled in the United States in 2000 to 42%
of new wells drilled in 2010 (Gallegos and
Varela 2015). This number is rising and the
trajectory is expected to continue. A decade
ago, shale gas production accounted for 2%
of total U.S. output. In 2014, that figure was
37%, and an Information Handling Services
study projects that natural gas developed
through the use of hydraulic fracturing will
rise to more than 75% of the domestic supply
by 2035 (API 2014).
As a result of the proliferation of
hydraulic fracturing, there is an increasing
awareness of the multiple potential pathways
leading to human health risks from this
practice. Air pollution is a significant
pathway: From volatile organic compounds
Environmental Health Perspectives •
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(VOCs) found naturally in shale gas released
during the drilling process, during blowdowns and venting (Macey et al. 2014), and
through leaks at multiple connection points
(U.S. EPA 2014); heavy diesel equipment
used in the drilling process (Macey et al.
2014); chemical mixtures used to facilitate
extraction (Goldstein et al. 2014); and silica
sand as proppant (American Public Health
Association 2012). Vapor dispersion is
another health concern (Center for Chemical
Process Safety 2015); in addition, natural
gas well sites have experienced blowouts and
other types of explosions (Hoffman 2015).
What constitutes a judicious setback
distance between natural gas industrial activities and natural or anthropogenic structures is
a debatable issue in more densely populated
areas (Begos 2014). The literature is currently
lacking concerning which particular setbacks
are adequate to protect the health and safety
of the public. In this paper we examine
setback distances in three states located in
three major shale plays—the Barnett, the
Marcellus, and the Niobrara—and attempt
to determine whether these legal setbacks
are adequate.

Methods
We chose three of the largest and most
heavily drilled areas of technically recoverable
natural gas resources (natural gas plays) in the
United States: the Barnett, Marcellus, and
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Niobrara (U.S. EIA 2011a), and confined
our study to gas wells within three states in
these regions of interest. Texas, Pennsylvania,
and Colorado were selected to allow a
comparison between state setback laws. We
used the definition of “gas well” as defined by
the International Association of Oil and Gas
Producers (OGP) as one which has an estimated gas:oil ratio of > 1,000 (OGP 2010).
We first reviewed the intended purpose of
setbacks and the distances utilized. We then
conducted an analysis of federal and state
laws in Texas, Pennsylvania, and Colorado.
In addition, Texas had municipal ordinances
in place that were preempted by state law in
2015, and these were examined as well.
To determine whether current setbacks
provide adequate distance in the case of a
well blowout, we compiled historical blowout
incidents and evacuations within the Texas
Barnett Shale, the Pennsylvania Marcellus
Shale, and the Colorado Niobrara Shale.
Measurable evacuation zones in adjacent
states within the target shale plays were
included if available. We used the definition of “blowout” from the OGP as “an
incident where formation fluid flows out of
the well or between formation layers after
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all the predefined technical well barriers or
the activation of the same has failed” (OGP
2010). In our analysis, we included Level 3
blowout events, which are defined as those
that present serious and immediate risks
to personnel, equipment, and the environment, and warrant the immediate activation of an emergency response plan. Surface
blowouts and underground blowouts with
insufficient casing fall into this category
(Wild Well Control, Inc., and Travelers
Indemnity Company 2012). We compiled
the data using state agency reports, literature
sources, incident reports, and media reports
from 1997 to 2015. Wherever possible, we
reviewed multiple reports of the same event
to determine consistency and veracity. This
search revealed 16 relevant sources, which
are referenced in the Results section. We
recorded the number of homes/families
displaced, using these terms interchangeably.
Evacuation zones were reported in feet and/
or miles (Table 1). We did not use individual
evacuees or well workers in our mathematical
data, but discussed them where appropriate.
Since natural gas is composed primarily
of methane hydrocarbon, it is flammable
within a certain range in air (Cashdollar et al.
1996). An ignition source at a natural gas well
site has the potential to set off an explosion
(Nguyen 2010). Hazard assessment studies
from liquefied natural gas fires indicate the
potential for thermal injury to humans from
radiant heat (Raj 2008). At a well site, if
the combustion process occurs in the open
air, the gas will burn at a constant pressure,
allowing the gas to expand during the process
(Arrington 2014). To estimate the radiant
heat effects on humans from a natural gas well
fire, we applied thermal modeling to a typical
gas well. Allowing for a constant pressure and
changing volume, the adiabatic flame temperature of methane is 1,950°C (3,452°F).
We applied the Stefan-Boltzmann Law to a
typical gas well producing 5.8 million ft3/day
with a pipe diameter up to 6 in. An average
well is producing 549 times the fuel needed
to supply a 1 ft2 flux area. This assumes a
flame ball of 549 ft2, metric conversion of
51 m2, with reduction of 1 m2 to allow for
a standard industry claim of 98% efficiency
decline for a flare (Arrington 2014).
In addition to blowouts and radiant
heat, potential hazards from hydraulic fracturing include vapor and toxic gas clouds.
Shale gas often contains tens or hundreds of
parts per million (ppm) of hydrogen sulfide
(H2S) (Weiland and Hatcher 2012), a flammable gas with known adverse respiratory
and nervous systems effects [Agency for Toxic
Substances and Disease Registry (ATSDR)
2014]. We included one recent (2014) reference each from Texas, Pennsylvania, and
Colorado on H2S measured in proximity to
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natural gas wells. We reviewed a 2005 report
that was prepared for the U.S. Department
of Transportation (DOT), Office of Pipeline
Safety detailing the potential impact radius
(PIR), which can be obtained to determine
the possible impact on people or property in
the case of failure of natural gas infrastructure (U.S. DOT 2005). A series of best-fit
equations were used to relate release rate to
distance to toxic end points based on information presented in the U.S. Environmental
Protection Agency (EPA) Risk Management
guidance document (U.S. EPA 2015b),
assuming a 10-min peak-release period (U.S.
DOT 2005). We also reviewed a 2011 report
by the Fort Worth League of Neighborhoods.
The League convened a committee of scientific and health professionals to review air
testing data in the vicinity of gas drilling
activities in the Barnett Shale. Their report
included data from private tests by GD
Air Testing Inc., Texas Commission on
Environmental Quality (TCEQ 2010), and
the Barnett Shale Energy Education Council’s
industry-funded study conducted by Titan
Engineering (Barnett Shale Energy Education
Council 2010). Dispersion modeling was
performed to predict the way pollutants
might travel from their source (Fort Worth
League of Neighborhoods 2011). We used
the results from these two studies to determine whether current setback distances
provide adequate distance from clinically
significant sulfide exposure, based on OSHA
and NIOSH adult short-term exposure
regulatory and recommended limits (U.S.
Department of Labor 2015). Hydrogen
sulfide levels are reported in ppm and carbon
disulfide levels are reported in milligrams per
cubic meter (mg/m3) (Table 1).
Air pollution sources from shale gas
extraction and its related activities include
emissions from engines powering the drilling
and hydraulic fracturing operations, equipment used to capture and transport the gas
on site, venting, blowdowns, and flaring. Air
pollutants include particulate matter, carbon
monoxide, nitrogen dioxide, methane, and
VOCs (Lattanzio 2013). Notable among
the list of VOCs are the BTEX (Benzene,
Toluene, Ethyl benzene and isomers of
Xylene) compounds, which tend to be found
ubiquitously at drill sites (Leusch and Bartlow
2010). In an exploratory study, benzene was
the most common BTEX to exceed healthbased risk levels (Macey et al. 2014). In

addition, benzene is well-studied with regard
to deleterious effects on humans (CDC
2013). We therefore focused on benzene for
our air pollution analysis. Benzene levels are
reported in both parts per billion (ppb) and
micrograms per cubic meter (μg/m3) to allow
comparison between studies (Table 1).
We did not include data from predominantly oil sites, pipeline explosions, or
compressor stations. Although we used
Occupational Safety & Health Administration
(OSHA) and National Institute for
Occupational Safety and Health (NIOSH)
data (U.S. Department of Labor 2015), we did
not include studies of occupational safety and
exposure. We did not address drinking well,
aquifer, and natural water contamination by
formation fluids and hydraulic fracturing fluid.

Results
Geography and Production
The Barnett Shale, the largest natural gas
play in Texas (Airhart 2015), is located in
the north-central part of the state, extending
over a total area of 5,000 mi2. It lies below
the surface of 25 counties in Texas, 4 of
these being core counties with the highest
gas production (Railroad Commission of
Texas 2015a). The Barnett shale produces
primarily methane, and the producing gas-oil
ratio in the core areas of the Barnett shale
is above 100,000 standard ft 3/stock tank
barrels (Holme 2013). There are approximately 18,000 to 19,000 producing gas wells
in the Barnett Shale (Barnett Shale Energy
Education Council 2012); the majority of
these are horizontal wells that employ
hydraulic fracturing (U.S. EIA 2011b).
The Marcellus Shale covers 95,000 mi2
and stretches across eight states: New York
(which currently has a hydraulic fracturing
ban) (Klopott 2015); Pennsylvania (which
has the most drilling in the Marcellus
Shale) (Penn State Public Broadcasting
2014); West Virginia, Ohio, Maryland, and
smaller portions of Virginia, Tennessee, and
Kentucky. The shale play covers an estimated 64% of Pennsylvania (Curtis 2011),
approximately 29,500 mi2. The Marcellus is
a predominantly methane-producing shale
play (Holme 2013). By 2012, Marcellus
Shale drilling had affected 0.07% of the
total land area of the state (Penn State Public
Broadcasting 2014). In 2013, Pennsylvania
had over 57,000 producing gas wells; the

Table 1. Analysis parameters, methods, and units of measurement.
Parameter
Thermal exposure
Vapor dispersion (hydrogen sulfide)
Vapor dispersion (carbon disulfide)
Air pollution (benzene)

volume

Methods
Modeling
Measurements and modeling
(literature review)
Measurements (literature review)
Measurements (literature review)

Units
kW/m2
Concentration (ppm) and distance
Concentration (mg/m3) and distance
Concentration (μg/m3 and ppb)
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majority of new wells drilled in Pennsylvania
are directional (U.S. EIA 2015).
The Niobrara Shale is situated in
Northeastern and Northwestern Colorado and
also covers portions of adjacent Wyoming,
Nebraska, and Kansas. Natural gas is produced
primarily from the Piceance Basin and gas
and oil from the Denver-Julesburg (D-J)
Basin (Higley and Cox 2007); it is one of the
top 10 sources of natural gas in the United
States (U.S. EIA 2009). There are approximately 15,000 gas wells in the Colorado
Niobrara (Colorado Geological Survey 2011).
Over 90% of new gas wells in Colorado use
hydraulic fracturing (Weiner 2014).

Policies and Oversight
Natural gas well setbacks are determined at
the state and, in some cases, municipality
level (the exception to this is when drilling
occurs near public work projects, such as
dams and critical structures; in these cases
federal regulation applies) (Fry 2013). In
general, the source for a setback distance is
considered to be the well bore, although this
is not specifically indicated in all statutes.
As discussed below, setback distances vary
among the three states we studied (Table 2),
and all three have variances which can shorten
the distance.
Within the Barnett Shale of Texas,
setbacks are designed to protect the health,
safety, and welfare of residents; protect the
rights of property owners; safeguard environmental quality; and promote efficient
gas extraction. The Railroad Commission of
Texas (RRC) is responsible for activities associated with oil and gas, including exploration,
extraction, production, and transport (Fry
2013). The RRC does not directly determine
setback distances; per Texas State Legislature
Section 253.005c, a well “may not be drilled
in the thickly settled part of the municipality
or within 200 feet of a private residence”
(Texas State Legislature 2009). In Texas,
variances are granted “to prevent waste or to
prevent the confiscation of property” (RRC
2015c). The majority of applications for gas
drilling in the Dallas/Fort Worth Metroplex
area contain a distance setback variance
request (Welch 2015). Many municipalities
consider the minimum setback to be too close
and have established local setback distances.
For example, setback rules vary among the
26 municipalities in heavily drilled Denton
County, with a range of 300–1,500 ft, mode
of 1,000 ft. With variance, the range is
150–1,125 ft, mode of 300 ft (Fry 2013).
Recently, the state of Texas passed into law
H.B. No. 40, which preempts regulation
of oil and gas operations by municipalities
(Texas State Legislature 2015); therefore all
sites will presumably be required to conform
to state law—even those such as the city
Environmental Health Perspectives •
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of Denton, which had previously banned
hydraulic fracturing entirely.
In Pennsylvania, setback distances
are determined by the state legislature and
enforced primarily by the Pennsylvania
Department of Environmental Protection
(PA DEP 2014b). In February of 2012, the
Pennsylvania General Assembly enacted
the Omnibus Amendment to the Oil and
Gas Act (commonly known as Act 13),
intended to strengthen environmental standards for unconventional shale gas extraction (Pennsylvania General Assembly 2012).
According to Title 58, Section 3215 of the
Pennsylvania Legislature, the current setback
distance to buildings is 500 ft, unless the
owner of the structure consents to a shorter
distance (Pennsylvania General Assembly
2016). PA DEP may grant a variance
from these distance restrictions if the well
operator submits a plan identifying additional
measures. Also, existing active well sites are
“grandfathered” in and new wells can be
drilled closer than 500 ft from a dwelling at
such sites (PA DEP 2014b).
In Colorado, setbacks are determined
by the Colorado Oil and Gas Conservation
Commission (COGCC). The stated purpose
of setbacks is to “protect the safety and
welfare of the general public from environmental and nuisance impacts resulting
from oil and gas development in Colorado,
including spills, odors, noise, dust, and
lighting” (COGCC 2013). In 2013, 2 CCR
404-1 Cause No. 1R Docket No. 1211RM-04 established new rules for statewide
setbacks (COGCC 2013). The distance is
500 ft from buildings (such as homes and
commercial facilities), 1,000 ft from highoccupancy buildings (schools, day care
centers, hospitals, nursing homes, and
correctional facilities), 350 ft from outdoor
recreational areas (playgrounds and sports
fields), and 150 ft from a surface property
line. Energy companies are also expected to
employ mitigation measures to reduce the
impact of their operations upon the public.
Variances may be granted for existing wells,
if the operator employs mitigation reassures,
or if alternate locations are technically or
economically impractical (COGCC 2013).
Federal laws provide for clean air (U.S.
EPA 2015d); however, with few exceptions, natural gas extraction activities are
exempt from these laws (NRDC 2013).
Under federal law, gas well operators must
comply with Title 40 of the Code of Federal
Regulations, which outline emission standards and compliance schedules for the
control of VOCs and sulfur dioxide (SO 2)
emissions (U.S. EPA 2012b). The United
States Environmental Protection Agency
(EPA) requires gas well operators to utilize
green completions (capturing of excess gas
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instead of releasing it into the atmosphere) to
reduce air pollution from VOCs (U.S. EPA
2012a). According to Title 40 Subpart 0000
§60.5375, if state rules are more stringent
and do not otherwise conflict with federal
regulations, state law will prevail (U.S. EPA
2012b). In Texas, air quality is managed by
TCEQ (RRC 2015a). In Pennsylvania, the
PA DEP has the authority to regulate air
quality, and operators are required to utilize
detection and repair methods to control
volatile organic compounds and associated
hazardous air pollutants (PA DEP 2014a).
In Colorado, emissions are overseen by the
Colorado Department of Public Health and
Environment (2013).
Thermal exposure criteria are regulated on
a national basis. The National Fire Protection
Association (NFPA; see http://www.nfpa.
org/about-nfpa) is a global nonprofit organization which sets standards to eliminate
death, injury, property and economic loss
due to fire, electrical and related hazards.
Liquid Natural Gas (LNG) Standard, NFPA
59A, sets limits in terms of maximum heat
flux. For human outdoor exposure the
limiting heat flux is 5 kW/m2 (kilowatt per
square meter) (NFPA 2015). The thermal
radiation protection requirements in the U.S.
Department of Transportation Regulations in
49 CFR, part 193 (U.S. GPO 2015) specify
essentially the same requirements as NFPA
59A. The U.S. Department of Housing and
Urban Development (HUD) regulations,
which are applicable to HUD-assisted residential projects, have a much lower threshold
of 1.4 kW/m2 (HUD 1982).
Raw natural gas contains hydrogen
sulfide (H 2 S), which is classified by the
EPA as a hazardous air pollutant (U.S. EPA
2015d). Due to its toxicity, flammability,
and corrosive properties, H2S is an important component to control at all stages of
natural gas handling. H 2S has destructive
effects on natural gas extraction and transportation equipment; there is also a threat
to personnel working at natural gas sites
(Ratner and Tiemann 2015). The U.S.
Department of Labor recommends well-site
management based on potential exposure
to H 2 S. OSHA set a ceiling limit of 20
ppm for hydrogen sulfide in workplace air,
which is a 15-min time-weighted average
that cannot be exceeded at any time during
the working day. NIOSH recommends a
10-min ceiling level of 10 ppm for workers;
100 ppm is immediately dangerous to life
Table 2. Legal setback distances by state.
State
Texas
Pennsylvania
Colorado

Minimum setback distance from
buildings without variance
200 ft
500 ft
500 ft (1,000 ft high occupancy)
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or health of workers (U.S. Department of
Labor 2015). A Minimal Risk Level of
0.07 ppm has been recommended by
the ATSDR for acute-d uration inhalation
exposure to hydrogen sulfide, and a Minimal
Risk Level of 0.02 ppm has been derived for
intermediate-duration inhalation. Death has
occurred after acute exposure to high concentrations (≥ 500 ppm) of hydrogen sulfide gas
(ATSDR 2014). Carbon disulfide is another
sulfide compound with neurotoxicological
properties. OSHA 15-min exposure limit
is 36 mg/m3, and NIOSH 15-min limit is
30 mg/m3 (ATSDR 1996).

Blowouts and Evacuations
Within the Barnett Shale between 1997
and 2006, there were 18 well blowouts—14
blowouts in Wise County and 4 in Denton
County (Nguyen 2010). Since 2006, 16
blowouts have been reported by operators
(RRC 2015b). A blowout in 2002 forced
the evacuation of 30 homes in Haslet, TX
(Nguyen 2010). In December 2005, an
operator lost control of a Barnett Shale gas
well in Palo Pinto County. The ensuing
explosion blew a 750-ft-wide crater in the
ground, and the fire burned uncontrollably for several days (Heinkel-Wolfe 2013;
Nguyen 2010). On 22 April 2006, a blowout
in Fort Worth required evacuation of 500
homes in a ½-mi radius. One worker was
killed (Korosec 2006; Nguyen 2010). On
19 April 2013, a gas well blowout required
evacuation of four homes and diversion of
flights from the Denton Enterprise Airport
(Heinkel-Wolfe 2013). On 11 April 2015,
uncontrolled pressurized flowback required
the evacuation of 100 homes and an evacuation zone of ⅛ mi (Arlington Voice 2015).
On 7 May, lightning struck a gas well in
Denton, resulting in an explosion and fire.
No evacuation was ordered, but residents selfevacuated due to overwhelming smoke and
fumes (Sakelaris 2015).
In June of 2010, a blowout in the
Marcellus Shale of Clearfield County,
Pennsylvania, spewed gas and drilling fluid
75 ft into the air, requiring closure of roads
and a no-fly zone over the area. No evacuations were needed as there were no homes
within 1 mi (Hurdle 2010; Nguyen
2010). On 7 June 2010, an explosion at a
Moundsville, West Virginia, Marcellus
shale well required burn unit hospitalization
for seven people and closure of a highway
(Nguyen 2010; Templeton and Hopey 2010).
In April of 2011, a well blowout in Bradford
County required evacuation of seven families
(Casselman 2011). In June of 2012, a blowout
in Tioga County required a 1-mi evacuation
zone, with contingent plans for a 2-mi zone
in case the well could not be brought under
control (Detrow 2012). In March of 2013,
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a blowout in Wyoming County required a
1,500 ft evacuation zone and evacuation of
three families (Legere 2013). On 11 February
2014, three gas wells exploded at a gas well site
in Dunkard Township, Green County, Pa.
The fire burned for 5 days, and well control
was not regained until 2 weeks after the explosion. The accident killed one gas well worker
and injured another. A ½-mi safety perimeter
was established around the pad (RKR Hess
2014). At this rural site, no homes or businesses required evacuation (Santoni 2014). In
September 2014, a blowout in Mercer County
caused an evacuation of homes within a 1-mi
radius of the well pad (CBS Pittsburgh 2014).
In October 2014, a well rupture in adjacent
Jefferson County, Ohio, Marcellus required
evacuation of 400 families (Arenschield 2014).
In April of 2012, the operator lost
control of a gas well in the Niobrara Shale of
Wyoming, requiring evacuation of 67 residents within a 2.5 mi radius (Gebrekidan and
Schneyer 2012).

In the report by the Fort Worth League
of Neighborhoods (2011) described in the
Methods section, various sulfur compounds
were detected at extremely high levels. The
neurotoxin carbon disulfide was found at
levels 300 times the norm for ambient urban
air. Based on the testing results, dispersion
modeling was performed for a drill site near
an elementary school. The carbon disulfide
plume extended 1 mi from the source; the full
extent of plume was in excess of 2 mi. The
model predicted up to 1,000 times the short
term health benchmark for carbon disulfide,
based on OSHA and NIOSH adult shortterm exposure regulatory and recommended
limits (ATSDR 1996). A second model on
carbonyl sulfide was performed based on a
site near three elementary schools and one
high school. The plume extended in excess of
1 mi, with levels six times the health benchmark for carbonyl sulfide (Fort Worth League
of Neighborhoods 2011).

Thermal Modeling

Within the Barnett Shale, air quality
canister sampling identified 70 individual
volatile organic compounds in the vicinity
of gas wells and associated transport operation. The most abundant non-methane
VOCs, accounting for approximately 90%
of emissions, were ethane, propane, butane,
and pentanes (Kibble et al. 2013). In 2009,
TCEQ used infrared cameras to survey 94
natural gas sites in the Dallas-Fort Worth
area in order to identify potential sources of
emissions (Whiteley and Doty 2010). Air
samples were collected at 73 of the sites; at
21 of those sites, benzene levels exceeded the
U.S. EPA level for long-term health effects
(ATSDR 2007), and 2 sites required immediate action for benzene levels high enough
to pose an immediate threat to health and
safety (Ethridge 2010). In 2010, testing by
TCEQ confirmed that toluene and carbon
disulfide, in addition to other chemicals, were
being emitted by gas facilities in the Barnett
Shale. Their report concluded that “gas
production facilities can, and in some cases
do, emit contaminants in amounts that could
be deemed unsafe” and that “35 chemicals
were detected above appropriate short term
comparisons” (TCEQ 2010; Fort Worth
League of Neighborhoods 2011).
In a community-based study in
Susquehanna County, Pennsylvania, 25% of
grab samples from well pads and associated
infrastructure contained benzene levels that
exceeded the 1/100,000 U.S. EPA cancer risk
level (Macey et al. 2014; U.S. EPA 2015c).
McCawley, working for the West Virginia
Department of Environmental Protection in
May 2013, obtained air samples 625 ft from
the well pad center at seven unconventional
drilling sites in the West Virginia Marcellus,

Damage from well-pad fires is a function of
time and energy flux intensity and, in general,
damage increases the longer a fire burns. In
addition, the interval between blowout and
gas ignition can affect the size of the resulting
fireball and the extent of explosive damage. At
a well site, if the combustion process occurs
in the open air, the gas will burn at a constant
pressure, allowing the gas to expand during
the process (Arrington 2014). The risks to
people and objects outside a vapor cloud fire
arise primarily from radiant heat emitted by
the fire (Raj 2007).
Applying the Stefan-Boltzmann Law to a
typical gas well as described in the Methods
section, at 500 ft the thermal exposure would
be 2.98 kW/m2; at 350 ft the thermal exposure
would be 6 kW/m2 (Arrington 2014).

Vapor Dispersion
Measurements of H2S in four core counties in
the Barnett Shale showed that 8.0% of wells
had hydrogen sulfide concentrations > 4.7 ppb
(0.0047 ppm) beyond the fence line (Eapi
et al. 2014). PA DEP has designated 19 wells
as “Special Caution Areas” due to elevated
levels of H2S encountered during drilling,
defined as > 20 ppm (PA DEP 2014b),
which is above the 15-min OSHA ceiling
limit (U.S. Department of Labor 2015). In a
community–based grab sample study, one in
five samples in Colorado contained H2S that
exceeded ATSDR intermediate minimal risk
levels (Macey et al. 2014).
PIR calculations presented in the U.S.
DOT report resulted in a hydrogen sulfide
toxic gas cloud radius of 0.27 mi (1,426 ft)
for urban conditions and 0.37 mi (1,954 ft)
for rural conditions (U.S. DOT 2005).
volume

Air Pollution
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specifically for the purpose of determining
if the 625 ft setback established for West
Virginia was adequate to protect public health
(McCawley 2013). Five of the sites were
locations of active drilling and completion
activities, and two sites involved only site
preparation work. There were 22 data points
provided, 15 of which came from the five
active sites, and 7 of which came from the two
well-pad preparation sites, all located 625 ft
away from the well pad center. Benzene was
found at the highest concentration of any of
the VOCs, although toluene was the single
VOC found most frequently (Figure 1)
(McCawley 2015). Benzene levels exceeded
the ATSDR minimum risk level for acute
exposure-9 ppb (28.7 μg/m3) for exposure of
14 days or less—in 5 out of 15 samples, and
at 3 out of the 5 active drilling sites. The two
highest benzene values, 85 ppb (270 μg/m3)
and 49 ppb (160 μg/m3), were found at a
single site during hydraulic fracturing and
flowback activities. Well-pad preparation was
not associated with elevated benzene levels
(McCawley 2013).
In Colorado, daily air samples collected
by the National Oceanic and Atmospheric
Administration Boulder Atmospheric
Observatory revealed that oil and gas activities, including shale gas extraction, were
strongly associated with alkane and benzene
levels in the atmosphere (Pétron et al. 2012).
McKenzie et al. (2012) performed a health
risk assessment by analyzing samples collected
by the Garfield County Department of Public
Health and Antero Resources. In 2008, the
Garfield County Department of Public Health
collected ambient air well completion samples,
including emissions from both uncontrolled
flowback and supporting completion equipment such as trucks and generators. Samples
were taken 130–500 ft from the well pad.
In 2010, Antero Resources Inc. collected
ambient air samples 350 and 500 ft from the
well pad center during completion activities. No other hydrocarbon sources were in
the vicinity of the sampling locations. These
samples were compared with 163 samples
taken from a fixed monitor in a rural natural
gas development area 2,500 ft away from
the nearest well pad. The median air level of
benzene in the well completion samples was
2.6 μg/m3 (0.82 ppb), which is below level of
concern, but benzene samples were found to
be highly variable: the 95% level of benzene
was 20 μg/m3 (6.26 ppb), which is right at the
6 ppb Minimal Risk Level for intermediate
exposure (ATSDR 2007), and the maximum
benzene level was 69 μg/m3 (21.6 ppb), which
is more than twice the 9 ppb minimal risk
level for acute exposure (ATSDR 2007). The
benzene levels in the natural gas development area, by contrast, never reached levels
of concern for health impacts. Residents
Environmental Health Perspectives •
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living within ½ mi of an unconventional gas
well were found to have an increased risk of
neurological and respiratory health effects than
residents living greater than ½ mi away. The
risk of cancer was increased in these residents
as well, with benzene and ethylbenzene as the
primary hydrocarbon contributors (McKenzie
et al. 2012).

Discussion
In the 155 years since the first modern oil
well was drilled in Pennsylvania, technology has evolved from the spring pole to
modern rotary rigs that can drill miles into
the earth (American Oil & Gas Historical
Society 2015). The more recent technological
advancement of horizontal hydraulic fracturing has changed the landscape of gas and
oil production.
Natural gas has the potential for a smaller
carbon footprint than historical fossil fuel
sources; for instance, there are substantially
lower emissions of nitrous oxides and carbon
dioxide per Btu of energy produced compared
to coal (U.S. EIA 2015). As a result of the
ability to access unconventional formations, the United States is less dependent on
foreign natural gas; the United States has now
surpassed Russia as the world’s largest natural
gas producer (Ratner and Tiemann 2015).
While the influx of wells and related natural
gas infrastructure has advanced the economics
of some individuals and communities (API
2014), questions remain about public health
and safety when a heavy industrial process is
placed close to the public. The consequence
of these concerns is that public support for
hydraulic fracturing is declining, and the
industry realizes the need to minimize risks to
communities and the environment (Dittrick
2015). Setbacks are an attempt to address this
need. Our paper attempts to address whether
the current setback laws in three heavily
drilled states within the Barnett, Marcellus,
and Niobrara shale plays are sufficient to
protect public health and safety.
The majority of setback distances in
the areas we studied are not derived from
peer-reviewed data, data driven analysis,
or historical events (Fry 2013)—they are a
compromise between governments, the regulated community, environmental and citizen
interest groups, and landowners (COGCC
2013). In part to address the issue of setbacks,
the University of Maryland School of Public
Health performed an in-depth analysis of the
current data, and prepared a report for the
Maryland Department of the Environment
and the Department of Health & Mental
Hygiene. The authors recommended a
minimum setback distance of 2,000 ft from
well pads (Maryland Institute for Applied
Environmental Health 2014). Also in 2014,
the New York State Department of Health
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(NY DOH) published the results of a Public
Health Review process. In preparing the
report, the NY DOH reviewed and evaluated scientific literature, obtained input from
outside public health expert consultants,
engaged in field visits and discussions with
health and environmental authorities in
states with hydraulic fracturing activity, and
communicated with multiple local, state,
federal, international, academic, environmental, and public health stakeholders. The
DOH report concluded that hydraulic fracturing activity has resulted in environmental
impacts that are potentially adverse to public
health (NY DOH 2014). As a result of this
study, the Concerned Health Professionals of
New York recommended a moratorium on
hydraulic fracturing in New York State until
it could be determined whether the potential
risks could be managed (Concerned Health
Professionals of New York 2014); the state
subsequently banned the practice altogether
(Klopott 2015). Citing similar concerns
of environmental contamination, some
countries, including France, Bulgaria, and
Scotland have current bans and moratoria on
hydraulic fracturing (Patel 2015).
In the geographic areas we studied,
the most common setback distances from
buildings were 300 and 500 ft with a range
of 150–1,500 ft. Based on historical catastrophic events, thermal modeling, vapor
cloud modeling, and air pollution data, these
distances do not appear sufficient to protect
public health and safety. We address each of
these subsections below.

Blowouts and Evacuations/
Thermal Modeling
Blowouts can cause drill pipe, mud, cement,
fracking fluids, and produced water (water
that has been used in the hydraulic fracturing process) to be ejected from the bore
and expelled at high pressure. These drilling

Figure 1. Distribution of chemical species of VOCs
around Marcellus Shale drill sites.
Michael McCawley. Air Contaminants Associated with
Potential Respiratory Effects from Unconventional
Resource Development Activities. Seminars in Respiratory
and Critical Care Med 2015;36:379–387, Thieme Publishers,
www.thieme.com (printed by permission).
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materials can be followed by production
waters, gases and/or petroleum. Gas well
blowouts can be very dangerous since a spark
can set off an explosion (Nguyen 2010).
Fires can involve other equipment on the
well pad, releasing additional fumes, smoke,
and volatiles (Arrington 2014). If members
of the public are located in the vicinity,
evacuations may be required, with a safety
perimeter established around the well (Wild
Well Control, Inc., and Travelers Indemnity
Company 2012). Historical data indicate that
blowout frequency is approximately 1 per
10,000 wells (OGP 2010). Published data
from the Marcellus Shale indicates a blowout
risk of 0.17%, with a well barrier or integrity
failure rate of 6.3% for the years 2005–2013
(Davies et al. 2014); this is consistent with
the historical numbers. Well blowout preventers are intended to control the internal well
pressure; however, these blowout preventers
are not failsafe (Nguyen 2010).
The Federal Emergency Management
Agency (FEMA) Emergency Management
Institute provides recommendations for emergency planning and response (Appendix 1)
(FEMA 2015). During a level 3 event within
the suburban setting, special consideration
must be given to gas plume concentration/
dispersion, smoke, hydrogen sulfide gas,
explosions, heat radiation, and effects on
buildings, homes, power lines, and nearby
well and gas pipelines. Once the decision to
evacuate is made, it should be done quickly
and efficiently, with ongoing communication and assistance to evacuees (Wild Well
Control, Inc., and Travelers Indemnity
Company 2012). Based on thermal modeling,
at 500 ft, the thermal exposure to those evacuating would be below the NFPA standard
of 5 kW/m2 (NFPA 2015). 2.7 kW/m2 at
500 ft is what firefighters encounter and up to
second degree burns will occur after 30 min
or less of unprotected exposure, as indicated
by sunburn type at 1.4 kW/m 2 at 30 min
(Arrington 2014). API proposes a level of
6.3 kW/m2 for situations in which emergency
actions lasting up to 30 sec may be required
by people without shielding but wearing
clothing (API 2007). At the common Texas
setback distance of 300 ft and the Colorado
outdoor recreational distance of 350 ft, based
on the calculation of radiant heat flux, second
degree burn blisters would be expected to
form after approximately 16 sec and 22 sec,
respectively (Figure 2).
In the evacuation data we collected, the
average evacuation zone was 0.8 mi (range
of 660–13,200 ft) and the average number
of homes/families displaced was 149 (range
of 3–500 per event). Two incidents required
aircraft diversion, one in the Barnett Shale
(Heinkel-Wolfe 2013) and one in the
Marcellus Shale (Nguyen 2010). An explosion
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in the Barnett Shale produced a 750 ft
burn crater (Heinkel-Wolfe 2013; Nguyen
2010). The sizes of the evacuation zones,
the number of families displaced, and the
presence of a measurable burn crater, along
with the thermal modeling data above, raise
several questions: Does current unconventional gas well preplanning take into account
a) the number of people to be evacuated
from an area, b) the time it would take to
evacuate, and c) the route needed for evacuation? Unfortunately, this does not appear
to uniformly be the case. Wolverton (2010)
published an Applied Research Project for the
city of Shreveport, Louisiana, focusing on the
hazards, challenges, and concerns regarding
emergency response and public safety in
relation to natural gas wells. For this study, a
literature review was performed through the
National Fire Academy’s Learning Resource
Center (U.S. Fire Administration 2016),
search engines from the web, and published
articles. Wolverton concluded that there was
minimal research done on the topic of emergency response preplanning. In the Barnett
shale area, some individual municipalities and
gas companies develop and mail brochures
to residents near gas wells, but this is not a
uniform practice. Among the major challenges
to responding to gas well hazards, Wolverton
identified a lack of preplanning, inadequate
resources, proximity to high-occupancy facilities, size of fires, and lack of training and
equipment (Wolverton 2010).
During a level 3 event involving a gas well,
officials should have a clear plan of notification, transportation, and evacuation routes
for high-occupancy buildings. The COGCC
appears to be considering this concept
with the increased setback requirement for

high-occupancy buildings, including schools
(COGCC 2013). School evacuation protocols
vary among states and districts; in general,
in ideal circumstances, a fire drill evacuation is accomplished in several minutes. In
an actual emergency, however, the evacuation time may be longer. For instance, after
a school shooting in Connecticut, once the
shelter in place was lifted, it took over 30 min
to evacuate Sandy Hook Elementary School
(Connecticut State Police 2013). Historical
evacuation data, as well as the potential for
thermal injury during an evacuation, should
be taken into consideration when planning the
location of a well.

Air Pollution/Vapor Dispersion
With variable frequency, benzene levels are
elevated at multiple locations in close proximity to some gas development sites (Epstein
2016). This is not unexpected, considering
that benzene occurs naturally in crude petroleum in levels up to 4 g/L (WHO 2010). At
issue is that the frequency of elevated levels
is sufficient to present a public health risk.
Benzene is released from a number of natural
gas extraction processes, and has the potential
for adverse human health outcomes through
inhalation exposure (Finkel et al. 2013).
In 2014, Bunch et al. (2014) published
results of air monitoring from 4.6 million data
points (representing data from seven monitors
at six locations). Using a qualitative risk-based
approach, the authors concluded that shale
gas production activities have not resulted in
exposures to VOCs, including benzene, at
levels that would pose a health concern (Bunch
et al. 2014). As discussed previously in this
paper, however, other air monitoring studies
have found benzene exceeding recommended

Figure 2. Range of experimental data on skin pain and skin burns and correlations of time for injury vs.
incident radiant flux. (From Raj PK. A review of the criteria for people exposure to radiant heat flux from
fires. J Hazard Mater 2008;159:61–71, with permission from Elsevier.)
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health-based risk levels (McCawley 2013;
McKenzie et al. 2012). Also notable is that
multiple studies have found an association
between proximity to natural gas well sites and
adverse health outcomes, including congenital
defects (McKenzie et al. 2014), decreased
birth weight (Stacy et al. 2015), and increased
hospitalization rates (Jemielita et al. 2015).
These findings lend weight to the possibility
that pollution from shale gas activities could
potentially precipitate adverse health effects.
Hydrogen sulfide modeling has shown
toxic gas cloud dispersion beyond even the
most generous setback in our states of interest
(U.S. DOT 2005). Dispersion modeling has
also shown carbon dioxide and carbonyl sulfide
plumes extending in excess of 1 mi from drill
sites (Fort Worth League of Neighborhoods
2011). H 2 S has an odor threshold of
0.01–1.5 ppm, whereupon people will begin
to notice the unpleasant characteristic “rotten
egg” smell. The odor becomes offensive at
3–5 ppm (U.S. Department of Labor 2015).
Levels at which odor can be detected have been
associated with mucosal irritation, respiratory
symptoms, and need for anti-asthma drugs
(ATSDR 2014). In a controlled setting, adults
exposed to a range of H2S from 0.05 to 5 ppm
experienced anxiety and compromised verbal
learning performance (Fiedler et al. 2008).
At the basic science level, laboratory studies
have shown genotoxicity and DNA damage
from H2S. Odor exposure is also associated
with negative mood, stress, and annoyance
for those living near H2S-producing facilities
(ATSDR 2014). Combined with the VOCs,
this produces a potentially new set of exposures, possibly at distances of 2 km, which
have not yet been well characterized nor well
studied for their accompanying health effects.
For example, there are recurring reports of
nose bleeds and a metallic taste in populations living near drilling activity (McCawley
2015). A survey-based ambient health effects
study showed that prevalence of dermal and
respiratory complaints increased with proximity to drilling activities (Rabinowitz et al.
2015) (Table 3).
Air pollution from inadequate setbacks
is of particular concern for vulnerable populations. The economically disadvantaged,
people > 65 years old, and younger people
with disabilities are most likely to have
chronic health conditions which require institutional care (American Hospital Association
2011). In Pennsylvania, those living below
the poverty line are significantly more likely
to be exposed to pollution from unconventional gas wells (Ogneva-Himmelberger and
Huang 2015). Children are a group that
deserves special consideration, as physical
vulnerabilities increase children and youth’s
susceptibility to illnesses, including asthma
and other respiratory ailments (USDA 2012).
Environmental Health Perspectives •
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Children are also more vulnerable to pollutants by nature of their developmental status
(Pediatric Environmental Health Specialty
Units 2011). These facts bring into particular
question the wisdom of granting permits for
unconventional gas wells in close proximity
to schools and health care facilities, where a
significant number of vulnerable individuals
would be expected to be located.
With regard to air pollution associated
with hydraulic fracturing, current setbacks do
not appear to be fully protective. Although
appropriately set distances may provide some
measure of safety, setbacks do not necessarily reduce risk associated with potentially
hazardous air emissions. Not all emissions
emanate from the point of drilling and many
may originate from distances as far away
from the well pad as the setback distance
itself, or even beyond. For example, when
measured at the same setback distance for
all the processes in an active drilling operation in the West Virginia study, the benzene
concentration fluctuated substantially due to
the proximity of the source to the setback
distance (McCawley 2013). At the highest
concentration, the source (a flare) was immediately adjacent to the samplers, even though
the samplers were 625 ft from the center of
the well pad. In this scenario, a setback does
nothing to control the location or strength of
the multiple possible sources at a well site and
so it cannot be considered a control at all.
Given the advantages of domestic natural
gas development, the question arises as to
whether the risks of hydraulic fracturing are
acceptable, particularly in close proximity to
the public. There are many accepted definitions and permutations of acceptable risk,
depending on one’s point of view. From a
business standpoint, acceptable risk is generally considered to be injury or loss from an
industrial process that is considered tolerable
by a society in view of the political, social, and
economic cost-benefit analysis. From a scientific standpoint, the Precautionary Principle,
which is endorsed by multiple national and
international agencies, states that in cases of
serious or irreversible threats to the health
of humans or ecosystems, acknowledged
scientific uncertainty should not be used as
a reason to postpone preventive measures
(WHO 2004). The U.S. EPA calculates both
non-cancer and cancer risks from chemical
exposure. Non-cancer risk is calculated by
comparing the estimated daily intake of the
chemical over a specific time period with the
reference dose for that chemical derived for

a similar period of exposure. Cancer risk is
the probability that an exposed individual
will develop cancer due to that exposure by
age 70. For each chemical of concern, this
value is calculated from the daily intake of
the chemical from the site averaged over a
lifetime, including a slope factor. In general,
the U.S. EPA considers excess cancer risks
that are below about 1 chance in 1,000,000
to be so small as to be negligible, and risks
above 1 in 10,000 to be sufficiently large that
some sort of remediation is preferred. The
level of total cancer risk that is of concern,
however, is a matter of personal, community,
and regulatory judgment (U.S. EPA 2015c).
Our findings represent an important case
study for the science of risk assessment and
public policy decisions of risk management.
In the United States, risk management strategies for gas development vary widely by state,
including acceptance of large-scale development (Texas, Pennsylvania, Colorado); more
cautious consideration with extended controls
and protections (Maryland); and outright
bans (New York). The question remains as
to whether society will continue to accept
the level of risk associated with shale gas
development given its potential benefits.
There are at least some additional actions
to help to mitigate risk. The report by
Wolverton (2010) highlighted the need for
comprehensive planning prior to drilling. For
detection of air pollution, air monitors could
be placed at sensitive locations, and the sites
connected to a central monitoring station by
cellular phone or Wi-Fi to record air emission
levels 24 hr a day. When the desired levels are
exceeded, engineers would investigate to seek
the source and report not only the cause, but
also the steps taken to prevent a recurrence.
Monitoring of all pertinent hazards could be
considered for future regulations in conjunction with setbacks (Ziemkiewicz et al. 2014).
In addition, the standard method of measuring
air quality, using periodic 24-hr averages, does
not accurately reflect the intensity, frequency
or duration of meaningful exposure to the
pollutants associated with the hydraulic fracturing process (Brown et al. 2014). Another
factor to consider is well density. Risk calculations for environmental hazards are often
based on measurements from a single source
(U.S. EPA 2015a). In today’s hydraulic fracturing environment, however, public exposure
can come from multiple sources–either from
multiwell pads or single well pads in proximity
to one another. Simultaneous operations can
introduce multiple hazards carrying additional

Table 3. Prevalences of reported respiratory disease in areas near drill sites (Rabinowitz et al. 2015).
Respiratory symptoms
Upper respiratory [n (%)]
Lower respiratory [n (%)]
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< 1 km (N = 150)

1–2 km (N = 150)

> 2 km (N = 192)

58 (39)
29 (19)

46 (31)
29 (19)

35 (18)
27 (14)
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risks (Boquist 2014). Applying accurate and
comprehensive measurement techniques, along
with mitigation factors, could allow selection
of a setback based on the level of control exercised and maintained rather than on arbitrary
distances set by legislative compromise.

Limitations
Our present study has some limitations.
There are over 20 shale plays in the lower 48
United States (U.S. EIA 2011a); by confining
our study to 3 shale plays, the scope of data
was narrowed. We also limited our study to
well sites. Excluding pipelines limited data on
explosions and evacuations (Riordan Seville
2014), and excluding compressor stations
restricted air pollution results (Shogren
2011). An inclusive study of the outcomes
outlined in this study would include the wells
and the potential contribution from necessary
accompanying infrastructure.
Some of the evacuation data and noise
complaint cases were gathered from media
reports, which can introduce reporting errors
and/or bias. Whenever possible, we evaluated information from multiple sources to
determine consistency. Not all well blowouts
required evacuations or had evacuation data
available; for our analysis, we focused on
those blowouts for which we could report
an evacuation distance and/or number of
families displaced.
Our air pollution analysis is by no means
comprehensive. In the past several years, more
data have emerged regarding air pollution
related to hydraulic fracturing. Studies have
varied in methods of collection and analysis;
however, multiple studies show air pollutants at levels which raise health concerns
(Shonkoff et al. 2014). We focused on those
studies which raised concern regarding
benzene and H2S levels; a more thorough
air pollution analysis would include nitrogen
oxides, ozone, particulate matter, and the

spectrum of VOCs (Shonkoff et al. 2014).
In addition, benzene levels are characterized by high variability, which can result in
inconsistencies within and between studies.
Compounding the difficulty is the fact that
air pollution varies widely, and there is an
unmet need to study the episodic nature of air
pollutant emissions.
Our thermal modeling was based on an
average gas well. At each site, it is crucial
to take into account the local geography,
weather patterns, engineering specifics of each
particular well, and nearby structures, which
was not feasible for the purposes of this study.

Conclusion
Current natural gas well setbacks in the
Barnett Shale of Texas, the Marcellus Shale
of Pennsylvania, and the Niobrara Shale
of Colorado cannot be considered sufficient in all cases to protect public health
and safety. Based on historical evacuations
and thermal modeling, people within these
setback distances are potentially vulnerable
to thermal injury during a well blowout.
According to air measurements and vapor
dispersion modeling, the same populations are
susceptible to benzene and hydrogen sulfide
exposure above health-based risk levels. Texas,
Pennsylvania, and Colorado should consider
adopting more generous setback distances,
particularly in reference to vulnerable populations; however, distance is not an absolute
measure of protection. Unfortunately, there is
no defined setback distance that assures safety.
As mitigation technology advances, current
setback distances may eventually be sufficient
to protect the public. Unfortunately, current
mitigations are not fail-safe, and each has its
limitations (U.S. Forest Service 2011). The
results of our analysis based on three states
suggest that assuming the threat posed to
health originates from either the center of the
drill pad or some small distance surrounding

Appendix 1. FEMA EMI recommendations for emergency planning and response (FEMA 2015).
Emergency planners should anticipate both active and passive resistance to the planning process and develop
strategies to manage these obstacles.
Preimpact planning should address all hazards to which the community is exposed.
Preimpact planning should elicit participation, commitment, and clearly defined agreement among all response
organizations.
Preimpact planning should be based upon accurate assumptions about the threat, typical human behavior in
disasters, and likely support from external sources such as state and federal agencies.
EOPs should identify the types of emergency response actions that are most likely to be appropriate, but
encourage improvisation based on continuing emergency assessment.
Emergency planning should address the linkage of emergency response to disaster recovery and hazard
mitigation.
Preimpact planning should provide for training and evaluating the emergency response organization at all
levels—individual, team, department, and community.
Emergency planning should be recognized as a continuing process.
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it requires reevaluation. A combination
of a reasonable setback with accompanying
controls on all aspects of the process is the best
method for reducing the potential threats to
public health.
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FROM:

Uduak-Joe Ntuk, Petroleum Administrator
Office of Petroleum and Natural Gas Administration & Safety

SUBJECT:

COUNCIL FILE NO 17-0447 - FEASIBILITY OF AMENDING
CURRENT CITY LAND USE CODES IN CONNECTION WITH
HEALTH IMPACTS AT OIL AND GAS WELLS AND DRILL SITES

.
I

On April 19, 2017, Council Motion #17-0447 (Wesson-Huizar) Feasibility of Amending Current City
Land Use Codes in Connection with Health Impacts at Oil and Gas Wells and Drill Sites, was introduced
and on June 14, 2017, the Health, Mental Health and Education Committee approved the motion with
modified recommendations. On June 30, 2017, the City Council adopted the motion, with additional
modifications, instructing the Petroleum Administrator in collaboration with the City Attorney, Los
Angeles County Department of Public Health (LACDPH), relevant City departments, and other health
agencies and regulatory entities as necessary to report on the following:
1. What types of health and environmental impacts can be measured at and around oil and gas wells
and drill sites;
2. Whether, what kind, and what distance a setback and potential mitigation measures from sensitive
receptors should be established;
3. An evaluation of the various types of materials used at oil and gas sites that can have health
impacts, how those materials are used, and what authority the City has over regulating their use;
4. An evaluation of the various types of drill sites, including active oil fields, abandoned oil fields,
and gas storage fields;
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5. What agencies currently govern or regulate oil and gas sites, including a matrix of energy, oil, and
gas operators and their respective regulatory agencies, related to health impacts in the City and
what authority does the City have to regulate those health impacts;
6. The upcoming LACDPH Interim Guidance on Urban Oil and Gas Operations;
7. Any recommendations from the LACDPH on whether a Health Impact or Health Risk Assessment
Report on oil and gas drill site operations within the City is recommended, including the necessary
resources and time to complete each type of study;
8. Any recommendation to enhance public health collaboration regarding oil and gas drill site
oversight between the City, County and other related health agencies;
9. A draft Memorandum of Agreement between the City and the LACDPH, and/or other regulatory
agencies, with suggested terms, including emergency protocols, communication strategy, and clear
delineation of public health roles and responsibilities;
10. An analysis of the economic, employment, and fiscal impacts of establishing a distance setback
around oil and gas wells; and
11. Analysis of the human rights standards and environmental standards of the countries exporting oil
used by the Los Angeles residents;
The Petroleum Administrator and the Office of Petroleum and Natural Gas Administration and Safety
conducted an extensive inventory of oil and gas facilities within the City of Los Angeles, participated in
public hearing on the report at the Los Angeles City Health Commission, collected historical records
from multiple private and public databases, synthesized thousands of pages of technical reports, and
retained a consultants to study the potential health impacts at oil and gas wells and drill sites within the
City of Los Angeles.
The attached report identifies oil and gas infrastructure within the City of Los Angeles, evaluated
materials used at such sites, studied the peer reviewed scientific literature on human health and oil & gas
development, assessments of chemicals used at City oil & gas drill sites, and includes hundreds of
appendices of referenced documents.

RECOMMENDATIONS
It is recommended that the Los Angeles City Council, subject to the Mayor’s approval:
1. Instruct the City Planning Department with the assistance of the Petroleum Administrator and the
City Attorney’s Office to prepare a report outlining the feasibility of establishing in the zoning
code a physical surface setback distance of 600 feet from sensitive receptors on existing oil and
gas wells, associated production facilities, and drill sites. The report shall address the
discontinuance of non-conforming land uses resulting from the new requirements. The report shall
also address a requirement to provide relief and an administrative remedy to comply with state and
federal due process and takings law for any oil and gas operators or stakeholders in an oil and gas
production that are affected by the new zoning requirements. The estimated cost to the City is at
least $724 million in anticipated litigation, lost oil production, well abandonment, environmental
remediation and cleanup, and surface land value;
2. Instruct the City Planning Department with the assistance of the Petroleum Administrator and the
City Attorney’s Office to prepare a report outlining the feasibility of establishing in the zoning
code a physical surface setback distance of 1,500 feet from sensitive receptors on future oil and
gas development. The report shall also address a requirement to provide relief and an
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administrative remedy to comply with state and federal due process and takings law for any oil
and gas operators or stakeholders in an oil and gas production that are affected by the new zoning
requirements. The potential cost to the City could range from $1.2 billion to $97.6 billion in
constitutional taking by mineral rights owners of the remaining 1.6 billion barrels of recoverable
oil and gas reserves. The estimated cost of litigation over the anticipated property takings claims
to the City is expected to be at least $1 million per year for several years to defend the City;
3. Request that the City Attorney report back with legal analysis on the possible implementation of
changes to the City’s Zoning Code relative to establishing new setback requirements, as well as
pursuing takings compensation for oil and gas operators;
4. Instruct the City Planning Department, with the assistance of the City Attorney and Petroleum
Administrator, to report back on options on how to amend the Zoning Code relative to oil and gas
facilities (LAMC Section 13.01) to better reflect alignment with surrounding sensitive land uses,
align with Los Angeles County’s code, enhanced operating conditions, and regulatory best
practices; include the required funding, staffing, and environmental consultants cost estimates;
5. Instruct the Petroleum Administrator and the Los Angeles County Department of Public Health to
report back on costs and coordination on conducting Health Risk Assessments (HRA) at each oil
and gas drill site adjacent to residential and industrial zoned areas within the City of Los Angeles;
6. Instruct the Petroleum Administrator and other relevant City Staff to report back on possible
measures to establish Community Emergency Preparedness and Comprehensive Safety Plans at
oil and gas drills sites across the City;
7. Instruct the Petroleum Administrator and other relevant City staff to participate in California Air
Resources Board Study of Neighborhood Air Near Petroleum Sources (SNAPS) and the Assembly
Bill 617 studies to incorporated the findings into the development of citywide continuous fenceline
air monitoring and community notification program;
8. Instruct the LAFD with the assistance of the City Attorney to negotiate with Los Angeles County
to designate Health Officer Authority to Los Angeles City Fire Department through an MOU for
enhanced local oversight and improved health coordination;
9. Instruct LAFD and the City Attorney to negotiate with Los Angeles County to transfer the
Hazardous Waste Generator Program to Los Angeles City Fire Department for enhanced local
oversight and improved health coordination;
10. Instruct CLA to add to the City’s Legislative Agenda the funding for additional oil and gas health
studies to be conducted by State, SCAQMD, and Los Angeles County Department of Public
Health; and
11. Instruct the Petroleum Administrator, Office of Finance, CAO, and other relevant City Staff to
establish Oil and Gas Restricted Funds for drill site abandonment, environmental remediation,
consultant studies, clean up assessment, strengthening current oversight, as outlined in this report.
Additionally, explore re-establishing a barrel tax to support these new funds and provide revenue
to support enhanced oil and gas oversight.
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DISCUSSION
Background - The Office of Petroleum and Natural Gas Administration and Safety (OPNGAS) is an
Office within the Board of Public Works and its daily activities are managed by the Petroleum
Administrator. The City’s Petroleum Administrator is responsible for administering and managing all
functions and related components of the petroleum and natural gas pipeline franchise agreements that
authorize the transportation of various hydrocarbon commodities throughout the City via underground
pipelines. The Administrator and OPNGAS partners with local, state, and federal agencies to implement
and enforce the various laws, rules and regulations. The Administrator provides policy advice to the
Mayor, City Council, and Board of Public Works on petroleum and natural gas matters. The OPNGAS is
divided into three functional areas - Franchise and Contract Administration, Safety and Compliance, and
Community Engagement and Policy.
The Franchise and Contract Administration is responsible for overseeing and monitoring the City's
franchise agreements, including acting as lead negotiator, and reporting on evaluation of oil, gas, and
electric utility fees. The Safety and Compliance performs comprehensive inspection and safety
compliance function, including examining safety measures and best practices. The Community
Engagement and Policy is responsible for community engagement and conducting public outreach to
neighborhood councils, non-profit organizations, stakeholders, and intergovernmental relations with
local regulatory agencies.
OPNGAS conducted an unprecedented extensive review and analysis of the Los Angeles County
Department of Public Health report, City of Los Angeles Health Commission Report, Community
Reports, Industry Reports, and multiple government agency technical reports from the California
Department of Conservation Division of Gas and Geothermal Resources (CA DOGGR), California
Regional Water Quality Control Board (RWQCB), South Coast Air Quality Management District
(SCAQMD), Los Angeles County Department of Public Health (LADPH), City of Los Angeles Fire
Department (LAFD), Department of Building & Safety (LADBS), Bureau of Sanitation (LASAN),
Industrial Waste Management Division and Watershed Protection Division (WPD). This report includes
the oil and facilities inventory oil fields, wells, and drill site facilities in all the council districts.
Disclaimer: If the scope of this request had been broader or additional items requested for evaluation, then
the findings may have been different. There may also be additional records that were not accessible or
available for consideration in this report.
If you have any questions, please call me at (213) 978-1697 or via email at Uduak.Ntuk@lacity.org.
Courtesy Copy:
Kevin James, President, Board of Public Works
Dr. Fernando Campos, Executive Officer, Board of Public Works
Ted Jordan, City Attorney’s Office
Tanea Ysaguirre, City Attorney’s Office
Lisa Webber, Planning Department
Estineh Mailian, Interim Chief Zoning Administrator
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Section 1. Introduction
On April 19, 2017, Los Angeles City Council Motion #17-0447 was introduced by Council President
Wesson and seconded by Councilmember Huizar to report back on the Feasibility of Amending
Current City Land Use Codes in Connection with Health Impacts at Oil and Gas Wells and Drill
Sites. The motion was considered at the Mental Health and Education Committee on June 14,
2017, and instruction #4 was approved with modified recommendations. On June 30, 2017, the
City Council adopted the committee report with additional modifications, instructing the
Petroleum Administrator in collaboration with the City Attorney, Los Angeles County Department
of Public Health (LACDPH), relevant City departments, and other health agencies and regulatory
entities as necessary to report on the following:
1. What types of health and environmental impacts can be measured at and around oil and
gas wells and drill sites;
2. Whether, what kind, and what distance a setback and potential mitigation measures from
sensitive receptors should be established;
3. An evaluation of the various types of materials used at oil and gas sites that can have
health impacts, how those materials are used, and what authority the City has over
regulating their use;
4. An evaluation of the various types of drill sites, including active oil fields, abandoned oil
fields, and gas storage fields;
5. What agencies currently govern or regulate oil and gas sites, including a matrix of energy,
oil, and gas operators and their respective regulatory agencies, related to health impacts
in the City and what authority does the City have to regulate those health impacts;
6. The upcoming LACDPH Interim Guidance on Urban Oil and Gas Operations;
7. Any recommendations from the LACDPH on whether a Health Impact or Health Risk
Assessment Report on oil and gas drill site operations within the City is recommended,
including the necessary resources and time to complete each type of study;
8. Any recommendation to enhance public health collaboration regarding oil and gas drill
site oversight between the City, County and other related health agencies;
9. Memorandum of Agreement between the City and the LACDPH, and/or other regulatory
agencies, with suggested terms, including emergency protocols, communication strategy,
and clear delineation of public health roles and responsibilities;
10. Analysis of the economic, employment, and fiscal impacts of establishing a distance
setback around oil and gas wells; and
11. Analysis of the human rights standards and environmental standards of the countries
exporting oil used by the Los Angeles residents.
The Board of Public Works, Office of Petroleum and Natural Gas Administration and Safety
(OPNGAS) staff conducted an extensive inventory of oil and gas facilities within the City of Los
Angeles, participated in a public hearing at the Los Angeles City Health Commission, collected
historical records from multiple private and public databases, held dozens of meeting with
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multiple agencies, and retained a consultant to study the potential health impacts at oil and gas
wells and drill sites within the City of Los Angeles. This report outlines the findings of this work.

Section 2. Regulatory Agencies
In the City of Los Angeles (City), oil fields, gas storage fields, and associated infrastructure are
regulated by a variety of local, state, and federal agencies. Each of the agencies have their own
distinct environmental monitoring requirements. The City provides regulatory oversight of oil
fields through the City's Department of City Planning, Fire Department, Building and Safety
Department, City Attorney's Office, and with the assistance of the Petroleum Administrator. The
South Coast Air Quality Management District is the air pollution control agency that has
regulatory oversight of emissions from oil and gas operations. Key state agencies include the
California Division of Oil, Gas, and Geothermal Resources, the State Regional Water Quality
Control Board, and the California Department of Fish & Wildlife. The following summarizes the
applicable local, state and federal agencies tasked with the oversight of oil field operations within
the City.
A. Federal Regulatory Agencies
U.S. Environmental Protection Agency (EPA)

The US EPA was established in December 1970 by an executive order of United States President
Richard Nixon. The EPA is an agency of the United States federal government whose mission is
to protect human and environmental health. Headquartered in Washington, D.C., the EPA is
responsible for creating standards and laws that promote the health of individuals and the
environment.
The EPA was established in response to widespread public environmental concerns that gained
momentum in the 1950s and 1960s. The EPA seeks to protect and conserve the natural
environment and improve the health of humans by researching the effects of and mandating
limits on the use of pollutants. The EPA regulates the manufacturing, processing, distribution,
and use of chemicals and other pollutants. In addition, the EPA is charged with determining safe
tolerance levels for chemicals and other pollutants in food, animal feed, and water. The EPA
enforces its findings through fines, sanctions, and other procedures.
The EPA also runs programs to prevent, control, and respond to oil spills, control air pollution and
forecast air pollution levels, and foster the manufacture of more fuel-efficient vehicles. The EPA
works to enforce laws such as the Clean Air Act, the Safe Drinking Water Act, the National
Environmental Education Act, and the Clean Water Act, some of which predate the formation of
the agency itself.
The EPA is also responsible for the detection and prevention of environmental crimes, monitoring
pollution levels, and setting standards for the handling of hazardous chemicals and waste.
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Occupational Safety and Health Administration (OSHA)

The General Duty Clause of the OSH Act (the law that created OSHA) requires employers to
provide workers with a safe workplace that does not have any recognized hazards that cause or
are likely to cause death or serious injury. Exposures to hazards present in the oil and gas well
drilling, servicing, and storage industry are addressed in specific standards for general industry.
Federal law, 29 CFR 1926, applies only to oil and gas well drilling and servicing operations site
preparation. Site preparation includes activities such as leveling the site, trenching, and
excavation. All other aspects of oil and gas well drilling and servicing operations are covered by
29 CFR 1910. When a serious hazard exists in the workplace that is not addressed by a specific
OSHA standard, Section 5(a)(l) ("General Duty Clause") of the OSH Act applies. The general
industry clause provides specifications for Physical Work Environment, Powered Platforms,
Manlifts, and Vehicle-mounted Work Platforms, Environmental Controls, Personal Protective
Equipment, Toxic and Hazardous Materials, Materials Handling and Storage, Fire Protection and
Welding, Machinery, and Electrical.
OSHA maintains a listing of the most frequently cited standards for specified 2 to 6-digit North
American Industry Classification System (NAICS) codes. For oil and gas industry the NAICS codes
are the following:
Oil and Gas Field Services Industry Group (NAICS Code 213111)
Crude Petroleum and Natural Gas (NAICS Code 211111)
Drilling Oil and Gas Wells (NAICS Code 213111)
Oil and Gas Field Exploration Services (NAICS Code 213112)
Oil and Gas Field Services, Not Elsewhere Classified (NAICS Code 213112)
OSHA's complete language on Oil and Gas Extraction can be found here:
https://www.osha.gov/SLTC/oilgaswelldrilling/standards.html
Federal Oil and Gas Regulatory Summary
CERCLA/RCRA Oil and Gas Production Exemption

The Comprehensive Environmental Response Compensation, and Liability Act (CERCLA or
Superfund) authorizes EPA to respond to releases, or threatened releases, of hazardous
substances that might endanger public health, welfare, or the environment. It also grants EPA
the authority to force parties responsible for environmental contamination to clean it up or to
reimburse response costs incurred by EPA.
The Resource Conservation and Recovery Act (RCRA) is the federal public law that creates the
framework for the proper management of hazardous and non-hazardous solid waste. RCRA gives
EPA the authority to control hazardous waste from the "cradle-to-grave."
In December 1978, EPA proposed hazardous waste management standards that included
reduced requirements for several types of large volume wastes. Generally, EPA believed these
large volume "special wastes" are lower in toxicity than other wastes being regulated as
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hazardous waste under RCRA. Among the wastes covered by the 1978 proposal were "gas and
oil drilling muds and oil production brines." The oil and gas exemption was expanded in the 1980
legislative amendments to RCRA to include "drilling fluids, produced water, and other wastes
associated with the exploration, development, or production of crude oil or natural gas...."
According to the legislative history, the term "other wastes associated" specifically includes
waste materials intrinsically derived from primary field operations associated with the
exploration, development, or production of crude oil and natural gas. The phrase "intrinsically
derived from the primary field operations" is intended to distinguish exploration, development,
and production operations from transportation and manufacturing operations.
Below is an excerpt from "Exemption of Oil and Gas Exploration and Production Wastes from
Federal Hazardous Waste Regulations, EPA" (Appendix A2-27):
EPA Exempt Oil and Gas Exploration and Production Wastes:

Produced water
Drilling fluids
Drill cuttings
Rigwash
Drilling fluids and cuttings from offshore operations disposed of onshore
Geothermal production fluids
Hydrogen sulfide abatement wastes from geothermal energy production
Well completion, treatment, and stimulation fluids
Basic sediment, water, and other tank bottoms from storage facilities that hold
product and exempt waste
Accumulated materials such as hydrocarbons, solids, sands, and emulsion from
production separators, fluid treating vessels, and production impoundments
Pit sludges and contaminated bottoms from storage or disposal of exempt
wastes
Gas plant dehydration wastes, including glycol-based compounds, glycol filters,
and filter media, backwash, and molecular sieves
Workover wastes
Cooling tower blowdown
Gas plant sweetening wastes for sulfur removal, including amines, amine filters,
amine filter media, backwash, precipitated amine sludge, iron sponge, and
hydrogen sulfide scrubber liquid and sludge
Spent filters, filter media, and backwash (assuming the filter itself is not
hazardous and the residue in it is from an exempt waste stream)
Pipe scale, hydrocarbon solids, hydrates, and other deposits removed from
piping and equipment prior to transportation
Produced sand
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Packing fluids
Hydrocarbon-bearing soil
Pigging wastes from gathering lines
Wastes from subsurface gas storage and retrieval, except for the non-exempt
wastes
Constituents removed from produced water before it is injected or otherwise
disposed of
Liquid hydrocarbons removed from the production stream but not from oil
refining
Gases from the production stream, such as hydrogen sulfide and carbon dioxide,
and
Volatilized hydrocarbons
Materials ejected from a producing well during blow down
Waste crude oil from primary field operations
Light organics volatilized from exempt wastes in reserve pits, impoundments, or
production equipment
Oil Pollution Prevention (Spill Prevention, Control and Countermeasures Regulations)

Spill prevention, control and countermeasures (SPCC) regulations promulgated pursuant to the
Clean Water Act (CWA) are designed to protect our nation's waters from oil pollution caused by
oil spills that could reach the navigable waters of the United States or adjoining shorelines. The
regulations apply to non-transportation-related facilities with a specific aboveground or
underground oil storage capacity that, due to its location, can be reasonably expected to
discharge oil into the navigable waters of the United States.
SPCC Regulations Resources:
•
•

40 CFR Part 112
RCRA Call Center: 800 424-9346

•

Internet Access: www.epa.gov/oilspill/index.htm

Discharge of Oil

The section of the CWA regulations commonly known as the "sheen rule" provides the
framework for determining whether a facility or vessel responsible for an oil spill must report the
spill to the federal government. These rules require oil spills that may be "harmful to the public
health or welfare" to be reported to the National Response Center. Usually, oil spills that cause
a sheen or discoloration on the surface of a body of water violate applicable water quality
standards and cause a sludge or emulsion to be deposited beneath the surface of the water or
on adjoining shorelines that must be reported.
Discharge of Oil Regulations Resources:
• 40 CFR Part 110
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•
•
•

RCRA Call Center: 800 424-9346
Internet Access: www.epa.gov/oilspill/index.htm
Reporting discharges to the National Response Center: 800 424-8802.

Oil Pollution Act (OPA)

OPA of 1990 amended the CWA, and provided new requirements for contingency planning by
government and industry under the National Oil and Hazardous Substances Pollution
Contingency Plan. OPA also increased penalties for regulatory noncompliance, broadened the
response and enforcement authorities of the federal government, and preserved state authority
to establish laws governing oil spill prevention and response.
OPA Resources:
•
•
•
•

40 CFR Parts 110, 112, and 300 subparts C, D, E
49 CFR Part 194
33 CFR Part 154
Internet Access: www.epa.gov/oilspill/index.htm

B. State Regulatory Agencies
California Air Resources Board (CARB)

The California Air Resources Board (CARB) is the primary state agency responsible for actions to
protect public health from the harmful effects of air pollution and developing programs and
actions to fight climate change. CARB was created by the California Clean Air Act of 1988. CARB
is charged with:
•

Acting as the state agency responsible for complying with the federal Clean Air Act,
including preparation of the State Implementation Plan(SIP) as required;

•
•

Adopting state ambient air quality standards;
Overseeing the operations of the 35 local air pollution control districts;

•

Identifying pollutants that pose the greatest health risks and implementing air pollution
control programs for these pollutants, such as air toxics, diesel exhaust particles,
benzene in gasoline and formaldehyde in consumer products;

•

Leading the state's efforts to address global climate change;

•
•

Conducting research; and
Reducing air pollution and protecting public health guide CARB's actions.

CARB's role is to:
•

Set the state's air quality standards at levels that protect those at greatest risk children, older adults and people with lung and heart disease;

•

Measure the state's progress in reducing pollutants utilizing the nation's most extensive
air monitoring network;
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•

Verify automakers' emissions compliance;

•

Research the causes and effects of air pollution problems - and recommend potential
solutions - using the best available science and technology;
Study the costs and benefits of pollution controls, paying particular attention to
individuals and communities most at risk; and

•
•

Lead California's efforts to reduce climate-changing emissions through measures that
promote a more energy-efficient and resilient economy.

From requirements for clean cars and fuels to adopting innovative solutions to reduce
greenhouse gas emissions, CARB has pioneered many of the approaches now used worldwide to
address air quality problems.
California Department of Fish and Wildlife (CDFW)

The California Department of Fish and Wildlife (CDFW) manages California's diverse fish, wildlife
and plant resources, and the habitats upon which they depend. CDFW is the state agency
responsible for entering into a Streambed Alteration Agreement with an applicant in the event
that the various oil and gas development projects could affect streams, creeks, rivers or other
sensitive habitats near bodies of water within the state. CDFW's Office of Spill Prevention and
Response (OSPR) is the state's lead for responsing to oil spills in its inland and marine waters.
OSPR aims for best achievable protection of California's natural resources. It is one of the few
State agencies in the nation that has both major pollution response authority and public trustee
authority for wildlife and habitat. This mandate ensures that prevention, preparedness,
restoration and response will provide the best protection for California's natural resources.
The Department of Toxic Substances Control (DTSC)

The Department of Toxic Substances Control (DTSC) is a department of the California
Environmental Protection Agency (CalEPA). It consists of over 1,000 scientists, engineers,
toxicologists, chemists, geologists, attorneys, criminal investigators and administrative staff.
DTSC strives to research toxic substances to enforce public health standards across industries and
other government agencies. This agency also restores and evaluates community sites for further
development or protection.
The mission of DTSC is to protect California's people and environment from harmful effects of
toxic substances by remediating contaminated resources, enforcing hazardous waste laws,
reducing hazardous waste generation, and encouraging the manufacture of chemically and
environmentally safer products.
DTSC protects the public health of communities and the environment from toxic contamination
left behind from past industrial and commercial activities through its brownfields and
environmental remediation programs under RCRA (Resources Conservation and Recovery Act),
CERCLA/Superfund, as well as eight (8) or nine (9) other laws governing the clean-up of
contaminated land, water and air.
DTSC protects the public health of communities and the environment from toxic substances in
current economic use and hazardous waste being generated by present-day industrial and
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commercial activities through permitting and regulatory programs to ensure the safe handling,
transport, storage and disposal of toxic substances and waste.
DTSC protects future generations by it's long term stewardship of hazardous substances through
pollution prevention business assistance programs, and its new green chemistry mandate - to
reduce use of toxic substances in everyday products used by California consumers.
California Division of Oil, Gas, and Geothermal Resources (CA DOGGR)

CA DOGGR is one of five (5) divisions that comprise the California Department of Conservation
(DOC). CA DOGGR ensures the safe exploration and development of energy resources. It is the
state agency responsible for issuance of well permits for production and injection wells. The
Division oversees the drilling, operation, maintenance, and plugging and abandonment of oil,
natural gas, and geothermal wells. All California oil and gas wells (existing and prospective wells),
enhanced recovery wells, water-disposal wells, service wells (e.g., structure, observation,
temperature observation wells), core-holes, and gas-storage wells, onshore and offshore (within
three nautical miles of the coastline), located on state and private lands, are permitted, drilled,
operated, maintained, plugged and abandoned under requirements and procedures
administered by CA DOGGR. Its oversight is an important step in guarding drinking and
agricultural waters against pollution. DOC is also the clearinghouse for information about the
state's oil, gas and geothermal industry, with more than 170,000 well records, production and
injection statistics, well logs and field maps.
Division responsibilities are detailed in Section 3000 of the California Public Resources Code and
Title 14, Chapter 4 of the California Code of Regulations. These regulations address issues such
as well spacing, blow-out prevention devices, casing requirements, plugging and abandonment
of wells, maintenance of facilities and safety systems, fencing, inspection frequency and
reporting requirements. Section 1774 of Title 14 CCR Division 2, Chapter 4 specifies maintenance
practices related to oil field facilities and pipelines. Written approval from CA DOGGR is required
prior to changing the physical condition of any well. The operator's notice of intent (notice) to
perform any well operation is reviewed on engineering and geological bases. For new wells and
alteration of existing wells, approval of the proposal depends primarily on the following:
protecting all subsurface hydrocarbons and fresh waters; protection of the environment; using
adequate blowout prevention equipment; and utilizing approved drilling and cementing
techniques.
CA DOGGR must be notified to witness or inspect all operations specified in the approval of any
notice. This includes tests and inspections of blowout-prevention equipment, reservoir and
freshwater protection measures, and well-plugging operations. In addition, the operator must
have a bond on file with CA DOGGR before certain well operations can begin. The purpose of the
bond is to secure the state against any expenses that the state may incur in obtaining operator
compliance with applicable laws, regulations, and orders of CA DOGGR. The operator must also
designate an agent, residing in the state, to receive and accept service of all orders, notices, and
processes of CA DOGGR or any court of law.
Wells that are found to be hazardous are required to be re-abandoned by the operator. If no
former operator of the well can be found, CA DOGGR contracts to have a well be re-abandoned.
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They also maintains a database of historical wells. CA DOGGR requirements related to
construction projects that are near or on top of historically abandoned wells are promulgated by
CA DOGGR, including the submission of plans to CA DOGGR.
California Waste Regulatory Summary
Hazardous Waste Control Law (HWCL) of 1972, as amended

California Health and Safety Code, § 25100 et seq; 22 Cal. Admin. Code § 66680 et seq.

Intent: To protect the public health through the regulation of the transportation, storage, and
disposal of hazardous waste.
The California HWCL predates the federal RCRA statute and is often more stringent or more
extensive than the federal law. Additionally, there are some, though minor and sometimes
subtle, differences in the two laws, particularly with regard to some of California's toxicity tests
to determine hazardous classification.
City and county health departments, through Memoranda of Understanding (MOU) with the
California Department of Health Services, are the primary agencies responsible for administering
the state program, including issuing permits which fall into three categories: interim permits,
hazardous waste facility permits, and permits by rule. Interim permits and facility permits under
HWCL are essentially equivalent to the permits under RCRA. Permits by rule allow certain types
of facilities that operate under other similar permits such as a National Pollutant Discharge
Elimination System or (NPDES) permit to use their existing permit instead of a facility permit
under the HWCL.
California was authorized to operate the state program in lieu of the federal RCRA program in
1992.
The Carpenter-Presley Tanner Hazardous Substance Account Act (HSAA) of 1981, as amended
in 1986 & The Johnston-Filante Hazardous Substance Cleanup Bond Act of 1984

California Health and Safety Code, §§ 25300-25382
California Hea1th and Safety Code, §§ 25385-25386.6

Intent: To establish state authority to clean up hazardous substance releases and to provide
funds to enhance the state's ability to respond to hazardous waste problems.
These two acts form the State's Superfund statutes which supplements the federal program and
provides the State's required funding share. In California, DTSC protects the public health of
communities and the environment from toxic contamination left behind from past industrial and
commercial activities. Under CERCLA, states are required to contribute 10% of the costs to
cleanup of sites within their state listed on the National Priorities List (NPL). The state program
accelerates private and state-funded cleanups of sites not on the NPL while using the EPA's
methodology for ranking contaminated sites.
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Under the state system, sites are ranked in three tiers based on their threat to the public health
and placed in three general categories: sites being cleaned up by the responsible parties under
order or agreement with the Department of Health Services (DHS); sites being evaluated or
characterized by the DHS with no responsible party identified; sites that have been fully
characterized and that have no identified responsible party. State funds may only be spent on
sites of the third kind.
Once characterized, a Remedial Action Plan (RAP) is prepared to determine how a site will be
cleaned and how the cleanup costs will be allocated among the responsible parties. Since the
state program operates as a supplement to the federal, the RAP must comply with the National
Contingency Plan. Once a RAP is finalized, site remediation may proceed.
The state statutes also require that persons/facilities handling "acutely hazardous materials"
(defined as any chemical designated as an extremely hazardous substance as listed in Appendix
A of 40 CFR, Part 355) must submit a risk management and prevention program (RMPP) that
provides extensive information on the materials handled, the methods employed, history of
accidents, risk assessments, controls to minimize risks, and a schedule for implementing
additional safety procedures.
Safe Drinking Water and Toxic Enforcement Act of 1986 (Proposition 65)

California Health and Safety Code, §25249- et seq

Intent: To protect drinking water supplies from toxic chemicals and to provide warnings of
exposure to toxic chemicals.
1) Requires the Governor to provide a list of chemicals known to cause cancer or reproductive
harm.
2) Prohibits the ''knowing" discharge of any listed chemical into water or onto land where it
could pass into the groundwater. Public water and sewer systems are exempt.
3) Requires public warning to be given where listed chemicals are in use or for sale.
4) Requires that "designated government employees" who discover or otherwise obtain
information of any illegal discharge or threatened discharge within the geographic area of their
jurisdiction report that knowledge within 72 hours to their local health officer and to the local
board of supervisors.

C. Regional Regulatory Agencies
California Regional Water Quality Control Board (RWQCB)

Created by the California Legislature in 1967, the five-member State Water Board protects water
quality by setting statewide policy, coordinating and supporting the Regional Board efforts, and
reviewing petitions that contest Regional Board actions. Together with the regional boards, the
State Water Board is authorized to implement the federal Clean Water Act in California. The
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Water Board is housed within state government and are part of the California Environmental
Protection Agency (CalEPA).
There are nine regional water quality control boards statewide. The nine (9) Regional Water
Boards are semi-autonomous and are comprised of seven part-time Board members appointed
by the Governor and confirmed by the Senate. Regional boundaries are based on watersheds and
water quality requirements are based on the unique differences in climate, topography, geology,
and hydrology for each watershed. Each Regional Board makes critical water quality decisions for
its region, including setting standards, issuing waste discharge requirements, determining
compliance with those requirements, and taking appropriate enforcement actions.
The State Water Board and the Regional Water Boards do not permit oil and gas wells, but
Regional Water Boards do regulate oil and gas waste discharge ponds, while the State Water
Boards oversee certain well stimulation activities and Class II underground injection wells as
requested by the agency.
South Coast Air Quality Management District (SCAQMD)

The SCAQMD is the air pollution control agency for all of Orange County and the urban portions
of Los Angeles, Riverside and San Bernardino counties. This area of 10,743 square miles is home
to over 16.8 million people-about half the population of the whole state of California. Its mission
is to clean the air and protect the health of all residents in the South Coast Air District through
practical and innovative strategies. The SCAQMD is responsible for controlling emissions
primarily from stationary sources of air pollution.
The California Legislature created the District in 1977 as the agency responsible for developing
and enforcing emission control rules and regulations in the South Coast Air Basin (Basin) and
portions of the Salton Sea Air Basin and Mojave Desert Air Basin. In 1977, amendments to the
federal Clean Air Act (CAA) included requirements for submitting State Implementation Plans
(SIPs) for nonattainment areas, which are those that fail to meet all federal ambient air quality
standards (CAA Section 172), and similar requirements exist at the state Health and Safety Code,
Section 40462. The federal CAA was amended in 1990 to specify attainment dates and SIP
requirements for criteria pollutants: ozone, carbon monoxide (CO), lead (Pb), nitrogen dioxide
(NO2), sulfur dioxide (SO) and particulate matter with an aerodynamic diameter of less than 10
microns (PM10). In 1997, the U.S. EPA promulgated ambient air quality standards for particulate
matter with an aerodynamic diameter less than 2.5 microns (PM2.5). The U.S. EPA is required to
periodically update the national ambient air quality standards (NAAQS). Criteria pollutants are
the only air pollutants with national air quality standards that define allowable concentrations of
these substances in ambient air.
In addition, the California Clean Air Act (CCAA), adopted in 1988, requires the SCAQMD to achieve
and maintain state ambient air quality standards for ozone (O3), CO, sulfur dioxide (SO2), and
NO2 by the earliest practicable date (Health and Safety Code Section 40910). The CCAA also
requires a three-year plan review, and, if necessary, an update to the SIP. The CCAA requires air
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districts to achieve and maintain state standards by the earliest practicable date and for extreme
non-attainment areas, to use all feasible measures pursuant to Health and Safety Code Sections
40913, 40914, and 40920.5. The term "feasible" is defined in the California Environmental Quality
Act (CEQA) Guidelines Section 15364, as a measure "capable of being accomplished in a
successful manner within a reasonable period of time, taking into account economic,
environmental, legal, social, and technological factors."
By statute, SCAQMD is required to adopt an air quality management plan (AQMP) demonstrating
compliance with all federal and state ambient air quality standards for the areas under the
jurisdiction of the SCAQMD. Furthermore, SCAQMD must adopt rules and regulations that carry
out the AQMP. The AQMP is a regional blueprint for how SCAQMD will achieve air quality
standards and healthful air. The 2016 AQMP contained multiple goals promoting reductions of
criteria air pollutants, greenhouse gases, and toxic air contaminants (TACs). The 2016 AQMP
specifically stated that both oxides of nitrogen (NOx) and volatile organic compounds (VOC)
emissions need to be addressed, and emphasized that NOx emission reductions are more
effective to reduce the formation of ozone and PM2.5. Ozone is a criteria pollutant shown to
adversely affect human health and is formed when VOCs react with NOx in the atmosphere. NOx
is a precursor to the formation of ozone and PM2.5, and NOx emission reductions are necessary
to achieve the ozone standard attainment. NOx emission reductions also contribute to
attainment of PM2.5 standards.
In the 2016 AQMP, the Governing Board adopted a resolution that directed staff to transition
facilities participating in the Regional Clean Air Incentives Market (RECLAIM) program to a
command-and-control regulatory structure requiring Best Available Retrofit Control Technology
(BARCT) as soon as practicable. In addition, the 2016 AQMP included Control Measure CMB-05
which intended for further NOx reductions from RECLAIM Assessment. The rule committed to
achieving additional NOx emission reductions of five (5) tons per day to occur by 2025. Further,
California State Assembly Bill 617, approved by the Governor on July 26, 2017, requires air
districts to develop an expedited schedule by January 1, 2019, for the implementation of BARCT
no later than December 31, 2023 for facilities that are subject to a market-based compliance
programs.
The SCAQMD also regulates oil and gas production equipment such as oil wells, flares, micro
turbines, gas separators, and other facility processing equipment. Oil field activities are regulated
via standard air quality permits which are pulled by operators or suppliers of equipment and are
enforced by SCAQMD inspectors. In addition, groups of oil and gas wells require a registration
permit. At present, the SCAQMD standard air quality permits or registration permits are
independent of State or City permitting processes.
Under SCAQMD Rule 1148.2 (2013) - "Notification and Reporting Requirements for Oil and Gas
Well and Chemical Suppliers," onshore oil and gas well operators and chemical suppliers are
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required to electronically submit to the SCAQMD various types of reports related to well drilling,
well completion, and well reworks. The public notifications include basic information about the
owner or operator, the well location, the type of activity that will be conducted, and the distance
to the nearest sensitive receptor up to 1,500 feet from the well. The District hosts two publically
accessible online databases for 1) chemicals usage and 2) oil and gas activity reports from across
the Air Basin.

D. Local Regulatory Agencies
City of Los Angeles - Department of City Planning (DCP)

The Department of City Planning is charged with the responsibility of preparing, maintaining, and
implementing a General Plan for the development of the City of Los Angeles. The General Plan
consists of the Framework Element, which provides overall guidance for the future of the City
and other citywide elements including State mandated elements such as the Circulation, Noise,
Housing, Open Space, Land Use, Conservation, and Safety.
The DCP's Office of Zoning Administration is responsible for approving the creation of Oil Drilling
Districts, as set forth in Los Angeles Municipal Code (LAMC) section 13.01 et.seq. The Zoning
Administrator determines the methods and conditions for all oil drilling activity in approved
drilling districts pursuant to LAMC sections 13.01-H and I.
Well operation with the oil districts may also require clearances by the Los Angeles Fire
Department (LAFD), the Petroleum Administrator in the Public Works Department, the
Department of Building and Safety (LADBS), and the Department of Water and Power ("LADWP").
LAMC Section 13.01 addresses the creation of oil districts, "where the drilling of oil wells or the
production from the wells of oil, gases or other hydrocarbon substances (are) permitted." This
section does not apply to subterranean gas holding areas which are operated as a public utility.
In addition, this section does not apply to Heavy Industrial (M3) zones unless oil drilling
operations or the establishment of an oil drilling district are within 500 feet of a more restrictive
zone. It should be noted that, according to Council File records, the last oil district was established
in May of 1990, approximately 29 years ago.
LAMC Section 13.01 is written as an applicant-initiated zoning overlay used primarily to establish
oil drilling districts and has comparatively little to do with land use compatibility or potential
noxious emissions. Many of the Section 13.01 provisions were established in the Code prior to
1970, and thus do not specifically address requisite state or City environmental review
procedures implemented under the California Environmental Quality Act (CEQA).
Since there is no mention of extraction methods within Section 13.01, the use of specific well
stimulation treatments does not require City clearance or review. Requests to initiate
modifications of existing entitlements and/or conditions would trigger the appropriate
environmental clearance and public hearing as part of the Zoning Administrator's review process.
A brief summary of Section 13.01 is provided below for context:
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A. Application for the establishment of oil drilling districts where wells of oil, gases, or other
hydrocarbon substances are permitted.
B. Definitions include, but are not limited to, "Class A" and "Class B" wells that distinguish
between production and injection wells, respectively.
C. Status of Areas classified as either "Urbanized" or "Non-Urbanized." Such classifications
determine the allowable size of the oil districts and the total drillable land area.
D. Requirements for Filing an application for the establishment of an oil drilling district that
is either in a (n): Urbanized area, Non-Urbanized area, Offshore area, Los Angeles City Oil
Field Area, or General-All Areas. The establishment of "General-All Areas" requires a
submittal to the authorized person in - charge of Petroleum Administration.
E. Standard Conditions within each oil drilling district described in part D.
F. Additional Conditions imposed when establishing an oil district (for example, equipment
delivery hours, landscaping and fencing requirements, subsurface production and storage
equipment, fire safety precautions, etc.).
G. Description of Districts referenced in maps held in the City Planning Office showing
boundaries for each oil drilling district described in Part D.
H. Drilling Site Requirements determined by the Zoning Administrator to drill or deepen a
well in an oil drilling district that has been established by ordinance, or to drill or deepen
and subsequently maintain an oil well in an M3 zone that is within 500 feet of a more
restrictive zone.
I. Permits are required for drilling, deepening or maintaining oil wells, or converting an oil
well from one class to another, and are issued by the Zoning Administrator or Area
Planning Commission.
J. Termination of District and how to extend the timeline for that process under the
discretion of the Zoning Administrator, the City Petroleum Administrator, and the City
Planning Commission.
K. Maintenance of Drilling and Production Site for existing and future oil and gas wells
within the City.
The Department of City Planning recently released a Zoning Administrator Memorandum No. 133
(ZA Memo 133), on September 19, 2016. ZA Memo 133 established a comprehensive set of
procedures for the acceptance and processing of applications for oil drilling approvals pursuant
to LAMC Section 13.01-H . It also establishes City procedures for the CEQA review of Section
13.01-H oil drilling applications.
The memorandum does not amend or modify existing regulations pursuant to ordinances
established in the LAMC, nor does it establish any authority beyond that currently maintained by
the Zoning Administrator. Charter Section 561 recognizes that the Chief Zoning Administrator
may adopt rules necessary to carry out the requirements prescribed by ordinance, which are not
in conflict or inconsistent with those ordinances. As the LAMC contains no express procedural
requirements for filing applications for entitlements under Section 13.01-H, ZA Memo 133 fulfills
that purpose.
The memorandum identifies review procedures that focus on a scope of information specific to
oil drilling and gas operations. The new forms and instructions issued in association with the
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Memo are similar to other application forms used by the Department that include special
questions or requirements tailored to a particular land use entitlement, e.g., eldercare facilities,
alcohol-related uses, density-bonus applications for affordable housing, schools, daycare
facilities, coastal development permits; in this particular case, to the unique characteristics of oil
and gas projects.
ZA Memo 133 also details the process for considering the appropriate environmental clearance
related to an entitlement request, including those projects that may be categorically exempt, and
thus not subject to the provisions of CEQA. The process does not exclude consideration of
categorical exemptions. Projects may be reviewed to determine if the project is exempt under
any applicable categorical exemption in CEQA Guidelines Section 15300-15333 or any City
Guidelines (adopted pursuant to CEQA). While any application to drill, re-drill, deepen, or convert
a well is not eligible for a categorical exemption, and is required to file an Initial Study, the filing
of an Initial Study does not automatically result in a determination by the Department to require
preparation of an EIR. Ultimately, the memorandum allows for a closer connection between
Department procedures and CEQA guidelines, and complies fully with state law.
The memorandum emphasizes public participation as critical to the complete process, with the
opportunity for stakeholder involvement made available throughout the entitlement review,
from acceptance of the application through consideration of the environmental clearance and
the final discretionary action. The Department practices prescribed in the memorandum reflect
the direction of the City Council to fully recognize that people living and working in proximity to
oil and gas operations have a substantial interest in participating in the review process for these
projects. There is a 1,500 feet hearing notification radius and 35-day comment period on any
proposed environmental clearances prior to the Zoning Administrator issuing a determination.
City of Los Angeles - Fire Department (LAFD)

The City of Los Angeles Fire Department (LAFD) is designated by the state of California as a
Certified Unified Program Agency (CUPA) and is authorized to apply statewide standards to each
facility within its jurisdiction that treats on site or generates hazardous waste, operates
underground storage tanks, or stores hazardous materials. The LAFD Fire Prevention Bureau
issues two types of permits to oil and gas well operators. The first is an operational permit known
as Division 4 Permit. This permit is required to engage in the operation of an oil well. The second
is an action permit for the drilling, re-drilling, or abandonment of an oil well.
City of Los Angeles - Building and Safety (LADBS)

The Los Angeles Department of Building and Safety (LADBS) provides permitting, plan check,
inspection, and code enforcement services for residential and commercial buildings in the City of
Los Angeles. LADBS advises, guides, and assists customers to achieve compliance with the
Building, Zoning, Plumbing, Mechanical, Electrical, Disabled Access, Energy, and Green codes and
local and state laws. LADBS enforces the Los Angeles building code to ensure that buildings are
safe for employees and patrons. LADBS issues permits that allow building, renovation, repairs
and demolition. LADBS conducts inspections of oil and gas drill sites on behalf of the DCP Office
of Zoning Administration to ensure construction and renovation work are completed properly.
LADBS also enforces the required operating conditions for each drill site.
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City of Los Angeles - Bureau of Sanitation - Watershed Protection Division (WPD)

The mission of the Watershed Protection Program (WPD) is to protect the beneficial uses of
receiving waters while complying with all flood control and pollution abandonment mandates.
The program employs a multi-pronged approach to ensure the City of Los Angeles is in
compliance with regulations to reduce the amount of pollution flowing into and through
regional waterways. WPD Enforcement Section of the Bureau of Sanitation enforces local, state
and federal laws, investigates environmental crimes and refers cases to the Los Angeles City
Attorney's Office for evaluation and possible prosecution. Enforcement of the City's Storm
Water and Urban Runoff Pollution Control ordinance (LAMC 64.70) is an integral part of
protecting LA's watersheds. WPD is one of the City's first responders to oil spills or
environmental emergency events.
City of Los Angeles - Board of Public Works (BPW)

The Petroleum Administrator serves as the Director of the City's Office of Petroleum and Natural
Gas Administration and Safety Office under the Board of Public Works. Los Angeles
Administrative Code (LAAC) sections 19.48 -19.50 of the code address the duties of the Director
with respect to the management of petroleum matters affecting the City. These include, but are
not limited to, addressing all matters related directly or indirectly to petroleum exploration and
production and any matters concerning the creation of oil well drilling districts under the LAMC.
Sections 19.53 - 19.71 address duties including referrals, investigations of applications,
consultation with experts, recommendations to decision makers, publications, conditions, award
of leases or agreements, execution of leases, sureties, forfeitures, and reservations (subject to
the State Lands Commission). The Petroleum Administrator is also responsible for the oversight
of the City's pipeline franchise agreements that were formerly administered by the Department
of Transportation.
E. Federal, State, and Local Regulatory Agencies Matrix
Table 1. Federal, State, and Local Oil and Gas Regulatory Agencies
Agency Permit or Approval

Environmental Protection Agency
(U.S. EPA)

Requirement
Federal Agencies
Resource Conservation
and Recovery Act (RCRA),
40 CFR Parts 260 - 279

Applicability

Hazardous waste generators.

Requires proper handling of hazardous
waste material.
U.S. Department of Transportation
(U.S. DOT)

Pipeline Identification
Numbers

Oil and gas pipelines.
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Occupational Safety and Health
Administration (OSHA)

Pipeline
construction and
operations
inspections

Oil and gas pipelines.

Hazardous and
flammable
materials
certificate

Oil, natural gas, and Natural Gas Liquids
(NGls).

General Industry
Standards OSHA 29
CFR Part 1910

Worker process safety standards.

California Air Resources Board
(CARB)

State Agencies
Greenhouse Gas Emission
Standards for Crude Oil
and Natural Gas Facilities

California Department of Fish and
Wildlife (CDFW)

Inland and marine oil spill
pollution response
authority

Oil spill response

California Department of Toxic
Substances Control (DTSC)

Toxic contamination,
brownfields, and
environmental
remediation programs

Pollution prevention.
Hazardous waste.
Green chemistry.

Hazardous Waste Control
Law (HSC, Division 20,
Chapter 6.5)

Required if facility stores, treats or disposes
of hazardous waste as described in the
regulation.

Permits to drill wells

Oil, gas, and water wells.

Permits to conduct well
operations

Oil, gas, and water wells.
Water injection wells and slurry
injection well.

California Division of
Occupation Safety and Health
Administration
(Cal OSHA)

Class II underground
injection control
permit
Construction - related
permits
Boiler and pressure vessel
permits

Office of the State Fire Marshall
(OSFM)

Pipeline review and
approval

Oil and gas pipelines.

Pipeline hydro test review
and approval

Oil and gas pipelines.

Periodic inspection and
hyrotesting

Oil and gas pipelines.

California Department of
Conservation, Division of Oil, Gas,
and Geothermal Resources
(DOGGR)

Emissions controls at all oil and gas facilities
in California.
Oil and gas production, processing, storage,
and transmission compressor stations

Excavation, construction, and demolition.
Separation pressure vessels and NGL
storage tank.
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Regional Water Quality Control
Board (RWQCB)

South Coast Air Quality
Management District (SCAQMD)

Regional Agencies
Storm Water Pollution
Prevention
SWPPP Permit
Section 401 Certification

Facility-wide plan and operations.

Various Rules for
New Stationary
Sources under
Regulations II, IV, XI,
XIII, and XIV.

Equipment such as flares, tanks,
wastewater separators, and process
heater.

Authority to Construct

Permit to construct for stationary sources.

Permit to Operate

Permit to operate for stationary sources.

Rule 1148.2

Oil and gas well activity notification.
Chemical disclosure.
Prohibits visible emissions from
single emission sources.
Prohibits discharges (e.g., odors) which
cause a nuisance to the public.
Requires control of fugitive dust from
earth moving.

Fire Department (LAFD), Fire
Prevention Bureau

Fire Department, , Certified Unified
Program Agency (CUPA)
Department of Building & Safety
(LADBS)
Department of City Planning (DCP),
Office of Zoning Administration (OZA)

Watershed Protection Division (WPD)

Petroleum Administrator (PA)

City Agencies
Fire Suppression System
Permits; Well Drilling
Permits, Well
Abandonment Permits.
Compliance with NFPA
Requirements.

Oil, gas, and water injection wells.
Drill site operations.

Hazardous Waste Permits.
Business Plan Approvals.
Zoning Operating
Conditions inspections

Drill site operations. Oil spills.

Land use permits. Permits
to drill wells. Permits to re
drill wells. Permits to
abandon wells.
Storm water and urban
runoff pollution control.

Oil, gas, and water injection wells.
Drill site operations.

Permit Applications
Review. Zoning Hearings.
Report writing. Petroleum
research and
investigations. Pipeline
Franchise Agreements.

Oil, gas, and water injection wells.
Drill site operations.
Crude oil & natural gas pipelines.

Drill site operations.

Oil spills.
Hazardous waste.
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Section 3. Evaluation of Drill Sites and Oil Fields
Oil and natural gas production is also known as upstream, because it includes the extraction and
initial separation of oil, water and natural gas from hydrocarbon formations, but not the
subsequent transportation, processing and storage (midstream), or the refining of petroleum or
marketing and use of petroleum products (downstream). An upstream oil and natural gas
producer sells the oil from the field where it is produced to a midstream pipeline company, which
transports oil and natural gas to downstream companies that operate refineries or natural gas to
utilities to operate power plants, and to natural gas storage and distribution facilities. These
different activities are conducted by specialized companies and governed by sector-specific
regulations. Upstream oil and natural gas production is thus distinct in terms of both operations
and regulations from midstream pipeline companies, downstream refining and marketing
companies, and utilities that operate natural gas storage facilities and power plants and sell
natural gas and electricity. This report is primarily focused on upstream operations within the
City of Los Angeles.
The Los Angeles geological basin has one of the highest concentrations of crude oil per acre in
the world. There are thousands of feet of oil-bearing sandstone rock formations underlying the
City and the surrounding areas in Orange and Los Angeles Counties that comprise the Los Angeles
Basin. In 1892, Edward Doheny and Charles Canfield drilled the first successful oil well in the Los
Angeles City Oil Field (modern day Echo Park). Their discovery set off a series of major oil
discoveries in the early 1900's and led to the City's first major population boom. Even after more
than century of prolific production, the US Geological Survey estimates 1.6 billion barrels of
recoverable oil remain in place beneath the City, rivaling the reserves in the Middle Eastern
countries, like Saudi Arabia, Iraq, and Kuwait 14,000 miles away.
Petroleum production in most fields in the City and most of the Los Angeles Basin has several
natural characteristics that are distinct to each field's specific geochemistry, depth, sulfur
content, and production volumes. Oil and natural gas wells in the City are distinguished by their
low pressures and low flow rates. Associated production facilities in the City also typically hold
small fluid volumes, since the oil is generally sent directly by pipeline to local refineries. In
addition, there are two key attributes of the produced fluids that comes from wells in the City the gas-to-oil (GOR) ratio and the water-to-oil (WOR) ratio. The gas-to-oil ratio, a measure of the
natural gas content in the produced fluid from the formation, is very low in the Los Angeles Basin,
which means that it is typically less volatile and generates lower air emissions of methane and
volatile organic compounds. The water-to-oil ratio, a measure of the water content in the
production fluid, is very high in the Los Angeles Basin, which means that the vast majority of the
fluid produced is water, rather than oil or gas. After the oil is separated, the water is either
disposed of via a local sanitation district or re-injected into the subsurface formation in a closed
loop.
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A. Oil Fields
iA64i • A -* it i ’IK.
1
^

7

\
■t..

^

0 •«■ ■

•

-

-*»*•« •

i

|trck

Los Angeles i

Jcoumy

<<■» *

*»
'";

*\y

:

UM"'*

Sun Bernardino
\County

•

\ /

77^
J //
u
>«

' ^ Adr**'1*

c

i

eX^ky:‘ \ 1.
t

0

r» •**<

r

j-

06.

■

'31
!....<;?**£?>■ o
«u i/arP
V..~~~'c£L
&
|^%

i------:’*>^Z**

/

*13.

E«

S

, *'

'•••A

V

it
, f.

®

*•.!

far

i>&4

Riverside
County

» '^)w »'«"*

k I:-

• gltra* Ait^
long trY>

tMoinp**

iNV'

M)S

:

•1

«.*,•

ftinwi c««f j*-'
• < I ..I

Orange
County

>. v
/

V'

l!
•rJ

X /
VcS*'** -

W/—

®

cv
0

»*«

w

N«*pD4t(AB

V

A

M.««

V
lanlnk

;V
ImOPMIiWi

I---- ^

San Diego
County

|1 OwWMnlOi C

Figure 1. Los Angeles Basin Area Oil Fields (CA DOGGR)

The City of Los Angeles has twenty-six (26) oil and gas fields that intersect city boundaries and
5,229 oil and gas wells. There are approximately 819 active, 296 idle, 3,181 plugged, and 933
buried wells. There are oil and gas facilities in nearly every section of the 503 square miles of
the City. The oil well information in this report is based on March 2018 data provided by the CA
DOGGR and verified by the City's Petroleum Administrator. The oil fields in the City of Los
Angeles are sandstone reservoirs that were formed approximately 2.5 - 23 million years ago in
the Pliocene and Miocene geological time eras (U.S. Geological Survey, Geology of the Los
Angeles Basin California Report - Appendix A2-28).
CA DOGGR defines the current status of an oil well as active, buried, idle, new, plugged and
unknown. An active well is an oil well that has been drilled and completed, a buried well is an
older well not abandoned to current standards, an idle well is inactive, not producing, but capable
of being reactivated, a new well is a newly drilled well, and a plugged well has been plugged and
abandoned to current standards. Wells with little to no information are considered, "unknown.
The following three (3) tables itemize oil fields beneath the City, the known well inventory of
those fields, and which oil fields and wells are in each council district:
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Table 2. City of Los Angeles Oil Fields
Oil Fields

Discovered

Status

Era

Type

1.

Aliso Canyon

1938

Producing

Pliocene

Sandstone

2.

Beverly Hills

1900

Producing

Pliocene

Sandstone

3.

Boyle Heights

1955

Abandoned

Miocene

Sandstone

4.

Cascade
Cheviot Hills
El Segundo
Horse Meadows
Hyperion
Inglewood
La Cienegas
Los Angeles City
Los Angeles Downtown
Mission
Pacoima
Playa Del Rey
Potrero
Rosecrans
Salt Lake
Salt Lake, South
San Vicente
Sawtelle
Torrance
Union Station
Venice Beach
Wilmington
Old Wilmington

1954
1958
1935
1952
1944
1924
1961
1890
1965
1961
1978
1929
1928
1927
1902
1970
1968
1965
1922
1967
1966
1932
1932

Producing
Producing
Producing
Abandoned
Producing
Producing
Producing
Producing
Producing
Abandoned
Abandoned
Producing
Abandoned
Producing
Producing
Producing
Producing
Producing
Producing
Abandoned
Abandoned
Producing
Abandoned

Pliocene
Miocene
Miocene
Pliocene
Miocene
Pliocene
Pliocene
Pliocene
Pliocene
Pliocene
Miocene
Miocene
Miocene
Miocene
Pliocene
Pliocene
Pliocene
Pliocene
Miocene
Pliocene
Miocene
Miocene
Miocene

Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone
Sandstone

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Table 3. Oil and Gas Wells Inventory By Oil Field
Oil Field

1.
2.
3.
4.
5.
6.

Aliso Canyon
Any Field
Beverly Hills
Boyle Heights (Abd)
Cascade
Cheviot Hills

Active

Idle

Plugged

Buried

Total

24
1
98
0
21
14

6
5
37
0
2
14

9
235
80
4
12
45

0
32
3
0
0
0

39
273
218
4
35
73
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7. El Segundo
8. Horse Meadow (Abd)
9. Hyperion
10. Inglewood
11. La Cienegas
12. Los Angeles City
13. Los Angeles Downtown
14. Mission (Abd)
15. Old Wilmington (Abd)
16. Pacoima (Abd)
17. Playa Del Rey
18. Rosecrans
19. Salt Lake
20. San Vicente
21. Sawtelle
22. South Salt Lake
23. Torrance
24. Union Station (Abd)
25. Venice Beach (Abd)
26. Wilmington
Total:

2
0
0
0
66
5
13
0
0
0
42
14
5
38
0
11
80
0
0
385

0
0
0
0
37
9
15
0
0
0
7
6
2
4
0
6
17
0
0
129

1
5
6
4
30
317
6
13
483
12
284
135
373
2
1
9
175
12
2
926

0
0
0
0
0
855
0
0
0
0
4
3
29
2
0
4
1
0
0
0

3
5
6
4
133
1,186
34
13
483
12
337
158
409
46
1
30
273
12
2
1,440

819

296

3,181

933

5,229

Note: Sawtelle field has 14 active wells and 1 idle well that were zoned by the City of Los
Angeles, but are outside the city boundaries on federal lands and under federal authority.

Table 4. City of Los Angeles Oil Fields by City Council District
Council District/Member

Oil Fields

1. Gilbert Cedillo

La Cienegas
Los Angeles City

2. Paul Krekorian

None

3. Bob Blumenfield

None

4. David Ryu

Salt Lake
Salt Lake South
Cheviot Hills
Beverly Hills
Inglewood
Sawtelle
Pacoima

5. Paul Koretz

6. Nury Martinez

Salt Lake
Salt Lake South
San Vicente
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7. Monica Rodriguez
8. Marqueece Harris Dawson
9. Curren D. Price Jr.
10. Herb J. Wesson Jr.
11. Mike Bonin

12. Greig Smith

13. Mitch O'Farrell
14. Jose Huizar

15. Joe Buscaino

Pacoima
Inglewood
La Cienegas
Los Angeles Downtown
La Cienegas
Beverly
La Cienegas
Inglewood
Salt Lake South
Hyperion
Sawtelle
Playa Del Rey
Venice Beach (Abd)
Aliso Canyon
Mission (Abd)
Cascade
Horse Meadows (Abd)
Los Angeles City
Boyle Heights (Abd)
Los Angeles Downtown
Union Station (Abd)
Old Wilmington (Abd)
Rosecrans
Torrance
Wilmington

B. Oil & Gas Wells

All oil and gas wells, located on state and private lands are permitted, drilled, operated,
maintained, plugged and abandoned under requirements and procedures administered by CA
DOGGR. There are 5,229 oil and gas wells in the City based on the March 2018 data from the CA
DOGGR website database. CA DOGGR oil and gas well database has been frozen since April 2018
due to computer system upgrades. The table shows the status of the oil and gas inventory by
council district.
Table 5. Well Count and Status by Council District
Council District

Active

Idle

Plugged

Buried

Total

1. Gilbert Cedillo

0

23

267

414

704

2. Paul Krekorian

0

0

3

1

4

3. Bob Blumenfield

0

0

2

3

5

4. David Ryu

1

1

176

17

195
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5. Paul Koretz

115

42

343

26

526

6. Nury Martinez

0

0

11

0

11

7. Monica Rodriguez
8. Marqueece Harris
Dawson

0

0

28

4

32

29

7

11

0

47

9. Curren D. Price Jr.

0

0

10

0

10

10. Herb J. Wesson Jr.

88

29

61

16

194

11. Mike Bonin

44

8

327

7

386

12. Greig Smith

45

9

82

0

136

13. Mitch O' Farrell

5

7

67

426

505

14. Jose Huizar

13

16

53

9

49

479

154

1,740

10

2,383

819

296

3,181

933

5,229

15. Joe Buscaino
Total:

OIL & GAS WELL INVENTORY
BY COUNCIL DISTRICT
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Figure 2. Oil and Gas Well Inventory by Council District
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Figure 3. Oil and Gas Well Status Inventory

C. Drill Sites

There are seventeen (17) drill sites that are either active or idle oil or gas drill site operations across
the City. Approximately sixty-seven percent (67%) of oil and gas wells are within drill sites. The
remaining wells are dispersed throughout the City in urban and rural locations. The following table
lists the drill sites by Council District and Neighborhood Council that have been approved for
operations by the City Planning Department:
Table 6. Oil & Gas Drill Sites by Council District and Neighborhood Council
Oil & Gas Drill Sites
1. AllenCo (Idle)
2. Jefferson
3. Murphy
4. West Pico
5. Rancho Park Golf Course
6. Hillcrest Country Club
7. San Vicente
8. Packard
9. Mission Visco
10. Aliso Canyon
11. Filipino Town
12. Echo Park

Council District

Neighborhood Council

CD 1
CD 8
CD 10
CD 5
CD 5
CD 5
CD 5
CD 10
CD 12
CD 12
CD 13
CD 13

Empowerment Congress North
Empowerment Congress North
United Neighborhoods
Westside
Westside
Westside
Mid-City West
Pico
Granada Hills North
Porter Ranch
Westlake North
Greater Echo Park
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13. Broadway

14. Harbor Gateway 1
15. Harbor Gateway 2
16. Joughin
17. Warren E&P

CD
CD
CD
CD
CD

14
15
15
15
15

Downtown Los Angeles
Harbor Gateway
Harbor Gateway
Harbor City
Wilmington

There are also nine (9) abandoned drill sites across the City, notably: Fox Studios #1, Fox Studios
#2, Fox Studios #3, Fourth Avenue, Garey, Gilmore, Pacific Electric, Paxson, and Venice Beach.
The Playa Del Rey and Aliso Canyon sites are former oil fields that are now gas storage facilities
operated by the Southern California Gas Company.
Each well at approved urban oil and gas drill site is categorized as a "critical well" by CA DOGGR
according to the California Code of Regulations, Title 14, Division 2, Chapter 4, Section 1720(a).
This designation requires increased safety measures, such as additional requirements for blow
out prevention equipment, emergency backup systems, and control valves. Critical wells can
meet any of the following criteria:
1. Be located within 300 feet from the following:
a. Any building intended for human occupancy that is not necessary to the operation of
the well; or
b. Any airport runway.
2. Be located within 100 feet from the following:
a. Any dedicated public street, highway, or nearest rail of an operating railway that is in
general use;
b. Any navigable body of water or watercourse perennially covered by water;
c. Any public recreational facility such as a golf course, amusement park, picnic ground,
campground, or any other area of periodic high-density population; or
d. Any officially recognized wildlife preserve.
D. Gas Storage Fields

There are two (2) gas storage fields within the City, the Aliso Canyon and the Playa Del Rey Fields
(PDR) which are both operated by the Southern California Gas Company (SCG). The Aliso Canyon
Oil Field is an oil field and natural gas storage facility located in the Santa Susana Mountains in
Los Angeles County, California, north of the Porter Ranch neighborhood of the City of Los Angeles
(Council District 12). The Playa del Rey gas storage field is located near the Ballona Wetlands
between Marina Del Rey and the LAX airport (Council District 11).
In the early twentieth century oil was extracted from these fields and in 1942, SCG converted the
depleted Playa del Rey oil field into a natural gas storage reservoir. It's one of five (5) gas storage
facilities operated and maintained by SCG in the Los Angeles region. The Playa del Rey oil field
geology is a sandstone formation holding the gas at around 6,100 feet below ground level. This
formation is covered by 1,500 feet of impermeable shale, sealing the porous sandstone storage
area. SCG operates approximately 50 active wells in order to inject and withdraw gas from the
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reservoir formation. Three compressors are used to inject the gas underground. The PDR facility
has a maximum storage capacity of seven (7) billion cubic feet (BCF) of natural gas.
SCG acquired the depleted Aliso Canyon oil field and converted it into a gas storage field in 1973.
Natural gas is transported to the facility and injected through wells into a natural gas storage
zone of porous rock formations about 7,000 to 10,000 feet below ground. SCG operates
approximately 130 active wells at the facility. Natural gas is injected down storage wells into the
storage zone through 3- to 5-inch wide pipes called "tubing," which are surrounded by 7- to 9inch wide pipes called "production casing." Both the tubing and production casing extend from
the surface of the well down to the gas bearing geologic formations. The tubing and production
casing are in turn surrounded by another pipe called the "surface casing," which runs on average
from the surface of the well to approximately 800 feet deep. At the surface, each well ties into a
series of pipelines that are connected to the SCG regional pipeline network. The Aliso Canyon
facility has a maximum storage capacity of eighty-eight (88) billion BCF of natural gas.
Natural gas is a highly combustible material which constitutes a risk of upset potential. SCG is the
primary operator of underground natural gas fields, natural gas storage wells, and natural gas
transmission facilities within the City. The fields and wells are also regulated by CA DOGGR. The
State mandates that the fields be closely monitored to establish that no damage to health,
property, or natural resources is occurring (Title 14, California Administrative Code [CAC], Section
1724.10). In addition, natural gas storage wells located near homes, commercial buildings, and
public roads must be equipped with surface and subsurface safety valves in accordance with Title
14, CAC, Section 1724.3. Title 14, Division 2, Chapter 4 which regulates the extraction and
injection of natural gas.
The California Public Utilities Commission (CPUC) regulates the transmission of natural gas under
the State guidelines set forth by General Order 112D. All SCG operations are also closely
monitored for compliance with the safety standards of the state's Occupational Safety and Health
Administration (Cal OSHA).
E. Los Angeles County Oil and Gas Well Inventory

On July 28, 2015, the Los Angeles County Board of Supervisors directed the County Department
of Regional Planning (DRP), in consultation with County Department of Public Health, to develop
a detailed inventory of all oil fields and the associated level of environmental monitoring for all
oil wells currently operation within the unincorporated areas of the County of Los Angeles
(County). Marine Research Specialists, a consulting firm with expertise in the oil and gas industry,
along with County DRP staff prepared this report in response to the Board of Supervisors motion.
The well inventory research included a review a review of local, state, and federal regulatory
requirements for the drilling of oil and gas wells. The well inventory research effort was based on
information obtained from CA DOGGR in their oil and gas well database. According to the DOGGR
data base, there are 1,687 active oil and gas wells in the unincorporated County with
approximately 85% of these wells within zones that allow the use "by-right" (ministerial) and the
remainder within zones that require discretionary permit review. To streamline the report, the
focus of the oil and gas permit research was centered on twelve operators representing 95% or
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1,604 of the total 1,687 oil and gas wells identified. The research indicated that 57% of wells
operating within the unincorporated Los Angeles County are under regulatory entitlements from
the DRP (with the majority of wells, 874, being within the Baldwin Hills Community Standards
District). Overall review of those entitlements noted a lack of consistency in permit conditions
from project to project. However, these permits spanned a timeframe from 1949 to present and
reflect mitigation measures of the time periods in which they were approved.
Wells, with regulatory entitlements not found, may be attributed to some wells predating the
County Zoning Ordinance and other applicable land use regulations such as zone changes, past
County practices deferring primary permit jurisdiction and responsibility to the state (CA
DOGGR), and the County's DRP not requiring plot plan application for permitted uses, unless
referred to by other agencies. A review of Zoning Enforcement records indicated that no
complaints were verified regarding oil wells within the unincorporated County. Based on the
conclusions of the County's report, the staff made the following recommendation:
"Instruct the Los Angeles County Department of Regional Planning to conduct a zoning study,
when additional funds and resources are available, to review oil and gas well regulations against
current regulatory standards to protect the health, safety and welfare of the surrounding
communities to determine if updated standard conditions and/or amendments to Title 22 are
needed; and evaluate the appropriateness of "by-right" use of oil and gas wells within Title 22."
F. Los Angeles City Oil & Gas Production

Oil and natural gas production data within the City are not publically available until six months to
one year after the production occurs. The most recent full year production data is from calendar
year 2017. The average daily crude oil production rate from within the City of Los Angeles has
ranged from approximately 7,600 - 8,000 barrels of oil per day (BOPD). The standard volumetric
measurement of a barrel of crude oil is forty-two (42) gallons. The annual cumulative oil
production in 2017 was equivalent to 2.5 million barrels (bbl) of oil and more than 4.9 million
cubic feet (MCF) of natural gas was produced according to the propriety data provided by
software vendor, DrillingInfo LLC (see Figure 4). Oil and gas production in the City represents
approximately two percent (2%) of the state's total production.
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City of Los Angeles Oil and Gas Production (2000 - 2018)
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Figure 4: Oil and Gas Production from with the City of Los Angeles; Drilling Info Database
G. Recoverable Oil and Gas Reserves

|n 2012, as part of a larger national project, the U.S. Geological Survey (USGS) estimated that
between 1.4 and 5.6 billion barrels of recoverable oil remain in just ten (10) of the Los Angeles
basin's oil fields. Three (3) of the fields (Inglewood, Torrance, and Wilmington/Belmont) partially
lie within the City of Los Angeles boundaries. In an updated 2018 geological evaluation done by
retired USGS geologist Don Gautier concluded that about 1.6 billion barrels of additional volume
of recoverable crude oil exists within City that could be produced using existing technology (U.S.
Geological Survey, “Remaining Recoverable Petroleum in Ten Giant Oil Fields of the Los Angeles
Basin, Southern Calif°mia," 2013 and “Large volumes of potentially recoverable petroleum in the
City of Los Angeles", Gauiter, 2018 - Appendix A2-29 and A2-30).
Table 7. Estimated mean volumes of recoverable oil remaining in L.A. basin oil fields located
within the City of Los Angeles (volumes are in millions of barrels).
Field Name

Known
Recoverable
Oil

Original Oil
In Place
(OOIP)

BEVERLY HILLS

159

1,100

14.5

BOYLE HEIGHTS

0.27
28.1
15
0.96
430

22
620
75
7
1,400

1.2
4.5
20
13.7
30.7

CHEVIOT HILLS
EL SEGUNDO
HYPERION
INGLEWOOD

Current Max
%RE
%RE

Additional
Oil

Remaining
Oil in City

40

287

230

35
35
35
30
45

8
189
11
1
250

8
189
1
1
13
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LAS CIENEGAS

73.4

163

1

1

23.2

217

45
10.6

45

LOS ANGELES CITY

60

107

107

LOS ANGELES
DOWNTOWN
PLAYA DEL REY

15.8

48

33

35

1

1

63.5

250

25.6

30

11

POTRERO

15.2

367

4.1

35

113

10
11

ROSECRANS

87

475

18.3

35

79

24

SALT LAKE

54

439

12.3

60

209

209

SALT LAKE, South

11.5

28

41.1

45

1

1

SAN VICENTE

28.5

1,000

3

30

272

136

SAWTELLE

19.4

97

20

35

15

5

TORRANCE

232

1,000

23.2

40

227

23

2

570

<1%

30

170

170

VENICE BEACH

3.6

27

13.3

30

5

2

WILMINGTON

2,984

9,000

33.2

40

973

486

UNION STATION

4,246
16,905
5,930
1,628
Totals:
In Gaiter's report, the known oil is the sum of cumulative production and proved reserves. %RE
is the recovery efficiency. The potential recovery efficiency (Max %RE) is estimated from recovery
efficiencies modeled in engineering studies, achieved in similar reservoirs elsewhere, or indicated
by laboratory results reported in technical literature.

Section 4. Evaluation of Materials Used at Sites
A. LAFD CUPA Hazardous Materials/Waste Inventory Summary
In compliance with state guidelines, each governmental agency designated by the State of
California as a Certified Untied Program Agency (CUPA) is authorized to apply statewide
standards to each facility within its jurisdiction that treats on site or generates hazardous waste,
operates underground storage tanks, or stores hazardous materials.
Chemical Inventory: Title 42, Section 11022 of the United States Code and Chapter 6.95 of the
California Health and Safety code require the reporting of hazardous materials when used or
stored in certain quantities. These regulations require that businesses within LAFD's jurisdiction
complete and file a chemical inventory to disclose hazardous materials stored, used or handled
on site. This disclosure information assists emergency responders in planning for and handling
emergencies which involve hazardous materials. The program objective is to safeguard lives and
minimize property loss.
Business Emergency Plan (BEP): Chapter 6.95 of the California Health and Safety code also
requires that businesses which use, store or handle hazardous materials file an emergency plan
indicating their preparations for and actions in an emergency. The information is also shared with
emergency response personnel to mitigate a release and to minimize harm or damage to human
life, the environment, and property.
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Any business that handles a hazardous material and/or hazardous waste of quantities at any one
time during a year equal to, or greater than a total volume of 55 gallons, a total weight of 500
pounds, or 200 cubic feet of a compressed gas is a hazardous materials handler and must report
Owner/Operator, Business Activities, Inventory, Site Map, and Emergency Response and
Contingency Plan and Employee Training Plan information in the California Environmental
Reporting System (CERS).
CalEPA operates CERS with Participating Agencies (PA) like LAFD CUPA. All oil and gas drill sites
within the City are active facilities in CERS Hazardous Materials/Waste Inventory. Each year they
submit their Annual Hazardous Materials Business Plans (HMBP) to the CERS database which is
accessible by LAFD CUPA. The specific information, size, and quantities for each site is not
available to the public. However, below is a listing of some general names of types of hazardous
materials in the City's CERS HMBP inventory database from oil and gas drill sites:
• Acetylene
• Biocide
•
•

Bleach
Crude Oil

•
•
•

Crude Oil/Production Water

•
•

Scale Inhibitor
Iron Sulfide Dissolver

•

Emulsion Breaker

•
•

Gasoline
Oxygen

•
•

Propane
Nitrogen

•
•

Diesel
Sulfur

•
•

Motor Oil
Sodium Hypochlorite

•
•

Degreaser
Lubricating Oil

•
•

Deionized Water
Fire Foam

•
•

Hydraulic Oil
Degreaser-Cleaner

•
•

Engine Oil
Synthetic Based Lubricating Oil

Corrosion Inhibitor
Oxygen Scavenger
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The CERS database of materials were not evaluated for this report, nor used in our consultant's
assessments.
B. South Coast Air Quality Management District's Annual Emissions Reports

SCAQMD's Annual Emission Reporting (AER) program was developed to track emissions of air
contaminants from permitted facilities. Criteria and toxic emissions are collected annually. Toxic
air contaminants (TAC), according to the California Health and Safety Code is an air pollutant
which may cause or contribute to an increase in mortality or an increase in serious illness, or
which may pose a present or potential hazard to human health. Fees for emissions of air
contaminants are assessed based on the reported data. These fees help to cover the costs of
evaluating, planning, inspecting, and monitoring air quality efforts. Currently emissions are
estimated for the year rather than measured as they occur. The emission data from 2000-2001
to the present are available for public access. The TAC emissions are in alphabetical order and
the pollutant ID is the Chemical Abstract Service (CAS) number. Facilities are required to file an
annual emissions report, including oil and gas drill sites. Below is a summary of the AER reporting
standards:
•

Every facility that receives an Annual Emissions Reporting notification from SCAQMD,
regardless of the estimated annual emissions levels, even if no fees are due, to update
the facility's emissions records.

•

Every facility that has estimated annual emissions of four (4) or more tons of sulfur
oxides (SOx), volatile organic compounds (VOCs), nitrogen oxides (NOx), specific
organics (SPOG), particulate matter (PM), or emissions of 100 tons per year or more of
carbon monoxide (CO).

•

Every facility subject to the AB 2588 Program for reporting quadrennial updates to its
toxics emissions inventory (per Health and Safety Code Section 44344).

Furthermore, facilities are required to report their emissions (both criteria and toxics) for the
calendar year and pay their emission fees using the current fee rate specified in Tables III and IV
in SCAQMD Rule 301(e). Facilities have 75 days from the official due date (January 1st) to submit
both the emissions report and fee payment to avoid being subject to late filing surcharges.
The following eighteen (18) oil and gas drill sites in Los Angeles have emissions data that were
retrieved on 11-8-2018 and verified on 7-23-2019 (See Emission Reports in Appendix A2-34):
1)
2)
3)
4)
5)

Warren E & P Site
AllenCo
Jefferson Drill Site
Murphy Drill Site
Fourth Ave. Drill Site (Note: 4th Ave is no longer a drill site as of January 2019, but
operated prior to that date)
6) Harbor City/Joughin Drill Site
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7) Packard Drill Site
8) San Vicente Drill Site
9) West Pico Drill Site
10) Rancho Park Drill Site (Note: Same Facility ID as Hillcrest Country Club)
11) Broadway Drill Site
12) Mission Visco Drill Site (O'Melveny Park)
13) Paxon Drill Site (Abandoned)
14) Sawtelle Drill Site
15) Echo Park Drill Site
16) Filipino Town Drill Site (Note: Filipino town does not have a Facility ID and has not
submitted AER to SCAQMD.)
17) Harbor Gateway Drill Site #1
18) Harbor Gateway Drill Site #2
The AER is not available for 12 of the 18 drill sites (or two thirds) including: Warren E & P Site,
AllenCo, Murphy Drill Site, Fourth Ave. Drill Site, Packard Drill Site, San Vicente Drill Site, Rancho
Park Drill Site (Note: Same Facility ID as Hillcrest Country Club), Paxton Drill Site, Echo Park Drill
Site, Filipino Town Drill Site, Harbor Gateway Drill Site #1 and Harbor Gateway Drill Site #2. Partial
information is available for 2 of the 18 sites. Both the Broadway Drill Site and the Sawtelle Drill
Site are missing data from 2005- 2012, but have data for 2013-2018.
Of note is that while most emissions at drill sites have gone down, the emissions at the Sawtelle
Drill site recently increased in type and volume. In 2017, there were twenty-three (23) Toxic
Pollutants reported on with twelve (12) of those estimated at more than 0 pounds per year at
the site. In 2018, there were forty-six (46) Toxic Pollutants reported on with thirty-four (34) of
those estimated at more than 0 pounds per year. That is nearly a 3-fold increase in the number
of pollutants emitted over a one year time period. In some categories, the volume of emissions
has also increased dramatically, some as much as a ten-fold increase in a two-year time frame.
Table 8. Sawtelle Drill Site, Facility ID 174544, Annual Emission Reporting
Sawtelle Drill Site, Facility ID 174544, Annual Emission Reporting
Year

Toxic Pollutants
1,3-Butadiene
Ammonia
Formaldehyde

2017

2016
0.275 lbs/year

9.180 lbs/year

2018
19.065 lbs/year

0 lbs/year

231.757 lbs/year

496.84 lbs/year

81.349 lbs/year

326.329 lbs/year

620.422 lbs/year

These emissions are all estimated rather than measured. However, when the estimated
emissions vary so much, it underscores the need for real-time air monitoring at all drill sites to
better understand and characterize the timing, events and processes leading to emissions. The
SCAQMD emissions data is very challenging to interpret due to major data gaps, unclear timing
of emissions, and reported emissions are not based on actual measurements.
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South Coast Air Quality Management District Chemical Inventory Database

SCAQMD is the only regulatory agency in the US that requires mandatory disclosure of oil field
chemical use for well drilling, well completion and well rework activities. Under SCAQMD Rule
1148.2, operators and chemical suppliers are required to submit and make publicly available
chemical usage data related to routine oil and gas activities.
A study performed by Stringfellow, et al. using the SCAQMD dataset for the period June 4, 2013
to September 2, 2015 showed the potential hazards associated with chemicals used in routine
oil and gas development activities. Chemicals are used routinely in oil and gas development as
part of drilling and cementing of the well casing, repair of formation damage, wellbore clean
outs, scale and corrosion control, and for other production activities. Chemical additives are
also used in enhanced oil recovery (EOR) to change fluid properties of oil (e.g. viscosity) and to
otherwise increase production of oil within the formation. During well construction, hazardous
chemicals may be added to drilling fluids, drilling muds, and cements and are also used to
remove debris from wellbores prior to cementing of the annular space between the steel casing
and geological formations. Chemical additives, including strong acids, are used for well
completion and rework to facilitate hydrocarbon production.
In total, 548 chemical additives were used in the SCAQMD between June 2013 and September
2015, with 525 of these being used for routine oil and gas development activities. The most
frequently used chemicals include solvents (e.g. methanol), petroleum products (e.g. distillates),
and salts (e.g. sodium chloride) that are employed in formulating commercial blends of
production chemicals. Also on the list of frequently used chemicals are carboxylic acids (e.g. citric
acid and erythorbic acid) used for scale and iron control, biocides, and corrosion inhibitors. For
routine acidizing (e.g., acid cleaning for well-maintenance), hydrochloric acid (HCl) and
hydrofluoric acid (HF) were used extensively and in large quantities (mean masses of 1,791 and
161 kg per event, respectively). Other additives used in the highest masses include minerals and
other chemicals used for gravel packing (e.g. silica), cementing of well casings (e.g. Portland
cement and additives), and sealing wells (e.g. bentonite). The tables in Appendix 6 (A6-1 and A62) list the chemicals used in the oil and gas wells routine activities.
C. Chemical Inventory Assessment by Physicians, Scientists and Engineers for Healthy Energy

Physicians, Scientists and Engineers for Healthy Energy (PSE) is a multidisciplinary, non-profit
research institute that studies the way energy production and use impact public health and the
environment. PSE was retained by the Office of Petroleum and Natural Gas Administration and
Safety on behalf of the City of Los Angeles to conduct an assessment of chemical use in upstream
oil and gas development in the Los Angeles Basin and the City of Los Angeles in particular.
SCAQMD manages air quality for Los Angeles and Orange Counties, and parts of Riverside and
San Bernardino Counties. The SCAQMD requires oil and gas operators within its jurisdiction to
disclose chemicals used during multiple types of oil and gas development events in their wells. In
this study, PSE analyzed the chemical and event dataset maintained by the SCAQMD with respect
to inhalation hazards. Event data was analyzed spatially and temporally. Individual chemicals
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were identified, characterized using public databases, and assessed for potential inhalation
hazards.

Human health and oil and gas development: An assessment of chemical usage in oil and gas
activities in the Los Angeles Basin and the City of Los Angeles (The Full Chemical Assessment
Report is Appendix A4-2 and A4-3)
The assessment found a total 1,688 events were reported in the SCAQMD dataset from June
2013 to August 2018. Events include well drilling, well completion, or rework of an onshore oil
or gas well. A brief description of these terms as defined by SCAQMD are provided below
(SCAQMD, 2015).
•

Well drilling: digging or boring into the earth to develop, extract, or produce oil or gas.
Does not include remediation or clean-up efforts.

•

Well completion: production, stimulation, or treatment activities, which establish flow
paths for hydrocarbons between the reservoir and the surface, in order to prepare a
well for production

•

Rework: any operation involving deepening, re-drilling, stimulation, or treatment
activity of an existing well.

Well completion and rework events can be further categorized according to activity type
including: acidizing, maintenance acidizing, acid fracturing, matrix acidizing, gravel packing, and
hydraulic fracturing. A brief description of these activities are provided below (CCST et al.,
2015b; SCAQMD, 2015):
•

Acidizing: use of acid to clean out scale, damage, or other debris in the
wellbore/formation, or to react with the soluble substances in the formation, thereby
enhancing permeability and well production.

•

Matrix acidizing: use of low-pressure acid injection into a formation to dissolve solids
and sediments, thereby enhancing permeability and well production.

•

Maintenance acidizing: use of acid to clean out scale, damage, or other debris in the
wellbore or reservoir formation.•

•

Acid fracturing: stimulating a formation by pressurized injection of acidic fluid to
fracture the formation and etch walls of fractures, thereby enhancing permeability and
well production.
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•

Gravel packing: use of water and additives to place sand and gravel near the wellbore to
limit entry of formation sand and particles into the wellbore.

•

Hydraulic fracturing: stimulating a formation by pressurized injection of hydraulic
fracturing fluid (typically carrier fluid, chemical additives, and proppant) to fracture the
formation, thereby enhancing permeability and well production.
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Figure 5. Events reported in the SCAQMD database from 2013 to 2018. Events within a 100meter range of each other were combined and assigned weighted symbols.
Events were mapped using latitude and longitude (Figure 5). 131 events occurred within the
boundaries of the City of Los Angeles and 1,437 events occurred in the rest of Los Angeles
County (not counting the City). The majority of all events reported occurred in Long Beach,
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which borders the City. 120 events took place in Orange County, with the majority occurring
near Huntington Beach.
Operators are required to notify SCAQMD if an event occurs within 1,500 feet of a sensitive
receptor such as a residence, school, hospital, or other health care facility (SCAQMD, 2015). A
total of 597 (35%) events in the SCAQMD were located near sensitive receptors, of which 368
were within 600 feet of the receptor. 106 of 131 (81%) events in the City were located near a
sensitive receptor. 81 of the 131 events were within 600 feet of the receptor.
A temporal analysis of the SCAQMD dataset reveals that the majority (71.5%) of reported events
took place from 2013-2015, with a sharp drop-off after 2014. This trend is consistent with
statewide trends in well drilling and completion operations reported by DOGGR for the entirety
of California from 2013-2017 and with the overall decrease in state oil and gas production from
the same period. An investigation into underreporting on part of SCAQMD would involve a
detailed comparison of submissions to both CA DOGGR and SCAQMD and is beyond the scope of
this report.
Potential Chemicals of Concern

Potential chemicals of concern were identified using the Estimated Hazard Metric (EHM) and
various screening lists. In this study, the major criterion for being considered a chemical of
concern is being ranked in the top 10 for acute or chronic inhalation EHM, being a known toxic
air contaminant, or being a known carcinogen.
Additional information concerning volatility and biodegradability is provided to assist with
evaluating risk. As discussed previously, readily biodegradable chemicals are expected to rapidly
degrade when released in the environment, reducing the risk of human exposure. Volatile
chemicals, as determined by vapor pressure or boiling point, are expected to readily evaporate
(or sublimate) and have a higher risk of inhalation exposure. The definition of a volatile chemical
varies between regulatory and governmental agencies (Brandt et al., 2015). The U.S. EPA defines
volatile organic compounds (VOCs) as organic chemicals that have vapor pressure greater than 1
Torr (~1mm Hg) at 25°C and 760 mm Hg (U.S. EPA, 1999). The European Union defines VOCs as
having a boiling point of less than or equal to 250°C under standard atmospheric conditions
(European Union, 2004). Chemicals that met either one of these requirements were classified as
volatile.
Fifty-six (56) potential chemicals of concern are listed in the report, of which thirty-six (36) were
used in events in the City of Los Angeles. Chemicals that are identified as hazardous air pollutants,
carcinogens, and volatile compounds are of high concern, with those meeting several of these
requirements being of the highest concern. However, many chemicals that meet these standards
are also readily biodegradable and as a result have a reduced risk of human exposure. Only four
(4) chemicals were classified as not readily biodegradable and one (1) chemical had inadequate
biodegradability data; the remaining fifty-one (51) chemicals are considered biodegradable or
inorganic.
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As previously mentioned, inorganic minerals and oxides used extensively in well drilling and
gravel packing are of particular concern due to their high median mass usage and frequency of
use. The mixing, handling, and use of these chemicals can release respirable particulates that (in
the case of silica compounds) are known to cause cancer.
Based on available data concerning inhalation toxicity, occupational exposure limits, air pollutant
screening lists, and volatility, a total of 72 chemicals used in the City of LA were identified as
having the potential for travel by air and subsequent inhalation exposure (Table 9 Below).
Chemicals that were considered volatile according to U.S. EPA or EU standards, that were on any
air pollution screening lists, or that had any available inhalation toxicity data (acute, chronic, sub
chronic, occupational, etc.) were included in Table 10. This is a conservative estimate due to data
gaps regarding chemical volatility and the particle sizes of chemicals used. It is important to note
that depending on operational and atmospheric conditions (e.g. well blow-out, high wind speeds,
height of release, particle size, etc), almost any chemical has the potential to travel by air and
present an inhalation exposure risk.
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53
13

7429-90-5
1344-28-1
7783-20-2
7727-43-7
1305-78-8
14464-46-1
14808-60-7
15468-32-3
98-82-8
64-17-5
100-41-4
107-21-1
50-00-0

Aluminum
Aluminum oxide
Ammonium sulfate
Barite
Calcium oxide
Crystalline silica (cristobalite)
Crystalline silica (quartz)
Crystalline silica (tridymite)

Cumene

Ethanol

Ethylbenzene

Ethylene glycol

Formaldehyde

8

28

30

10
3
14
1
27

14

111-76-2

2-Butoxyethanol

20

69

30
18

29

72

43

107-98-2

1 -Methoxy-2-propanol

41

36

95-63-6

CASRN
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1,2,4-Trimethylbenzene

Chemical Name

Acute
Inhalation
EHM
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X

X

X

X

X

X2

X

X

X

X
X
X

X

X

X

X

X

X

X1
X1
X1
X1

X

X1

Volatile
Compound
X
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Probable
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X1

Known
Air
Pollutant
Readily
biodegradable
Readily
biodegradable
Readily
Biodegradable
Inorganic
Inorganic
Inorganic
Inorganic
Inorganic
Inorganic
Inorganic
Inorganic
Readily
Biodegradable
Readily
Biodegradable
Readily
Biodegradable
Readily
Biodegradable
Readily
biodegradable

Biodegradability

X

X

X

X

X

X
X
X
X
X
X
X
X

X

X

X

Used
in City
of LA

contains the top 10 for Acute and Chronic EHM rankings, along with most air pollutants and carcinogens within the entire
SCAQMD dataset. Listed in alphabetical order starting with chemicals used in the City of Los Angeles.

Table 9. Potential chemicals of concern based on EHM and available air pollutant and carcinogenicity data. This list currently

X
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9
49
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1317-65-3
67-56-1
12001-26-2
91-20-3
139-13-9
7631-86-9
13397-24-5
7664-38-2
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7447-40-7
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Limestone

Methanol
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Naphthalene

Nitrilotriacetic acid

Non-crystalline silica (impurity)
Phosphogypsum
Phosphoric acid

Portland cement
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38640-62-9
108-93-0
111-42-2

Bis(isopropyl)naphthalene

Cyclohexanol

Diethanolamine

40
33

75-21-8
12002-43-6
554-13-2
10377-60-3

Gilsonite
Lithium carbonate
Magnesium nitrate

493

Ethylene oxide

28757-00-8

112-34-5

71-43-2

Benzene

Diethylene glycol mono-n-butyl
ether
Diisopropylnaphthalenesulfonic
acid

X

79-06-1

Acrylamide

35
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X
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Acetophenone
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X

111-46-6
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X
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X
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X

X
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Air
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X
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X
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3. Acute inhalation EHM calculated using “floor level” toxicity estimate
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Table 10. Chemicals used in the City of LA identified as having the potential for travel by
______________________ air . and subsequent jnhalation exposure.
Chemical Name
CASRN
Chemical Name

CASRN

1,2,3-Trimethylbenzene
1,2,4-Trimethylbenzene

526-73-8
95-63-6

Hydrochloric acid
Hydrofluoric acid

7647-01-0
7664-39-3

1,3,5-Trimethylbenzene

108-67-8

Hydrotreated Light Petroleum Distillate

64742-47-8

1 -Methoxy-2-propanol
2-Butoxyethanol
2-Ethylhexan-1 -ol
Acetic acid
Acetone
Alkenes, C>10 aAluminum
Aluminum oxide
Ammonium chloride
Ammonium sulfate
Barium sulfate
Calcium oxide
Calcium sulfate
Carbon
Cellulose, microcrystalline
Citrus terpenes
Crystalline silica (cristobalite)

107-98-2
111-76-2
104-76-7
64-19-7
67-64-1
64743-02-8
7429-90-5
1344-28-1
12125-02-9
7783-20-2
7727-43-7
1305-78-8
7778-18-9
7440-44-0
9004-34-6
94266-47-4
14464-46-1

1309-37-1
67-63-0
119-65-3
9043-30-5
1317-65-3
138-86-3
1309-48-4
67-56-1
12001-26-2
91-20-3
139-13-9
7631-86-9
556-67-2
68647-72-3
13397-24-5
7664-38-2
8002-09-3

Crystalline silica (quartz)

14808-60-7

Crystalline silica (tridymite)
Cumene
Cyclohexasiloxane, 2,2,4,4,6,6,8,8,10,10,
12,12-dodecamethylCyclopentasiloxane, 2,2,4,4,6,6,8,8,10,10decamethylDimethyl siloxanes and silicones
Ethanol
Ethyl octynol
Ethylbenzene
Ethylene glycol
Formaldehyde
Formic acid
Glutaraldehyde
Glycolic acid
Glyoxal
Heavy aromatic naphtha

15468-32-3
98-82-8

Iron oxide
Isopropanol
Isoquinoline
Isotridecanol, ethoxylated
Limestone
Limonene
Magnesium oxide
Methanol
Mica
Naphthalene
Nitrilotriacetic acid
Non-crystalline silica (impurity)
Octamethylcyclotetrasiloxane
Orange terpenes
Phosphogypsum
Phosphoric acid
Pine oil
Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)w-hydroxyPortland cement
Potassium chloride

540-97-6

Potassium hydroxide

1310-58-3

541-02-6

Propargyl alcohol

107-19-7

63148-62-9
64-17-5
5877-42-9
100-41-4
107-21-1
50-00-0
64-18-6
111-30-8
79-14-1
107-22-2
64742-94-5

Propylene glycol
Quinaldine
Quinoline
Sodium carboxymethylcellulose
Sodium chloride
Sodium hydroxide
Sodium sulfate
Solvent naphtha, petroleum, light arom.
Sulfuric acid
Toluene
Xylenes

57-55-6
91-63-4
91-22-5
9004-32-4
7647-14-5
1310-73-2
7757-82-6
64742-95-6
7664-93-9
108-88-3
1330-20-7

9016-45-9
65997-15-1
7447-40-7

Table 9. Potential chemicals of concern based on EHM and available air pollutant and

carcinogenicity data. This list currently contains the top ten (10) for Acute and Chronic EHM
rankings, along with most air pollutants and carcinogens within the entire SCAQMD dataset.
Listed in alphabetical order starting with chemicals used in the City (Appendix A6-3).
Table 10. Chemicals used in the City identified as having the potential for travel by air and

subsequent inhalation exposure (Appendix A6-4).
PSE's analysis of chemical use in upstream oil and gas operations in the City and the SCAQMD
more generally, resulted in six (6) findings, conclusions and research and policy
recommendations (FCR):
FCR 1: Chemicals of concern are used in upstream oil and gas operations in the City of Los
Angeles and in the SCAQMD more generally.
Findings: The identity of three hundred twenty-four (324) chemicals used in the SCAQMD were

verified, of which one hundred forty (140) were used in events taking place in the City of Los
Angeles. Biodegradability data was generally more available with seventy-four percent (74%) of
relevant chemicals being classified according to the United Nations Organization for Economic
Cooperation and Development (OECD) biodegradability standards. Forty (40) chemicals were
identified on air pollution screening lists and twenty-three (23) chemicals were identified as
known or possible carcinogens. When screened against lists of biodegradability, air pollutants,
and carcinogenic screening lists, a total of fifty-six (56) chemicals of concern were identified as
used in the SCAQMD, of which thirty-six (36) were used in the City of Los Angeles.
Conclusion: Chemicals of concern pose a risk to nearby residents if environmental and exposure

pathways are present (e.g. inhalation). Although some chemicals are clearly of greater concern
than others (e.g. highly toxic chemicals used in large quantities that are also air pollutants),
chemicals of concern are not explicitly ranked. Additional information regarding environmental
profiles, acute and chronic toxicity is needed before a more thorough assessment of risk can be
completed. There are no regulations in place to limit the use of chemicals of concern in upstream
oil and gas development operations.
Recommendation: Given the findings of toxicological hazard, engineering controls, increased

environmental monitoring, and increased minimum surface setbacks between these operations
and sensitive receptors should be considered. Furthermore, agencies with jurisdiction may
consider the implementation of green chemistry principles to all oil and gas operations to limit
risk by reducing the use of hazardous and poorly understood chemicals and replacing hazardous
chemicals with less hazardous chemicals.
FCR 2: Events taking place outside the City of Los Angeles may still negatively impact
residents within the city.
Finding: A total of one thousand six hundred eighty-eight (1,688) oil and gas events were

reported from the period of 2013-2018, with one hundred thirty-one (131) events occurring
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within the City. Although the majority of oil and gas events reported in the SCAQMD took place
outside of the City, specifically in the City of Long Beach, they are located relatively close to City
boundaries, and there is nothing to prevent more events from occurring within the City.
Chemicals used in oil and gas events within the City did not significantly differ from chemicals
used outside of the City in terms of type, frequency of use, and median masses used.
Conclusion: The close proximity of oil and gas events occurring outside the City to communities

that lie within the City suggest that negative impacts associated with emissions of toxic air
containments (TACs) and other chemicals from events (particularly in Inglewood and Long Beach)
could be transported via air pathways into the City. Furthermore, our analysis of chemical usage
across oil fields, event types, and City boundaries revealed significant overlap in chemicals used,
regardless of location or oil field, suggesting potential air pollution and inhalation hazards from
events outside the City would be similar to those within the City.
Recommendation: Agencies with jurisdiction should consider implementing a uniform and

effective plan to reduce exposure to potential inhalation hazards associated with chemical use in
oil and gas operations. Operations outside the City should be monitored and subjected to the
same regulations as those within the City to prevent negative impacts from airborne hazards
migrating across City or jurisdictional boundaries.
FCR 3: Major data gaps regarding chemical identities, properties, and data reliability need to
be addressed before a full chemical risk assessment can be completed.
Finding: Major data gaps exist regarding the

identities of chemicals and associated
environmental and toxicological profiles. A total of 327 chemicals reported in the SCAQMD
dataset could not be definitively identified by Chemical Abstracts Service Registry Numbers
(CASRN) and were labeled trade secret chemicals. Seventy-nine percent (79%) and seventy-seven
percent (77%) of chemicals identified by CASRN did not have available acute inhalation toxicity
data or chronic inhalation toxicity data, respectively. Furthermore, chemical information that is
submitted by operators includes errors, such as incorrect CASRNs, obvious misspellings, and
inconsistent data entries. The SCAQMD dataset is maintained as separate event and chemical
reporting datasets, which themselves are further divided into the periods before and after
September 4, 2015.
Conclusions: The lack of strict quality control over operator submitted data and the disjointed

nature of the SCAQMD dataset hinders analysis of the dataset. Furthermore, major data gaps
regarding chemical identities, physical and chemical properties, toxicity, and environmental fate
and transport prevent further characterization of chemical hazards and risk. Assessing chemicals
for toxicity, biodegradability, and hazard is a vital first step; however, more data is needed before
a risk analysis can be completed.
Recommendations: SCAQMD should verify and validate all submitted chemical and mass usage

information. Mass, density, concentration, and volume data should be required for all chemical
disclosures, including trade secret chemicals, to ensure mass usage data is adequate and
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verifiable. Data reported to SCAQMD should be compared to and verified against other datasets,
including those which are only reported to regulators and not publicly available. SCAQMD should
maintain their data as one integrated dataset that combines both event and chemical reporting
data from all time periods. SCAQMD should adopt approaches to chemical use reporting similar
to Senate Bill 4 but also require operators to disclose all trade secret chemicals for all events
associated with oil and gas operations in general and not only for hydraulic fracturing and well
stimulation. SCAQMD should continue to work with chemical suppliers to come up with solutions
to protecting trade secrets while at the same time encouraging disclosure, such as is exercised
under Assembly Bill 1328. Comprehensive environmental and toxicological profiles should be
developed for all oil and gas chemicals that are missing key data such as chronic and acute toxicity
and biodegradability and ideally agencies with jurisdiction could consider phasing out the use of
chemicals for which toxicological and environmental profiles have not been developed.
FCR 4: Setback distances and other controls may reduce health impacts of events taking place
near sensitive receptors.
Finding: Of the one thousand six hundred eighty-eight (1,688) events where chemical use was

reported in the SCAQMD, five hundred ninety-seven (597) events (106 in the City) were located
within 1,500 feet of sensitive receptors such as residences, preschools, K-12 schools, hospitals,
and other health care facilities. Of all one hundred thirty-one (131) events reported In the City,
eighty-one (81) events (62%) were within 600 feet of the sensitive receptor.
Conclusion: These events have the potential to negatively impact surrounding populations and

should be prioritized for engineering controls and monitoring. The City currently only has a two
hundred (200) foot setback requirement for upstream oil and gas development operations
which has multiple conditions which can circumnavigate this requirement.
Recommendation: Agencies with jurisdiction should consider the implementation of a larger

minimum surface setback between oil and gas development and sensitive receptors to reduce
the risk of exposure to chemicals of concern. A minimum surface setback distance should also be
accompanied by increased emission control and environmental monitoring appropriate to
reported chemical use should be implemented, in particular at locations in close proximity to
sensitive receptors.
FCR 5: SCAQMD reporting follows the overall statewide trend of declining well drilling and
completion.
Finding: The number of events reported by the SCAQMD has significantly decreased since 2014.

This trend is consistent with statewide oil and gas production and with the number of wells drilled
and completed statewide over the same period.
Conclusion: Overall, California has seen a steady decline in oil and gas production since the mid

1980's. It has been suggested anecdotally that SCAQMD Rule 1148.2 under-reports oil and gas
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events in its jurisdiction; however, this cannot be determined without a thorough comparison of
SCAQMD event submissions and DOGGR records.
Recommendation: A detailed comparison of SCAQMD and DOGGR records is suggested to

determine if oil and gas events are accurately reported in the 1148.2 database.
FCR 6: The majority of events reported by SCAQMD are conventional oil and gas operations
and data suggests this trend will continue.
Finding: Maintenance acidizing, gravel packing, and well drilling account for approximately 83%

of reported events that involve the use of chemicals in the SCAQMD. In contrast, well stimulation
activities such as hydraulic fracturing, matrix acidizing, and acid fracturing play a minimal role in
oil and gas development, accounting for approximately 1% of all events. The distribution of
events by activity type has remained relatively consistent throughout the study period.
Conclusion: Despite the decrease in reported events since 2014, the distribution of events by

activity type remained relatively consistent, suggesting that maintenance acidizing, gravel
packing and well drilling will continue to be the dominant oil and gas activities in the SCAQMD
and the City. An examination of the underlying petroleum geology of the Los Angeles Basin
revealed the similarity between the oil producing reservoirs in the region. If new oil fields are
developed in the basin, development practices are not expected to significantly differ from past
development.
Recommendation: Future studies should focus on chemical hazards in routine and conventional
oil and gas operations in the SCAQMD. Full disclosure of chemical identities in a manner similar
to Senate Bill 4 is required for a more thorough understanding of chemical use in oil and gas
operations in the City and the Los Angeles Basin.

Section 5. Los Angeles County Public Health Department Report
A. Report Summary

In February 2018, The Los Angeles County Department of Public Health (DPH) released a report
titled, "Public Health and Safety Risks of Oil and Gas Facilities in Los Angeles County" (See
Appendix A2-1). It evaluated the potential risks associated with living in close proximity to oil and
gas facilities. It was intended to provide local policy-makers with an overview of relevant public
health research and investigations. The DPH report noted that there are approximately 3,500
active oil wells in the county with approximately 880 of these wells operating in the City. A
number of these oil facilities are within 100 to 300 feet of residential properties. It concludes
with an overview of measures to reduce potential health impacts.
DPH synthesized information from multiple lines of evidence, including a review of
epidemiological literature, environmental and health impact assessments, neighborhood health
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investigations, and consultations with various jurisdictions regarding oil and gas ordinances. The
scope of each is described in the following sections.
B. Epidemiological Literature Review

The review of the scientific literature synthesizes information from epidemiological studies and
other published reviews on the potential health impacts associated with living near oil and gas
activities. These peer-reviewed studies examine a variety of short-term and long-term health
indicators such as birth outcomes; cancer; and respiratory neurological, gastrointestinal,
dermatological, and psychological effects. While epidemiological studies have found limited
associations between adverse health effects and living near oil and gas operations, high-quality
exposure data measured over long periods of time is lacking. Therefore, the epidemiological
studies are not able to conclude whether or not living near oil and gas activities is associated with
long-term health impacts.
C. Environmental and Health Impact Assessments

These impact assessments help to fill data gaps in the literature by predicting potential health
and safety impacts from air emissions, odors, noise, vibration, and other environmental hazards
associated with oil and gas development projects. However, it should be noted that conventional
risk assessment tools can be limited in their ability to anticipate certain risks given the complexity
of health and quality-of-life consequences and the need for more robust, local-level monitoring
data. The mitigation measures proposed for specific projects can be used to inform policies and
plans involving oil and gas activities and operations that do not require such assessments to avoid
or minimize potential adverse impacts.
D. Neighborhood Health Investigations

When DPH is notified of environmental or operational conditions at industrial facilities that may
pose a threat to public health, DPH conducts a neighborhood health investigation and
recommends action to protect and preserve public health. In response to community health
complaints, DPH conducted two neighborhood health investigations of oil and gas facilities
located in densely populated communities (Firmin Street and AllenCo Drill Site). In both
investigations, DPH responded to resident health complaints of headaches, nausea, vomiting,
respiratory irritation, and eye, nose and throat irritation. Such impacts often warrant immediate
action to protect health. These two neighborhood health investigations revealed insufficient
regulatory oversight and inadequate mitigation measures to reduce exposures and associated
impacts in the adjoining community.
E. Consultations with Other Jurisdictions

To understand oil and gas ordinances adopted by other jurisdictions, DPH conducted one-on-one
interviews with 10 jurisdictions throughout the nation and convened one joint meeting. These
jurisdictions have established requirements, such as setback distances and/or mitigation
measures, to limit adverse health and safety impacts of oil and gas production.
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F. LADPH Recommendations

DPH determined that there is sufficient evidence to provide the following guidance and
recommendations for oil and gas facilities in order to protect health:
1. Expand Setback Beyond 300 Foot Distance:
Los Angeles County and local jurisdictions within the County should expand the minimum
setback distance beyond 300 feet, as currently specified in their local zoning codes, and
apply these requirements to both the citing of new wells and to the development of
sensitive land uses near existing operations. It is important to note that a setback distance
is not an absolute measure of health protection and additional mitigation measures must
also be considered. For existing oil and gas operations, a site-specific assessment at each
facility throughout the County is necessary to identify current distances to sensitive land
uses and other site characteristics that can be used to inform whether further mitigation
measures are warranted to reduce potential public health and safety risks.
2. Add continuous air monitoring systems around oil and gas operations:
In coordination with CARB and SCAQMD, Los Angeles County should require the operators
of facilities within urban areas of the County to implement continuous air monitoring
systems around oil and gas operations to:
•
•
•
•

Measure air pollutants released by oil and gas operations;
Ensure oil and gas sites comply with environmental regulations;
Evaluate the impact of releases from oil and gas sites on surrounding
neighborhoods; and
Monitor setbacks for these sites regularly, based on air monitoring and emerging
science, and revise setback distances and/or other mitigation requirements when
necessary to protect public health.

It should be noted that SCAQMD has imposed some requirements related to public
notification and monitoring, but only after concerns are identified at a particular oil and
gas operation, such as odor complaints. Current monitoring and enforcement activities
can be sporadic, and it is difficult to understand long-term exposure risks for people living
near oil and gas operations in the absence of continuous monitoring. To better
characterize air quality in communities near oil and gas operations, SCAQMD completed
a fence-line monitoring study and CARB launched the Study of Neighborhood Air near
Petroleum Sources (SNAPS); results from these efforts should be used to inform air
monitoring policies.
3. Preventative Testing and Monitoring:
A variety of state and federal regulations require routine inspections, maintenance,
testing, and leak detection systems for oil and gas facilities; however, local oversight of
these regulations is limited. Optimal local oversight would enhance monitoring for public
health and safety risks associated with aging infrastructure, and should include a local
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auditing and certification process, streamlined coordination, and data sharing among
agencies. A local auditing program would confirm that operators are complying with
federal, state and local regulations.
4. Comprehensive Community Safety Plan:
Operators should prepare and make available to the public a comprehensive Community
Safety Plan, in coordination with City and County departments, including Fire, Building
and Safety, and law enforcement. The plans for each site should include information on
hazardous chemicals stored onsite; air emission monitoring efforts; and health-based
exposure thresholds to identify the need for additional mitigation. For operations to plug
wells permanently or to perform well maintenance, the responsible party should also
prepare and implement a Community Safety Plan. The Community Safety Plan should
facilitate communication and input from local stakeholders, and be submitted to Los
Angeles County Department of Public Health for review and approval. The Plan should
include protocols and procedures for immediate notification to the County Health Officer
in the event of odor or health complaints.
5. Updated Emergency Preparedness Plans:
Operators should maintain enhanced Emergency Preparedness Plans that account for
proximity to sensitive land use. These plans must include communication procedures to
immediately notify local government agencies of any emergencies, such as spills or other
releases.
The Los Angeles County Department of Public Health report further requests collaboration with
County partners, local and state enforcement agencies, and interested stakeholders to enact
these recommendations. The County's report also recommends site-specific health assessments
at existing oil and gas operations located near sensitive land uses to determine the appropriate
mitigation measures citywide.
The County generated the following table (Table 11) to summarize information compiled from
various scientific publications focused on health and safety targets, remaining hazards and where
additional measures could be beneficial:
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Table 11. Review of Key Public Health and Safety Hazards and Setback Distance Guidance.

Setback
Distance

Air Quality

Noise

Odors

Fires,
Explosions,
and Other
Emergencies

Some health and safety impacts may still be
unavoidable regardless of additional mitigation.

300 feet

Additional mitigation and assessment would
likely be needed to avoid most impacts. Odors
may be unavoidable, regardless of mitigation. Air
monitoring is advised.

600 feet

1,000 feet

1,500 feet

Additional Mitigation and Assessment Notes

Additional mitigation and assessment may be
needed to avoid noise impacts during certain
operations, e.g, well advancement. Odors may be
unavoidable in loss of containment events,
regardless of additional mitigation.

s

✓

v'

✓

Additional mitigation not likely to be needed.
Some uncertainty remains due to gaps in long
term health and exposure data.

*"Check" symbols represents the distance at which the impacts are likely mitigated only by a
setback distance.

The County noted that epidemiological studies are observational, and by themselves cannot
determine causal relationships between exposures from oil and gas production and specific
health effects; however, they provide useful information to guide future research. Studies with
well-designed exposure monitoring and measurements are needed to elucidate the actual health
implications for populations near oil and gas sites. Meanwhile, acute adverse health effects have
been well documented in emergency response and disaster events involving oil and gas
operations such as oil spills. The literature to date provides limited evidence to link adverse
health effects to living near oil and gas operations; however, quality exposure data that measures
people's exposure over long periods of time is missing. Findings from existing epidemiological
studies were not able to conclude whether or not living near oil and gas activities is associated
with long-term health effects, but rather highlight the need for further research. Given the
limitations of epidemiological studies, the County recommended comprehensive exposure
monitoring of oil and gas activities and precautionary measures that are appropriate to minimize
exposures to substances that may adversely affect health.

Section 6. Health and Environmental Impacts
A. Toxic Air Emissions

SCAQMD is the agency responsible for developing and enforcing emission control rules and
regulations in the South Coast Air Basin and portions of the Salton Sea Air Basin and Mojave
Desert Air Basin.
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The federal Clean Air Act (CAA) specifies attainment requirements for national ambient air quality
standards (NAAQS) and identifies two types. Primary standards provide public health protection,
including protecting the health of "sensitive" populations such as asthmatics, children, and the
elderly. Secondary standards provide public welfare protection, including protection against
decreased visibility and damage to animals, crops, vegetation, and buildings. The EPA has set
NAAQS for six (6) principal pollutants, which are called "criteria" air pollutants: Carbon Monoxide
(CO), Lead (Pb), Sulfur Dioxide (SO2), Nitrogen Dioxide (NO2), Ozone (O3), particulate matter with
an aerodynamic diameter of less than 10 microns (PM10) and particulate matter with an
aerodynamic diameter less than 2.5 microns (PM2.5).
In addition, the California Clean Air Act (CCAA), requires the SCAQMD to achieve and maintain
state ambient air quality standards for O3, CO, SO2, and NO2 by the earliest practicable date. The
SCAQMD must adopt rules and regulations that work to achieve air quality standards and
healthful air, reduce criteria air pollutants, greenhouse gases, and toxic air contaminants (TACs).
A TAC, according to section 39655 of the California Health and Safety Code, is "an air pollutant
which may cause or contribute to an increase in mortality or an increase in serious illness, or
which may pose a present or potential hazard to human health." In addition, substances which
have been listed as federal hazardous air pollutants (HAPs) pursuant to section 7412 of Title 42
of the United States Code are TACs under the state's air toxics program pursuant to section 39657
(b) of the California Health and Safety Code. The Air Resources Board formally made this
identification on April 8, 1993 (Title 17, California Code of Regulations, section 93001).
(https://oehha.ca.gov/air/toxic-air-contaminants)
OEHHA List of Toxic Air Contaminants:
Acetaldehyde
Asbestos
Benzene
Benzo[a]pyrene
1,3-Butadiene
Cadmium
Carbon Tetrachloride
Chlorinated Dioxins
Chloroform
Diesel Exhaust
Ethylene Dibromide
Ethylene Dichloride
Ethylene Oxide
Formaldehyde
Hexavalent Chromium
Inorganic Arsenic
Inorganic Lead
Methylene Chloride
Methyl Tertiary Butyl Ether
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•
•
•
•
•

Naphthalene
Nickel
Perchloroethylene
Trichloroethylene
Vinyl Chloride

Source: https://oehha.ca.gov/air/general-info/toxic-air-contaminant-list-staff-reportsexecutivesummaries (As of July 17, 2008)
CARB Toxic Air Contaminant Identification List:
Acetaldehyde
Asbestos [asbestiform varieties of serpentine (chrysotile), riebeckite (crocidolite),
cummingtonite-grunerite (amosite), tremolite, actinolite, and anthophyllite]
Benzene (C6H6)
Benzo[a]pyrene
Dibenzo-p-dioxins and Dibenzofurans chlorinated in the 2,3,7 and 8 positions and
containing 4,5,6 or 7 chlorine atoms
1,3-Butadiene (C4H6)
Cadmium (metallic cadmium and cadmium compounds)
Carbon Tetrachloride (CCl4; tetrachloromethane)
Chloroform (CHCl3)
Diesel Exhaust /Particulate Emissions from Diesel-Fueled Engines
Ethylene Dibromide (BrCH2CH2Br; 1,2-dibromoethane)
Ethylene Dichloride (ClCH2CH2Cl; 1,2-dichloroethane)
Ethylene Oxide (1,2-epoxyethane)
Formaldehyde (HCHO)
Hexavalent chromium (Cr (VI))
Inorganic Arsenic
Inorganic Lead
Methylene Chloride (CH2Cl2; Dichloromethane)
Methyl Tertiary Butyl Ether
Naphthalene
Nickel (metallic nickel and inorganic nickel compounds)
Perchloroethylene (C2Cl4; Tetrachloroethylene)
Trichloroethylene (CCl2CHCl; Trichloroethene)
Vinyl chloride (C2H3Cl; Chloroethylene)
Environmental Tobacco Smoke
Source: https://www.arb.ca.gov/toxics/id/taclist.htm (As of July 18, 2011)
In addition, criteria and toxic emissions are collected annually through SCAQMD's Annual
Emission Reporting Program (AER). Additionally, SCAQMD Rule 1148.2 is a chemical data
source designed to collect information from oil and gas field production facilities to better
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quantify potential air emissions from well development activities including drilling, well
completion, and well reworks.
B. Fluxsense Report Summary

SCAQMD sponsored several measurement projects to study VOC, NO2 and SO2 emissions in 2015
using optical remote sensing methods. The Fluxsense Report included experimental studies of
emissions from refineries, oil depots, treatment facilities, oil & gas wells, gas stations, fuel islands,
barges and shipping. In addition, a technology demonstration and validation study was
conducted to assess the uncertainties of different optical techniques using side-by-side
measurements of real sources and controlled source gas releases. From September to November
of 2015, the SCAQMD used Solar Occultation Flux and other Optical Remote Sensing Methods to
measure VOC emissions from a variety of stationary sources in the South Coast Air Basin (See
Appendix A2-25).
Emission fluxes of alkanes were measured by mobile optical Solar Occultation Flux (SOF)
measurements. Emission fluxes of NO2 and SO2 were measured using zenith-looking a
Differential Optical Absorption Spectrometer (DOAS). The remote sensing techniques were
complemented by mobile extractive optical methods, i.e. MeFTIR (Mobile extractive Fourier
Transformed Infrared spectrometer) and MWDOAS (Mobile White cell DOAS) to map ground
concentrations of alkanes, methane and aromatic VOCs and to calculate inferred fluxes of
methane and the chemicals benzene, toluene, ethylbenzene and xylene (BTEX) when combined
with measured SOF fluxes. A wind-profiling Light Detection and Ranging (LIDAR) instrument
supplied by SCAQMD allowed for the continuous measurements of vertical wind profiles. Wind
data was also obtained from a mobile 10 m wind mast and from local meteorological stations.
Measurements were conducted on land from the FluxSense mobile laboratory.
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Figure 6. Relative contribution to total alkane emissions from the various source categories
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investigated in Projects 1 and 2. Emission rates for each category were calculated by multiplying
the average measured emission per unit by the estimated number of total units. Total alkane
emissions are approximately 12,000 kg/h from all included sources.
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Figure 7. Relative contribution to total BTEX emissions from the various source categories
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Total BTEX emissions are approximately 1,200 kg/h from all included sources. Note that BTEX
emissions were not included for Offshore Facilities, Other Sources or for the Uncategorized
Area Source, due to lack of measurements.
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Figure 8. Relative contribution to total benzene emissions from the various source categories

investigated in Projects 1 and 2. Emission rates for each category were calculated by multiplying
the average measured emission per unit by the estimated number of total units. Total benzene
emissions are approximately 160 kg/h from all included sources. Note that Benzene emissions
from Offshore Facilities, Other Sources or for the Uncategorized Area Source were not included
due to lack of measurements.
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Methane Emissions [kg/hr]
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Figure 9. Relative contribution to total methane emissions from the various source categories

investigated in Projects 1 and 2. Emission rates for each category were calculated by multiplying
the average measured emission per unit by the estimated number of total units. Total methane
emissions are approximately 4,100 kg/h from all included sources. Note that methane emissions
from Offshore Facilities were not included due to lack of measurements.
In all categories of measurement, oil and gas wells were the greatest contributor to emissions
in the Study. These findings strongly establishes the need for oversight and air monitoring of oil
and gas production sites.
It past SCAQMD Multiple Air Toxin Exposure Studies (MATES) the overall contribution of
upstream oil and gas production has been approximately 1% of the total regional air basin's
emissions. The super majority of air toxins come from diesel particulate matter (PM 2.5) which
are mostly attributed to diesel power truck and engines. The Wilmington, Carson, and West
Long Beach (WCWLB) areas have the worst air pollution rates in the region. As part of the
Assembly Bill 617 regional air study, SCAMD staff presented (April 2019) an evaluation of air
pollution sources in this area. They identified oil and gas production (from combustion) as 1%
of the diesel particulate matter and nitrogen oxide sources. Also, they found that oil and gas
production contributed 3% to the volatile organic compound (VOC) sources in WCWLB.
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C. Literature Review by Physicians, Scientists and Engineers for Healthy Energy

Physicians, Scientists and Engineers for Healthy Energy (PSE) was retained by the Office of
Petroleum and Natural Gas Administration and Safety on behalf of the City to conduct a separate
review of the peer-reviewed literature focused on public health and oil and gas development and
assess the applicability of the body of literature to the context of the City of Los Angeles.

Human health and oil and gas development: A review of the peer-reviewed literature and
assessment of applicability to the City of Los Angeles (The Full Literature Review Report is
Appendix A4-1).
The PSE study incorporates the findings contained in the public health sections of the California
Council on Science and Technology Senate Bill 4 Independent Scientific Study (CCST, 2015 SB4
Report) and synthesized the available peer-reviewed literature on oil and gas development, air
quality and human health that has been published since. PSE screened 1,676 studies to arrive at
24 peer-reviewed studies that met their criteria to be included in this study. Five (5) studies focus
on air pollution and health and 19 studies focus on public health outcomes. All were published
between 2015 and 2018.
PSE finalized their assessment with a discussion of the applicability of this body of peer-reviewed
literature to the context of oil and gas development and human health in the City of Los Angeles
context and provided conclusions and recommendations. This report employed a top-down
assessment to evaluate hazards associated with upstream oil and gas development by starting
with population health outcomes and working backwards to evaluate potential associations
between health outcomes and oil and gas development activity.
Upstream activities include the transport of equipment and materials to and from the well pad;
well drilling, mixing, handling, and injection of oil and gas chemicals; and management of
recovered fluids/produced water, drill cuttings, and other waste products. Sources of air
pollutants include products of incomplete combustion and chemicals emitted directly and
indirectly from surface and subsurface equipment including, but not limited to, wells, pumps,
generators, compressors, pneumatic devices, storage and separator tanks, surface
impoundments, solid and liquid waste handling and from venting and flaring of gases. Air
pollutant emissions from upstream oil and gas development can include toxic air contaminants
(See CARB's Toxic Air Contaminant Identification List of 40 + substances at
https://www.arb.ca.gov/toxics/id/taclist.htm). criteria pollutants [Carbon Monoxide (CO), Lead
(Pb), Sulfur Dioxide (SO2), Nitrogen Dioxide (NO2), Ozone (O3), particulate matter with an
aerodynamic diameter of less than 10 microns (PM10) and particulate matter with an
aerodynamic diameter less than 2.5 microns (PM2.5).], and reactive organic gases which are
associated with the formation of tropospheric ozone (i.e., smog).
Please note that air pollution and health impacts associated with midstream emissions (e.g.,
transmission pipelines and underground gas storage) and downstream emissions (e.g. emissions
from refining and use of hydrocarbon products) were not considered in the CCST SB 4 Report
(2015) or in this report.
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For studies published since 2015, in this assessment PSE focused primarily on two broad
categories of studies:
(1) studies of human health hazards, risks and impacts in the context of air pollution from
upstream oil and gas development; and
(2) human health hazards, risks and impacts as a function of distance from and density of
upstream oil and gas development.
A single peer-reviewed oil and gas development and health study focused in California has been
published to date [Shamasunder et al. (2018) conducted household health surveys within two
1,500 foot buffer areas (West Adams and University Park) surrounding oil production sites in the
City]. There are however a variety of results and conclusions drawn from the greater peerreviewed literature outside of California that are applicable in many ways to the City of Los
Angeles context.
PSE compiled the following findings, conclusions, and research and policy recommendations
(FCR):
FCR-1: Conduct studies in the State of California to assess the relationship between oil and
gas development and public health as a function of distance.
Finding: Only one peer-reviewed oil and gas development and health study has been conducted

in the state of California. There are however a variety of results and conclusions drawn from the
greater peer-reviewed literature outside of California that are applicable to the California
context.
Conclusion: There is a dearth of peer-reviewed studies on oil and gas development that are

specific to the state of California and the City, yet there are results and conclusions drawn from
the weight of the peer-reviewed literature outside of California that are relevant to the California
context.
Recommendations:

(1) Conduct health studies in the City on the health dimensions of oil and gas development as a
function of distance and oil and gas well density that incorporate multiple potential
environmental and exposure pathways. These studies should assess active oil and gas
development and could also include inactive oil and gas development such as plugged and
abandoned wells and associated infrastructure. Given the increasingly expansive body of health
literature on the topic, consider promulgating health-protective policies based on the existing
literature.
(2) Ensure that field-based air pollution monitoring at the community scale and in close proximity
to oil and gas development continues and expands and that it is implemented in ways that
properly characterize emissions from these processes. This includes, but is not limited to,
ensuring that air monitoring methods are deployed to capture the intermittent and periodic
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nature of emission events throughout the oil and gas development process and that there is
access to well pad-level activity information to inform the monitoring approaches.
FCR-2: Consider the implementation of a minimum surface setback requirement, caps on oil
and gas development density and deployment of increased emission control strategies in the
City.
Finding: The majority of peer-reviewed studies that assess human health in the context of oil and

gas development as a function of distance and density have noted increased hazards, risks and
health impacts as distance decreases and density increases. A number of neighborhoods in the
City have higher densities of oil and gas wells than the areas found in peer-reviewed studies to
be associated with poor human health outcomes.
Conclusion: The development of oil and gas close to human populations poses higher risks of

exposure to health-damaging air pollutants than the development of oil and gas further away
from human populations. The same trend tends to exist for higher vs. lower density of oil and gas
development.
Recommendations:

(1) Agencies with jurisdiction should consider the implementation of minimum surface setbacks
between oil and gas development and sensitive receptors including but not limited to residences,
schools, daycare centers and hospitals in the City. The decision as to how large the setback is
should also take the available body of epidemiological studies on oil and gas development into
account. Studies to date conducted in regions with migrated hydrocarbon reservoirs have found
associations with increased health risks associated with oil and gas development ranging from
approximately 0.1 miles (500 feet) to one mile (5,280 feet). As such, a setback greater than 500
feet and up to 5,280 feet should be considered.
(2) Given that the density of oil and gas development has been found across a number of health
studies to be associated with increased health risks, agencies with jurisdiction may consider
limiting the density of wells and other oil and gas development infrastructure at oil and gas
producing areas within and near the City.
(3) Best available emission control technologies and management approaches should be
deployed on all oil and gas wells and ancillary infrastructure to limit emissions of health-damaging
air pollutants. Target air pollutants should include both those that are regularly monitored for
(e.g., Criteria Air Pollutants, Toxic Air Contaminants and aromatic hydrocarbons such as benzene)
as well as those pollutants that are less frequently monitored for including, but not limited to
chemicals reported to SCAQMD pursuant to Rule 1148.2 that are known air pollutants.
SCAQMD Rule 1148.2 requires reporting distance of oil and gas well events from sensitive
receptors. Of note, sixty-two (62%) of oil and gas well events reported to this database between
2013 and 2018 in the City of Los Angeles occur within 600 feet of sensitive receptors. This may
be important given that forty (40) (or 12%) chemicals reported to the SCAQMD dataset were
identified on air pollution screening lists, of which twenty-four (24) were used in the City of Los
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Angeles. Of all chemicals reported to the SCAQMD dataset, twenty-two (22) were identified as
hazardous air pollutants (HAPs) under the Clean Air Act, half of which were reported as used in
the City of Los Angeles (Shonkoff et al. 2019b).

D. OSHA Air Contaminants Exposure Limits for Oil and Gas Workers

Occupational exposure limits/standards for workers are reported as time weighted averages for
healthy adults for an 8-hour workday over the course of a working lifetime of 45 years. An
employee's exposure to any substance in an 8-hour work shift of a 40-hour work week, shall not
exceed the 8-hour time weighted average limit given for that substance. Occupational exposure
limits are not appropriate for direct comparison with chronic inhalation screening values. It must
be noted that occupational exposure limits are not developed for protection of the general public
and are inappropriate for community-based decision making.
The intake fraction is defined as the ratio of the mass of a pollutant inhaled or ingested to the
mass of the pollutant emitted. In the case of emissions of most pollutants to the air, intake
fraction is the proportion of the total air pollutants emitted that are taken into the lungs of a
human. The intake fraction of the community would be expected to be much less than workers,
however the closer people are to oil and gas activities, the higher their potential exposure to air
pollutants emitted from these facilities and the higher their risk of associated health effects.
(a) Table Z-1— Limits for Air Contaminants

(1) Substances with limits preceded by "C"—Ceiling Values. An employee's exposure to any
substance in Table Z-1, the exposure limit of which is preceded by a "C", shall at no time exceed
the exposure limit given for that substance. If instantaneous monitoring is not feasible, then the
ceiling shall be assessed as a 15-minute time weighted average exposure which shall not be
exceeded at any time during the working day.
(2) Other substances—8-hour Time Weighted Averages. An employee's exposure to any
substance in Table Z-1, the exposure limit of which is not preceded by a "C", shall not exceed the
8-hour Time Weighted Average given for that substance in any 8-hour work shift of a 40-hour
work week.
(b) Table Z-2. An employee's exposure to any substance listed in Table Z-2 shall not exceed the
exposure limits specified as follows:
(1) 8-hour time weighted averages. An employee's exposure to any substance listed in Table Z-2,
in any 8-hour work shift of a 40-hour work week, shall not exceed the 8-hour time weighted
average limit given for that substance in Table Z-2.
(2) Acceptable ceiling concentrations. An employee's exposure to a substance listed in Table Z-2
shall not exceed at any time during an 8-hour shift the acceptable ceiling concentration limit
given for the substance in the table, except for a time period, and up to a concentration not
exceeding the maximum duration and concentration allowed in the column under "acceptable
maximum peak above the acceptable ceiling concentration for an 8-hour shift."
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(3) Example. During an 8-hour work shift, an employee may be exposed to a concentration of
Substance A (with a 10 ppm TWA, 25 ppm ceiling and 50 ppm peak) above 25 ppm (but never
above 50 ppm) only for a maximum period of 10 minutes. Such exposure must be compensated
by exposures to concentrations less than 10 ppm so that the cumulative exposure for the entire
8-hour work shift does not exceed a weighted average of 10 ppm.
Table 12. OSHA Limits for Air Contaminants (Table Z-1)
Substance
Benzene; see 1910.1028
See Table Z-2 for the limits
applicable in the operations or
sectors excluded in 1910.1028 d
Ethyl benzene
Hydrogen sulfide
Naphthalene
Toluene

CAS No.
(c)
71-43-2

PPm (a)

100-41-4
7783-06-4
91-20-3
108-88-3

100

1

mg/m3
(b)
1

10

Skin
designation

435
(2)
50
(2)

xThe PELs are 8-hour TWAs unless otherwise noted; a (C) designation denotes a ceiling limit.
They are to be determined from breathing-zone air samples.
(a) Parts of vapor or gas per million parts of contaminated air by volume at 25 °C and 760 torr.
(b) Milligrams of substance per cubic meter of air. When entry is in this column only, the value is
exact; when listed with a ppm entry, it is approximate.
(c) The CAS number is for information only. Enforcement is based on the substance name. For an
entry covering more than one metal compound, measured as the metal, the CAS number for the
metal is given—not CAS numbers for the individual compounds.
(d) The final benzene standard in 1910.1028 applies to all occupational exposures to benzene
except in some circumstances the distribution and sale of fuels, sealed containers and pipelines,
coke production, oil and gas drilling and production, natural gas processing, and the percentage
exclusion for liquid mixtures; for the excepted sub segments, the benzene limits in Table Z-2
apply. See 1910.1028 for specific circumstances.
Table 13. Trimethyl Benzene (not in OSHA tables: ACGIH 25 ppm airborne exposure limit
averaged over an 8-hour workshift, but Fact Sheet is Appendix A2-36) [Table Z-2]
Substance

Benzene a (Z37.40-1969)
Hydrogen sulfide (Z37.21966)

8-hour
Time
Weighted
Average
(TWA)

Acceptable
ceiling
concentration

10 ppm

25 ppm
20 ppm

Acceptable maximum peak above
the acceptable ceiling concentration
for an 8-hr shift

Concentration

Maximum duration

50 ppm
50 ppm

10 minutes
10 minutes once,
only if no other
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measurable
Toluene (Z37.12-1967)

200 ppm

300 ppm

500 ppm

exposure occurs.
10 minutes

a This standard applies to the industry segments exempt from the 1 ppm 8-hour TWA and 5

ppm STEL (Short Term Exposure Limits) of the benzene standard at 1910.1028.
(Occupational Safety and Health Standards, Code of Federal Regulations - 1910.1000 Air
contaminants is Appendix A2-35)
OSHA Worker Standards Definitions:
ACGIH is the American Conference of Governmental Industrial Hygienists. It recommends upper
limits (called TLVs) for exposure to workplace chemicals.
NIOSH is the National Institute for Occupational Safety and Health. It tests equipment, evaluates
and approves respirators, conducts studies of workplace hazards, and proposes standards to
OSHA.
OSHA is the Occupational Safety and Health Administration, which adopts and enforces health
and safety standards.
PEL is the Permissible Exposure Limit which is enforceable by the Occupational Safety and Health
Administration.
The abbreviation "ppm" means parts of a substance per million parts of air. It is a measure of
concentration by volume in air.
'TLV" is the Threshold Limit Value, the workplace exposure limit recommended by ACGIH.
Clarification of term "Active Hydrocarbon Zone"; as it relates to the oil and gas well drilling
operations; and the need to use FRC when performing drilling operations.
https://www.osha.gov/laws-regs/standardinterpretations/2010-10-19
Source: OSHA Air contaminants
(https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.1000)

F. Summary of Community Submitted Reports

The Office of Petroleum and Natural Gas Administration and Safety collected input from
residents, neighborhood associations, advocacy groups, industry, and stakeholders. On
November 2017, the City of Los Angeles Health Commission held a hearing for public input into
this report. Dozens of public speakers provided input, documents, and information that was
considered. Below is a summary of relevant community and industry reports.
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1. Nicole J. Wong, MPH "Existing scientific literature on setback distances from oil and gas
development sites" (2017):

The Report focused on fourteen (14) studies. Ten (10) of 14 reports considered the distance to
an active well from residence and four (4) of the 14 reports considered concentration of wells
proximate to residences. Setback recommendations in studies range from 1,320 to 8,202 feet.
The scientific literature makes a strong case for a far more protective health and safety setback
than currently exists in the law and creates a substantial basis for the 2,500 feet setback proposed
by community advocates (Appendix A1-11).
2. Liberty Hill, "Drilling Down: The Community Consequences of Expanded Oil Development in
Los Angeles" (2015):

Oil Extraction in Los Angeles: Health, Land Use, and Environmental Justice Consequences
included; History of Oil Production and Land Use, The Geographic Distribution of Oil Production,
Methods of Oil Extraction, Environmental and Toxic Chemical Impacts, Air Toxics and Human
Health Hazards, Demographic Characteristics in Selected Areas Hosting Oil Production Facilities,
Sensitive Land Uses in Selected Areas Hosting Oil Production Facilities, Oil Extraction and
Environmental Justice, Population Density and Percent Children and Elderly in Selected Areas
Hosting Oil Production Facilities, The Problem of Proximity). Additional sections were Families on
the Frontlines: When Oil is Your Neighbor (University Park: AllenCo Drill Site, Historic West
Adams: Jefferson Drill Site, Historic West Adams: Murphy Drill Site, Wilmington: Warren E&P Drill
Site, Baldwin Hills: Inglewood Oil Field Drill Site), Oil Drilling and the Law: The Basis for Municipal
Authority, Toward a Healthy and Sustainable Los Angeles (Appendix A1-12).
3. "Community-Based Health and Exposure Study around Urban Oil Developments in South
Los Angeles" (2018)

This study gathered household surveys nearby two oil production sites in Los Angeles. Tested the
capacity of low-cost sensors for localized exposure estimates. Bilingual surveys of 205 randomly
sampled residences were collected within two 1500 ft. buffer areas (West Adams and University
Park) surrounding oil development sites. Surveyors used a one-sample proportion test,
comparing overall rates from the California Health Interview Survey (CHIS) of Service Planning
Area 6 (SPA6) and Los Angeles County for variables of interest such as asthma. Field calibrated
low-cost sensors recorded methane emissions. Physician diagnosed asthma rates were reported
to be higher within both buffers than in SPA6 or LA County. For both University Park and West
Adams, compared with SPA6, resident-reported asthma prevalence was significantly higher.
Respondents in West Adams (15.5%) and University Park (12.1%) reported experiencing asthma
symptoms of coughing and wheezing on a weekly or daily basis.
This preliminary community-based survey and low-cost sensor field experiment considers
resident health and the rights of residents to have knowledge about their communities and
supports hypothesis generation for future air monitoring or health studies. It also points to the
need for regulatory agencies to provide community education about reporting experiences such
as odors as well as facilitate diverse methods to be able to do so. It leads to questions that require
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more complex scientific design than possible in this study with limited resources and raises the
imperative that communities be involved in the research (Appendix A2-3).
E. Summary of Industry Submitted Information

The California Independent Petroleum Association (CIPA) submitted nineteen (19) excerpts of
studies on air quality/emissions and eleven (11) excepts of studies health related to oil and gas
operations around the county. CIPA is a non-profit, non-partisan trade association representing
approximately 500 independent crude oil and natural gas producers, royalty owners, and service
and supply companies operating in California. Below is a listing of their submissions (no complete
documents were provided) from the 2017 City Council Health, Mental Health, and Education
Committee Meeting:
Air Quality/Emissions:

1. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2014; U.S. Environmental
Protection Agency April 15, 2016

''Natural gas systems were the largest anthropogenic source category of CH4 emissions in the
United States in 2014 with 176.1 MMT C02 Eq. of CH4 emitted into the atmosphere. Those
emissions have decreased by 30.6 MMT C02 Eq. (14.8percent) since 1990. The decrease in CH4
emissions is largely due to the decrease in emissions from transmission, storage, and distribution.”
2. Finding the Facts on Methane Emissions: A Guide to the Literature; ICF International, for
the Natural Gas Council April 2016

"According to the EPA Inventory, methane emissions from the natural gas industry have been
declining continuously since the early 1990s. Absolute emissions declined by 15% between 1990
and 2014. Methane emissions per unit of gas produced declined by 43% over that same period.
Reasons for the decline in methane emissions include: turnover and replacement of equipment,
voluntary actions by industry to reduce emissions, and the co-benefit of recent regulations
requiring reductions in volatile organic compound (VOC) emissions."

3. The Barnett Shale: From problem formulation to risk management; Texas Commission
on Environmental Quality September 2015

'Long-term VOC levels were all below their health-based comparison values.4 *

4. Atmospheric Emission Characterization of Marcellus Shale Natural Gas Development
Sites; Drexel University, et al. April 21, 2015
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"In contrast to observations from other shale plays, elevated volatile organic compounds, other
than CH4 and C2H6, were generally not observed at the investigated sites. Elevated
submicrometer particle mass concentrations were also generally not observed."
5. EQT Airborne Monitoring at EQT Marcellus Drilling Site; Professional Service Industries,
for Makel & Associates March 18, 2015

"Airborne gas and TVOC levels appear to have been at or near background levels for the entire
monitoring periods in the three locations monitored."
6. Quantifying atmospheric methane emissions from the Haynesville, Fayetteville, and
northeastern Marcellus shale gas production regions University of Colorado Boulder,
Cooperative Institute for Research in Environmental Sciences March 13, 2015
//

The regions investigated in this work represented over half of the U.S. shale gas production in
2013, and we find generally lower loss rates than those reported in earlier studies of regions that
made smaller contributions to total production. Hence, the national average CH4 loss rate from
shale gas production may be lower than values extrapolated from the earlier studies,"
7. SE Mansfield Padsite: Air Monitoring Report; Modem Geosciences, for Beacon E & P
Company December 2014

'None of the observed VOCs were noted above the comparison criteria.
8. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2012; U.S. Environmental
Protection Agency April 15, 2014

"Natural gas systems were the second largest anthropogenic source category of CH4 emissions in
the United States in 2012 withl29.9 Tg C02 Eq. of CH4 emitted into the atmosphere. Those
emissions have decreased by 26.6 Tg C02 Eq. (17.0percent) since 1990. The decrease in CH4
emissions is largely due to the decrease in emissions from production and distribution. The
decrease in production emissions is due to increased voluntary reductions, from activities such as
replacing high bleed pneumatic devices, and the increased use of plunger lifts for liquids
unloading, and increased regulatory reductions."9
9. Measurements of methane emissions at natural gas production sites in the United
States; University of Texas, Austin, Center for Energy and Environmental Resources, et
al. October 29, 2013

"The measurements indicate that well completion emissions are lower than previously
estimated,
//
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10. Evaluation of impact of shale gas operations in the Barnett Shale region on volatile
organic compounds in air and potential human health risks ToxStrategies, funded by the
Barnett Shale Energy Education Council August 25, 2013

the body of evidence demonstrates that shale gas production activities have not resulted in
community-wide exposures to those VOCs in air at levels that would pose a health concern,
despite the dramatic increase in shale gas operations in the region over the last decade. "
"...

11. Air Quality Impacts Occurring From Horizontal Well Drilling and Related Activities; West
Virginia Department of Environmental Protection, Office of Oil and Gas June 28, 2013

"Based on a review of completed air studies to date, including the results from the well pad
development monitoring conducted in West Virginia's Brooke, Marion, and Wetzel Counties, no
additional legislative rules establishing special requirements need to be promulgated at this
time."
12. Technical Memorandum: Town of Erie Air Quality Review; Cynthia Ellwood, Pinyon
Environmental February 4, 2013

"Based on the Colorado Department of Public Health and Environment information, and the
understanding that the data set from the CDPHE study is limited in scope and quantity of data,
the risk of Erie residents of experiencing an adverse health effect over a lifetime exposure to the
CDPHE reported benzene concentrations is low."
13. Air Emissions Case Study Related to Oil and Gas Development in Erie, Colorado;
Colorado Department of Public Health & Environment December 5, 2012

"The monitored concentrations of benzene, one of the major risk driving chemicals, are well within
acceptable limits to protect public health, as determined by the U.S. Environmental Protection
Agency. The concentrations of various compounds are comparatively low and are not likely to
raise significant health issues of concern. "
14. Shale gas production: potential versus actual greenhouse gas emissions; Massachusetts
Institute of Technology November 26, 2012

"The use off-flaring and reduced emission completions reduce the levels of actual fugitive
emissions from shale well completion operations to about 216 Gg CH4, or 50 Mg CH4 per well, a
release substantially lower than several widely quoted estimates."

15. Data Show Public Health Impacts from Natural Gas Production Overstated; Susan
Mickley, Northern Wayne Property Owners Alliance October 19, 2011
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“...even as natural gas development expanded significantly in the area over the past several years,
key indicators of health improved across every major category during those times."
16. City of Fort Worth Natural Gas Air Quality Study: Final Report; Eastern Research Group
and Sage Environmental Consulting, for City of Fort Worth July 13, 2011
//

The ambient air monitoring data did not reveal any evidence of pollutants associated with
natural gas exploration and production activity reaching concentrations above applicable
screening levels.”

17. Northeastern Pennsylvania Marcellus Shale Short-Term Ambient Air Sampling Report;
Pennsylvania Department of Environmental Protection January 12, 2011

''Results of the limited ambient air sampling initiative in the northeast region did not identify
concentrations of any compound that would likely trigger air-related health issues associated with
Marcellus Shale drilling activities.... when looking at the individual operations, the emissions do
not seem to create ambient air pollution conditions where acute adverse health impacts are
expected.
//

18. Mismeasuring Methane: Estimating Greenhouse Gas Emissions from Upstream Natural
Gas Development IHS CERA 2011

"If methane emissions were as high as EPA and Howarth [Cornell University researcher] assume,
extremely hazardous conditions would be created at the well site. Such conditions would not be
permitted by industry or regulators. For this reason, if no other, the estimates are not credible.
//

19. Southwestern Pennsylvania Marcellus Shale Short-Term Ambient Air Sampling Report;
Pennsylvania Department of Environmental Protection November 1, 2010

'Results of the limited ambient air sampling initiative conducted in the southwest region did not
identify concentrations of any compound that would likely trigger air-related health issues
associated with Marcellus Shale drilling activities."

Health:

1. Emissions of Polycyclic Aromatic Hydrocarbons from Natural Gas Extraction into Air
[Corrected version of a now retracted study that had suggested that “natural gas
extraction may be contributing significantly to PAH (polycyclic aromatic hydrocarbon
emissions) in the air, at levels that are relevant to human health."] Oregon State
University, et al. July 11, 2016.
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"This work suggests that natural gas extraction is contributing PAHs to the air, at levels that would
not be expected to increase cancer risk."
2. Technologically Enhanced Naturally Occurring Radioactive Materials (TENORM) Study
Report; Perma-Fix Environmental Services, Inc., for the Pennsylvania Department of
Environmental Protection May 2016

"There is little or limited potential for radiation exposure to workers and the public from the
development, completion, production, transmission, processing, storage, and end use of natural
gas. "
3. Analysis of Hydraulic Fracturing Flowback and Produced Waters Using Accurate Mass:
Identification of Ethoxylated Surfactants University of Colorado Boulder, Center for
Environmental Mass Spectometry (Press release: “Major class of fracking chemicals no
more toxic than common household substances") August 2014

Lead author Michael Thurman: "This is the first published paper that identifies some of the organic
fracking chemicals going down the well that companies use.... We found chemicals in the samples
we were running that most of us are putting down our drains at home. ... What we have learned
in this piece of work is that the really toxic surfactants aren't being used in the wells we have
tested. "
4. Updated Summary Report: Occurrence of Cancer In Zip Codes 75022 & 75028, Flower
Mound, Denton County, Texas Texas Department of State Health Services July 30, 2014

"The observed number of childhood leukemias, childhood brain/CNS cancers, and childhood liver
cancers was not higher than expected in both males and females in zip code 75022 (Table 4), zip
code 75028 (Table 5), and both zip codes combined (Table 6). "
5. Detailed Human Health Risk Assessment of Oil and Gas Activities in Northeastern British
Columbia; Intrinsik Environmental Services, for the British Columbia Ministry of Health
2014

"The overall findings of the detailed HHRA [human health risk assessment] of oil and gas activity
in northeastern British Columbia suggest that, while there is some possibility for elevated
chemicals of potential concern concentrations to occur at some locations, the probability that
adverse health impacts would occur in association with these exposures is considered to be low."
6. Review of the potential public health impacts of exposures to chemical and radioactive
pollutants as a result of shale gas extraction Public Health England October 30, 2013

"The currently available evidence indicates that the potential risks to public health from exposure
to the emissions associated with shale gas extraction are low if the operations are properly run
and regulated."
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7. Evaluation of impact of shale gas operations in the Barnett Shale region on volatile
organic compounds in air and potential human health risks ToxStrategies, funded by the
Barnett Shale Energy Education Council August 25, 2013

the body of evidence demonstrates that shale gas production activities have not resulted in
community-wide exposures to those VOCs in air at levels that would pose a health concern,
despite the dramatic increase in shale gas operations in the region over the last decade. "
"...

8. Technical Memorandum: Town of Erie Air Quality Review; Cynthia Ellwood, Pinyon
Environmental February 4, 2013

"Based on the CDPHE [Colorado Department of Public Health and Environment] information, and
the understanding that the data setfrom the CDPHE study is limited in scope and quantity of data,
the risk of Erie residents of experiencing an adverse health effect over a lifetime exposure to the
CDPHE reported benzene concentrations is low. "
9. DISH, Texas Exposure Investigation; Texas Department of State Health Services May 12,
2010

"The blood samples were analyzed for volatile organic compounds (VOCs) to determine whether
people living in and around DISH had higher levels of these contaminants in their blood than 95%
of the general United States (U.S.) population. Although a number of VOCs were detected in some
of the blood samples, the pattern of VOC values was not consistent with a communitywide
exposure to airborne contaminants, such as those that might be associated with natural gas
drilling operations. Other sources of exposure would explain many of the findings. For instance,
all four people who had higher levels of benzene in their blood were cigarette smokers. "
10. Pathway Analysis and Risk Assessment for Solids and Fluids Used In Oil and Gas
Exploration and Production in Colorado Quality Environmental Professional Associates,
for the Colorado Oil and Gas Association June 2008

"Results of air sampling at 4 pad locations indicate that there are no significant chronic health
risk associated with the chemicals present in the air downwind from the pads."
11. Community Health Risk Analysis of Oil and Gas Industry Impacts in Garfield County;
Saccomanno Research Institute and Mesa State College 2008

"At the present time - based on our data sources - there is not a health crisis in Garfield County,
but there are some health trends that should be monitored. We cannot say conclusively that any
of these health trends are directly related to the presence of natural gas industry activities or to
other factors."
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F. Additional Health Studies - SNAPS, AB 167, & MATES

CARB is performing extensive air monitoring for criteria pollutants and toxic air contaminants this
year near oil and natural gas production wells and facilities under two fully-funded programs, the
Community Air Protection (CAP) Program and the Study of Neighborhood Air near Petroleum
Sources (SNAPS) Program (Appendix A2-39).
Study of Neighborhood Air near Petroleum Sources (SNAPS)

CARB developed SNAPS to study air quality in communities near oil and gas operations,
particularly production facilities near disadvantaged neighborhoods.
As part of SNAPS, stationary and mobile trailers equipped with state-of-the-art monitoring
technologies will be placed within selected communities in Los Angeles to determine air quality
and measure toxic air contaminants, volatile organic compounds, particulate matter, heavy
metals, and criteria pollutants. Two (2) of the statewide sites selected to participate in the
program are located in the Los Angeles area: Baldwin Hills/Inglewood Oil Field and South Los
Angeles/Las Cienegas Oil Field, which includes the Jefferson, Murphy, AllenCo, and 4th Avenue
drill sites.
Assembly Bill 617

In response to the 2017 Assembly Bill 617 (AB 617), the California Air Resources Board established
the Community Air Protection Program (CAPP or Program). The program will conduct detailed air
monitoring and risk assessments in disadvantaged communities. Based on this monitoring and
risk assessment results, AB 617 authorizes CARB to require fenceline monitoring and Best
Available Retrofit Control Technology (BARCT) on industrial sources (See AB 617 Fact Sheets in
Appendices A2-40 and A2-41).
The Program's focus is to reduce exposure in communities most impacted by air pollution.
SCAQMD is the air pollution control agency for all of Orange County and the urban portions of
Los Angeles, Riverside and San Bernardino counties. The SCAQMD recommended 3 communities:
Wilmington/West Long Beach/Carson and East Los Angeles/ Boyle Heights and San
Bernardino/Muscoy. All 3 were proposed for both monitoring and the Community Emission
Reduction Program (CERP). On Sept 27, 2018 the CARB made selection of the initial 10
communities statewide, which included both Wilmington/West Long Beach/Carson and East Los
Angeles/ Boyle Heights.
At the same time, CARB is already conducting air monitoring program (SNAPS) immediately
adjacent to oil and natural gas production facilities in select locations. These programs will
validate the performance of existing emission controls, identify constituents and potential
sources that affect community air quality, and identify measures that can improve air quality.
The City should not expand existing setbacks without studying the results of these ongoing local
oil and gas monitoring programs.
In July 2019 the Community Monitoring begins. The AB 617 Community Steering Committees are
currently deciding on the specific monitoring locations and technology that will be used. The City
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should not expand existing setbacks without studying the results of these ongoing local oil and
gas monitoring programs in SNAPs and AB 617.
Multiple Air Toxics Exposure Study

The Multiple Air Toxics Exposure Study is a monitoring and evaluation study conducted in the
South Coast Air Basin by SCAQMD. The study is a follow up to previous air toxics studies in the
Basin since the late 1980's.
The MATES V Study includes a fixed site monitoring program with ten stations (located in
Burbank, Central Los Angeles, Pico Rivera, Huntington Park, Compton, North Long beach, West
Long Beach, Anaheim, Inland Valley San Bernardino and Rubidoux), an updated emissions
inventory of toxic air contaminants, and a modeling effort to characterize risk across the Basin
from January 2018 to 2020. The study focuses on the carcinogenic risk from exposure to air toxics
but does not estimate mortality or other health effects from particulate exposures.
The purpose of the MATES V fixed site monitoring is to characterize long-term regional air toxics
levels in residential and commercial areas. To complement and enhance the fixed site
monitoring, MATES V efforts will include advanced state-of-the-art monitoring technologies, lowcost sensor networks, and near real-time data and community engagement to conduct enhanced
air toxics monitoring at local scales with a focus on EJ communities, especially those near
refineries to assess the air toxics exposures and associated health risks in these communities.
The motivation behind the enhanced monitoring efforts is to better characterize air toxics levels
in highly impacted areas, to provide higher resolution air quality data, and to better understand
emissions from petroleum refineries and warehouses. MATES V is currently underway and is
scheduled to be released in 2020.

Section 7. Health Assessments
A. Health Impact Assessments (HIA) are forward looking assessment tools for systematically

evaluating, synthesizing, and communicating information about potential health impacts for
more informed decision making. Northern and York Public Health Observatory defines an HIA as
a multidisciplinary process within which a range of evidence about the health effects of a
proposal is considered in a structured framework, based on a broad model of health which
proposes that economic, political, social, psychological, and environmental factors determine
population health.
HIA's aims to do the following:
•
•

Provide a focused mechanism for bringing attention to these upstream determinants of
health as they are affected by public policy decisions
Suggest alternatives to maximize the potential benefits and minimize potential harm,
especially when public health considerations are not already a major consideration.
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Key Components of an HIA report:

•
•
•
•
•

Description of proposed policy or project + alternatives
Description of linkages to health (general & case-specific)
Profile population subgroups, characteristics, health risks, vulnerabilities
Analysis to estimate magnitude, significance, likelihood & distribution of impacts
Recommendations: Specify agency action, Minimize harm, Maximize benefits

The ZA Memo 133 requires a Health Impact Assessment for certain projects, as set forth in the
MEMO. After an Initial Study is completed (and the HIA, if necessary), the Zoning Administrator
will determine whether the proposed environmental clearance for the proposed project is a
Negative Declaration (ND) or a Mitigated Negative Declaration (MND) or whether an EIR is
required pursuant to CEQA Guidelines.
ZA Memo 133 defines an HIA as a study of the project for the surrounding vicinity identifying
pollution and population indicators, such as, but not limited to, those analyzed in the California
Communities Environmental Health Screening Tool; the number of people affected by the
project; short term or permanent impacts caused by the project; likelihood that impacts will
occur; and recommended mitigation measures.
Any HIA required under these procedures shall be used to inform whether an EIR is required and
whether to approve, condition, or deny the application under Section 13.01- H.
B. Health Risk Assessments (HRA) are retroactive risk assessment tools which is a scientific

process of evaluating the adverse effects caused by a substance, activity, lifestyle, or natural
phenomenon. The Centers for Disease Control and Prevention define a HRA as: "a systematic
approach to collecting information from individuals that identifies risk factors, provides
individualized feedback, and links the person with at least one intervention to promote health,
sustain function and/or prevent disease." The four steps involved in the risk assessment process
are 1) hazard identification, 2) exposure assessment, 3) dose-response assessment, and 4) risk
characterization.
Oil and gas HRA's evaluate potential calculated cancer risk and acute and chronic health risk from
toxic emissions associated with well construction, drilling, and completion as well as oil and gas
processing equipment:
1) Emissions Estimations of Hazardous Air Pollutants:
Emission estimates involve identifying and quantifying emissions of potential regulated toxic
substances from each source. OEHHA determines the relative toxicity of chemicals regulated by
the State of California and determines whether or not they are carcinogenic or possibly
associated with short-term or long-term non-cancer health impacts. Toxic emissions from each
source were quantified.
2) Exposure Assessments:
Exposure assessment includes air dispersion modeling, identification of emission exposure routes
and estimation of exposure levels. The modeling estimates ground level concentrations based on
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an emission rate of one gram per second. This rate is then multiplied by the worst case potential
emission rate for each substance to obtain ground level concentrations. In addition to inhalation,
potential pathways of exposure to offsite receptors include dermal exposure and ingestion.
3) Dose-response Assessments:
The dose-response assessment describes the quantitative relationship between a human's
exposure to a substance (the dose) and the incidence or occurrence of an adverse health impact
(the response). For carcinogens, OEHHA has developed cancer potency factors. A cancer potency
factor represents the upper bound probability of developing cancer based on a continuous
lifetime exposure. The cancer potency factor does not represent a threshold under which a
person would not develop cancer, but instead is used to estimate the probability of developing
cancer.
For non-carcinogenic chemicals, OEHHA has developed Recommended Exposure Limits (RELs) for
acute and chronic impacts. RELS represent concentration thresholds at which no adverse non
cancer health effects are anticipated. For chemicals that are not deemed by the State of California
as possible carcinogens, but which may pose either short-term (acute) or other non-cancer long
term (chronic) health effects, a Hazard Index (HI) calculation of potential risk is also required by
the air district and the state as part of a Health Risk Assessment.
4) Potential Health Risk Quantification;
Currently, risks from a project that are less than the following regulatory thresholds are
considered not to be significant and are, therefore, acceptable:
•
•
•

Cancer risk equal to or less than 10 in one million
Chronic hazard index equal to or less than 1
Acute hazard index equal to or less than 1

These metrics are generally applied to the maximally exposed individual (MEI). There are
separate MEIs for residential exposure (i.e., residential areas) and for worker exposure (i.e.,
offsite work places).
Kern County recently conducted an HRA in connection with CEQA when they updated their oil
code in 2015 (See Kern County HRA's in Appendices A1-3 and A1-4). Their approach is instructive
since the County prepared a comprehensive Environmental Impact Report (EIR) and Health Risk
Assessment (HRA) in 2015 to support its amended code for oil and natural gas operations. Kern
County specified a 210-foot setback in its updated code, predicated on noise since the HRA
demonstrated no health basis for establishing a longer setback. Kern County's updated ordinance
includes a collaborative site plan review process with specific time limits that results in the
issuance of permits for activities such as new drilling or re-drilling and construction of associated
facilities in a 7- to 120-day period. The operator submits a site plan which includes the planned
activity and changes to the location, as well as surrounding residences, other structures and
roads. The review period allow for coordination between the operator and the surface owner,
with the County Department of Planning and Natural Resources resolving any dispute during the
120-day period.
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The only type of operation that Kern County's HRA identified as warranting additional
consideration beyond the County's 210-foot setback is deep drilling at greater than 10,000 feet
using diesel powered drilling rigs. The HRA applied the Office of Environmental Health Hazard
Assessment's Air Toxics Hot Spots Program Risk Assessment Guidelines from March 2015 and the
San Joaquin Valley Air Pollution Control District's (APCD) more stringent risk threshold (twice as
stringent as their current threshold), which yielded a distance of 367 feet during that deep drilling
using diesel powered drilling rigs before taking into account any mitigation measures.
It is noteworthy that: (1) this condition is not relevant in the City, where wells are typically half
that depth, with no producing wells in the City deeper than 10,000 feet; and (2) under the current
APCD risk threshold in Kern County, the spacing for even such a deep well would be 184 feet
before mitigation - less than the City's existing building code setback.
The Kern County's Permitting Handbook (Appendix A2-11) identified the following mitigation
measures that would enable drilling of even the deepest wells within the 367-foot distance:
1. Placement of engines in the potential impact area away from the sensitive receptor.
2. Utilize directional drilling to locate rig away further from the sensitive receptor.
3. Use of late-model engines, low-emission diesel products, alternative cleaner fuels (e.g.,
natural gas or liquefied petroleum gas), engine retrofit technology, add-on devices such
as diesel particulate filters or oxidation catalyst, and/or other options as such become
available to reduce emissions from off-road and other equipment.
4. Utilize electricity line power if available.
5. Shutdown all equipment when not in use, and otherwise minimize engine idling by
limiting idling to 15 minutes.
6. Use of automatic rigs.
7. Assist and pay to relocate residents to temporary lodging during well construction,
drilling, and completion activities, if such residents voluntarily agree to such relocation.
After the drilling of even the deepest well is complete, the HRA demonstrated that the County's
210-foot setback safeguards neighbors and the community during operation, maintenance and
ultimate plugging and abandonment.
C. Air Toxics Hot Spots Program Risk Assessment

Risk assessments are a scientific process of evaluating the adverse effects caused by a substance,
activity, lifestyle, or natural phenomenon. OEHHA is responsible for developing and providing risk
managers in state and local government agencies with toxicological and medical information
relevant to decisions involving public health. State agency users of such information include all
boards and departments within Cal/EPA, as well as the Department of Public Health, the
Department of Food and Agriculture, the Office of Emergency Services, the Department of Fish
and Wildlife, and the Department of Justice.
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Air Toxics Hot Spots Program Risk Assessment Guidelines (OEHHA, March 2015):
(https://oehha.ca.gov/air/crnr/notice-adoption-air-toxics-hot-spots-program-guidance-manualpreparation-health-risk-0)

D. Los Angeles County Department of Public Heath Recommendations

The County Department of Public Heath report's first guidance was on health assessments. "For
existing oil and gas operations, a site-specific assessment at each facility throughout the County
is necessary to identify current distances to sensitive land uses and other site characteristics that
can be used to inform whether further mitigation measures are warranted to reduce potential
public health and safety risks." A health risk assessment as part of an EIR process or a health
impact assessment for each specific oil and gas sites will inform potential health impacts. The
assessments must be done for each site and not city wide because each site is unique and near
different sensitive receptors. Based on future policy makers' directives, the City and County can
potentially develop a cost estimate to perform HRA's for each oil and gas drill site citywide, if
instructed.

Section 8. Enhanced Public Health Collaboration
A. Local Health Officer Authority

As a result of significant flood disasters and the severe medical care crisis during the winter of
1997-98, the California State Department of Health Services (DHS) received numerous inquiries
from local health departments, local emergency services agencies, and others regarding the
definition of "health emergencies" and the authority vested in the health officer during
emergencies or disasters. The authority and responsibilities are outlined in the applicable
sections of the State's Health and Safety Code, Government Code (State Health and Safety Code
Appendix A2-37), and other statutes that apply to the authority and responsibility of the health
officer. The following sections are related to cities and counties:
Contracts for county performance of city health functions:
"The board of supervisors may contract with a city in the county, and the governing body of a
city may contract with the county for the performance by health officers or other county
employees of any or all enforcement functions within the city related to ordinances of public
health and sanitation, and all inspections and other related functions. (HSC § 101400)
Powers of county health officers in city:
"Whenever a contract has been duly entered into, the county health officer and his or her
deputies shall exercise the same powers and duties in the city as are conferred upon city health
officers by law. (HSC § 101405)
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B. Health Officer Authority Designation

The City currently does not have Health Officer Authority from Los Angeles County. The County
could deputize the LAFD with health officer authority for oversight and inspections of oil and gas
facilities within the City. The action would be proactive for potential future incidents similar to
the events that lead to the voluntary shuttering of the AllenCo Drill Site. It would allow for our
local emergency services agency, LAFD, to have more oversight and authority in the event an
emergency related to oil and gas operations. The agreement needs to be memorialized in
Memorandum of Understanding (MOU) that itemizes emergency protocols, communication
strategy, and clean delineation of public health roles and responsibilities. Appendix A2-38 is a
copy of similar type of health coordination MOU between the County and Los Angeles World
Airports.

C. Hazardous Waste Generator Program Re-Alignment

Hazardous waste is broadly defined as a waste or combination of wastes, which because of its
quantity, concentration, or physical or chemical characteristics may either: 1) Cause or
significantly contribute to an increase in mortality or an increase in serious irreversible illness; or
2) Pose a substantial present or potential hazard to human health or environment when
improperly treated, stored, transported, or disposed of, or otherwise managed. Hazardous waste
can be a solid, semi-solid, liquid or a contained gaseous substance that may have one or more of
the following properties:
Ignitability
Toxicity
Reactivity
Corrosivity
Persistentence or Bioaccumulation
Carcinogenicity
In California, hazardous waste is classified as either RCRA or non-RCRA. "RCRA" is the acronym
for the Resource Conservation and Recovery Act, which was enacted in 1976 to address the huge
volumes of municipal and industrial solid wastes generated nationwide. It is important to
differentiate between RCRA and non-RCRA waste because the appropriate code numbers must
be assigned and used for various legal purposes such as filling out transportation papers
(manifests), disposal fees, and treatment determinations. RCRA wastes are federally regulated
and non-RCRA wastes are those determined by the State to be hazardous-even though the
federal government has not. California has adopted RCRA hazardous wastes from the United
States Environmental Protection Agency (USEPA)'s RCRA program [Title 22 of the California Code
of Regulations (22 CCR), §66261.100]. Thus, California's hazardous waste universe is larger than
the federal's. This is an example of state regulations being more stringent than the federal
regulations.
Any business that handles a hazardous material and/or hazardous waste of quantities at any one
time during a year equal to, or greater than a total volume of 55 gallons, a total weight of 500
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pounds, or 200 cubic feet of a compressed gas is a hazardous materials handler and must report
Owner/Operator, Business Activities, Inventory, Site Map, and Emergency Response and
Contingency Plan and Employee Training Plan information in the California Environmental
Reporting System (CERS).
In compliance with state guidelines, each governmental agency designated by the State of
California as a Certified Unified Program Agency (CUPA) is authorized to apply statewide
standards to each facility within its jurisdiction that treats on site or generates hazardous waste,
operates underground storage tanks, or stores hazardous materials. CUPA's are mandated by the
State to establish a single billing statement process for the collection of the fees and surcharges
associated with the practices of each of the regulated businesses. Some agencies designated as
CUPA's collect billing information directly from the facilities themselves. On the other hand,
billing information can be supplied to the CUPA by each Participating Agency (PA) that falls within
the jurisdiction of that CUPA and that regulates businesses under the Unified Program.
The Hazardous Waste Generator Program and the Hazardous Waste Generator Onsite Treatment
activities are authorized under the permit-by-rule, conditionally authorized, and conditionally
exempt tiers. The Los Angeles County Fire Department Health Hazardous Materials Division
(LACoFD HHMD) Inspections Section implements the Hazardous Waste Generator element of the
Unified Program for all businesses in the City of Los Angeles. LACoFD HHMD regulates the storage
and disposal of hazardous wastes generated by business and industry through an agreement with
LAFD.
Regulations:
• California Health & Safety Code, Division 20, Chapter 6.5
• California Code of Regulations, Division 4.5, Title 22
• Unified Program Ordinance, LA County Code Chapter 12.50
• Los Angeles Municipal Code, Article 7 of Chapter V, Divisions 8, 14
The LACoFD HHMD staff of their Inspections Section inspect hazardous waste-generating
businesses to assure compliance with federal, state, and local laws and regulations. The
Hazardous Materials Specialists review hazardous materials inventories, contingency plans,
tiered permitting notification forms, and recyclable materials reporting forms. Staff use their
education and expertise in industrial hygiene and chemistry to identify and assess the use of
hazardous materials and environmental fate of hazardous wastes generated by industry.
Inspections assure compliance and assist businesses in preventing pollution. Also, the staff
investigates complaints about hazardous material and hazardous waste mismanagement at
businesses.
LACoFD HHMD continues to have performance problems in the Hazardous Waste Generator
inspection and compliance program implementation within the City of Los Angeles. They are
currently in a "program improvement agreement" with LAFD CUPA. The program should be
transitioned to the City in a phased approach over a specific time period.
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LAFD's Strategic Plan 2018-2020 has identified an opportunity to enhance local oversight and
improved health coordination related to oil and gas facilities. LAFD's primary goal is to provide
exceptional public safety and emergency service. The Department's Strategy #14 is to explore
the development of a program to regulate hazardous waste management with the City. The
objective is to partner with State and local agencies to explore transferring waste from LA County
oversight to the LAFD.
D. Health Coordination Recommendations

1. Instruct LAFD, with the assistance of the City Attorney to negotiate with Los Angeles
County in designation of Health Officer Authority to LAFD to enhance local oversight and
improve health coordination.
2. Instruct LAFD and Los Angeles County to explore transferring Hazardous Waste Generator
program from Los Angeles County Fire Department Health Hazardous Materials Division
to the LAFD CUPA for enhanced local oversight and improve health coordination.

Section 9. Potential Mitigations
Relevant Oil & Gas Development Environmental Impact Reports (EIRs) Summary

EIRs are reports that inform the public and public agency decision-makers of significant
environmental effects of proposed projects, identify possible ways to minimize those effects, and
describe reasonable alternatives to those projects. There have been several EIRs done on oil and
gas developments in Southern California in recent years that are relevant to the City of Los
Angeles oil fields. The Council directive for this report requested to explore potential mitigations
that could be employed by the City. The following listing of eight (8) reports were reviewed for
this report back (See Appendix A3-1 for Summaries of each EIR):
1. Baldwin Hills Community Standards District Final Environmental Impact Report (Baldwin
Hills)
2. ERG Operating Company West Cat Canyon Revitalization Plan Project County Final
Environmental Impact Report (ERG)
3. E & B Oil Drilling & Production Project, Final Environmental Impact Report for Hermosa
Beach (Hermosa)
4. Environmental Impact Report for Revisions to the Kern County Zoning Ordinance - 2018
(Kern County)
5. Draft Environmental Impact Report for OXY USA Inc. Dominguez Oil Field Development
(The proponent withdrew the application for the project in 2015, so there was no final
EIR) (Oxy)
6. County of Santa Barbara Planning & Development Department, FINAL Environmental
Impact Report, Santa Maria Energy Production Plan and Development Plan (SME)
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7. Aspen Environmental Group. Final Environmental Impact Report. Analysis of Oil and Gas
Well Stimulation Treatments in California - Los Angeles Basin (SB4 EIR)
8. Whittier Main Oil Field Development Project Final Environmental Impact Assessment
(Whittier)
Each EIR was evaluated for potential environmental impacts and specific mitigation measures
were proposed for each project based up each study. The following are summaries of those
mitigations that could be considered as new standard operating conditions for new approvals
under LAMC 13.01-H within the City:
Air Quality Related Mitigation Measures
Measure 1: Fugitive Dust Control Plan (Synthesized from Hermosa, Kern, & SB4)

The Applicant shall submit and implement a Fugitive Dust Control Plan that includes SCAQMD
mitigations for fugitive dust mitigation, according to Rule 403, and SCAQMD CEQA Guidelines to
further reduce emissions, during construction, of particulate matter that is 10 microns or less and
2.5 microns or less in diameter. The Fugitive Dust Control Plan shall include:
a. Name(s), address (es), and phone number(s) of person(s) responsible for the preparation,
submission, and implementation of the plan.
b. Description and location of operation(s).
c. Listing of all fugitive dust emissions sources included in the operation.
The following dust control measures shall be implemented:
1. All onsite unpaved roads and all construction areas that have been previously graded and
are inactive for ten days or more shall be effectively stabilized using water or non-toxic soil
stabilizers that can be determined to be as efficient as or more efficient for fugitive dust
control than California Air Resources Board approved soil stabilizers, and that shall not
increase any other environmental impacts including loss of vegetation
2. All material excavated or graded will be sufficiently watered to prevent excessive dust.
Watering will occur as needed with complete coverage of disturbed areas. The excavated
soil piles will be watered as needed to limit dust emissions to less than 20% opacity or
covered with temporary coverings.
3. Construction activities that occur on unpaved surfaces will be discontinued during windy
conditions when winds exceed 20 miles per hour and those activities cause visible dust
plumes. Construction activities may continue if dust suppression measures are used to
minimize visible dust plumes.
4. Track-out debris onto public paved roads shall not extend 50 feet or more from an active
operation and track-out shall be removed or isolated such as behind a locked gate at the
conclusion of each workday.
5. Expeditiously remove the accumulation of mud or dirt from adjacent public streets at least
once every 24 hours when construction activities are occurring.
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6. Use enclosures, covers, flexible intermediate bulk containers, or rigid intermediate bulk
containers for the storage, handling, and transfer of bulk dry materials such as sand, gravel
and other dry additives used in well drilling or reworks
7. All hauling materials should be moist while being loaded into dump trucks.
8. All haul trucks hauling dirt, soil, sand, and other loose materials on public roads shall be
covered (e.g., with tarps or other enclosures that would reduce fugitive dust emissions).
9. Soil loads should be kept below 6 inches from the freeboard of the truck.
10. Drop heights should be minimized when loaders dump soil into trucks.
11. Gate seals should be tight on dump trucks.
12. Traffic speeds on unpaved roads shall be limited to 25 miles per hour and speeds of
construction vehicles on unpaved surfaces shall be limited to 15 miles per hour.
13. All grading activities shall be suspended when visible dust emissions exceed 20%.
14. Other fugitive dust control measures as necessary to comply with South Coast Air Quality
Management District Rules and Regulations.
15. Disturbed areas should be minimized; i.e. limit the size of the area subject to excavation,
grading, or other construction disturbance at any one time to avoid excessive dust.
16. Disturbed areas should be re-vegetated as soon as possible after disturbance if area is no
longer needed for oil and gas activities.
Measure 2: Air Monitoring Plan (Synthesized from Baldwin Hills, Hermosa, SB4, Whittier)

The Operator shall develop and implement an Air Monitoring Plan. The Plan shall provide for the
monitoring of total hydrocarbon vapors and hydrogen sulfide and total hydrocarbon vapors at all
perimeter locations of the facility as well as at strategic locations near processing equipment. At
all times during operations, drilling, redrilling and workover operations, the Operator shall
maintain monitoring equipment that shall monitor and digitally record the levels of hydrogen
sulfide and total hydrocarbon vapors. Such monitors shall provide automatic alarms that are
audible and visible to the Operator of the drilling equipment for the drill rig monitors, and gas
plant for the gas plant monitors, shall be triggered by the detection of hydrogen sulfide or total
hydrocarbon vapors. Alarm points shall be set at a maximum of 1 and 5 ppm H2S and 500 and
1,000 ppm hydrocarbons, with the higher level requiring shut-down of drilling or plant operations
and the lower level requiring notification to appropriate agencies, including the Fire Department
and SCAQMD. A meteorological station to monitor wind speed and direction under the guidance
and specification of the SCAQMD shall be installed at the site. The Air Monitoring Plan shall be
reviewed and approved by the local municipalities and the SCAQMD.
Measure 3: Odor Minimization Plan (Synthesized from Baldwin Hills and Kern)

The Operator shall develop and implement an Odor Minimization Plan, submitted to and
approved by the City and the SCAQMD. The Odor Minimization Plan shall address reducing the
frequency from potential sources of odors from all site equipment, including oil field equipment,
wells and drilling operations, any bioremediation farms, any mud handling systems, temporary
operations such as truck loading, and measures to reduce or eliminate these odors (e.g.,
containment, design modifications, carbon canisters). The Plan shall include a designated contact
for odor complaints. The Plan shall address issues such as facility information, buffer zones, signs
with contact information, logs of odor complaints, the protocol for handling odor complaints and
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odor release investigations and methods instituted to prevent a re-occurrence. The Plan shall
require that all odor complaints and issues be immediately communicated to the City and that
the City shall have the authority to implement and enforce contingency measures to ensure that
any nuisance odors from the facility are eliminated. The Odor log and report files shall be
available for public review upon request.
Measure 4: Equipment Emission Reductions (Synthesized from Hermosa, SME and SB4)

The Operator shall implement a NOx, SOx and ROC reduction program including the following, or
equivalent, measures to the satisfaction of the SCAQMD:
•

•
•

•

•
•

•

•
•

•

Electrify service equipment and auxiliary power units where feasible; i.e. any temporary
electric power shall be obtained from the electrical grid, rather than portable diesel or
gasoline generators.
All off-road construction equipment shall be tuned and maintained according to
manufacturers' specifications.
All off-road trucks shall meet EPA 2010 model year NOx emission requirements. If the
operator determines that a 2010 model year truck fleet or portion thereof cannot be
obtained the operator shall require the use of trucks that meet EPA 2007 model year NOx
emissions requirements. If the drill site fleet requirements cannot be met with 2010 or
2007 EPA model year truck emissions or portion thereof the operator shall require a
certified NOx emissions level of less than 2.0g/bhp-hour for trucks used at the drill site.
All off-road diesel engines shall meet at a minimum the Tier 3 (with proper diesel
particulate controls), or better (Tier 4) California Emission Standards for Off-Road
Compression-Ignition Engines as specified in California Code of Regulations (CCR) Title 13,
Division 3, Chapter 9, Article 4, Sec. 2423(b)(1).
All off-road diesel construction equipment with greater than 100- horsepower engines
shall meet EPA Tier 4 NOx requirements.
In addition, if not already supplied with a factory-equipped diesel particulate filter, all
construction equipment shall be outfitted with Verified Diesel Emissions Control
Strategies (VDECS) devices certified by CARB. Any emissions control device used by the
contractor shall achieve emissions reductions that are no less than what could be
achieved by a Level 3 VDECS diesel emissions control strategy for a similarly sized engine
as defined by CARB regulations.
The Operator shall install CARB-Verified Level 3 diesel catalysts on all diesel-powered
drilling equipment or utilize diesel engines that have an equivalent PM emission rate (Tier
4 engines) or electric drilling rigs. The current list of CARB-Verified Level 3 diesel catalysts
is located at http://www.arb.ca.gov/diesel/verdev/vt/cvt.htm. Catalysts or engine
certifications shall demonstrate achieving 85% reduction for diesel particulate matter.
Limit onsite truck idling to less than 5 minutes.
A copy of the certified tier specification, best available control technology
documentation, or the CARB or SCAQMD operating permit for each piece of equipment
shall be kept onsite during all operations.
The Operator shall limit any microturbine PM emissions to 0.0035 lbs/mmbtu, or an
equivalent reduction in the number and/or size of the microturbines, in order to reduce
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•

•

emissions to below the localized thresholds. The City shall be responsible for ensuring
that the applicant will be subject to permit conditions that limit emissions from the set of
microturbines, not just individual permit units.
The Operator shall limit routine flaring during the peak day to the equivalent of less than
4 hours per day (at full produced gas flow or the hours with the associated equivalent
throughputs), or longer with the use of a low emissions flare systems and ensure that all
field-wide produced gas is directed to the steam generators, if capacity allows.
The Operator shall ensure that any steam generators are operated with a limit of 151.5
mmBTU/hr, as specified by the Applicant, through fuel gas monitoring and other
applicable methods, as specified by the APCD.

Further reduce NOx emission if needed by either:
(1) Mandatory participation in a proposed or established program for offsetting criteria air
pollutants operated by an air pollution control district or air quality management district by
purchasing emission offsets to reduce remaining NOx emissions to less than significant levels;
(2) Utilize BACT steam boilers with a NOx limit of 9 ppm;
(3) Utilize trucks that meet EPA 2010 emission standards and off-road equipment that meets EPA
Tier 4 to the extent feasible.
Measure 5: Use of Tier III diesel engines on off-road construction equipment (Synthesized
from Hermosa, SB4, and Whittier)

•

All diesel equipment used at the site shall meet EPA Tier 3 or better (Tier 4) emission
requirements and be equipped with a CARB Level 3 diesel particulate filter to reduce
Diesel PM emissions. Workover rigs operated at the project site shall have cumulative
total DPM emissions below 1.5 lbs/year or shall utilize electric drive/sources.

•

All off-road diesel engines to meet at a minimum the Tier 3 (with proper diesel particulate
controls), or better (Tier 4) California Emission Standards for Off-Road CompressionIgnition Engines as specified in California Code of Regulations (CCR) Title 13, Division 3,
Chapter
9,
Article
4,
Sec.
2423(b)(1).

•

All off-road diesel construction equipment with greater than 100-horsepower engines
shall meet EPA Tier 3 or better (Tier 4) NOx requirements. If the operator determines that
a Tier 4 fleet or portion thereof cannot be obtained, the lead agency shall require the use
of construction equipment that meets Tier 3 emissions requirements or utilize other
CARB-verified emission control technologies to achieve the same level of emission
reduction.•

•

All off-road trucks shall meet EPA 2010 model year NOx emission requirements. If the
operator determines that a 2010 model year truck fleet or portion thereof cannot be
obtained the operator shall require the use of trucks that meet EPA 2007 model year NOx
emissions requirements. If the drill site fleet requirements cannot be met with 2010 or
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2007 EPA model year truck emissions or portion thereof the operator shall require a
certified NOx emissions level of less than 2.0g/bhp-hour for trucks used at the drill site.
Measure 6: Use of Tier II diesel engines on drilling rigs. (Synthesized from Baldwin Hills)

•
•
•

The Operator to conduct engine certifications of all drill rig engines to ensure they meet
EPA Tier 2 emission requirements.
The Operator to maintain records of the installation of second generation heavy duty
diesel catalysts on all drill rig engines.
The Operator to include activity limitations and engine exhaust performance
specifications with contracts for Construction Activity, Drilling Rigs, Workover Rigs and
PERP Engines. Implement activity limitations and engine exhaust performance
specifications.

Measure 7: Tank and system monitoring. (Synthesized from Baldwin Hills, Oxy, SME, SB4, and
Whittier)

The Operator shall install a detection system that will monitor vapor space on all crude oil tanks.
The detection system shall be capable of monitoring pressure in the vapor space of the tanks and
notifying the operator via an alarm when the pressure in the tanks gets within 10 percent of the
tank relief pressure. If the tank pressure exceeds the relief pressure, the Operator shall report
the incident to the SCAQMD as a breakdown pursuant to Rule 430, and submit a report of the
breakdown to the Los Angeles County Fire Chief and the SCAQMD, which shall detail the
corrective actions the Operator shall take to avoid exceeding the tank relief pressure.
All flanges and valves will be monitored quarterly for leakage per the requirements of SCAQMD
Rule 1173. This rule is specifically intended to control VOC emission leaks from components in
hydrocarbon processing facilities, and requires a rigorous testing, record keeping and, when
required, repair program.
Ambient air monitoring for total hydrocarbon compounds and H2S concentrations shall be used
to verify the goals of the leak detection program.
The operator is to install methane and carbon dioxide sensors at existing wells and new wells
within the drill site. The operator shall collect data and study methane leaks and other vented or
fugitive emission sources. The CARB Draft Test Protocol "Detection and Quantification of Fugitive
and Vented Methane, Carbon Dioxide, and Volatile Organic Compounds from Crude Oil and
Natural Gas Facilities" (December 2010) may be used as a means of complying with this measure.
The operator is to reduce emissions by implementing the following emission control strategies
defined by United Nations Framework Convention on Climate Change (UNFCCC) "Approved
Methodologies" for projects in the Clean Development Mechanism (CDM) program, as follows:
Leak detection and repair in gas production, processing, transmission, storage and distribution
systems and in refinery facilities. (AM0023 CDM Methodologies Booklet; Tenth edition,
Information up to EB 101; November 2018)
Measure 8: Closed Systems (Synthesized from Baldwin Hills, Oxy, and SB4)
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The Operator to develop a procedure that requires the use of closed systems for all produced
water and crude oil during production, processing and storage, except those used for sampling
only. In addition, the Operator is to install vapor recovery systems for organic liquid storage tanks.
Any potential odor sources, such as produced fluids and gases, and treating chemicals, will be
maintained in closed systems. In addition, all flanges and valves will be monitored quarterly for
leakage per the requirements of SCAQMD Rule 1173. This rule is specifically intended to control
VOC emission leaks from components in hydrocarbon processing facilities, and requires a
rigorous testing, record keeping and, when required, repair program.
Measure 9: Vapor Recovery (Synthesized from Hermosa and Whittier)

•

The Operator shall install a compressor seal vent collection system. In the event of a seal
leak, vapors shall be collected and sent to the vapor recovery system or flare for
destruction.

•

Vapor recovery on crude oil tanks shall achieve a minimum of 99 percent recovery of
fugitive emissions.

•

The Operator shall use an odor suppressant spray system or vapor capture hood and
carbon filter system on any mud shaker tables, and shall install carbon capture canisters
on all tanks (permanent and portable) that are not equipped with vapor recovery,
containing potentially odiferous materials (for example; the mud baker-type tanks) for all
drilling operations so that no odor can be detected at the closest receptor (e.g.,
residences or other sensitive receptors).

Measure 10: Flares (Synthesized from Hermosa, SB4, and Whittier)

•

•

The Operator shall at all times have a gas buster and SCAQMD-approved portable flare at
the site and connected for immediate use to circulate out and combust any gas
encountered during well completions, reworks, and drilling. The flare shall be capable of
recording the volume of gas that is flared. The operator shall report any flared gas from
drilling to the local Fire Chief and the SCAQMD.
The Operator shall use low-emissions flare systems to achieve flare NOx emissions of less
than 0.06 lb/mmBTU, according to SCAQMD BACT requirements.

•

The Operator shall limit flaring and drilling during the peak day to the equivalent of drilling
and full-flow flaring combined to less than 3 hours per day (at full gas plant flow or the
equivalent throughput) or limiting flaring only to less than 4 hours per day (at full gas
plant flow or the equivalent throughputs).•

•

The Operator shall limit flaring to a total of 5 hours per day at the full flaring capacity (or
to an equivalent volume of flared gas) during all emergency or routine flaring events in
order to ensure that NOx emissions are reduced below the thresholds. Lower NOx
emission combustors or other equivalent measures can also be used to satisfy the
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requirement.
•

The Operator shall install a compressor seal vent collection system. In the event of a seal
leak, vapors shall be collected and sent to the vapor recovery system or flare for
destruction.

The Operator is to reduce emissions by implementing the following emission control strategies
defined by UNFCCC "Approved Methodologies" for projects in the Clean Development
Mechanism (CDM) program, as follows:
•

Recovery and utilization of gas from oil fields that would otherwise be flared or vented.
(AM0009. CDM Methodologies Booklet - Tenth edition - Information up to EB 101 November 2018.)

•

Flare (or vent) reduction and utilization of gas from oil wells as a feedstock. (AM0037.
CDM Methodologies Booklet - Tenth edition - Information up to EB 101 - November
2018.)

•

Recovery of gas from oil wells that would otherwise be vented or flared and its delivery
to specific end-users. (AM0077. CDM Methodologies Booklet - Tenth edition Information up to EB 101 - November 2018.)

Measure 11: Permit to Operate (Synthesized from Whittier)

The Operator shall comply with all SCAQMD regulations, including but not limited to Regulation
IV (Prohibitions), Regulation XIII (New Source Review), Regulation XI (Source Specific Standards),
and Regulation XIV (New Source Review for Toxic Air Contaminants). The operator shall
implement best available control technology and obtain emission offsets as required by SCAQMD
Regulation XIII and/or Regulation XX for new and modified permitted emission sources. Emission
offsets are required for all emission increases associated with stationary sources, thus,
minimizing the impacts associated with emissions from stationary sources.
Measure 12: Odor Suppressant Chemicals (Synthesized from Baldwin Hills, Hermosa, Oxy, and
Whittier)

The Operator shall use an odor suppressant spray system or vapor capture hood and carbon filter
system on the mud shaker tables for all drilling operations, and shall install carbon capture
canisters on all tanks (permanent and portable) that are not equipped with vapor recovery,
containing potentially odiferous materials (for example; the mud baker-type tanks) for all drilling
operations so that no odor can be detected at the closest receptor (e.g., residences,). Procedures
shall be included in the Odor Minimization Plan.
Measure 13: Distance from Sensitive Receptors (Synthesized from Kern)

The Site Plan shall include a Site Vicinity Figure showing the location of any sensitive receptor(s)
within 3,000 feet of the construction site (potential impact area) for proposed new wells or other
ancillary facility or equipment.
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a. If there are no sensitive receptors within this potential impact area, then no construction
mitigation measures shall be required.
b. If there are sensitive receptors within the potential impact area, then additional information
must be provided showing the setback from the closest edge of the well pad to the property line
of the nearest sensitive receptor. The minimum distances shall be as follows:
Well Depth => Minimum Setback
•
•

(10,000 Feet) => (367 Feet)
(5,000 Feet) => (116 Feet)

c. If the above setbacks cannot be met, the Operator shall implement the following risk
minimization measures, or other such measures that are demonstrated by the Operator to
achieve a level of risk less than the threshold risk level:
1. Placement of engines in the potential impact area away from the sensitive receptors.
2. Utilize directional drilling to locate rig further away from the sensitive receptor(s).
3. Use of late-model engines, low-emission diesel products, alternative cleaner fuels (e.g., natural
gas or liquefied petroleum gas), engine retrofit technology, add-on devices such as diesel
particulate filters or oxidation catalyst, and/or other options as such become available to reduce
emissions from off-road and other equipment.
4. Utilize electricity line power if available.
5. Shutdown all equipment when not in use, and otherwise minimize engine idling by limiting
idling to 5 minutes.
6. Use of automatic rigs.
7. Assist and pay to relocate residents to an area hotel during well construction, drilling, and
completion activities.
Measure 14: Sulfur Content of Fuel (Synthesized from ERG)

The Operator to design gaseous fuel supply system to achieve specified sulfur content. The
Operator shall maintain and operate the gaseous fuel supply system to achieve specified sulfur
content.
Measure 15: Meteorological Station (Synthesized from Baldwin Hills)

The Operator to install a meteorological station at the Oil Field. Develop a meteorological station
specification and install the station and use in managing odor and air quality concern tracking.
Measure 16: Emission Offsets or RECLAIM credits (Synthesized from Hermosa and Whittier)

The Operator shall implement a program to quantify and reduce greenhouse gas emissions
associated with operations, such as using green electrical power to run equipment, using high
efficiency pumps and electrical devices, requiring diesel engines to use biodiesel, or offsite
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measures that could offset greenhouse gas emissions. GHG emissions levels shall be quantified
and reported to the City and to the SCAQMD for operations on an annual basis, and, if GHG
emissions exceed the SCAQMD thresholds, then a GHG Emission Reporting and Reduction
Program shall be implemented to reduce emissions to less than the threshold value of 10,000
metric tonnes CO2e annually. The reduction program shall focus on on-site and local/basin area
methods for GHG reductions.
The Operator shall provide credits for all GHG emissions generated above the threshold of 10,000
MTCO2e per year. A GHG Reporting and Reduction Plan shall be submitted to the SCAQMD and
the City detailing the measures to be implemented to achieve the required reductions, updated
annually, and shall include specifications on the protocol, vintage, and registry for any offsite
mitigation. The following mitigation credits shall not require prior City or SCAQMD approval:
1. Credits generated within Los Angeles County per an approved SCAQMD protocol;
2. Credits generated within the State of California per an approved SCAQMD protocol;
3. Credits that are generated and verified under the CAPCOA GHG Rx program;
4. Credits that are generated and verified under the voluntary SCAQMD Regulation XXVII;
5. Verified credits registered with the Climate Action Reserve or the American Carbon Registry.
In addition, independently verified GHG credits available through other carbon registries that
follow specific protocols may be eligible for offsite mitigation, subject to review and prior
approval by the City and the SCAQMD. The general criteria for acceptable credits include:
•
•
•
•
•
•

Real: emission reduction must have actually occurred, as the result of a project yielding
quantifiable and verifiable reductions or removals.
Additional/Surplus: an emission reduction cannot be required by a law, rule, or other
requirement.
Quantifiable: reductions must be quantifiable through tools or tests that are reliable,
based on applicable methodologies, and recorded with adequate documentation.
Verifiable: The action taken to produce credits can be audited and there is sufficient
evidence to show that the reduction occurred and was quantified correctly.
Enforceable: An enforcement mechanism must exist to ensure that the reduction
project is implemented correctly.
Permanent: Emission reductions or removals must continue to occur for the expected
life of the reduction project. Operational/drilling GHG emissions from stationary and
mobile sources shall be quantified and reported to the City and to the SCAQMD
annually. Emissions reporting will follow the same reporting format and procedures as
required by the Mandatory Reporting Rule.

Noise Related Mitigation Measures
Measure 1: Construction Noise Control Plan (Synthesized from ERG and Kern)
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The Operator shall develop and implement a Construction Noise Control Plan to minimize and
avoid noise from construction activities to the maximum extent feasible. The Plan shall be
prepared by an acoustic consultant approved by the City and the Plan shall be subject to City
review and concurrence. The Plan shall document nighttime baseline conditions. The Operator
shall implement noise reduction techniques. The Operator shall resolve public noise complaints
and inform the City of complaint resolution within 48 hours. The Operator shall limit the number
of wells developed to no more than three (3) annually where occupied sensitive receptors are
affected by nighttime noise levels greater than 40 dBA.
The Construction Noise Control Plan shall include a Site Vicinity Figure showing the location of
any sensitive receptor(s) within 3,000 feet of the drill site (potential impact area) for the wells or
other ancillary facility or equipment.
a. If there are sensitive human noise receptors within the potential impact area, then additional
information must be provided showing the type of equipment being used and the noise contours
with levels not exceeding 65 dBA at the nearest exterior wall of the sensitive receptor or more
than 1 dBA higher than the ambient noise levels, if in excess of 65 dBA. If noise levels are shown
to exceed 65 dBA or more than 1 dBA higher than the ambient noise levels in excess of 65 dBA,
then one or more of the following mitigation measures shall be taken:
1. A temporary sound attenuation wall(s) shall be placed at the optimal distance to the sensitive
receptor, as determined by an acoustical expert.
2. Construction of a temporary berm shall be placed at the optimal distance to the sensitive
receptor, as determined by an acoustical expert.
3. Modification of equipment to reduce noise impacts.
4. Implementation of a quiet mode drilling plan or other sound reduction technology or practices
as documented in a report submitted to the City.5 6 *
5. Arranging for the voluntary, temporary relocation of the occupants of the sensitive receptor
during the construction period.
6. Use the following setback distances for the activities specified:
Construction Noise Setbacks - Activity -Setback Distance (feet):
Well Pad Preparation- 800 ft
Drilling (Well Advancement) - 1,420 ft
Drilling (Pull Out Of Well/Borehole) - 750 ft
Large-Scale Exploratory Drilling - 3,000 ft
Well Workover - 850 ft

Measure 2: Cumulative Construction Noise Control Plan (Synthesized from ERG)
The Operator shall prepare and implement a Cumulative Construction Noise Control Plan to
minimize and avoid noise from cumulative construction activities to the maximum extent
feasible. The Plan shall be prepared by an acoustic consultant approved by the City and the Plan
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shall be subject to City review and concurrence.

The Plan shall document nighttime baseline

conditions. The Operator shall implement noise reduction techniques. The Operator shall resolve
public noise complaints and

inform the City of complaint resolution within 48 hours. No

cumulative well drilling is to occur when a 3 dBA increase to ambient nighttime conditions could
occur at sensitive receptors.

Measure 3: Operations Noise Control Plan (Synthesized from ERG and Whittier)
The Operator shall prepare and implement an Operations Noise Control Plan. The Plan shall be
prepared by an acoustic consultant approved by the City and the Plan shall be subject to City
review and concurrence.
The Operator shall ensure that Leq noise levels from operational activities, measured as 1-hour
Leq, produce less than a 3 dBA increase over the minimum baseline hourly average level at the
closest residential receptor to the facility.
The Operator shall implement noise reduction techniques.
The Operator shall avoid noise from workover drilling activities to the maximum extent feasible.
The Operator shall limit workover drilling of wells developed under any project to no more than
three (3) annually where occupied sensitive receptors are affected by nighttime noise levels
greater than 40 dBA.
The Plan shall document nighttime baseline conditions.
The measures in the Plan shall include, but not be limited to:
(1) installing sound enclosures or buildings around all compressors;
(2) installing noise barriers around all pumps and air coolers;
(3) installing ambient-sensitive backup indicators on all equipment requiring backup indicators;
(4) installing sound enclosures or buildings around all the oil area pumps (e.g., shipping, IGFC,
water injection, water booster, reject pumps);
(5) installing sound enclosures or buildings around refrigeration units;
(6) installing a secondary, 16-foot tall sound wall on the south, west and north sides of any gas
plants;
(7) ensuring that all office equipment (i.e., air conditioners, heating, ventilation) produces low
noise levels or is surrounded by noise barriers; and8
(8) limiting traffic on the drill site access roads to within 7 a.m. to 7 p.m., except for
emergencies.

Measure 4: Drilling Noise (Synthesized from Baldwin Hills, Kern, and Whittier)
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The Operator shall develop and implement a Noise Reduction Plan for all drilling (testing,
development, and re-drills and workovers) to ensure that the Leq (Equivalent Continuous Sound
Level) noise levels from activities, measured as a 1-hour Leq, is less than a 3-dBA increase at the
closest sensitive residential receptor and the closest sensitive recreational receptor. The Plan
shall be prepared by an acoustic consultant approved by the City and the Plan shall be subject to
City review and concurrence. The measures in the Plan shall include but not be limited to the
following:
(1) Enclose the drill rig area in soundproof barriers 30 feet high on the south and west sides;
(2) Utilize a central generator type drilling rig, with the generators the only diesel engines onsite
and enclosed in a soundproofed generator house with appropriate grade muffler systems, or
install sound enclosures around all diesel engines with appropriate grade muffler systems
(3) Install noise barriers around the drill rig floor, mud mixers, cleaners, conveyers, and shakers;
(4) Enclose drawworks brake area with soundproofing shroud;
(5) Install pads on V-door and other appropriate areas, timbers and pads on drill deck, pads
between drill and casing pipe while in storage, and pad and timbers at the boards on the mast
to reduce metal-on-metal noise (for both drilling and workover operations);
(6) Enclose the drilling mast boards area (on drilling and workover rigs) with barriers 2 inches
thick and 2 pounds per square foot in density at least 5 feet above and below any noise
sources; and
(7) Install ambient sensitive backup indicators on all equipment requiring backup indicators.
(8) Implementation of a quiet mode drilling plan or other sound reduction technology or
practices as documented in a report submitted to the City.
(9) The Operator to provide noise monitoring at sensitive receptors likely to be affected by any
and all future new well drilling to verify that the baseline noise level is not exceeded by 3dBA.

Measure 5: Sound Barriers (Synthesized from Baldwin Hills, Hermosa, Kern, Oxy, SB4 and
Whittier)

Utilize Sound Barriers to Reduce Noise for all construction:
•

Operator to utilize temporary construction noise barriers to block the line-of-sight
between construction activity and the nearest sensitive uses

•

Increase the height of the noise barrier on all sides of the site to 35-feet. Minimum sound
insulation performance of the barrier shall be at the appropriate Sound Transmission
Class (STC) as determined by an acoustic consultant approved by the City.•

•

Any gates shall have no holes or gaps in them and shall be designed to deliver a minimum
sound insulation performance at the appropriate STC as determined by an acoustic
consultant approved by the City. Any gaps above the gates must be closed off, by
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extending the acoustical barrier material from the sides. The intent is to maintain the
acoustical integrity of the noise barrier in all locations.
•

Provide full acoustical enclosures around the mud pumps. The enclosures shall be factoryassembled by a manufacturer with a proven track-record of building noise-reducing
enclosures for industrial applications. The total sound power level radiated by the
enclosure shall not exceed 77 dBA, including noise contributions from: the access door(s),
observation windows, ventilation openings and ventilation fans (if required).

•

Apply outdoor acoustical panels to all available surfaces of walls that face the production
operations above a height of 10-feet above the ground. The purpose of the acoustical
panels is to control reflection of production noise in the direction of the sensitive uses.
The acoustical panels shall offer the minimum sound absorption performance determined
by an acoustic consultant approved by the City.

•

Placement of a temporary sound attenuation wall(s) shall be placed at the optimal
distance to the sensitive receptor, as determined by an acoustical expert.

•

Construction of a temporary berm shall be placed at the optimal distance to the sensitive
receptor, as determined by an acoustical expert.

•

Quieted generators or portable barriers shall be used around the generators for all off
site pipeline construction locations.

Utilize Sound Barriers to Reduce Noise for all drilling (testing, development, and re-drills and
workovers) to ensure that the Leq noise levels from activities, measured as a 1-hour Leq, is less
than a 3-dBA increase at the closest sensitive residential receptor and less than a 5-dBA increase
at the closest sensitive recreational receptor:
•

Enclose the drill rig area in soundproof barriers 30 feet high on areas near sensitive
receptors;

•

Utilize a central generator type drilling rig, with the generators the only diesel engines
onsite and enclosed in a soundproofed generator house with appropriate grade muffler
systems, or install sound enclosures around all diesel engines with appropriate grade
muffler systems;

•

Install noise barriers around the drill rig floor, mud mixers, cleaners, conveyers, and
shakers;

•

Enclose drawworks brake area with soundproofing shroud;

•

Install pads on V-door and other appropriate areas, timbers and pads on drill deck, pads
between drill and casing pipe while in storage, and pad and timbers at the boards on the
mast to reduce metal-on-metal noise (for both drilling and workover operations);•

•

Enclose the drilling mast boards area (on drilling and workover rigs) with barriers 2 inches
thick and 2 pounds per square foot in density at least 5 feet above and below any noise
sources; and
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Utilize Sound Barriers to Reduce Noise for all operations to ensure that Leq noise levels from
operational activities, measured as 1-hour Leq, produce less than a 3 dBA increase over the
minimum baseline hourly average level at the closest residential receptor to the facility:
•

Installing sound enclosures or buildings around all compressors;

•

Installing noise barriers around all pumps and air coolers;

•

Installing sound enclosures or buildings around all the oil area pumps (e.g., shipping, IGFC,
water injection, water booster, reject pumps);

•

Installing sound enclosures or buildings around refrigeration units;

•

Installing a secondary, 16-foot tall sound wall on the south, west and north sides of the
gas plant;

•

Ensuring that all office equipment (i.e., air conditioners, heating, ventilation) produces
low noise levels or is surrounded by noise barriers; and

Utilize Sound Barriers to Reduce Noise Levels near Sensitive Land Uses. Within 900 feet of a
property containing a sensitive receptor, including residential, school, or hospital land uses
Operator to incorporate noise control features to reduce all noise from well stimulation activities
to Ldn to 70 dBA or less at the nearest residential property lines. These conditions include, but
are not limited to:
•

Install 16-ft high noise barriers between residential land uses and well pad,

•

Place pump diesel engine drives into enclosures that provide 15 dBA reduction, and

•

Install best available muffler technology on all diesel engines.

This performance standard includes cumulative noise should multiple well operations occur
simultaneously and affect the same sensitive receptor(s).

Measure 6: Location/Setbacks/Logistics (Synthesized from Baldwin Hills, Kern, Oxy, SME, SB4,
Whittier)

Location/Setbacks:

1) The Site Plan shall include a Site Vicinity Figure showing the location of any sensitive
receptor(s) within 3,000 feet of the drill site, construction site or other ancillary facility or
equipment. If there are sensitive human noise receptors within the potential impact area,
then additional information must be provided showing the type of equipment being used and
the noise contours with levels not exceeding 65 dBA at the nearest exterior wall of the
sensitive receptor or more than 1 dBA higher than the ambient noise levels, if in excess of 65
dBA. Use the following setback distances for the activities specified:
Construction Noise Setbacks: Activity -Setback Distance (feet):
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•

Well Pad Preparation - 800 ft

•

Drilling (Well Advancement) - 1,420 ft

•

Drilling (Pull Out Of Well/Borehole) - 750 ft

•

Large-Scale Exploratory Drilling - 3,000 ft

•

Well Workover - 850 ft

2) Control Noise Levels near Sensitive Land Uses. Within 900 feet of a property containing a
sensitive receptor, including residential, school, or hospital land uses, the Operator is
required to incorporate noise control features to reduce all noise from drilling, maintenance
or construction activities to Ldn to 70 dBA or less at the nearest residential property lines.
This performance standard includes cumulative noise should multiple activities occur
simultaneously and affect the same sensitive receptor(s).
•

Operator to locate all stationary noise-generating construction equipment as far as
possible from sensitive land uses

•

Construction staging sites shall be located on properties restricted to industrial and
commercial uses only.

•

To the extent possible, construction staging sites shall not be located within 500 feet of
a sensitive receptor. Where this is not possible, the contractor shall erect noise barriers,
or ensure that existing structures provide adequate noise barriers between the staging
site and the sensitive receptor.

•

Stationary noise sources such as generators and compressors shall be positioned as far
away as possible from noise sensitive areas.

•

New oil and gas wells shall be a minimum of 500 feet from the closest sensitive
receptor.

Logistics:

To minimize the time during which any single noise-sensitive receptor is exposed to construction
noise, construction shall be completed as rapidly as possible.
•

Locate the construction parking and staging area away from sensitive receptors (schools
and residences).

•

Construction equipment shall be operated only when necessary, and shall be switched off
when not in use.•

•

To the extent practicable, construction equipment shall be stored in the construction
zone while in use. This will eliminate noise associated with repeated transportation of the
equipment to and from the site.
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•

Construction Hour Limits. To minimize potentially significant noise impacts to adjacent
residences, activities involving heavy equipment or heavy-duty truck traffic within 1,600
feet of residences shall be limited to the hours of 7 AM to 5 PM, with no work on
weekends.

Measure 7: Scheduling (Synthesized from Baldwin Hills, Hermosa, Oxy, SME, and Whittier)
•

Construction Hour Limits. The Operator to develop and implement an oil field policy for
construction that limits construction (including arriving and departing workers and
construction activities) to between the hours of 7:00 AM and 7:00 PM weekdays. There
shall be no construction on Saturdays, Sundays or legal holidays.

•

Construction Hour Limits near sensitive receptors. To minimize potentially significant
noise impacts to adjacent residences, activities involving heavy equipment or heavy-duty
truck traffic within 500 feet of residences shall be limited to the hours of 7:00 AM to 5:00
PM, with no work on weekends and legal holidays.

•

Deliveries. Limit all deliveries at the Project Site (including all material, supplies, well
workover, gas plant, and other operations deliveries) to the hours from 7:00 AM to 6:00
PM, Monday through Friday, and prohibit activities on weekends and legal holidays.
Within 500 feet of a sensitive receptor, limit all activity between the hours of 7:00 AM to
5:00 PM and prohibit activities on weekends and legal holidays.

•

All contracts with construction personnel shall specify the allowable work hours.

•

Quiet-mode. The operator shall institute a quiet-mode for all drilling activities between
7:00 PM and 7:00 AM Quiet-mode operation would apply to both drilling and operations.
The operator shall implement a "Super-Quiet Mode" of operation between the hours of
2:00 AM and 5:00 AM, during which time drilling would essentially be suspended to
minimize noise.

•

Access Roads. The operator shall limit traffic on the access roads to within 7:00 AM to
7:00 PM, except for emergencies.•

•

Public Notice. Public notice shall be given to residents and business at least two weeks
prior to the commencement of construction activities. The notice shall identify the
location and dates of construction, and the name and phone number of the contractor's
contact person in case of complaints. The public notice shall encourage the residents to
contact this person rather than the police in case of complaint. Residents shall also be
kept informed of any changes to the schedule. The contractor's designated contact
person shall be on-site throughout Project construction with a mobile phone. If a
complaint is received, the contact person shall take whatever reasonable steps are
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necessary to resolve the complaint. If possible, a member of the contractor's team shall
also travel to the complainant's location to understand the nature of the disturbance.
Measure 8: Quiet Mode/Low Noise (Synthesized from Baldwin Hills, Hermosa, Kern, Oxy, and
Whittier)

The operator shall implement a quiet mode drilling plan or other sound reduction technology or
practices as documented in a report submitted to the City.
Quiet-mode. The Operator shall institute a quiet-mode for all drilling activities between 7:00 PM

and 7:00 AM Quiet-mode operation would apply to both drilling and operations. The operator
shall implement a "Super-Quiet Mode" of operation between the hours of 2:00 AM and 5:00 AM,
during which time drilling would essentially be suspended to minimize noise. Quiet mode actions
would include:
1) Using signalers for all backup operations instead of backup alarms and turning off backup
alarms;
2) Using radios instead of voice communication;
3) Minimizing crane use and pipe handling operations, pipe offloading from trucks and board
loading during daytime to the maximum extent feasible and nighttime loading only for safety
reasons; and
4) Limiting process alarms and communications over any broadcast system to the maximum
extent feasible during all operations and use only for safety reasons.
Equipment selection.

•

•

•

Operator to select construction equipment for low- noise output. All construction
equipment powered by internal combustion engines shall be properly muffled and
maintained.
Where possible, electric-powered equipment shall be used rather than diesel equipment
and hydraulic-powered equipment shall be used rather than pneumatic power. If
compressors powered by diesel or gasoline engines are used, they shall be contained or
have baffles to help abate noise levels.
Well workover rigs shall be powered by electric drive/sources or "ultra-quiet" generators
or engines - either diesel or natural gas-powered - that are capable of operating below
the noise significance thresholds for daytime operation.

Measure 9: Metal on Metal Noise (Synthesized from Baldwin Hills, Hermosa, Kern, Oxy, and
Whittier)

The Operator shall develop and implement an equipment maintenance program that includes
regular inspection for worn bearings; metal-on- metal contact etc., to limit tonal noise from well
workover equipment, pumps, gas plant equipment and any other operations maintenance.
To reduce metal-on-metal drilling noise, the Operator shall install pads on V-door and other
appropriate areas, timbers and pads on drill deck, pads between drill and casing pipe while in
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storage, and pad and timbers at the boards on the mast to reduce metal-on-metal noise (for both
drilling and workover operations).
All construction equipment shall be properly maintained to reduce metal-on-metal noise.
The Operator shall maintain all construction machinery according to the manufacturers'
specifications and ensure that mufflers and silencers are maintained properly.
Measure 10: Acoustical Treatments/Silencers (Synthesized from Hermosa, Kern, Oxy, and
Whittier)

The Operator shall modify equipment to reduce noise impacts:
•
•

•

•

•

•

•
•
•

All construction equipment shall be equipped with suitable exhaust and air-intake
silencers in proper working order.
Provide enhanced inlet and outlet silencers for any Hydraulic Power Unit enclosures and
upgrade the walls, roof and floor of the enclosure as necessary to limit the total sound
power level radiated by the enclosure to 77 dBA.
The acoustical shroud around the drilling mast shall be comprised of acoustical blankets
with a minimum STC rating of 25, or the rating as determined by an acoustical expert. The
acoustical blankets shall provide continuous coverage of three sides of the mast and shall
cover the uppermost portion of the fourth side.
Provide acoustical treatment within the combustor fan housing and/or at the ventilation
openings, as necessary to limit the total sound power level radiated by the housing
(including contributions from the door and ventilation openings) to 86 dBA.
Provide acoustical treatment within the combuster fan housing and/or at the ventilation
openings, as necessary to limit the total sound power level radiated by the housing
(including contributions from the door and ventilation openings) to 86 dBA.
Provide enhanced inlet and outlet silencers for the Hydraulic Power Unit enclosure and
upgrade the walls, roof and floor of the enclosure as necessary to limit the total sound
power level radiated by the enclosure to 77 dBA.
Enclose drawworks brake area with soundproofing shroud;
Install sound enclosures or buildings around all compressors;
Ensuring that all office equipment (i.e., air conditioners, heating, ventilation) produces
low noise levels or is surrounded by noise barriers

Measure 11: Alarms (Synthesized from Baldwin Hills and Whittier)

The operator to develop and implement an Oil Field Alarm policy that requires the following:
•

Back-up OSHA noise indicator/alarms on all equipment (workover equipment, gas plant
backup alarms, other operations) to be ambient sensitive and self-adjusting to minimize
backup indicator noise or as allowed by OSHA signalers/flaggers shall be used in the place
of backup alarms.
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•

Limit process alarms and communications over the broadcast system to the maximum
extent feasible during all operations and use only for safety reasons.

Measure 12: Vibration Monitoring (Synthesized from Baldwin Hills and Whittier)

The Operator to provide a comprehensive noise abatement study, including noise and vibration
monitoring at nearby sensitive receptors and continuous monitoring near drilling activities, under
contract and supervision of the City, to monitor noise and vibration from the drilling and
operations in the community. The City shall have the authority to shut-down operations and
require additional mitigation if the noise criteria are exceeded.
The Operator to conduct periodic vibration monitoring of drilling activities to verify that the
required vibration standards are being met.
Measure 13: Monitoring (Synthesized from Baldwin Hills and Whittier)

The Operator to provide a comprehensive noise abatement study, including noise and vibration
monitoring at nearby sensitive receptors and continuous monitoring near drilling activities, under
contract and supervision of the City, to monitor noise and vibration from the drilling and
operations in the community. The City shall have the authority to shut-down operations and
require additional mitigation if the noise criteria are exceeded.
The Operator to provide noise monitoring at sensitive receptors likely to be affected by any and
all future new well drilling and well workover operations to verify that the baseline noise level is
not exceeded by 5dBA. A fully-calibrated noise monitoring system shall be used, which satisfies
the requirements for a type S2A sound level meters as defined by ANSI Standard Sl.4-1983, or
most recent revision thereof. The Operator shall submit one interim and one final report
including continuous hourly Leq histograms. The Operator to monitor and provide a report
confirming that drilling or redrilling noise levels at any sensitive receptors nearby comply with
the required noise limits.
Measure 14: Tonal Noise (Synthesized from Baldwin Hills)

The Operator to conduct periodic 1/3-octave Leq spectra to demonstrate compliance with the
special requirements for mitigation of tonal noise for Well Workover Noise Pure Tones, Well
pump tonal noise, Gas plant tonal noise and Other operations tonal noise.

Measure 15: Noise Code Compliance (Synthesized from Baldwin Hills)

Operator to perform noise measurements and calculations to demonstrate that all well pumps,
the gas plant and other operation equipment comply with the Noise Standards in section
12.08.390 Los Angeles County Code.
Operator to perform noise measurements and calculations to demonstrate that construction
equipment complies with the Noise Standards in section 12.08.440 Los Angeles County Code.
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Measure 16: New Flare (Synthesized from Baldwin Hills)
The operator to design, permit and install a flare for the gas plant that does not elevate
vibration or low-frequency noise levels at the oil field perimeter.

Measure 17: Idling (Synthesized from Baldwin Hills)
Operator to implement a policy prohibiting unnecessary idling of internal combustion engines
near noise-sensitive areas.

Measure 18: Equipment Elimination (Synthesized from Hermosa)
Eliminate the use of noise inducing combustors during drilling.

Measure 19: Temporary Relocation of Occupants (Synthesized from Kern and SB4)
The Operator shall arrange for the voluntary, temporary relocation of the occupants and sensitive
receptors during the construction period.

If operational activities proposed within 900 feet of a property containing a sensitive receptor
(including residential, school, or hospital land uses) and it is technically infeasible to reduce all
noise from well activities to Ldn to 70 dBA or less, then the operator shall provide temporary
lodging for the duration of well activities.

Traffic and Transportation Related Mitigation Measures
Measure 1: Traffic Plan/Routes/Scheduling (Synthesized from Hermosa, Kern, Oxy, SME, SB4,
and Whittier)
Construction Traffic Management Plan
The Operator shall prepare and implement a Construction Traffic Management Plan (CTMP)
during construction that shall include, at a minimum, the following: Haul Truck Routes, Queue
Areas, and Deliveries. The Plan shall be prepared by a registered traffic engineer. It shall include
the following pursuant to the procedures and subject to approval of the City of Los Angeles:
1)

Require the contractor(s) to obtain and follow street construction permits in the affected
areas;

2)

Develop detour and traffic management plans consistent with the affected
standard

roadway plans, the California

Manual of Uniform Traffic Control

City's

Devices

(MUTCD), or the Work Area Traffic Control Handbook (WATCH);
3)

Revise construction schedules to minimize access impacts to adjacent residents and
businesses; and 4) Ensure that all affected residences and business have adequate
emergency access during all times and phases of construction.

The Operator shall coordinate with adjacent jurisdictions throughout the design and construction
phase.

The

plan

shall

include,

but

not

be

limited

to,

the

following

issues:
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•
•

•
•
•

•
•
•
•
•

Timing of deliveries of heavy equipment and building materials
Method of safeguarding traffic flow, i.e. placing temporary signing, lighting, and traffic
control devices (including warning signs, flashing arrows, traffic cones and delineators,
barricades, etc.) and flaggers as necessary to indicate the presence of heavy vehicles and
construction traffic.
Method of re-routing or detouring traffic
Temporary modifications to existing signals and signal timing (if needed)
Determining the need for construction work hours and arrival/departure times outside
peak traffic periods (i.e. limited to weekdays between the hours of 9:00 a.m. and 3:00
p.m.)
Ensuring access for emergency vehicles to the Project site
Any temporary closure of travel lanes or disruptions to street segments and intersections
during well development.
Method to re-route or re-locate temporary loss of any bus stops
Method to maintain access to adjacent property
Method to maintain access to parcels fronting the construction area (e.g., use of street
plates)

For routes, all large trucks shall use major roadways and intersections except where infeasible.
The Operator shall be prohibited from routing heavy trucks exceeding 20,000 pounds. The
Operator shall comply with all requirements of the applicable city. The Operator shall route
inbound and outbound heavy (>20,000 pounds) truck traffic along designated truck routes.
If the traffic associated with the proposed well activities is found to exceed a Level of Service
(LOS) standard on local, state, and interstate haul routes and roadways used for project access
established by the city or county congestion management agency, and/or Caltrans, the Traffic
Management Plan shall include some or all of the following components and requirements that
the
applicant
shall
implement:
Identify the number of anticipated truck trips to be generated by drill site activities, their
proposed route, and the time of day when trucks shall operate;
Define the locations of project access points and location;
Evaluate baseline conditions of local, state and interstate routes used by trucks;
Identify and make provision for circumstances requiring the use of flag persons, warning
signs, lights, barricades, cones, etc., to provide safe work areas in the vicinity of the
project site and to warn, control, protect, and expedite vehicular and pedestrian traffic;
Implement traffic control (flag persons, signage, barricades, cones, etc.) along all roadway
segments that have substandard width (less than 18 feet)
Include signage placed along all proposed water and haul routes and alternate haul routes
at appropriate intervals notifying drivers of the presence of construction traffic on those
roadways
Address the potential for project-related traffic to impede emergency response vehicles
and present a specific training and information program for project workers and drivers
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•

to ensure awareness of emergency procedures from project-related accidents and spills,
including those in the project's Spill Contingency Plan
All project-related truck drivers are informed of and required to adhere to the designated
traffic haul routes, if applicable

Operational Traffic Plan/Routes/Scheduling (Synthesized from ERG, Hermosa, Kern, Oxy, SB4,
and Whittier)

The Operator shall prepare and implement an Operational Traffic Program, in coordination with
the municipality. The Plan shall be prepared by a registered traffic engineer and evaluate:
1) Traffic levels and periods of heavy traffic along access streets;
2) Longer-term traffic monitoring to capture events and variation in traffic flow due to
seasonal variations in populations and event traffic;
3) Construction truck traffic impacts on roadway capacity due to parking limitations and
event activities;
4) Coordination with any schools, colleges and universities to reduce impacts of events and
parking issues along streets;
5) Alternative parking locations and routes for any large events;
6) Implementing safety improvements, including enhanced pedestrian crosswalks and
signage;
7) Identifying sources of local traffic and ensuring the drill site truck traffic during operations
(not construction) does not increase average truck traffic levels on local streets;
8) Limited hours for Drill site truck traffic on local streets to avoid congested or impacted
periods (e.g., between 9:00 a.m. and 3:00 p.m.);
9) Coordinate periods of heavy traffic flow on local streets due to events and prevent use of
local streets for proposed Project-related truck traffic during these events;
10) Prohibiting parking of Project-related traffic along any residential street for non
emergency purposes;
11) Implementing policies for trucks along local streets, including speed limits for trucks,
yielding requirements to automobiles, and other issues as applicable.
Measure 2: Roadway Repair (Synthesized from ERG, Hermosa, Kern, SB4, and Whittier)

The Operator is required to ensure that damaged roads are restored to at least their pre
construction, pre-drill site condition and to the satisfaction of the responsible agency.
Roadway Maintenance Agreement.

The Operator is required to enter into a Roadway Maintenance Agreement with the City of LA
and LA County regarding pavement or other infrastructure damage caused by the net increase in
drill site-related truck trips and daily haul trucks. The Operator is required to adhere to all
Agreement requirements.
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Roadway Damage Repair.
The Operator is required to include information intended to establish baseline road conditions.
Such conditions shall be established by photographing, videotaping or otherwise documenting
existing conditions of all affected rural roadways and residential streets. The evaluation of the
structural condition of the existing pavement shall be performed by a soils engineer.

After receiving this information regarding baseline road conditions, the city shall consult with
Caltrans (if applicable) before determining whether the information is sufficient.

The local municipality should require the Operator to enter into a Roadway Repair Agreement
with the public works department of the city or with Caltrans with respect to state highways in
order to secure an Encroachment Permit, and to post a cash damage bond. This agreement would
identify where trucks can be driven, their size and weights and time of day. The road use
agreement would hold the applicant responsible for damages and repairs to roads and related
infrastructure that may be impacted by truck use. The local municipality may hold applicants
responsible

for

any

roadway

pavement

damage

and

may

charge

them

a

fee

to

mitigate/rehabilitate the damage on roadway pavement.

Require the Operator, within 60 days after well drilling is completed, to meet with the local
municipality and Caltrans (if applicable) to review the baseline road conditions and survey these
same roadways and residential streets in order to identify any damage that has occurred. The
condition shall further require that, following completion / compensation of the identified public
Right of Way (ROW) repairs, the Operator shall provide to the local municipality a letter signed
by the local public works department and Caltrans (if applicable) stating their satisfaction with
the repairs.

Measure 3: Warning Lights (Synthesized from Hermosa)
The Operator shall install, subject to the approval of the City of Hermosa's Public Works
Department, warning signs and blinking yellow lights one block north and south of the Project
Site warning vehicle traffic that trucks may be entering and exiting the roadway. Blinking lights
shall only operate when trucks are utilizing the roadway (not 24 hours per day).

Measure 4: Transport Hazardous Materials (Synthesized from SB4)
Know Spill Prevention Measures. The Operator shall, as part of the Spill Contingency Plan
required by Section 1722.9 of Title 14 of the California Code of Regulations a requirement that
each truck driver know how to carry out the emergency measures described

in the Spill

Contingency Plan (therefore reducing roadway hazards if an accidental spill were to occur).
The Operator shall submit a log to the local municipality demonstrating that every driver has
received and reviewed the applicable portions of the Spill Contingency Plan.

Measure 5: Oversize Vehicle (Synthesized from ERG)
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Oversize Vehicle Permits. The Operator shall obtain and adhere to all necessary haul and oversize
vehicle permits. During construction; provide copies of Permits to LA County and the local
municipality within 30 days of any oversize vehicle trips.

Obtain all necessary haul permits (or

other transportation permits) from LA County. Obtain Oversize Vehicle Permits from Caltrans and
provide copies to the County and the local municipality. Adhere to all Permit requirements during
oversize vehicle trips.

Measure 6: Crossing Guard (Synthesized from Hermosa)
When in close proximity to a school, the Operator shall fund, through and in consultation with
the Los Angeles Unified School District and Safe Routes to School, an afternoon crossing guard to
be stationed at the Drill Site area to ensure pedestrians passing nearby the Drill Site have
assistance in crossing the streets and the entrances/exit of the Drill Site.
Alternately, the Operator shall ensure that trucks only travel to and from the Drill Site when
school is in session (i.e. truck travel prohibited after 2:48 p.m., on Wednesdays after 1:45 p.m. or
on school minimum days after 12:45 p.m.). The Operator shall consult with the School District to
ensure that the timing is current.

Measure 7: Parking Demands (Synthesized from Hermosa)
The Operator shall supply private parking sufficient to meet all parking demands and shall
direct all employees and contractors to park within Operator's private parking areas, or to
utilize an alternative parking program approved by the City.

Measure 8: Landscape Buffer (Synthesized from Hermosa)
If the Drill Site affects the sidewalk, then the design shall incorporate a sidewalk design which
utilizes a landscape buffer to separate the pedestrians from the street.

Measure 9: Carpooling Program (Synthesized from Whittier)
A worker carpooling program shall be instituted offsite and away from congested areas to reduce
Drill site traffic through congested areas during all phases, in coordination with the LA City traffic
engineer.

B. LA County Oil & Gas Strike Team Mitigation Recommendations
On March 29, 2016, the Los Angeles County Board of Supervisors (Board) passed a motion
instructing the Director of Regional Planning, in coordination with the Fire Chief, Interim Director
of the Department of Public Health, and Director of the Department of Public Works to:

1.

Convene a Strike Team to assess the conditions, regulatory compliance and potential
public

health

and

safety

risk

associated

with

existing

oil

and

gas

facilities

in

unincorporated LA County.
2.

Review LA County Title 22: Zoning Code to ensure that oil and gas facilities may no longer
operate by right in the unincorporated portion of the County and to ensure that
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regulations reflect best practices and current mitigation measures and technologies,
minimize environmental impacts and protect sensitive uses and populations.
3.

Coordinate with cities throughout the County that are interested in collaborating on the
development of regulatory requirements and protocols for monitoring and evaluating
their local oil and gas facilities.

4.

Create an advisory panel consisting of independent experts in oil and gas exploration and
production as appointed by the Board of Supervisors to assess the biannual reports of the
Strike Team.

5.

Ensure that County Planning and Code Enforcement services are not negatively impacted.

MRS Environmental (MRS), a consulting firm with expertise in the oil and gas industry prepared
the Los Angeles Oil & Gas Strike Team Oil and Gas Facility Compliance Review Project.

The Strike Team's report recommendations are the following:

1.

The well inventory must be corroborated by on-the-ground site visits of oil and gas
facilities to determine compliance and to review potential issues associated with health,
safety, and environmental concerns.

2.

Review and update the existing County Zoning Code for oil and gas facilities to bring it in
line with surrounding sensitive land uses and current technological advances and to
bring it up to today's standards. The updated code should contain provisions to address
these issues:

a.

Removal of by right permitting

b.

Setback distances

c.

Well Stimulation techniques

d.

Air quality monitoring

e.

Odor plan & monitoring

f.

Down hole chemical use during drilling, maintenance or production activities

g.

Transportation of chemicals through residential areas

h.

Pipeline systems monitoring and leak detections

i.

Gas gathering systems operated under a vacuum

j.

Well site berms

k.

Well cellar size, volume and length

l.

Fire water supply and monitors

m. Abandonment of long idle wells
n.

Review of emergency response plan

o.

Decommissioning and removal of out of service equipment

p.

Storm water discharge handling with spills, drain and valve control plans

q.

Secondary containment

r.

Community communication
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3.

The Strike Team's report has no recommendations with regard to legal positions as of
the date of this report.

The County's report and recommended mitigations are relevant to the City of Los Angeles' oil
and gas operations. Updates to the City's zoning code should consider the adoption of these
types of mitigation as well to protect public health and safety. Additionally, our consultant PSE
Healthy Energy, recommend the alignment of regional public policy on the oversight of oil and
gas operations in the LA Basin.

C. CARB Oil and Gas Methane Rule
In 2017, the CARB adopted the "Greenhouse Gas Emission Standards for Crude Oil and Natural
Gas Facilities"

regulation (California

Code of Regulations, Title

17,

Division 3, Chapter 1,

Subchapter 10 Climate Change, Article 4, Sub Article 13: Greenhouse Gas Emission Standards for
Crude Oil and Natural Gas Facilities, § 95665 - 95677) to control emissions at all oil and gas
facilities in California (CARB's Oil and Gas Methane Regulation Fact Sheet - Appendix A2-42).

The Greenhouse Gas Emission Standards for Crude Oil and Natural Gas Facilities (commonly
referred to as CARB's Oil and Gas Methane Rule) is designed to reduce methane emissions from
oil and gas production,

processing, storage, and transmission compressor stations, which

accounts for four percent of methane emissions in California. Regulated entities are required to
take actions to limit intentional (vented) and unintentional (leaked or fugitive) emissions from
equipment and operations.
The provisions of the regulation are:

1.

Collection and use (or destruction) of methane and associated gases from uncontrolled
oil and water separators and storage tanks with emissions above a set methane
standard;

2.

Collection and use (or destruction) of methane and associated gases from all
uncontrolled well stimulation circulation tanks;

3.

Leak Detection and Repair (LDAR) requirements for components, such as valves, flanges,
and connectors, currently not covered by local air district rules;

4.

Methane emission standards for large reciprocating compressors in addition to LDAR for
the other large compressor components and smaller compressors;

5.

Collection and use (or destruction) of methane and associated gases from specified
centrifugal compressors, or replacement of higher emitting "wet seals" with lower
emitting "dry seals";

6.

Use of "no bleed" pneumatic pumps and "no bleed" continuous bleed pneumatic
devices with limited exemptions and restrictions on intermittent bleed pneumatic
devices;

7.

Enhanced monitoring for underground natural gas storage facilities including leak
detection and ambient air monitoring; and

8.

Reporting requirements for liquids unloading and well casing vents.
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The CARB's Oil and Gas Methane Regulation requires facilities to either permit or register
equipment with CARB or their local air district, perform emissions testing, and comply with
emission standards. As part of the regulation, crude oil and natural gas facilities that operate
crude oil and natural gas separator and tank systems must comply with emissions testing, and
systems that exceed the emissions standard must comply with emission control requirements.
Crude oil facilities with separators and tank systems that process less than fifty (50) barrels per
day of oil are exempt from the testing and emissions control requirements. Additionally, natural
gas facilities that receive less than two hundred (200) barrels per day of produced water are also
exempt.
CARB's Oil and Gas Methane Rule Implementation Timeline:
January 1, 2018

•
•
•

Leak Detection and Repair (LDAR) begins;
Underground natural gas storage facilities' monitoring plans due; and
Equipment reporting and flash testing data due.

July 1, 2018

•

CARB staff will decide to approve or request modifications of underground natural gas
storage facilities' monitoring plans.

January 1, 2019

•
•
•

Vapor collection on separator and tank systems installed;
Pneumatic devices and compressor seal change-outs required; and
Circulation tank technology assessment complete.

July 1, 2019

•
•

Annual reporting of LDAR results, compressor and pneumatic concentrations or flow
rates, and liquids unloading and well casing vent reporting all due.
CARB is working with a contractor to develop a web-based tool for this reporting.

January 1, 2020

•

Circulation tank vapor collection installed, pending technology assessment.

CARB's Oil and Gas Methane Regulation is implemented at the local level by SCAQMD. Oil and
gas production equipment, such as separators, tanks and compressors that are regulated under
specific SCAQMD permits that mandate vapor recovery to capture emissions as well as quarterly
air monitoring for leak detection, repair and reporting. Air District regulations require valves and
fittings at the wellhead and throughout the production process to be inspected quarterly with air
monitoring for leak detection, repair and reporting. Under SCAQMD Rule 1173, a specialized
contractor with SCAQMD certifications inspects and performs air monitoring on equipment
throughout the field quarterly and reports monitoring results to SCAQMD. SCAQMD requires that
all processing tanks have vapor recovery to minimize air emissions under Rule 463.
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D. Fenceline Air Monitoring

A fenceline monitoring program is at the periphery of a facility, consisting of a chemical analyzer
station, an air sampling system (typically containing no less than four [4] sampling inlet points at
site specific locations around a facility), and a meteorological weather station. Fenceline air
monitoring systems are used to measure specific pollutants that cross the facility's fenceline in
real time. A system should have the ability to monitor, record, and report air pollutant levels of
multiple compounds. Both the Los Angeles County Health Department and PSE consultants
recommend continuous real time Fenceline monitoring systems at oil and gas drill sites across
the City. A local monitoring program should continuously monitor and samples air emission for
each site in real time for methane, non-methane hydrocarbons, and hydrogen sulfide, and
collects and evaluates species of non-methane hydrocarbons (including benzene) in canisters on
a 12-day cycle. Prior to the adoption of a city wide program, subject matter expertise is needed
from SCAQMD to calibrate with existing technologies and avoid regulatory redundancy.
The only drill site fenceline monitoring program in the City is at the idled AllenCo Drill site
facility. The monitoring program was agreed upon in a 2016 court injunction to address concerns
raised by community groups that live around the AllenCo oil production facility located at 814
West 23rd Street in the City of Los Angeles. The parties agreed to install a system that is operated
by a third party Monitor. The Monitor is required to have relevant experience with air monitoring,
regulation, compliance, and evaluation. The judgment also specified that the Monitor shall not
have any financial ties to the operator beyond payment for duties as the Monitor. It's important
to note the monitoring program is temporary and funded by the operator pursuant to the legal
settlement agreement.
The AllenCo Judgment (Appendix A2-33) specified the following sampling criteria:
•
•
•

Methane (not an OSHA Air Contaminant);
Total Non-Methane Hydrocarbons (not an OSHA Air Contaminant); and
Hydrogen Sulfide.

Also canister sampling every 12 days and grab samples as warranted for:
•
•
•
•
•
•

Benzene
Toluene
Ethylbenzene
Trimethyl Benzene
Naphthalene
Total Petroleum Hydrocarbons (C5-C12 fraction - not an OSHA Air Contaminant)

While the system has been installed, it has yet to be utilized as the drill site has not been in
operation for the last five years. However, it does give a baseline example of system because
there are no regulations or industry standards at this time. In 2018, City Council took action on
establishing a city wide Fenceline air monitoring program which is under development by the
Petroleum Administrator (CF-18-0203).
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Section 10. Oil & Gas Well Setback Analysis
A. Existing City Setback Distance
Physical setback restrictions are typical land use policies used by local governments for safety,
privacy,

and/or

environmental

protection.

They

are

usually

a

certain

distance

from

a

curb, property line, or structure within which building is prohibited by ordinance. The City has an
existing setback distance of 200 feet from an oil well in the Building Code.
LAMC 91. 6105, "Separation from an oil well," states the following:

•
•
•

No school, hospital, sanitarium or assembly occupancy shall be with 200 feet from the
center of the oil well casing.
No public utility fuel manufacturing or public utility electrical generating, receiving or
distribution plant shall be located within 200 feet from the center of an oil well casing.
No building more than 400 square feet in area and taller than 36 feet in height shall be
erected within 50 feet from the center of an oil well casing.

A distance separation between the exterior wall of the building and the center of an oil well casing
shall be maintain with a horizontal distance equal to 1 %. times the building's height, provide
however, that that distance need not exceed 200 feet. The building shall be measured vertically
from the adjacent ground elevation adjoining the building to the ceiling of the top story.
Exceptions - The distance separation between a building and an oil well may be reduced to the
following:
1. Thirty-five feet (35 ft.) if a solid masonry wall not less than 6 feet high and six inches thick is
constructed between the oil well and all portions of the buildings, which are less than 50 feet from
the wall;
2. Twenty-five feet (25 ft.) if all walls of the building, which are located less than 50 feet from the
oil well, are of 1-hour fire-resistive construction, have no openings, and are surmounted by a 3foot high parapet;
3. Fifteen feet (15 ft.) if all walls of the building, which are located less than 50 feet (15 240 mm)
from the oil well, are of 2-hour fire-resistive construction, have no openings, and are surrounded
by a 3 -foot high parapet.
A parapet is a barrier that is an extension of the wall at the edge of a roof (or other structure).
This requirement in the Building Codes is for fire safety and not based on human health effects.
The City's Building Code is scheduled to be updated in 2020.
The Los Angeles County Department of Public Health recommended to expand the minimum
setback distance beyond 300 feet. They reported a site-specific assessment is needed for each
existing oil and gas facility to identify current distances to sensitive land uses and other site
characteristics that can be used to inform whether further mitigation measures are warranted to
reduce potential public health and safety risks. Additionally, the LA County Oil & Gas Strike Team
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also recommended establishing a setback distance with air monitoring and enhanced operating
conditions as a health and safety precaution.

B. Distance from Sensitive Receptors
The City Council directive inquired about the proximity of sensitive receptors to oil and gas wells
within the City. There are multiple definitions of the term, "sensitive receptor." The US EPA
defines it to include, but are not limited to, hospitals, schools, daycare facilities, elderly housing
and convalescent facilities. These are areas where the occupants are more susceptible to the
adverse effects of exposure to toxic chemicals, pesticides, and other pollutants. The federal
government notes extra care must be taken when dealing with contaminants and pollutants in
close proximity to areas recognized as sensitive receptors. At the state level, CARB defines
sensitive receptors as children, elderly, asthmatics and others who are at a heightened risk of
negative health outcomes due to exposure to air pollution. While the SCAQMD definition is more
broadly defined as any residence including private homes, condominiums, apartments, and living
quarters; education resources such as preschools and kindergarten through grade twelve (k-12)
schools; daycare centers; and health care facilities such as hospitals or retirement and nursing
homes. A sensitive receptor includes long term care hospitals, hospices, prisons, and dormitories
or similar live-in housing.
For this report, we considered sensitive receptors to include residents, children attending
schools, elder care facilities, and daycare facilities. The City may consider creating its own
definition of sensitive receptors for future reporting or policy purposes.

Table 14. Numbers of residents and other sensitive receptors within various proximities of
active oil and gas wells. Source: Adapted from Shonkoff et al. (2015b)
Buffer
Distance

Buffer

m

(mi

Distance

Number of
residents

Number of
Scbook

Number of
Children
Attending Schools

Number of
Elderly
Facilities

Number of
Daycare
Facilities

Under 5

Over 75

323

100

32.071

4

3,270

12

5

2,295

1.664

1.312

400

233,102

50

34.819

94

72

16.685

14.005

2.625

800

627,546

130

89.241

213

134

4,050

35.139

3.281

1.000

866,299

ISO

135.797

258

262

62.547

47,759

5.249

1.600

1,677,594

348

242.333

429

524

122,321

91.452

6.562

2,000

2,257,933

470

332.355

582

718

164.992

122.737

C. California Environmental Health Screening Tool
The California Communities Environmental Health Screening Tool Version 3.0 (CalEnviroScreen)
was developed by the Office of Environmental Health Hazard Assessment (OEHHA), on behalf of
the California Environmental Protection Agency (CalEPA). CalEnviroScreen is a science-based
assessment tool that helps identify California communities that are most affected by many
sources of pollution, and that are often especially vulnerable to pollution's effects (Cal Enviro
Screen Fact Sheet - Appendix A2-43).
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The Liberty Hill, Drilling Down Report (2015) (Appendix A1-12) evaluated oil and gas sites within
the City based on the CalEnviroScreen Version 2.0. The Liberty Hill report found that many
oilfields inside City boundaries are located in areas identified by as among the most
overburdened in the entire state. Their report identified that some oilfields in the Los Angeles
region are surrounded by open space or industrial, commercial, or vacant land. However, in
other neighborhoods, operations activity takes place adjacent to residences, schools, parks, and
public facilities. The Drilling Down report lists populations and proximity to oil and gas wells in
the City.
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D. Setbacks by Other Jurisdictions
Los Angeles County and our PSE consultants both evaluated setback distances from oil and gas
wells by other jurisdictions across the state and around the county. Table 15 is an adaptation of
both reports findings.

Table 15. Summary of minimum surface setback distances from oil and gas development in
the United States. Updated from LACDPH (2018)
State

Jurisdiction

City of Arvin
City of Cars on
City of Los
Angeles

Year
Adopted
2018
2015

2011

Colorado

2013

Kem County

2015

Maryland

State

State

New Development

600

Sensitive sites, such as parks,
hospitals, and schools

City of Arvin (2018)

750

Housing, schools, hospitals

LACDPH (2018)

200

School, hospital, sanitarium, or
assembly occupancy

City of Los Angeles

210

Housing, schools, hospitals

LACDPH (2018)

1.500

Requires notification of nearby
sensitive receptors (residences,
schools, health care facilities)

SCAQMD Rule 1148.2
(2015)

500

Housing or commercial buildings

LACDPH (2018); Haley
etal. (2016)

1000

High occupancy buildings schools, day care centers,
hospitals, nursing homes, and
correctional facilities)

Haley etal. (2016);
(COGCC (2013)

350

Outdoor recreational areas
(playgrounds and sports fields)

150

Surface property- line

2013

2016

(2011)
LA County Fire
Department (2013)

300

2015

Building (>400 ft2 area, 36 ft tall)
Building not necessary to the
operation of a well
Place of assembly, institution, or
school

100

Los Angeles
County

Source

300

50

California

SCAQMD ;

Setback
Setback Target
Distance (ft)

1.000

Housing, schools, faith institutions

2.000

Private drinking water wells

Haley etal. 2016;
COGCC (2013)
Haley etal. (2016);
COGCC (2013)
LACDPH (2018)
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Year
Adopted

Stn te

Jurisdiction

New Mexico

Santa Fe
County

2008

Oklahoma

Oklahoma City

2015

Pennsylvania Stare

Texas

Setback
Setback Target
Distance (ft)

750

2012

Source

Housing, schools

LACDPH (2018)

1.000

Groundwater and surface water
resources

LACDPH (2018)

300

Housing, fresh water well

LACDPH (2018)

(500

Faith institutions

LACDPH (2018)

500

Housing and commercial buildings Haley et al. (2016)

200

Fresh w’ater well

600

Housing, schools, frith
institutions, hospitals

City of
Arlington

2011

City of Dallas

2013

1.500

Housing, schools, frith institutions LACDPH (2018)

City of Flower
Mound

2011

1.500

Housing, schools, frith
institutions, hospitals, existing
water wells

City of Fort
Worth

200

Fresh w’ater well

2010

600

Housing, schools, frith
institutions, hospitals

LACDPH (2018)

LACDPH (2018)

LACDPH (2018)

1. Setback table updated with information from the peer-reviewed literature and California
county and city policies.
2. Distance that requires notification of sensitive receptors, not a setback distance.

The PSE report noted that while California has no established statewide setback for oil and gas
development, other local jurisdictions have established setbacks for residences and sites of
sensitive receptors. Recently in California, the City of Arvin adopted an ordinance that
establishes setback distances of 300 feet for new development and 600 feet for new drilling
operations near sensitive sites, such as parks, hospitals, and schools (City of Arvin, 2018; See
Appendix A2-31). In addition to localized setback distances, California Code of Regulation
defines a critical well as within 300 feet of a residence or airport runway or within 100 feet of a
dedicated public street, highway, or operating railway; any navigable body of water; any public
recreational facility, or any other area of periodic high-density population; or any officially
recognized wildlife preserve (State of California, 2011). The CA DOGGR requires operators to
disclose if a proposed well for drilling meets critical well (CA DOC, 2018), implying that wells in
close proximity to populations may pose greater risk to public health and safety.

Setback distances
Appendix A5 provides visual maps for potential setback distances from each oil and gas drill site
in the City. The distances in the maps range from 200 feet to 1,500 feet. The following two (2)
maps are for the Rancho Park and Wilmington Drill Sites.
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E. Impacted Oil & Gas Production by Setback Distance

Catalytic Environmental Solutions provided a report evaluating the potential effects of setback
requirements on oil and gas production in the City of Los Angeles. They obtained the locations
for all wells documented within the City from GIS shape files developed and maintained by CA
DOGGR. The production data was reported to CA DOGGR by local operators for calendar year
2016.
Table 16. City of Los Angeles oil and gas production loss under setback scenario analyzed

Setback
(Feet)

Production Loss
from Setbacks
Oil (bbl)

Gas (MCF)

500

2,514,462

4,415,960

1000

2,640,349
2,697,553
2,735,105

4,509,947
4,516,967
4,524,706

1500
2500

The following two (2) maps from Catalytic Environmental Solutions show the potential impact
of oil and gas well setback distances across the City for 500 feet and 1,500 feet.
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•
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Production wells unaffected by setback
500 Ft. Setback

Sensitive Land Use Categories
CityHospitals

10
A

500 FT. SETBACK
Community Commercial - Mixed High Residential
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F. Implementation of Setback Distance
The establishment of physical surface setback distance from oil and gas wells from sensitive
receptors would need to be based on the City's land use zoning codes. City Council may
consider adopting an ordinance that requires a specific setback from sensitive land uses that
applies to existing wells, future wells, or both. Any future ordinance will be subject to legal
challenges by landowners and operators as a "taking" under the federal and state
Constitutions. The City does have a prescribed method for the termination of nonconforming
oil and gas wells within the City's Zoning Code. Establishing a setback distance on existing oil
and gas wells may be declared as a non-conforming land use. The land use decision would be
required by the City Council to instruct the City Planning Department to prepare an ordinance.
LAMC 12.23-C.4, is the pertinent code section:

(a) No well for the production of oil, gas or other hydrocarbon substances, which is a
nonconforming use, shall be re-drilled or deepened.
(b) All such wells, including any incidental storage tanks and drilling or production
equipment, shall be completely removed within 20 years from June 1, 1946, or within 20
years from date such use became nonconforming, if said date was subsequent to June 1,
1946; provided, however, a Zoning Administrator may, upon individual application, allow
such wells to continue to operate after said removal date, if he determines that such
continued operation would be reasonably compatible with the surrounding area and in
connection therewith may impose such conditions, including time limitations, as he deems
necessary to achieve such compatibility.
The City Planning Department is prepared to provide a follow up summary of the outreach and
adoption process with an approximate timeline for completion, an estimate of funding needs
for anticipated contractual services, such as preparation of appropriate environmental review
and other technical studies, and necessary staff resources to research, prepare, and process the
ordinance through adoption and implementation.

Section 11. Economic and Fiscal Impacts of Establishing Setbacks
In 2015, the Los Angeles Economic Development Corporation produced a report on the
economic impacts of the Oil and Gas Industry in California. The report estimated that the
industry's statewide direct output of more than $111 billion generates more than $148 billion
in direct economic activity, contributing 2.7 percent of the state's gross domestic product (GDP)
and supporting 368,100 total jobs in 2015, or 1.6 percent of California's employment.
Additionally, the oil and gas industry generates $26.4 billion in state and local tax revenues and
$28.5 billion in sales and excise taxes. For Los Angeles County, it found the direct output of
more than $5.2 billion in direct economic activity, contributing $133 million in tax revenue, and
supported 31,236 total jobs in 2015. The report covered employment, economic activity, and
jobs of all sections of the industry, not just the upstream sector.
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A. Community Economic Report

"The Oil and Gas Extraction Sector in the City of Los Angeles," by David Rigby, Ph.D. and
Michael Shin, Ph.D. and Geografio LLC (2017) (Report is Appendix A2-4)
This report estimates the economic impact of potential oil and gas well closures within the City.
Analysis focuses on 2015, the most recent year for which input-output data were available
when the project started. Data from DOGGR, supplemented where possible by the U.S. Energy
Information Administration, along with benchmark oil and gas well-price data valued economic
output in the oil and gas extraction industry for the state of California in 2015 at approximately
$9.7 billion. This represents approximately half of 1% of the state's overall output, its gross
product. Within the City, the oil and gas extraction sector generated output valued at $182
million in 2015, accounting for about one-tenth of 1% of the City's gross product.
According to data from the California Employment Development Department (EDD) and the
U.S. Bureau of the Census Non-Employer Survey, the oil and gas extraction industry (North
American Industrial Classification 211) employed 345 workers in the City of Los Angeles in 2015
out of a total city-wide workforce of just under 2 million. CA DOGGR data identified 508 active
wells within the City in 2015 with positive levels of production. A geographic information
system fixed the location of these well sites and then mapped protective buffers, setback
distances of 1,500 feet and 2,500 feet, around sensitive land uses as identified by CARB. The GIS
analysis established that 429 of the active 508 wells in the City were located within 2,500 feet
of sensitive land uses. These 429 wells were responsible for approximately 78% of the value of
output in the oil and gas extraction sector of the City in 2015. Input-output analysis of the Los
Angeles economy reveals that closing 429 oil and gas wells and eliminating 78% of production
within the oil and gas extraction industry (consistent with the 2,500 feet setback distance)
would have the following impacts:
•
•

269 jobs would be lost within the oil and gas extraction industry
266 jobs would be lost within other sectors of the economy

•

535 total jobs would be lost across the City.

The report noted that use of the 1,500 feet setback distance would result in the overall loss of
approximately 532 jobs citywide. They do not believe that the loss of local oil and gas extraction
capacity would have a significant impact on local energy prices. However, they believe that
there could be additional employment loss in local parts of the oil and gas transportation
system associated with well closures.
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Table 17: Private non-farm employment in California, Los Angeles County and the City of Los
Angeles, 2015 (Wage and salary employment and self-employment: EDD+NES)
NAICS

21
211

Industry name

Mining, Quarrying, Oil & Gas
Oil & Gas Extraction

12,229

1,332,133
777,742

370, 694

246,213

75,494(4-41%)

Retail
Transportation & Warehousing
Information
Finance & Insurance

1,890,618

447,935
198,544
233,992

610,496

147,087

Real Estate, Renting & Leasing

594,401
1,748,815

197,494
431,917

164,770(9.64%)
81,657(4.78%)
74,911(4.38%)
70,676(4.13%)
64,838(3.79%)
183,392(10.72%)

229,682

57,365

1,303,984

34T548

388,039
2,352,714

120,311
718,366

497,317

178,458

17,819(1.04%)
116,050(6.79%)
59,151(3.46%)
291,769(17.06%)
73,858(4.32%)

1,575,749

416,088

i58,37i(9-26%)

1,000,805

295,717

120,112(7.02%)

16,602,947

4,607,164

1,709,967

44"4S

Professional, Scientific 8<
Technical Services

55

Management of Companies

61

Waste Management
Educational Services
Health Care 8, Social Assistance

71

72
81

577 (0.03%)
345(0.02%)
2,833(0.17%)
59,208(3.46%)
94,481(5.53%)

288,155

13
31-33
42

62

5,051
3,201

City of
Los Angeles

58,757

Utilities
Construction
Manufacturing
Wholesale

54

29,758
14,175

Los Angeles
County

948,370

22

48-49
£1
52

California

Arts, Entertainment &
Recreation
Accommodation & Food
Services
Other Services (except Public
Administration)
Total

720,142
543,425

A second way that the report proposed city ordinance might generate benefits to the city that
offset some of the anticipated employment losses, noted in Section 4 of this report, is through
job creation related to remediation activities at oil and gas well sites that are shut down. Once a
decision has been made to halt production at an oil well, a process of remediation can begin.
Remediation is undertaken to ensure that underground reserves of oil and gas, and any saline
or fresh water aquifers penetrated by the well, remain isolated from one another over time.
Well remediation requirements vary with local and state regulations, but typically involve the

//

plugging and abandonment" of a well site. The California Code of Regulations, Section 1723

outlines the requirements for well plugging and abandonment in California. The process of
plugging typically involves the filling of the well hole with drilling mud and the placement of
cement plugs across all oil or gas zones, any water interfaces and at the surface. Additional
cement plugs may be required depending on the condition of the well. Plugs placed into the
well-bore prevent communication between subsurface rock layers (Testa and Jacobs, 2014).

The process of remediation involves use of a drilling rig to remove equipment inside the well
and to ensure that the well is unobstructed so that isolation plugs can be effectively installed.
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Additional work involves removal of the well-head, sampling and testing for soil, and possibly
water, contamination surrounding the well site. Older wells might have above surface or
underground tanks that require further clean up, removal and additional testing for subsurface
leakage and contamination. Contaminated soils require careful disposal, before the well site
can be brought back to the required standards for commercial or even residential use. It is
important for the city and oil producers to ensure timely remediation at oil and gas wells for
idle wells pose significant concerns. Indeed, the California Department of Conservation's
Division of Oil, Gas, & Geothermal Resources (DOGGR), estimated more than 23,000 idle wells
in the state pose risks of desertion and contamination. State Assembly Bill 2729 (2016) is aimed
at reducing such risk.

However, remediation work, calculated over the year, for each of these sites was estimated to
involve 0.5 workers. Thus, 215 full-year jobs would be generated in the city if all wells in the
proposed setback zone were remediated at once. These jobs would generate additional
employment across the city as a result of multiplier effects associated with the purchase of
inputs and consumption from wages; an additional 141 jobs would be generated elsewhere in
the Los Angeles economy. These figures are based on the closure of 429 active wells and
assume an average well site remediation cost of approximately $109,000. Pollution savings
summary also included the removal of 199,000 metric tons of carbon dioxide equivalents
released each year in the City of Los Angeles as a result of oil and gas extraction and supporting
industrial activities.

B. Industry Economic Reports
Economic and Fiscal Effects of Set-Back Requirements on the Oil and Gas Industry in Los
Angeles, by Capital Matrix Consulting, March 2018 (Appendix A2-8)
According to the Capital Matrix Consulting (CMC) report, oil production within Los Angeles City
comes primarily from six fields located fully or partly within its boundaries. About forty percent
(40%) of the total is from onshore portions of the Wilmington Field, pumped by wells located in
and around the Port of Los Angeles. Other significant sources of oil are the Las Cienegas, San
Vincente, and Cascade fields, as well as portions of the Beverly Hills and Torrance fields.

They found that there were about thirty (30) producers operating in Los Angeles City in 2016.
About eighty-five percent (85%) of total oil production came from the top six (6) companies.
These include: Sentinel Peak Resources (with production in Beverly Hills, Las Cienegas, and San
Vincente fields), Warren E&P (Wilmington Field), California Resources (primarily its Tidelands
operations in Wilmington Field), DCOR (Cascade Field), and Pacific Coast Energy Company
(Beverly Hills Field).

Los Angeles City:

Of the County-wide totals, $430 million in economic output, $270 million in

gross regional product, 1,480 jobs, $155 million in labor income, and $35 million in state and local
tax payments are related to oil and gas production in the City. The effects on Los Angeles City
production would be even more pronounced. A 500-foot setback would eliminate sixty-three
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percent (63%) of production, and a 2,500-foot setback would eliminate eighty-seven percent
(87%) of oil production in the City in the CMC report.

Corresponding economic and fiscal impacts:

As shown in Table 18, a 500-foot setback imposed

by Los Angeles City would result in losses of $255 million in economic output, 890 high paying
jobs, $88 million in labor income, and $22 million in state and local taxes. Adoption of a 2,500foot setback would result in job losses of 1,221, labor income losses of $122 million, and state
and local tax reductions of $29 million.

Table 18. Economic and Fiscal Impacts of Setback Ordinances Imposed By Los Angeles City Direct and Multiplier Effects (Annual Average Reductions - 2020 to 2025); CMC Report
Setback Distance

Loss In:

500 foot

1,500 Foot

2.500 Foot

Oil production (%)

63%

86%

87%

Economic Output (£ Millions)

S265

£340

3344

Employment

890

1,210

1,221

Labor Income ($ Millions)

S88

£120

£122

State/Local Taxes (S Millions)

S22

£28

£29

Los Angeles City oil and gas operations:

The CMC report showed that there were 541 workers

oil and gas industry establishments operating in the City in 2016. These employees were paid a
combined total of $77 million, which works out to an average annual wage of $143,000. The
high rate partly reflects the presence of the California Resources Corporation and Breitburn
Energy Partners headquarters within the City. An additional 112 employees were employed in
pipeline construction industries in the City. In the City average wages in the oil production
industry are quite high compared to other private sector jobs.

Table 19. Economic and Fiscal Impacts of Setback Ordinances Imposed By Los Angeles City Direct and Multiplier Effects (Annual Average Reductions - 2020 to 2025); CMC report
Economic
Output

Gross
Regional
Product

£175

£110

530

£76

Indirect

29

18

122

14

Induced

71

43

471

25

£275

£171

1,123

£115

1.6

1.6

2.1

15

Type of
Impact
Direct

Total
Multiplier

Number
of Jobs

Labor
Income
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The combined countywide average for all oil and gas-related jobs is over $100,000, and the oil
and gas extraction segment has an average wage of over $160,000. The high average wage in this
segment partly reflects high wages paid by oil producers generally, but also is due to the
significant number of well-paid jobs in headquarter, centralized
operations in the County (See

purchasing, and

logistical

Figure 19).

Oil and Gas Extraction

Drilling

Other Mining Support

Manufacturing

Construction

Private Sector

O'
41,

£
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Figure 19. Los Angeles County Average Annual Wage by Industry in 2016, CMC report

Potential City Tax Impacts
State and local taxes generated by oil and gas production within City boundaries total $25.9
million, of which $15 million is state taxes and $10.8 million is local taxes. Most of the local taxes
are from sales and property taxes. The City does not have a barrel tax, but Table 20 shows the
County has a 40 cents per barrel tax that generates approximately $8.7 million per year.

The CMC report also evaluated tax revenues from: property taxes on oil reserves and equipment;
state corporate taxes on company profits; personal income taxes on wages and royalties; state
and local sales taxes on oil producers' purchases of materials, fuels, and equipment; severance
taxes imposed by about a dozen cities; and the DOGGR administrative fee used to support a
variety of its regulatory activities. The multiplier effects include (1) personal income taxes paid
on employees' wages, and (2) state and local taxes paid on subsequent rounds of income and
expenditures generated by supplying businesses and their employees.
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Table 20. State and Local Taxes Generated by Oil and Gas Production in Los Angeles
County and Los Angeles City in 2018 (Dollars in Thousands), CMC report
Los Angeles County
Tax Source

Total
Amount

Los Angeles City

Per Barrel
Amount

Total
Amount

Per Barrel
Amount

On producers & royalty owners:

State:
S25.0QD

*1.115

$3,200

$1.15

Personal income

10.27D

0.47

1,320

0.47

Sales

14,110

0.65

2,010

D..72

DOGGR

12,550

0.58

1,610

0.58

561,030

$2.85

$8,140

$2.91

S44.14D

$2.03

$5,880

$2.11

Sales

9,140

0.42

$1,170

0.42

Severance

8,710

0.40

0

Other

3,270

0.15

420

0.15

565,260

$3.00

$7,470

$2.81

State

S54.5DD

$2.50

$6,920

$248

Local

23,600

1.09

3,400

1.21

572,970

$3.59

$8,680

$3.69

Corporation Tax

Total, state

Local:
Property

Total, local
Multiplier impacts:

Total, multiplier

jim£act^^^^^_

Combined. Direct and Multiplier:

State

S116,430

$5.36

$15,060

$4.94

Local

88,860

4.09

10,870

3.61

5205,200

$9.45

$25,930

$3.55

Total, combined

Separate from the income, jobs, and tax revenue, there is additional financial value identified by
the CMC report. The economic value of the oil and gas reserves can be measured by estimating
the present discounted value of after-tax cash flows (i.e. annual revenues minus operational and
investment costs) generated from all future extraction of oil from these reserves. The actual value
depends on several factors, one of the most important of which is the future price of crude oil.
They projected a valuation based on low, moderate, and high assumptions, they estimate that
the economic value of the oil reserves in LA County would be worth $1.2 billion under the lowerend oil price forecast, $2.3 billion under the moderate price forecast, and $3.4 billion under the
high-end price forecast. The lost value could also result in a major liability if mineral rights
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property owners and producers were to prevail in "takings" lawsuits under the United States and
California Constitutions.

At a minimum, it would cost millions of dollars in litigation expenses to defend against such
lawsuits. If the plaintiffs were to prevail, the City would be required to pay the present value of
the lost profits from the oil and gas that would no longer be recovered in these fields to the oil
companies and owners of the mineral rights affected by the ordinance.

C. Setback Implementation Potential Fiscal Impact to the City
Oil and natural gas production values within the City are not publically available for six months
to year. The most recent full year production data is from 2017. The average daily crude oil
production rate for the City has ranged from approximately 7,600 - 8,000 barrels of oil per day
(BOPD). The annual total cumulative oil and gas production in the City for 2017 was 2.5 million
barrels (bbl) of oil and more than 4.9 million cubic feet (MCF) of natural gas.
Local governments and industry typically use the Midway Sunset Oil Field in Central California as
a proxy for a State oil price. The American Petroleum Institute gravity (API gravity) is a measure
of crude oil by density which dictates the price per barrel. Midway Sunset crude oil is set at 13
API gravity which is similar to most types of crude oil produced in California. In 2017, the Midway
Sunset Oil Price ranged from $44.33/bbl to $59.24/bbl, with an annual average oil price of
$48.19/bbl. While in 2018, its daily price fluctuated higher from $53.03/bbl to $71.58/bbl, with
an average annual oil price of $68.02/bbl. The December 2018 Deloitte Advisory Firm Resource
Evaluation Report projected the 2019 Average Midway Sunset crude oil price at $59.00.
The present value of the current oil production (2.5 million barrels) within the City at the Midway
Sunset oil price of $59/barrel is conservatively estimated at least $148 million per year. However,
any change in oil price can significantly increase or decrease this value. The United State Energy
Information Administration (US EIA) estimates oil price will be $72/barrel in 2020, which would
increase the value at $185 million.
This estimate does not reflect the higher API gravity crude oil produced within the City or a
valuation of the produced natural gas that would increase the net present value of the city wide
petroleum production. The actual current value of oil and gas production will be greater due to
expected higher oil prices in the future and the additional value of the natural gas produced. The
following is the City's Petroleum Administrator's cost estimate for each potential fiscal impact.

Value of Future Crude Oil Production:
In 2012, as the U.S. Geological Survey (USGS) estimated that between 1.4 and 5.6 billion barrels
of recoverable oil remain in just ten (10) of the Los Angeles basin oil fields; three (3) of them
(Inglewood, Torrance, and Wilmington/Belmont) lie partially within the City boundaries. In an
updated 2018 geological evaluation, done by USGS geologist Don Gautier, concluded that
approximately 1.6 billion barrels of additional volume of recoverable crude oil exist within the
City that could be produced using existing technology. Applying the Midway-Sunset projected oil
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price of $59/bbl to the 1.6 billion barrels of remaining recoverable reserves provides $94.4 billion
in present value. Price Water House Cooper (PWC) projects a 6% rate of return for the oil industry
in 2019. The projected future value of the remaining oil reserves belonging to mineral rights
owners in the City calculated for a 20 year period at 6% interest rate is $97.6 billion.

Estimated future value of recoverable petroleum reserves is $97.6 billion.
Land Value:
Land values in the City vary by location according to a 2017 study of metropolitan land values
across the United States. Economists David Albouy and Minchul Shin of the University of Illinois,
and Gabriel Ehrlich of the University of Michigan, relied on data from CoStar, a national realestate database, covering land transactions from 2005 through 2010. The study estimated the
total land value of the Los Angeles-Long Beach, CA area at $2.3 trillion. The average land value
per acre city wide was estimated at $2.6 million and the value of central downtown land was $16
million per acre.
The sixteen remaining oil drilling sites are spread across the City of Los Angeles equate to 24 acres
of surface land. The drill sites in non-central areas are estimated land value of $85 million. The
drill sites in central areas are estimated land value of $15 million. The costs vary from location to
location and would likely be higher than this estimate due to the regional housing crisis. In an
imminent domain proceeding or litigation over the deprivation a surface owner's property rights,
then the land owner would need to be compensated at a fair market price.

The estimated current surface land value of the drill sites in the City is $100 million.

Well Abandonment:
Oil and gas well abandonments must meet standards required by CA DOGGR to be abandoned
when operators end operations. There are approximately 1,100 active and idle oil wells within
the City. As of 2018, there are 819 active wells and 296 idle wells, of which, the inactive wells can
be reactivated at any time.
The abandonment of an oil well in the Los Angeles Region can cost anywhere from $50,000 to
$500,000 per well according to news reports from CIPA. The two (2) wells recently abandoned
on Firmin Street in the Echo Park area of the City cost the state about $375,000. Sixty-Five percent
(65%) of active and idle wells are located within drill sites which should be on the lower end of
the cost scale. The remaining wells will likely require higher abandonment costs due to their
locations in difficult to access urban settings. Drill site well abandonments are estimated to cost
$250,000 per well for seven hundred twenty-five (725) wells at a projected cost of $181 million.
Non-drill site wells are estimated to cost $375,000 per well for the three hundred seventy-five
(375) wells, which would total approximately $140 million. The cost would likely be greater than
this amount because many of the wells have old broken equipment inside them and damaged
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casing which takes longer and is more expensive to abandon. In a property taking's litigation,
these costs would be an item of dispute or if a company declared bankruptcy the City would need
to identify the funding to abandon the wells.

Total Well Abandonment Cost Estimate - $321 million
Environmental Remediation and Cleanup:
After each drill site's wells are abandoned, the environmental cleanup process must begin to
restore the site to its prior natural state to allow for an alternative land use. The site cleanup is
typically regulated by DTSC or the LARWQCB. Drill site cleanup will likely include tank removal,
pipeline abandonment, building demolition, concrete removal, soil testing, soil removal, health
risk assessments, and both Phase 1 & 2 environmental site assessments.

Depending on the

desired level of cleanup, residential or industrial levels, the costs can vary significantly.
In 2011, the Beverly Hills City Council voted to ban all oil drilling within the city limits by December
31, 2016. After implementation of this law and cancellation of the oil operating lease, the
operator of the one active drill site within the City of Beverly Hills, Venoco Incorporated, declared
bankruptcy. Venoco was discharged of its well abandonment and environmental remediation
responsibilities in Federal Court, even though they were in listed in their lease agreement. The
City of Beverly Hills is now managing the project on behalf of the Beverly Hills Unified School
District (BHUSD) to properly secure and plug nineteen (19) oil wells located on School District
property (0.73 acres) adjacent to the Beverly Hills High School. Prior to bankruptcy, Venoco said
the task would be "expensive and complicated" and that it could take "several years" at an
estimated cost of $10 - $15 million to cleanup. Well abandonment was estimated to be half of
the total project cost. In December 5, 2017, the City of Beverly Hills and the Beverly Hills School
District entered into an agreement whereby the City of Beverly Hills would take on project
management responsibilities to monitor and plug the wells. The City of Beverly Hills advanced $8
million in costs for site monitoring and plugging. This amount is subject to 50% reimbursement
by the Beverly Hills School District. The city and school district only received $760,000 from the
bankruptcy court proceedings. The Beverly Hills example is the basis of an anticipated estimated
environmental remediation and cleanup cost estimate of $6.25 million per acre. The City of Los
Angeles has twenty-four (24) acres of active oil and gas drill sites that will eventually need to be
abandoned and remediated.

Total Environmental Remediation and Cleanup Cost Estimate - $ 150 million
Expected Litigation Costs:
In 2019, Assemblymember Muratsuchi introduced Assembly Bill 345 (See Appendix A2-19) to
establish a statewide 2,500 foot setback from oil and gas wells. The Assembly Appropriations
Committee summarized the fiscal effects of expanded setbacks proposed under Assembly Bill
345. The Committee's analysis (Appendices A2-20 & A2-A21), noted total lost revenues from oil
production of up to $3.5 billion, annual lost production revenue of up to $350 million per year,
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annual lost tax revenue in the range of $100 million per year, and additional state regulatory
costs of $4 million per year. These cost burdens would be felt most acutely in the Los Angeles
area because it would have impacted 87% of oil production in the City. The analysis concluded
that the bill would give rise to litigation over takings "at significant cost to the state." The bill
analysis indicated implementation of the law would require at least $1 million per year in
litigation costs. The City Attorney's Office agrees that the City can expect to spend a similar
amount per year to defend the implementation of a setback distance within the City.

Estimated Annual Litigation Cost = $1 million per year
Total Potential Fiscal Impact to the City of Setback Implementation:

•

Current Oil Production - $148 - $185 million

•
•

Future Oil Production - $97.6 b llion
Land Value - $100 million

•
•

Well Abandonment - $321 million
Environmental Clean Up - $150 million

•

Litigation - $1 million per year

The estimated potential cost to the City of establishing a setback distance on existing operation
is $724 million, which includes the minimum value of the current oil production, land value costs,
well abandonment costs, environmental clean-up costs, and five years of litigation expenses. It
may be lower if the sites are not cleaned up, wells stay unplugged, and the City is successful in
the court systems. The estimated potential cost to the City of establishing a future setback
distance could be as high as $97.6 billion in compensation for the future value of mineral rights
owed from takings litigation.

D. Establishment of Oil and Gas Restricted Funds

In 2018, Los Angeles City Controller Ron Galperin published a report titled, "Review of the City of
Los Angeles' Oil and Gas Drilling Sites" (Appendix A2-2). The review was initiated for several
reasons, but two (2) that are directly related to this report. First, the review wanted to determine
if appropriate coverage existed to protect the City and its residents from financial risks associated
with oil and gas wells. Secondly, it sought to implement effective processes to collect revenues
and recover costs. In order to successfully implement the recommendations in his report, he
confirmed that it will require additional financial resources. The report also noted that as the City
enhances its local oil and gas oversight framework, it should prioritize cost recovery.
The report highlighted the City's large real estate portfolio (almost 9,000 distinct parcels) that
includes parks, libraries, municipal facilities, buildings, and vacant land. The value of the City's
properties are not limited to surface structures, but it also has recoverable deposits of oil and gas
may be found in subsurface locations beneath these parcels. The City's ability to generate
revenue by using its real estate assets for oil and gas extraction activity depends on the extent to
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which it owns the mineral rights associated with subsurface parcels of land. The Controller found
that Council-controlled and Proprietary Departments provided information that showed oil and
gas operators paid approximately $390,000 in oil and gas royalty revenue to the City in FY2017.
However, the City does not currently know the locations of all subsurface parcels where it owns
mineral rights. This prevents the ability to identify pooling or unit agreements that include the
properties that should generate royalty revenue for the City based on the amount of oil or gas
that is being extracted. According to the Petroleum Administrator, there may also be
opportunities to recover additional revenues from former well operators who may not have paid
royalties to the City for decades. Any potential recovery of these funds is not possible without
extensive title research of City land records, to identify subsurface locations of oil deposits along
with parcels owned by the City. Once identified, these parcel numbers can be compared to
existing pooling and unit agreements, as well as historical extraction data, which is maintained
by CA DOGGR.
During the Controller's review, staff from some of the City Departments acknowledged that they
did not have effective processes in place to ensure that the City was receiving all of the revenue
it was owed. These examples demonstrate that City Departments are not exercising sufficient
control to ensure that the City receive the appropriate revenue for a defined use of the City's
property assets. Like any other property owner, the City needs to ensure that its business
partners make accurate payments in a timely manner. The LAAC outlines a centralized role for
the Board of Public Works and Petroleum Administrator to oversee oil and gas extraction from
City-owned property. However, the historical nature of drilling activity in the City combined with
a decentralized approach created information gaps that prevented effective oversight.
The Controller called on the City to consider reintroducing a barrel tax for voter approval. Many
neighboring local jurisdictions assess a per barrel tax on oil and gas that is extracted by local
operators. The City previously had a barrel tax in place, however, the tax was repealed in 1996.
The City put forth a special ballot measure in 2011 that would have imposed a tax of $1.44 per
barrel of oil extracted within the City. The proposed tax rate was significantly higher than barrel
taxes imposed by neighboring jurisdictions. The proposed ballot measure was narrowly rejected
by voters 51.07% to 48.93%. Although the March 2011 ballot measure was rejected, increased
awareness about the impacts of oil and gas extraction in densely populated environment
combined with high profile public health incidents such as Aliso Canyon may have shifted voter
opinion.
To begin the process, the City must perform a cost-benefit analysis for implementing a barrel tax
that considers factors such as:•
•
•
•
•

Projected extraction volume based on historical records and the likelihood of future
production activity;
Cost of placing the measure on the ballot;
Ongoing administrative costs associated with imposing and collecting the tax; and
Set an appropriate tax rate.
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Currently, barrel taxes in neighboring jurisdictions such as Long Beach, Santa Fe Springs, and Seal
Beach range from $0.41 to $0.49 per barrel. Based on estimated current production levels (7,500
barrels per day), a barrel tax of $0.50 would generate approximately $1.4 million each year.
Additionally, if the City decides to move forward with a ballot initiative, City Policymakers should
determine whether revenue generated from these taxes should be deposited in the City's general
fund or restricted funds to assist with well abandonment costs, environmental remediation,
repurpose of oil and gas sites, oversight of current oil and gas operations, worker training, and/or
another specific purpose.

The City should establish restricted petroleum trust funds for oil and gas revenues derived from
its mineral rights. The funds should be located within the Board of Public Works under the
oversight of the Director of Petroleum Administration and Board. The fund should have a large
percent of it placed into an investment tool to generate interest for the betterment of all
Angelinos. The County of Norway and the State of Alaska have successfully instituted these types
of funds for the majority of their petroleum revenues. Oil and gas mitigation or abandonment
funds are common in other local jurisdictions, like the State Lands Commission and the City of
Long Beach Oil Properties Division. While the $390,000 in annual revenue is very small relative
to the City's annual total budget, it can quickly grow if treated as an endowment. Eighty percent
(80%) of the petroleum revenue derived from the City should

be placed into a restricted

investment fund, while the other twenty percent (20%) should be directed to a separate
restricted fund to be spent on oversight of oil and gas operational costs. Additional revenue could
be generated through the re-institution of the City's oil barrel or severance tax. Currently, the
County of Los Angeles, City of Signal Hill, and other local jurisdictions have passed these types of
ballot measures.

The recent experiences of the City of Beverly Hills and Beverly Hills Unified School District should
be a warning sign for the City of Los Angeles. After years of receiving millions of dollars in oil and
gas royalties, the City of Beverly Hills voted in 2016 to end petroleum operations within their city.
However, both public entities spent all of their respective petroleum revenues each year and
saved nothing for clean up or abandonment costs. It should be noted that it may have appeared
to be the prudent approach at the time, since they did have language in their oil and gas lease
agreements that the company would restore and clean up the drill site. However, the clean up
or well abandonment costs were quickly discharged in bankruptcy court leaving the City and
School District scrambling to find funding from their general fund, limited reserves, or external
public agencies.

The City of Los Angeles has the same liability, but much larger with our seventeen (17) oil and gas
drill sites. This report estimates at least $150 million in environmental remediation and clean-up
costs for all sites city wide. The City should not spend all of its petroleum revenue every year
without saving any of it in a rainy day fund. It's a fiscally irresponsible approach and does a
disservice to our residents.
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Section 12. Human Rights and Environmental Standards of Oil Exporting Nations
California has the largest economy in the United States and fifth largest in the World with a GDP
of $2.9 trillion according to Forbes.

In 2018, the energy demand for the state required

approximately 642,000 barrels of crude oil per day (BOPD) for refineries across the state. The
state imports nearly 60% of the crude oil used at refineries in San Francisco Bay and Los
Angeles/Long Beach Port Complex. The California Energy Commission reported that in 2018
California refineries received 31% of their crude oil from domestic California production, 11%
from domestic Alaska Production, and 58% from foreign countries. The overall crude oil demand
has held steady the past 20 years, but the percent of domestic production

has declined

dramatically. Foreign crude oil imports have offset the decline of both Alaska and California
production over the last two decades (see Figure 20).

Crude Oil Supply Sources to California Refineries
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Figure 20. 1982 - 2018 Crude Oil Import Supply Sources to California Refineries

A. Foreign Oil Imports to California
The California Energy Commission and U.S. Energy Information Administration report that
foreign sources of crude oil imported to California totaled 364 million barrels in 2018. Those
mainly come here from North America, Latin America, Africa, and the Middle East. Saudi Arabia,
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Ecuador and Columbia are the countries that provide the majority of the foreign imported crude
oil to the state (see Table 21 and Figure 21).

Table 21. 2018 Foreign Sources of Crude Oil Imports to California by County

2018 Foreign Sources of Crude Oil Imports to California
Source
Saudi Arabia
Ecuador
Colombia
Iraq
Kuwait
Brazil
Mexico
Canada
Angola
Other
Total

Barrels of Crude Oil

Percentage

134,818,000
51,799,000
44,648,000
29,828,000
22,548,000
17,688,000
15,064,000
10,989,000
10,691,000
26,294,000

37.00%
14.22%
12.25%
8.19%
6.19%
4.85%
4.13%
3.02%
2.93%
7.22%
100.00%

364,367,000

Foreign Sources of Marine Crude Oil Imports to California 2018
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Figure 21. 2018 Percentage of Foreign Sources of Crude Oil Imports to California
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B. Foreign Oil Imports to Ports of Long Beach and Los Angeles
Crude oil is transported to Los Angeles area refineries by pipelines, rail cars, and maritime tanker
ships.

Imported crudes from foreign countries arrive via the twin Ports of Long Beach and Los

Angeles. In 2017, the Port of Long Beach (POLB) reported importing a 125.3 million barrels, while
the Port of Los Angeles (POLA) reported 5.2 million barrels. Combined, a total of 76.1 million of
barrels of crude oil comes into the ports from foreign counties and processed by local Los Angeles
area refineries. Below is a listing of annual exported crude oil into the POLA & POLB ports by "Last
Port" data supplied by Marine Exchange Database:

Table 22. 2017 Port of Long Beach Crude Oil Imports
Source Country

Barrels of Crude Oil

Percentage

USA (Alaska)

51,829,882

29.8%

Singapore

15,086,950

8.7%

Panama

12,364,054

7.1%

Iraq

11,836,046

6.8%

Ecuador

8,878,924

5.1%

Saudi Arabia

7,826,740

4.5%

Angola

5,661,879

3.3%

Mexico

4,362,457

2.5%

Columbia

3,776,875

2.2%

Canada

2,893,430

1.7%

Uruguay

877,680

0.5%

Total

125,394,917
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Table 23. 2017 Port of Los Angeles Crude Oil Imports
Source Country

Barrels of Crude Oill

Percentage

USA (Alaska)

2,655,881

50.4%

Colombia

1,845,234

35.0%

Panama

266,584

5.1%

Ecuador

258,477

4.9%

South Korea

247,479

4.7%

Total:

5,273,655

C. Foreign Countries Exporting Oil to Los Angeles Refineries
The top foreign countries that export crude oil into Los Angeles area refineries include the
following:
1.

Angola

2.

Canada

3.

Columbia

4.

Ecuador

5.

Iraq

6.

Mexico

7.

Panama

8.

Saudi Arabia

9.

Singapore

10. South Korea
11. Uruguay

D. Human Rights Standards of Oil Exporting Countries
The United Nations defines human rights as rights inherent to all human beings, regardless of
race, sex, nationality, ethnicity, language, religion, or any other status. Human rights include the
right to life and liberty, freedom from slavery and torture, freedom of opinion and expression,
and the right to work and education.
Freedom House is an independent watchdog organization dedicated to the expansion of freedom
and democracy around the world. They produce an annual global report, titled

World."

"Freedom in the

The report (Appendix A2-24) analyzes countries political rights and civil liberties. It is

composed of numerical ratings and descriptive texts for each country and a select group of
territories. It uses a three-tiered system consisting of scores, ratings, and status. The 2018 edition
covers developments in 195 countries and 14 territories from January 1, 2017, through December
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31, 2017. The report's methodology is derived in large measure from the Universal Declaration
of Human Rights, adopted by the United Nations General Assembly in 1948.
Table 24. 2018 Freedom House Human Rights Ranking for Countries Export Oil into Los
Angeles

2018 Freedom House Human Rights Ranking
Country

Freedom
Rating

Political
Rights

Civil Liberties

Freedom
Status

Saudi Arabia
Ecuador
Colombia
Iraq
Kuwait
Brazil
Mexico
Canada
Angola

7
3
3
5.5
5
2
3
1
6

7
3
3
5
5
2
3
1
6

7
3
3
6
5
2
3
1
6

Not Free
Partly Free
Partly Free
Not Free
Partly Free
Free
Partly Free
Free
Not Free

*CL, PR, Freedom Rating Explanation: 1 = most free and 7 = least free
2018 Freedom House Human Rights Ranking Explanation:
Scores - A country or territory is awarded 0 to 4 points for each of 10 political rights

indicators and 15 civil liberties indicators; a score of 4 represents the smallest degree of
freedom and 0 the greatest degree of freedom.
Political Rights and Civil Liberties Ratings - A country or territory is assigned two

ratings—one for political rights and one for civil liberties-based on its total scores for the
political rights and civil liberties questions. Each rating of 1 to 7, with 1 representing the
greatest degree of freedom and 7 the smallest degree of freedom.
Free, Partly Free, Not Free Status - The average of a country or territory's political rights
and civil liberties ratings is called the Freedom Rating, and it is this figure that determines
the status of Free (1.0 to 2.5), Partly Free (3.0 to 5.0), or Not Free (5.5 to 7.0).

In 2018, Freedom in the World recorded the 13th consecutive year of decline in global freedom.
For comparison the United States in 2019 has a Freedom Rating Ranking of 1.5, Political Rights
Ranking of 2 and a Civil Liberties Ranking of 1. The United States has been identified as struggling
with assailing the rule of law, demonizing the press, self-dealing, conflicts of interest by officials,
attacking the legitimacy of elections, and threats to the American Ideal abroad.
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The United States' State Department is responsible for carrying out U.S. foreign policy, operating
the nation's diplomatic missions abroad, negotiating treaties and agreements with foreign
entities, and representing the United States at the United Nations. The Foreign Assistance Act of
1961 and the Trade Act of 1974, requires the State Department to release an annual report to
the U.S. Congress on human rights practices for all countries receiving assistance and all United
Nations member nations. The 2018 Country Reports on Human Rights Practices for each country
can be accessed online here: https://www.state.gov/reports/2018-country-reports-on-humanrights-practices/

Below are excerpts from the executive summaries from the 2018 Country Reports on Human
Rights Practices for each country that exports crude oil into Los Angeles:

1.

Angola:
"Human rights issues included reports of unlawful or arbitrary killings by government
security forces; arbitrary detention by security forces; harsh and life-threatening prison
and detention conditions; restrictions on free expression and the press, including criminal
libel and slander; refoulement of refugees to a country where they had a well-founded
fear of persecution; corruption, although the government took significant steps to end
impunity for senior officials; trafficking in persons; and crimes involving societal violence
targeting lesbian, gay, bisexual, transgender, and intersex (LGBTI) persons."

2.

Canada:
"Human rights issues included reports of deadly violence against women, especially
indigenous women, which authorities investigated and prosecuted."

3.

Columbia:
"Human rights issues included reports of unlawful or arbitrary killings; reports of torture
and arbitrary detention by both government security forces and illegal armed groups;
corruption;

rape

and

abuse

of

women

and

children

by

illegal

armed

groups;

criminalization of libel; violence and threats of violence against human rights defenders
and social leaders; violence against and forced displacement of Afro-Colombian and
indigenous persons; violence against lesbian, gay, bisexual, transgender, and intersex
persons; forced child labor; and killings and other violence against trade unionists."
4.

Ecuador:
"Human rights issues included reports of torture and abuse by police officers and prison
guards;

harsh

prison

conditions;

official

corruption

at

high

levels of government;

criminalization of libel, although there were no reported cases during the year; violence
against women; and the use of child labor."
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5.

Iraq:
"Human rights issues included reports of unlawful or arbitrary killings by some members
of the

Iraq Security Forces (ISF),

particularly Iran-aligned elements of the Popular

Mobilization Forces (PMF); forced disappearances; torture; arbitrary detention; harsh and
life-threatening

prison

and

detention

center

conditions;

arbitrary

or

unlawful

interference with privacy; restrictions on free expression, the press, and the internet,
including censorship, site blocking, and criminal libel; legal restrictions on freedom of
movement of women; widespread official corruption; unlawful recruitment or use of child
soldiers by Iran-aligned elements of the PMF that operate outside government control;
trafficking in persons; criminalization of lesbian, gay, bisexual, transgender, and intersex
(LGBTI) status or conduct; violence targeting LGBTI persons; threats of violence against
internally displaced persons (IDPs) and returnee populations perceived to have been
affiliated with ISIS; and restrictions on worker rights, including restrictions on formation
of independent unions and reports of child labor."
6.

Mexico:
"Human rights issues included reports of the involvement by police, military, and other
state officials, sometimes in coordination with criminal organizations, in unlawful or
arbitrary

killings,

forced

disappearance,

torture,

and

arbitrary

detention

by

both

government and illegal armed groups; harsh and life-threatening prison conditions in
some prisons; impunity for violence against journalists and state and local censorship and
criminal libel; and violence targeting lesbian, gay, bisexual, transgender, and intersex
(LGBTI) persons."
7.

Panama:
"Human rights issues included undue restrictions on free expression, the press, and the
internet,

including

censorship,

site

blocking,

and

criminal

libel;

and

widespread

corruption."
8.

Saudi Arabia:
"Human rights issues included unlawful killings; executions for nonviolent offenses;
forced renditions; forced disappearances; and torture of prisoners and detainees by
government agents. There were also reports of arbitrary arrest and detention; political
prisoners; arbitrary interference with privacy; criminalization of libel, censorship, and site
blocking; restrictions on freedoms of peaceful assembly, association, and movement;
severe restrictions of religious freedom; citizens' lack of ability and legal means to choose
their government through free and fair elections; trafficking in persons; violence and
official discrimination against women, although new women's rights initiatives were
implemented; criminalization of consensual same-sex sexual activity; and prohibition of
trade unions."

137 | Page

9.

Singapore:
"Human rights issues included: preventive detention by government authorities under
various laws that dispense with regular judicial due process; monitoring private electronic
or telephone communications without a warrant; significant restrictions on the press and
online, including the use of defamation laws to discourage criticism; laws and regulations
significantly limiting the right of peaceful assembly and freedom of association; and
discrimination based on sexual orientation and gender identity as well as criminalization
of sexual activities between men, although the law on this was not enforced.

10. Republic of Korea (South Korea):
"Human rights issues included detention of conscientious objectors to military service,
including those with religious objections; the use of the National Security Law and other
security legislation, abuse of criminal libel law, blocking of internet sites; and corruption."
11. Uruguay:
"Human rights issues included harsh conditions in some prisons."
The Organization of the Petroleum Exporting Countries (OPEC) was established in 1960, with five
(5)

member

countries,

and

has

expanded

to

seventeen

(17)

member

countries.

The

organization's stated primary objective is to secure fair and stable prices for OPEC member
countries. The original countries focused on efficient, economic and stable supply of petroleum
to consuming nations, and they sought a fair return on capital to those investing in the industry.
In the 1968 OPEC Declaratory Statement of Petroleum Policy, the member countries declared
that they would hold sovereignty over their natural resources (petroleum & natural gas) in the
interest of their national development. In October of 1973, during the Arab-Israeli War, Arab
members of the OPEC, including Saudi Arabia and Iraq, imposed an embargo against the United
States in retaliation for the its decision to re-supply the Israeli military in order to gain leverage
in the post-war peace negotiations. The six month embargo led to a quadrupling of oil prices,
wide spread shortages of gasoline across the county, and many believe led to the 1973-1975
economic recession. According to the Council on Foreign Relations, combined, the group controls
close to forty percent (40%) of world oil production. Their dominant market positions has allowed
OPEC to act as a cartel, coordinating production levels among members to manipulate global oil
prices.
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Figure 22: 2019 OPEC Member Countries, Council on Foreign Relations
Four (4) countries that export crude oil to the Ports of Long Beach and Los Angeles are members
of OPEC. They include Angola, Ecuador, Iraq, and Saudi Arabia. Here's a brief summary of
additional human rights concerns from the 2018 State Department Human Rights Practices
Report:

Angola
//

In August 2017 the ruling People's Movement for the Liberation of Angola (MPLA) party won

presidential and legislative elections with 61 percent of the vote. MPLA presidential candidate
Joao Lourenco took the oath of office for a five-year term in September 2017, and the MPLA
retained a supermajority in the National Assembly. Domestic and international observers
reported polling throughout the country was peaceful and generally credible, although the
ruling party enjoyed advantages due to state control of major media and other resources. The
Constitutional Court rejected opposition parties' legal petitions alleging irregularities during the
provincial-level vote count and a lack of transparent decision-making by the National Electoral
Commission.

//

Ecuador

u Civilian

authorities maintained effective control over the security forces. The government took

steps to investigate and prosecute officials who committed human rights abuses, as it engaged
in efforts to strengthen democratic governance and promote respect for human rights.

r>
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Iraq
"In 2018 civilian authorities did not maintain effective control over some elements of the
security forces, particularly certain units of the Popular Mobilization Forces (PMF) that were
aligned with Iran.

Violence continued throughout the year, largely fueled by the actions of ISIS. The government
declared victory over ISIS in December 2017 after drastically reducing the group's ability to
commit abuses and atrocities, but members of the group continued to carry out deadly attacks
and kidnappings. The government's reassertion of federal authority in disputed areas bordering
the Iraqi Kurdistan Region (IKR), after the Kurdistan Region's September 2017 independence
referendum, resulted in reports of abuses and atrocities by the security forces, including those
affiliated with the PMF.

The government, including the Office of the Prime Minister, investigated allegations of abuses
and atrocities perpetrated by the ISF, but it rarely made the results of the investigations public
or punished those responsible for human rights abuses. The Kurdistan Regional Government
(KRG) High Committee to evaluate and respond to international reports reviewed charges of
Peshmerga

abuses,

largely

against

IDPs,

and

exculpated

them

in

public

reports

and

commentaries, but human rights organizations questioned the credibility of those investigations.
Impunity effectively existed for government officials and security force personnel, including the
ISF, Federal Police, PMF, Peshmerga, and KRG Asayish internal security services.

ISIS continued to commit serious abuses and atrocities,

including killings through suicide

bombings and improvised explosive devices (IEDs). The government continued investigating and
prosecuting allegations of ISIS abuses and atrocities and, in some instances, publicly noted the
conviction of suspected ISIS members under the 2005 counterterrorism law."

Saudi Arabia
"Government agents carried out the killing of Washington Post journalist Jamal Khashoggi
inside the consulate of Saudi Arabia in Istanbul, Turkey, on October 2. Saudi Crown
Prince Mohammed bin Salman (MbS) pledged to hold all individuals involved accountable,
regardless of position or rank. Several officials were removed from their positions, and on
November 15, the Public Prosecutor's Office (PPO) announced the indictment of 11 suspects.
The PPO announced it would seek the death penalty for five of the suspects charged with
murder and added that an additional 10 suspects were under further investigation. At year's
end the PPO had not named the suspects nor the roles allegedly played by them in the killing,
nor had they provided a detailed explanation of the direction and progress of the investigation.
In other cases the government did not punish officials accused of committing human rights
abuses, contributing to an environment of impunity."
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E. Environmental Standards of Oil Exporting Countries
Environmental standards are administrative regulations or law implemented for the treatment
and maintenance of the natural environment. Environmental standards are set by local and
national governments to prohibit specific activities, develop monitoring standards, and/or
require permits for the use of land, water, or air. The standards can vary dramatically by country
and by the type of environmental activity.
The Environmental Performance Index (EPI) is a joint project of the Yale Center for Environmental
Law & Policy (YCELP) that measures global environmental standards. The 2018 report (Appendix
A2-23) ranked 180 countries on 24 performance indicators across ten issue categories covering
environmental health and ecosystem vitality. These metrics provide a gauge at a national scale
of how close countries come to established environmental policy goals. The EPI is produced in
collaboration with the World Economic Forum (WEF).

Table 25. 2018 EPI of the Top Oil Exporters to Los Angeles Refineries

2018 Environmental Performance Index
Source

EPI
Ranking

EPI Index

Environmental
Health

Ecosystem
Vitality

Angola
Canada
Colombia
Ecuador
Iraq
Mexico
Panama
Saudi Arabia
Singapore
South Korea
Uruguay

170
25
42
87
152
72
56
86
49
60
47

37.44
72.18
65.22
57.42
43.20
59.69
62.71
57.47
64.23
62.3
64.65

33.79
97.51
71.05
72.58
61.46
66.04
66.96
72.81
72.14
73.3
84.72

39.88
55.29
61.33
47.31
31.02
55.46
59.87
47.25
58.96
54.96
51.27

The lower the index score the better the relative environmental performance of a specific county.
Environmental

health

is

the

branch

of

public

health

concerned

with

all

aspects

of

the natural and built environment affecting human health. Environmental health is focused on
the natural and built environments for the benefit of human health. Ecosystem vitality is aimed
at reducing the loss or degradation of ecosystems and natural resources. These indicators are:
air pollution effects on ecosystems, water effects on ecosystems, biodiversity and habitat,
productive natural resources (forestry, fisheries and agriculture) and climate change.
According to the 2018 Environmental Performance Index (EPI) countries that export oil to the
Ports of Long

Beach

and

Los Angeles

have

lower environmental

standards.

For

relative

comparison, the United States ranked #27 out of 180 countries. Only Canada ranked higher than
the United States, while the other ten countries were near the middle or bottom of global
indexes.
Of the countries that export oil to the Ports of Long Beach and Los Angeles, the best countries to
import oil from based on Freedom Ranking are Canada and Brazil (the only two that both meet
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the definition of free countries). Of the countries that export oil to the Ports of Long Beach and
Los Angeles, the best countries to import oil from based on the Environmental Performance Index
are Canada, Columbia and Uruguay. Based on these rankings, Canada is the best country to
import oil from.
Of the countries that export oil to the Ports of Long Beach and Los Angeles, the lowest ranked
countries on Freedom Ranking are Saudi Arabia, Angola, Iraq and Kuwait.

All four of these

countries restrict one or more of the fundamental freedoms of religion or belief, expression,
peaceful assembly and/or association or engage in gross violations of human rights such as
extrajudicial killing, torture, and extended arbitrary detention. Of the countries that export oil to
the Ports of Long Beach and Los Angeles, the lowest ranked countries to import oil according to
the Environmental Performance Index are Angola, Iraq, Ecuador and Saudi Arabia. Based on these
rankings, Angola and Saudi Arabia are the lowest ranking countries to import oil from based on
human rights standards.

Section 13. Report Recommendations
Overall the review of the scientific literature on the health impacts of oil and gas operations
relative to the City of Los Angeles was limited and inconclusive. The relevant studies identified
by Physicians, Scientists, and Engineers for Healthy Energy found elevated risks and potential
health impacts to sensitive receptors. The limited body of scientific research suggests association
with a variety of potential health hazards and impacts related to the density of wells, proximity
to sensitive receptors, and emissions of high concentrations of toxic air contaminants. The City
of Los Angeles, Southern California Region, and the State of California have a dearth of local
health studies to validate the findings in other states. The majority of the studies cited in research
literature were from unconventional natural gas fields that have tight shale rock geologic
formations

enabled

by

high-volume

hydraulic

fracturing

operations

outside

of

California. However, the conventional oil and gas production in the City of Los Angeles is
completely different from the field specific geochemistries, high pressure and high flow rate oil
and natural gas production in other states like Colorado, New Mexico, Oklahoma and Texas.
Production in those states are typically completed with unconventional natural gas development
techniques, such as hydraulic or acid matrix fracturing that utilize large gas compressor stations.
Oil and gas production in those states can often flow freely on primary production at much
greater depths to the surface than in the mature oil fields within the City. Those states do not
have the same level of emission control as required by CARB or SCAQMD in Southern California.
It should be noted that since the 2013 enactment of State Senate Bill 4, there has been no
permitted unconventional hydraulic fracturing oil and gas wells activity within the City of Los
Angeles.

One peer reviewed study (Shamasunder et al. 2018) has been published to date in the City of Los
Angeles related to respiratory health outcomes of asthma and oil and gas activities. It was based
on self-reported household health surveys in the Adams and University Park neighborhoods.
While this study compared localized asthma rates to state and county-level surveys, these
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comparisons do not take into account competing sources of air pollution and other variables
associated

with

asthma

prevalence.

The

study was very weak as there

was

no

source

apportionment, consequently the source of the methane is difficult to ascertain and it relies on
self-reported data, which can be difficult to interpret or replicate.

The Southern

California

comprehensive system of regulatory oversight,

includes

multiple

reviews, permits, and inspections performed by subject matter experts in more than 15 different
federal and state agencies, as well as multiple City Departments. These overlapping regulatory
programs govern the siting of wells and facilities, drilling, well servicing, facility construction and
maintenance,

surface

and

subsurface

operations,

maintenance

and

mechanical

integrity

inspections, specific health, safety and environmental programs, workforce training, emergency
response and plugging and abandonment, all of which include inspections, monitoring, reporting
and

public disclosure by operators and

regulatory agencies. It's important to note, these

regulatory requirements include a combination of engineering and operational controls, and
monitoring that provide

multiple,

redundant layers of protection to safeguard

neighbors,

workers and the environment providing heightened regulations to those in Colorado, Texas,
Ohio, Pennsylvania, or Maryland.

Both the County and our consultant identified the need for more local high quality health studies
to better inform long term policy decisions. Our consultants (PSE) recommended to consider the
implementation of a minimum surface setback, caps on oil and gas development density, and
deployment of increased emission control strategies in the City of Los Angeles. A physical surface
setback distance alone as a policy solution is not recommended by either the Los Angeles County
Department of Public Health, or PSE. The County's report noted that a setback distance is not an
absolute

measure of health

considered.

Given

the

protection

limitations

and

additional

of epidemiological

mitigation
studies,

measures must also

the

County

be

recommended

comprehensive exposure monitoring of oil and gas activities and precautionary measures as
appropriate to minimize exposures to substances that may adversely affect health. Our PSE
consultants also identified setback distances from oil and gas development that can help mitigate
proximal population exposures to air pollutants and other stressors associated with oil and gas
activities that may be responsible for the observed human health risks and impacts in the peerreviewed literature. The City should not establish setbacks without studying the results of the
ongoing local oil and gas monitoring programs from SNAPS, AB 617, and MATES V. The City may
want to consider contributing funding towards additional future studies. The City Council could
add to the City's Legislative agenda an item to support the identification of additional funding for
oil and gas health studies to be conducted by the State, SCAQMD, and the Los Angeles County
Department of Public Health.

The best available public data on materials used at Oil and Gas Drill Sites in the City of Los Angeles
are from the South Coast Air Quality Management District. However, PSE identified major data
gaps regarding the identities of chemicals and associated environmental and toxicological
profiles of the chemical inventories reported by SCAQMD Rule 1148.2. A total of 327 chemicals
reported in the SCAQMD dataset could not be definitively identified by Chemical Abstracts
Service Registry Numbers (CASRN) and were labeled trade secret chemicals. Seventy-nine
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percent (79%) and seventy-seven (77%) of chemicals identified by CASRN did not have available
acute inhalation toxicity data or chronic inhalation toxicity data, respectively. Furthermore,
chemical information that is submitted by operators includes errors, such as incorrect CASRNs,
obvious misspellings, and inconsistent data entries. The SCAQMD dataset is maintained as
separate event and chemical reporting datasets, which themselves are further divided into the
periods before and after September 4, 2015.

There are many ways that we can improve health oversight within the City and enhance
coordination with our external health agencies. Los Angeles County could deputize the Los
Angeles City Fire Department with health officer authority for oversight and inspections of oil
and gas facilities within the City. This action would be proactive for future incidents and move
away from a reactive model of oversight while empowering our local emergency services agency,
LAFD, to have more oversight related to oil and gas operations.
Exploring the transfer of the Hazardous Waste Generator element of the Unified Program from
the Los Angeles County Fire Department Health Hazardous Materials Division to LAFD CUPA is
another improvement

in

health coordination.

It aligns with

LAFD's Strategic Plan for the

development of a program to regulate hazardous waste management within the City. Oil and gas
drill sites are typically hazardous waste generators and this authority would strengthen the City's
enforcement abilities in the event of an oil spill.
Beyond improved health coordination, mitigation measures can be effective in reducing potential
health impacts depending on site specific operations and proximity to sensitive receptors. The
combination of a

setback distance

with enhanced

operation

conditions can

minimize or

potentially eliminate the sources of noise, light, odors, vibrations, and toxic air emissions.

The City's zoning code could be updated to require enhanced air quality, noise, traffic and
transportation operating conditions derived from local regional EIRs. Additional engineering and
operational controls, beyond those required by other regulatory requirements, could add further
layers of protection for the community and the environment. In particular, annual inspections,
Tier 4 engines, automated monitoring and control systems that could enable monitoring of real
time conditions in wells, flow lines and tanks to detect anomalies, and respond promptly to
prevent and/or mitigate releases to further safeguard neighbors and the environment. The
County Oil and Gas Strike Team report recommended mitigations which are relevant to the City's
conventional oil and gas operations.

Both

reports also supported the establishment of a

continuous Fenceline air monitoring system at oil and gas sites. City Council has already taken
action on establishing a city wide Fenceline air monitoring program (CF-18-0203), but further
advisement from SCAQMD staff and inclusion of the results from current and future studies
(SNAPS, AB 617, and MATES V) will better inform an appropriate program for the City. Updates
to the City's zoning code should consider the adoption of these types of mitigations to protect
public health and safety. Additionally, our consultant PSE, recommended alignment of regional
public policy on the oversight of oil and gas operations within the LA Basin.
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This report should not lead to any public panic or belief in a widespread public health crisis. There
is a lack empirical evidence correlating oil and gas operations within the City of Los Angeles to
widespread negative health impacts. The lack of evidence of public health impacts from oil and
natural gas operations has been demonstrated locally in multiple studies by the Los Angeles
County Department of Public Health, the Los Angeles County Oil & Gas Strike Team, the South
Coast Air Quality Management District and the comprehensive Kern County Environmental
Impact Report and Health Risk Assessment. Both CA DOGGR and SCAQMD - as well as the dozens
of other regulatory agencies - have specific environmental legal authority, including the ability
to order a shutdown of operations which constitute an imminent threat to public health and/or
safety.

Establishing a Setback Distance on Existing Operations
If City policy makers decide to establish a setback distance, there are several options to consider.
A physical surface setback can be established in the zoning code for existing oil and gas wells. The
precise setback distance for the City of Los Angeles to adopt is unclear from the literature review
or approaches by other jurisdictions. The Los Angeles County Department of Public Health
recommended expanding the minimum setback distance beyond 300 feet for both the citing of
new wells and the development of sensitive land uses near existing operations. CA DOGGR has a
"critical wells" designation for wells that are 300 feet from the centerline of the well to any
building intended for human occupancy or any airport runway. The CA DOGGR distance is not a
physical setback distance, but the threshold for additional safety measures, such as additional
requirements

for

well

blowout

prevention

equipment,

emergency

backup

systems,

and

additional control valves.

While the State of California has no established statewide setback for oil and gas development,
some local jurisdictions have established setbacks for residences and sites of sensitive receptors.
In 2018, the City of Arvin adopted an ordinance (Appendix A2-31) that establishes setback
distances of 300 feet for new development and 600 feet for new drilling operations near sensitive
sites, such as parks, hospitals, and schools. However, neither setback distance impacted any
existing or future oil and gas development. The California Attorney General's Office issued a letter
(Appendix A2-32) prior to the adoption of their ordinance stating that the proposed prohibited
zones and setbacks are within the City's power to regulate land use and within the City's police
powers, as long as it does not contradict state law.

The Attorney General's letter stated the

following, "the Ordinance will not prevent the operation of oil and gas wells currently existing
within the prohibited zones and/or setbacks if these sites can demonstrate vested rights and will
not eliminate future access to subsurface oil and gas resources located in the restricted areas."
In the Arvin setback ordinance, if the setbacks had impacted existing oil and gas operations, then
the Attorney General's Office believed the action to be pre-empted by state law as interfering
with the state's goals to develop and utilize oil and gas resources.

Texas, Pennsylvania, Colorado, New Mexico and other major oil and gas producing states do have
regulations that set a minimum surface setback requirement from sensitive receptors to where
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oil and gas can be produced. Those surface setback requirements are larger than those that exist
in the State of California more generally. Those states produce mainly natural gas from deep low
permeability shale geological formations that are

located

in

rural, typically unpopulated,

areas. Oil fields in the City of Los Angeles and across Southern California are different, being they
are high permeability, low pressure sandstone geological formations.

However, nearly all the setback distances were for future oil and gas development and did not
impact existing oil and gas operations. For example the State of Maryland has a 2,000 foot
setback distance, but they only have ten (10) active natural gas wells in the whole state. In Texas,
the 1,500 foot setback distances in Dallas and Flower Mound are the only mitigation that is
required for oil and gas sites.

The City's PSE consultants stated, "the science is relatively clear that the development of oil and
gas immediately adjacent to places where people live, work and play poses hazards and risks to
public health and that some minimum distance from sensitive receptors should be considered."
As such, they advised that a setback greater than 500 feet and up to 5,290 feet should be
considered. The studies that evaluated health impacts at 2,500 feet or greater were nearly all
from

unconventional

natural

gas operations outside

of California. They evaluated

noise,

perinatal, cancer, and non-cancer health effects in Pennsylvania, Oklahoma, and Colorado.

Of all 131 events reported within the City of Los Angeles by the SCAQMD chemical database,
eighty-one (81) events or sixty-two percent (62%) of all events were within 600 feet of the
sensitive receptor. Of all chemicals reported to the SCAQMD dataset, 22 were identified as
hazardous air pollutants (HAPs) under the Clean Air Act, half of which were reported as used in
the City of Los Angeles. The chemical inventory assessment does show chemicals of concern and
HAPs are present, but again the City does not have empirical evidence that they have become
airborne

above

observable

unhealthy thresholds.

If a

surface

setback distance

alone

is

established from sensitive receptors, it should be at least 600 feet due to the uncertainty of
airborne chemicals of concern and at least 500 feet which was the minimum threshold evaluated
in the multiple epidemiological literature studies. Kern County setback distances ranged from
210 to 367 feet for deeper wells than City of Los Angeles oil and gas wells. A setback distance of
600 feet would be further than both Kern County's and meet the LADPH recommendations.

The best available emission control technologies and operational management approaches
should be deployed on all oil and gas wells and ancillary infrastructure to limit emissions of toxic
air

pollutants.

The

stronger the

regulatory environment,

the

more

enhanced

operating

conditions, required engineering controls, annual inspections, and utilization of the best available
technology can significantly reduce the need for potential setback distances.

If a surface setback distance is established, it could conservatively cost the City of Los Angeles at
least a $148 million for existing oil and gas production and up to $97.6 billion in lost property
values by mineral rights owners from the remaining 1.6 billion of recoverable oil and gas reserves
beneath the City boundaries.
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Establishing a Setback Distance on Future Development
A physical surface setback for future oil and gas development can be established by ordinance.
In the review of other jurisdictions, nearly all, except for the City of Arvin, established setback
distances for future development. Our consultants did recommend limiting the density of wells
and other oil and gas development infrastructure at oil and gas producing areas within and near
the City of Los Angeles.

In one general health study (Lewis et al. 2018), a group of health care providers, public health
practitioners, environmental advocates, and researchers were surveyed about the safe distances
from unconventional oil and gas development from vulnerable groups. The group reached
consensus (defined as agreement among 70% of participants) that the minimum safe distance
from unconventional oil and gas development is % mile (1,320 feet) and additional setbacks
should be established near sensitive receptors. There was a lack of consensus by the group
around setback distances between % - 2 miles (1,320 - 10,560 feet), due to limited health and
exposure studies. It should be noted that this study did not expressly assess health effects.

The furthest distance considered by the Los Angeles County Department of Public Health was
1,500 feet. The County noted that additional mitigation is not likely to be needed at this distance
and that some uncertainty remains due to gaps in long term health and exposure data. Fires,
Explosions, and Other Emergencies were listed, but no defined mitigations were itemized and
there was no evaluation of the fire code requirements for drill sites, nor fire suppression systems.
The two out-of-state examples of 1,500 feet are the cities of Dallas and Flower Mound. Both
distances

are

the

only

mitigation

associated

with

that

setback

requirement,

and

those

regulations are still being litigated in the Texas state court system. Additionally, 1,500 feet is the
furthest jurisdictional distance limit that the City could set before potentially conflicting with
other jurisdictional authorities, like the Ports of Long Beach and Los Angeles, Los Angeles World
Airports, Unincorporated Los Angeles County, and adjacent municipalities.

If a surface setback distance is established on future oil and gas development, it could potentially
cost the City of Los Angeles between $1.2 billion in present value to $97.6 billion in future value
in a constitutional takings claim by mineral rights owners of the remaining 1.6 billion barrels of
recoverable oil and gas reserves beneath the City.

147 | Page

Oil and Gas Heath Report Recommendations:
It is recommended that the Los Angeles City Council, subject to the Mayor's approval:
1.

Instruct the City Planning Department with the assistance of the Petroleum Administrator
and the City Attorney's Office to prepare a report outlining the feasibility of establishing in
the zoning code a physical surface setback distance of 600 feet from sensitive receptors on
existing oil and gas wells, associated production facilities, and drill sites. The report shall
address

the

discontinuance

requirements. The

of

report shall

non-conforming
also

address a

land

uses

resulting

requirement to

from

provide

the

new

relief and

an

administrative remedy to comply with state and federal due process and takings law for any
oil and gas operators or stakeholders in an oil and gas production that are affected by the
new zoning requirements. The estimated cost to the City is at least $724 million in anticipated
litigation, lost oil production, well abandonment, environmental remediation and cleanup,
and surface land value;

2.

Instruct the City Planning Department with the assistance of the Petroleum Administrator
and the City Attorney's Office to prepare a report outlining the feasibility of establishing in
the zoning code a physical surface setback distance of 1,500 feet from sensitive receptors on
future oil and gas development. The report shall also address a requirement to provide relief
and an administrative remedy to comply with state and federal due process and takings law
for any oil and gas operators or stakeholders in an oil and gas production that are affected by
the new zoning requirements. The potential cost to the City could range from $1.2 billion to
$97.6 billion in constitutional taking by mineral rights owners of the remaining 1.6 billion
barrels of recoverable oil and gas reserves. The estimated cost of litigation over the
anticipated property takings claims to the City is expected to be at least $1 million per year
for several years to defend the City;

3.

Request that the City Attorney report back with legal analysis on the possible implementation
of changes to the City's Zoning Code relative to establishing new setback requirements, as
well as pursuing takings compensation for oil and gas operators;

4.

Instruct the City Planning Department, with the assistance of the City Attorney and Petroleum
Administrator, to report back on options on how to amend the Zoning Code relative to oil and
gas facilities (LAMC Section 13.01) to better reflect alignment with surrounding sensitive land
uses, align with Los Angeles County's code, enhanced operating conditions, and regulatory
best practices; include the required funding, staffing, and environmental consultants cost
estimates;

5.

Instruct the Petroleum Administrator and the Los Angeles County Department of Public
Health to report back on costs and coordination on conducting Health Risk Assessments (HRA)
at each oil and gas drill site adjacent to residential and industrial zoned areas within the City
of Los Angeles;
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6.

Instruct the Petroleum Administrator and other relevant City Staff to report back on possible
measures to establish Community Emergency Preparedness and Comprehensive Safety Plans
at oil and gas drills sites across the City;

7.

Instruct the Petroleum Administrator and other relevant City staff to participate in California
Air Resources Board Study of Neighborhood Air Near Petroleum Sources (SNAPS) and the
Assembly Bill 617 studies to incorporated the findings into the development of citywide
continuous fenceline air monitoring and community notification program;

8.

Instruct the LAFD with the assistance of the City Attorney to negotiate with Los Angeles
County to designate Health Officer Authority to Los Angeles City Fire Department through an
MOU for enhanced local oversight and improved health coordination;

9.

Instruct LAFD and the City Attorney to negotiate with Los Angeles County to transfer the
Hazardous Waste Generator Program to Los Angeles City Fire Department for enhanced local
oversight and improved health coordination;

10. Instruct CLA to add to the City's Legislative Agenda the funding for additional oil and gas
health studies to be conducted by State, SCAQMD, and Los Angeles County Department of
Public Health; and

11. Instruct the Petroleum Administrator, Office of Finance, CAO, and other relevant City Staff to
establish

Oil

and

Gas

Restricted

Funds

for

drill

site

abandonment,

environmental

remediation, consultant studies, clean up assessment, strengthening current oversight, as
outlined in this report. Additionally, explore re-establishing a barrel tax to support these new
funds and provide revenue to support enhanced oil and gas oversight.

Disclaimer: If the scope of this request had been broader or additional items requested for
evaluation, then the findings may have been different. There may also be additional records that
were not accessible or available for consideration in this report.
If

you

have

any

questions

about

this

report,

please

contact

Uduak-Joe

Ntuk

at

Uduak.Ntuk@lacity.org or via phone at (213) 978-1697.
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Appendix 1

LA City Health Commission Submitted Reports

1.
2.
3.
4.
5.
6.

7.
8.

9.

10.

11.
12.

"Inglewood Oil Field Communities Health Assessment", Bureau of Toxicology and Environmental
Assessment, Los Angeles County Department of Public Health, February 2011
"Reissued Draft Health Impact Assessment, E&B Oil Drilling and Production Project", Intrinsik
Inc., July 22, 2014
"Appendix M Health Risk Assessment Kern County DEIR -Proposed Drilling and Oil and Gas
Operations" Environmental Compliance Solutions, Inc., June 5, 2015
"Appendix M-2 Cumulative Health Risk Assessment, Kern County Final EIR -Proposed Drilling
and Oil and Gas Operations", Environmental Compliance Solutions, Inc., October 2015
Amended Revised Draft Kern County Zoning Ordinance as prepared by the Board of Supervisors
Final 11/9/2015
"Evaluation of the Effects of Buffer Zone Setbacks on Los Angeles County Oil and Gas
Production", California Independent Petroleum Association (CIPA), Catalyst Environmental
Solutions, September 18, 2017
"Economic and Fiscal Impacts of Setbacks on Los Angeles County", California Independent
Petroleum Association (CIPA) (Undated)
Setback Ordinance Infographic "Setback Ordinance Creates Costly Energy Shutdown in City of
Los Angeles, Eliminates Jobs and Damages Local Economy", Californians for Energy
Independence, November 9, 2017
Setback Ordinance Infographic "Setback Ordinance Will Create Costly Energy Shutdown in Los
Angeles County, Eliminates Jobs and Damages Local Economy", Californians for Energy
Independence, November 9, 2017
"Evaluation of the Effects of Buffer Zone Setbacks on City of Los Angeles Oil and Gas
Production", California Independent Petroleum Association (CIPA), Catalyst Environmental
Solutions, September 18, 2017
Nicole J. Wong, MPH "Existing scientific literature on setback distances from oil and gas
development sites", June 2017
Liberty Hill, "Drilling Down: The Community Consequences of Expanded Oil Development in Los
Angeles", Fall 2015
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Appendix 2

Publically Submitted Reports

1.

2.
3.

4.
5.
6.

7.

8.

9.

10.
11.
12.
13.

14.
15.
16.

LACoDPH (Los Angeles County Department of Public Health). (2018). Public Health and Safety
Risks of Oil and Gas Facilities in Los Angeles County. Retrieved from
http://publichealth.lacounty.gov/eh/docs/PH OilGasFacilitiesPHSafetyRisks.pdf
"Review of the City of Los Angeles' Oil and Gas Drilling Sites" Los Angeles City Controller Ron
Galperin, June 27, 2018.
Shamasunder B et al. "Community-based health and exposure study around urban oil
developments in South Los Angeles". International Journal of Environmental Research and
Public Health. 2018;15(1):138. (https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5800237/)
(LACoDPH Reference Report)
David Rigby, Ph.D. and Michael Shin, Ph.D. "The Oil and Gas Extraction Sector in the City of Los
Angeles" (From STANDLA, given to OPNGAS electronically on March 21, 2018)
Liberty Hill, "Transitioning to a Greener Los Angeles Report, The Potential for Repurposing Oil
and Gas Drilling Sites", Spring 2018
"Evaluation of the Effects of Buffer Zone Setbacks on City of Los Angeles Oil and Gas Production"
California Independent Petroleum Association (CIPA), Catalyst Environmental Solutions,
September 18, 2017
"Evaluation of the Effects of Buffer Zone Setbacks on Los Angeles County Oil and Gas
Production" California Independent Petroleum Association (CIPA), Catalyst Environmental
Solutions, September 18, 2017
Los Angeles Fiscal and Employment Study "Economic and Fiscal Effects of Set-back
Requirements on the Oil and Gas Industry in Los Angeles" for Californians for Energy
Independence by Capital Matrix Consulting, March 2018
Los Angeles City Setback Study "Evaluation of the Effects of Buffer Zone Setbacks on City of Los
Angeles Oil and Gas Production" for Californians for Energy Independence by Catalyst
Environmental Solutions, March 9, 2018
"Would Green Jobs Offset Oil Industry Job Losses Due to an Oil and Gas Production Ban?" by
Capitol Matrix Consulting, June 6, 2019
"Kern County Oil & Gas Permitting Handbook" prepared by the County of Kern Planning &
Natural Resources Department, July 1, 2016
Kern County Oil and Gas Draft EIR, Environmental Compliance Solutions, Inc., June 5, 2015
Kern County Oil and Gas Final EIR, Environmental Compliance Solutions, Inc., October
2015(Accessible online at https://kernplanning.com/environmental-doc/environmental-impactreport-revisions-kern-county-zoning-ordinance-2015-c-focused-oil-gas-local-permitting/)
Amended Revised Draft Kern County Zoning Ordinance as prepared by the Board of Supervisors
Final 11/9/2015
Health Assessment by County of LA for Inglewood Oil Field "Inglewood Oil Field Communities
Health Assessment" February 2011 County of Los Angeles Public Health
"Baldwin Hills Air Quality Study" Final Report prepared for Los Angeles County by Sonoma
Technology Inc, February 2015.
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17. Hermosa Beach E&B Oil Drilling and Production Project Health Impact Assessment Intrinsik

18.
19.
20.
21.
22.
23.

24.
25.

26.

27.
28.
29.
30.
31.
32.

33.
34.
35.
36.
37.

Report "Final Health Impact Assessment EB Oil Drilling and Production Project" September 3,
2014
Hermosa Beach E&B Oil Drilling and Production Project Health Impact Assessment Presentation
"Reissued Draft Health Impact Assessment E&B Oil Drilling and Production Project" July 22, 2014
Assembly Bill 345 (2019) Oil and gas, February 4, 2019
Assembly Bill 345 (2019) Natural Resources Committee Analysis, April 22, 2019
Assembly Bill 345 (2019) Appropriations Committee Analysis, May 8, 2019
STANDLA "Danger Next Door, The Top 12 Air Toxics Used for Neighborhood Oil Drilling in Los
Angeles", December 2017
Yale Center for Environmental Law & Policy, Yale University "2018 Environmental Performance
Index, Global metrics for the environment: Ranking country performance on high-priority
environmental issues" 2018
Freedom House, "Freedom In the World 2018, Democracy in Crisis: Highlights from Freedom
House's annual report on political rights and civil liberties" 2018
FluxSense Report, Johan Mellqvist , Jerker Samuelsson, Pontus Andersson, Samuel Brohede,
Oscar Isoz, Marianne Ericsson, "Using Solar Occultation Flux and other Optical Remote Sensing
Methods to measure VOC emissions from a variety of stationary sources in the South Coast Air
Basin." September 14, 2017
National Physical Laboratory (NPL) Report ENV, F Innocenti, R A Robinson, T D Gardiner and A J
Finlayson, Environment Division, "Differential Absorption Lidar (DIAL) Quantification of VOC
Fugitive Emissions from Small Sources in Los Angeles Area, USA", October 2015
The United States Environmental Protection Agency (U.S.EPA), "Exemption of Oil and Gas
Exploration and Production Wastes from Federal Hazardous Waste Regulations" 2002
U.S. Geological Survey, "Geology of the Los Angeles Basin California-An Introduction Geological
Survey Professional Paper 420-A" U.S. Department of the Interior, June 3, 1971
U.S. Geological Survey, "Remaining Recoverable Petroleum in Ten Giant Oil Fields of the Los
Angeles Basin, Southern California" U.S. Department of the Interior, Revised February 2013
Donald L. Gautier Ph.D. "Large volumes of potentially recoverable petroleum in the City of Los
Angeles", 2018
City of Arvin Ordinance "Ordinance No. 451 Text Amendment No. 2017-04 An Oil and Gas
Ordinance for Regulation of Petroleum Facilities and Operations" July 2018
Xavier Becerra, Attorney General State of California, Department of Justice Letter "Proposed
Ordinance No. 18-XX to Adopt Text Amendment No. 2017-04 and Ordinance for Regulation of
Petroleum Facilities and Operations by Repealing Chapter 17.46, Title 17, and Adding Chapter
17.46 to Title 17 of the Arvin Municipal Code" June 8, 2018
Superior Court of the State of California, County of Los Angeles, Central District, Final
Judgement, AllenCo Energy, June 3, 2016
South Coast Air Quality Management District's (SCAQMD's) Annual Emissions Reporting (AER)retrieved on 11-8-2018 and verified on 7-23-2019. (https://xappprod.aqmd.gov/find/)
Code of Federal Regulations-1910.1000 Air contaminants. Occupational Safety and Health
Standards
Hazardous Substance Fact Sheet "Trimethyl Benzene"
Health and Safety Code" Authorities and Responsibilities of Local Health Officers In Disasters"
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38. Letter of Agreement by and Between the County of Los Angeles Department of Public Health
and the Los Angeles World Airports" May 23, 2012
39. SNAPS Fact Sheet
40. AB617 Fact Sheet-Community Identification Process
41. AB617 Fact Sheet- Community Air Initiatives
42. CARB's Oil and Gas Methane Regulation
43. CalEnviroScreen 3.0 Factsheet
ti
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Appendix 3

Environmental Impact Reports (EIRs)

1.

Summary of eight California oil and gas related Environmental Impact Reports (EIRs), Office of
Petroleum and Natural Gas Administration and Safety

2.

Marine Research Specialists. Baldwin Hills Community Standards District Final Environmental
Impact Report. October 2008. Accessible online at
http://planning.lacounty.gov/baldwinhills/background.

3. Aspen Environmental Group. Final Environmental Impact Report. ERG Operating Company West
Cat Canyon Revitalization Plan Project County EIR No. 15EIR-00000-00004 and State
Clearinghouse No. 2015081063, Prepared for the County of Santa Barbara Planning &
Development, Energy & Minerals Division, February 2019. Accessible online at
((https://www.countyofsb.org/plndev/proiects/proiects.sbc)
(https://cosantabarbara.app.box.com/s/pe8ttgohtdpc592zcg99nivsfu723m5x?page=1))
4. Marine Research Specialists. E & B Oil Drilling & Production Project, Final Environmental Impact
Report, State Clearinghouse No. 2013071038, Prepared For the City of Hermosa Beach, June
2014. Accessible online at (http://www.hermosabch.org/index.aspx?page=755)
5. Environmental Impact Report for Revisions to the Kern County Zoning Ordinance - 2015 C,
focused on Oil and Gas Local Permitting Kern County Planning and Community Development
Department, November 2015. Accessible online at (https://kernplanning.com/environmentaldoc/environmental-impact-report-revisions-kern-county-zoning-ordinance-2015-c-focused-oilgas-local-permitting/)
6. Environmental Audit, Inc., Draft Environmental Impact Report for OXY USA Inc. Dominguez Oil
Field Development. Prepared for the City of Carson, January 2014. Accessible online at
(http://ci.carson.ca.us/Search.aspx?q=Dominguez+Oil+Field+Development)
(http://ci■carson■ca■us/content/files/pdfs/planning/oxvproiect/Volume1-DEIR part1.pdf)
7. County of Santa Barbara Planning & Development Department, FINAL Environmental Impact
Report, Santa Maria Energy Production Plan and Development Plan, Laguna County Sanitation
District Phase 3 Recycled Water Pipeline, Santa Barbara County EIR No. 12EIR-00000-00003,
State Clearinghouse No. 2011091085 Santa Maria Energy Oil Drilling and Production Plan,
September 2013. Accessible online at
(http://www■sbcountvplanning■org/energv/proiects/SantaMariaEnergvOPP■asp#docs)
(https://cosantabarbara.app.box.com/folder/81724042868)
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Tables

1. Table 3. Chemicals used in routine oil and gas development that are classified by the United
Nations Globally Harmonized System (GHS) Categories 1 and 2 for acute mammalian toxicity.
From "Comparison of chemical-use between hydraulic fracturing, acidizing, and routine oil and
gas development", William T. Stringfellow, Mary Kay Camarillo, Jeremy K. Domen, Seth B. C.
Shonkoff, April 19, 2017, https://doi.org/10.1371/iournal.pone.0175344
2. Table 4. Chemicals used in routine oil and gas development that are classified by the United
Nations Globally Harmonized System (GHS) in Categories 1 and 2 for ecotoxicity. From
"Comparison of chemical-use between hydraulic fracturing, acidizing, and routine oil and gas
development", William T. Stringfellow, Mary Kay Camarillo, Jeremy K. Domen, Seth B. C.
Shonkoff, April 19, 2017, https://doi.org/10.1371/iournal.pone.0175344.t004
3. "Table 19. Potential chemicals of concern based on estimated hazard metric (EHM) and available
air pollutant and carcinogenicity data. This list currently contains the top 10 for Acute and
Chronic EHM rankings, along with most air pollutants and carcinogens within the entire
SCAQMD dataset. Listed in alphabetical order starting with chemicals used in the City of LA."
From Shonkoff, S. B. C., Domen, J. K., & Hill, L. A. L. (2019). Human health and oil and gas
development: An assessment of chemical usage in oil and gas activities in the Los Angeles Basin
and the City of Los Angeles
4. "Table 20. Chemicals used in the City of LA identified as having the potential for travel by air and
subsequent inhalation exposure." From Shonkoff, S. B. C., Domen, J. K., & Hill, L. A. L. (2019).
Human health and oil and gas development: An assessment of chemical usage in oil and gas
activities in the Los Angeles Basin and the City of Los Angeles
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6.1. Abstract
This chapter addresses environmental public health and occupational health hazards
that are directly attributable to well stimulation or indirectly associated with oil and
gas development facilitated by well stimulation in California. Hazards that are directly
attributable to well stimulation primarily consist of human exposures to well stimulation
chemicals through inadvertent or intentional release to water, air, or soil followed
by environmental fate and transport processes. Hazards that are indirectly associated
with well-stimulation-enabled oil and gas development also include chemicals and
environmental releases. Such hazards may not be directly related to well stimulation, but
rather could result from expanded development that is enabled by well stimulation.
The risk factors directly attributable to well stimulation stem largely from the use of a very
large number and quantity of stimulation chemicals. The number and toxicity of chemicals
used in well stimulation fluids make it impossible to quantify risk to the environment and
to human health. To gain insight on the potential of chemicals used in stimulation to harm
human health, we used a ranking scheme that is based on toxic hazards of chemicals and
reported quantities used in well stimulation operations. The ranking includes both acute
and chronic toxicity. (Note that these same chemicals were ranked for aquatic toxicity in
Volume II Chapter 2.)
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Important pathways for human exposure to well stimulation chemicals and emissions
include both water and air pathways. For water, possible pathways leading to exposure
in California were identified in Volume II Chapter 2. These pathways include (1) the
possibility of shallow hydraulic fractures intersecting protected groundwater, (2) the
possibility of hydraulic fracturing intersecting other wells that could provide leakage
paths, (3) the potential for spills and leaks of stimulation fluids, (4) injection of produced
water, which could contain stimulation chemicals, into protected aquifers, (5) use of
produced water that may contain stimulation chemicals in agriculture, (6) disposal of
produced water that may contain stimulation chemicals in unlined sumps, and (7) the
impact of strong acid use in recovered fluids and produced water. Wastewater generated
from stimulated wells in California includes “recovered fluids” (flowback fluids collected
into tanks following stimulation, but before the start of production) and “produced water”
(water extracted with oil and gas during production). Air pathways that could result in
human exposure to chemicals used in well stimulation include atmospheric dispersion
of air pollutant emissions to communities near production sites. Studies have found
human health risks attributable to emissions of petroleum-related compounds associated
with oil and gas development in general. However, public health impacts associated
with proximity to oil and gas production have not been measured in California. As such,
detailed studies of the relationship between health risks and distance from oil and gas
development sites are warranted. In the interim, increased application and enforcement of
emission control technologies to limit air pollutant emissions and science-based minimum
surface setbacks between oil and gas development and human populations could help to
reduce these risks.
Our assessment of the scientific literature for community and occupational exposures and
health outcomes indicates that there are a number of potential human health hazards
associated with well-stimulation-enabled oil and gas development, but that Californiaspecific peer-reviewed studies are critically scarce, and that air, water, and human health
monitoring data have not been adequately collected, analyzed, verified, or reported.
6.2. Introduction
This chapter addresses environmental public health and occupational health hazards
that are directly attributable to well stimulation or indirectly associated with oil and gas
development facilitated by well stimulation in California.
Hazards that are directly attributable to well stimulation primarily consist of human
exposures to well stimulation chemicals through inadvertent or intentional release to
water, air, or soil followed by environmental fate and transport processes. Hazards that
are indirectly associated with well-stimulation-enabled oil and gas development also
include chemicals and environmental releases. Such hazards may not be directly related
to well stimulation, but rather result from expanded development that is enabled by
well stimulation. A number of potential contaminant release mechanisms and transport
pathways have been described in Volume II, Chapters 2 and 3. In this chapter, we extend
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the previous discussion of environmental release and environmental transport mechanisms
to include potential human exposure pathways, and summarize the hazards in the context
of community and occupational health.
Hydraulic fracturing enables some oil and gas development that would not occur without
this technology, but any oil and gas development presents hazards to human health
through exposure to chemicals. Thus, to the extent that stimulation increases oil and gas
development, hazards associated with development will also be increased. For example,
additional emissions of toxic air contaminants (TACs) that are directly or indirectly
attributable to well stimulation might be small relative to other regional sources (see
Volume II, Chapter 3), but might have a higher local health impact near to the point
of release. In addition, air pollution associated with the entire operation of oil and gas
production can create significant human exposures. Therefore, we extend the discussion
of indirect air pollution and emissions from Chapter 3 to consider potential human
exposure pathways, and summarize the indirect hazards in the context of community
and occupation health.
California-specific data on the impacts of well-stimulation-enabled oil and gas development
is insufficient to provide a conclusive understanding of potential hazards and risks
associated with well stimulation. Studies conducted outside of California consider health
impacts near oil and gas development that are enabled by hydraulic fracturing, but do
not differentiate the association of observed health risks between hydraulic fracturing
stimulation and oil and gas development in general. Thus, the same health impacts that
have been found near oil development enabled by hydraulic fracturing may exist in any
oil and gas development.
The approach we take to assess human health hazards follows the general recommendations
of the National Research Council (NRC, 1983; 1994; 1996; 2009) to compile, analyze,
and communicate the state of the science on the human health hazards associated with
well stimulation.
We begin with a summary of all hazards that have been described in earlier chapters of
this volume, with an emphasis on human health aspects and risk factors. This provides a
single comprehensive list of human health risk factors and hazards for well stimulation
activities in California, with reference to the specific locations in the report where each
hazard is discussed. We then carry out a detailed assessment of human-health-relevant
hazards from chemicals, and from water and air pollution.
Because it is extremely difficult to identify specific causal relationships for a given hazard
and health outcome, we employ two alternative approaches to explore hazards associated
with a given activity, a bottom-up and top-down approach. The bottom-up approach
follows the standard risk assessment framework. In this approach, we characterize the
composition of well stimulation fluids and toxic air contaminants associated with well
stimulation activities, and then identify chemical-specific human-health-relevant toxicity
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data, where available, and rank the chemical hazards based on a combined hazard
metric that includes frequency of use, mass used, and toxicity. Our second approach,
the top-down assessment, evaluates chemical and physical hazards associated with well
stimulation activity by starting with population health outcomes and working backwards
to evaluate potential associations between health outcomes and well stimulation activity
(or oil and gas development activity, more broadly). To apply the top down approach,
we draw from the peer-reviewed literature, where individual outcomes and potential
hazards are studied, and findings provide evidence of possible associations between public
health hazards and risks. We conclude with a review of occupational-health-relevant
regulations and studies and a discussion of noise- and light-pollution health hazards.
We identify potential mitigation strategies that, if properly deployed and enforced, may
reduce occupational and community health impacts. Finally, we discuss well-stimulation
information gaps related to environment protection in California.
As explained in Volume II, Chapter 1, there are both direct and indirect impacts of wellstimulation-enabled oil and gas development that influence public health risks. Based
on available evidence, public health risks associated with direct impacts (which are the
incremental impacts of oil and gas development attributable to the stimulation process
itself and activities directly supporting the stimulation) appear to be small relative to the
indirect impacts. To say it another way, the majority of public health risks associated with
well stimulation are likely to be indirect, in that they arise from the additional oil and gas
development that is enabled by well stimulation. All forms of oil and gas development, not
just that enabled by well stimulation, may cause similar public health risks.
As an example, Volume II, Chapter 3 (air) found that benzene and formaldehyde
emissions from oil and gas development is a significant fraction of stationary source
emissions and may result in elevated atmospheric concentrations in places where people
live, work, play, and learn. The current scientific literature has established that benzene
is emitted from nearly all oil and gas development (Pétron et al., 2012; Pétron et al.,
2014; Helmig et al., 2014). Studies show elevated health risks near hydraulic-fracturingenabled oil and gas development attributable to benzene (McKenzie et al., 2012). Benzene
and formaldehyde are not intentionally added to hydraulic fracturing or other well
stimulation fluids, but may be a component of some of the petroleum-based mixtures
used in hydraulic fracturing fluids. Overall, the health risks associated with benzene and
formaldehyde occur because oil and gas is co-produced—and co-emitted—with these
compounds. If public health investigations of benzene exposure were to be conducted only
for those exposures near stimulated wells, then such investigations would result in a very
poor understanding of both the extent of these risks and potentially effective mitigation
measures that could protect public health. Concern about the health effects from benzene,
formaldehyde, and many other health risks associated with oil and gas development
should be approached through studies of oil and gas development from all types of
reservoirs, not just those that are stimulated.
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6.2.1. Framing the Hazard and Risk Assessment Process
The terms hazard, risk, and impact are often used interchangeably in everyday
conversation, whereas in a regulatory context they represent distinctly different concepts
with regard to the formal practice of risk assessment. A hazard is defined as any biological,
chemical, mechanical, environmental, or physical stressor that is reasonably likely to cause
harm or damage to humans, other organisms, or the environment in the absence of its
control (Sperber, 2001). Risk is the probability that a given hazard will cause a particular
harm, loss, or damage as a result of exposure (NRC, 2009). Impact is the particular
harm, loss, or damage that is experienced if the risk occurs. Hazard can be considered an
intrinsic property of a stressor that can be assessed through some biological or chemical
assay. For example, a pH meter can measure acidity, disintegration counters can detect
ionizing radiation, cell or whole animal assays, etc. can detect biological disease potency.
These types of tests allow us to declare that a substance is acidic, radioactive, a mutagen,
a carcinogen, or other hazard. However, defining the probability of harm requires a
receptor (e.g., human population) to be exposed to the hazard, and often depends on the
vulnerability of the population based on age, gender, and other factors. As a result, risk is
extrinsic and requires detailed knowledge about how a stressor agent (hazard) is handled,
released, and transported to the receptor populations.
In its widely cited 1983 report, the National Research Council (NRC) first laid out
the now-standard risk framework consisting of research, risk assessment, and risk
management as illustrated in Figure 6.2-1 (NRC, 1983). The NRC proposed this
framework to organize and evaluate existing scientific information for the purpose of
decision making. In 2009, the NRC issued an updated version its risk assessment guidance
titled “Science and Decisions: Advancing Risk Assessment” (NRC, 2009). This report
reiterated the value of the framework illustrated in Figure 6.2-1, but expanded it to
include a solutions-based format that integrates planning and decision making with the
risk characterization process. The NRC risk framework illustrates the parallel activities
that take place during risk assessment and the reliance of all activities on existing
research. These activities combine through the risk characterization process to support
risk management.
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RISK MANAGEMENT	
  

Figure 6.2-1. The NRC (1983) Risk Analysis Framework.

In using the framework in Figure 6.2-1, the first task in the risk analysis process is to
identify any feature, event, or process associated with an activity that could cause harm.
These are called “hazards.” Any given hazard may or may not be a problem. It depends
on the answers for two additional questions. First, is the hazardous condition likely to
result in a population being exposed to the hazard? Second, what will be the impact if the
hazardous exposure does occur (dose-response)? If we know the magnitude of a specific
hazard exposure and the relationship between the magnitude of exposure and response
or harm, then we can estimate the risk associated with that hazard. In cases where the
hazardous condition is unlikely or where, even if it did occur, the harm is insignificant,
then the risk is low. Risk is only high when the hazardous condition is both likely to occur
and would cause significant harm if it did occur. Of course, there are many combinations
of likelihood and harm possible.
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Formal risk analysis presents difficulties, because we often lack:
• Data on all the possible hazards;
• Information on the likelihood and magnitude of exposure; and
• Data to support an understanding the relationship between exposure (dose) and
harm (response).
If a hazard has not been identified, then it is difficult to develop steps to mitigate potential
harm. In this case, a useful approach is to avoid the problem where possible, for example
by choosing chemicals that are better understood, less toxic, or more controllable rather
than choosing ones for which there is little toxicity information or poor understanding
of the relationship between the hazard and risk to the environment and/or to public
health. These options for both known and unknown hazards are discussed further in the
mitigation section of this chapter as well as in Volume II, Chapter 2, Section 2.4 and in the
Summary Report Conclusions.
Although one can attempt to identify all hazards associated with well-stimulation-enabled
oil and gas development in California, it is important to note that this does not mean
that all hazards that are identified present risks. A formal risk assessment is required
to estimate risk associated with any given hazard. Although operators can make use of
chemicals identified “acceptable” by programs such as the U.S. Environmental Protection
Agency (U.S. EPA) Design for Environment Program or the North Sea Gold Ban list,
uncertainties about exposure and impact can remain. A formal risk assessment is a
significant undertaking that is beyond what was possible in this report. Among the goals
of this chapter are to identify community and occupational hazards and highlight those
where additional study may be warranted in the context of developing and implementing
policies for well stimulation operations.
6.2.2. Scope of Community and Occupational Health Assessment
We consider and include both intentional and unintentional releases of chemical hazards
to surface water, groundwater, and air as a direct and indirect result of well stimulation
activities. These activities include the transport of equipment and materials to and from
the well pad; mixing, handling, and injection of chemicals; and management of
recovered fluids/produced water, drill cuttings, and other waste products (NRC, 2014;
Shonkoff et al., 2014). In addition, we consider chemical hazards that are produced and/
or released during support activities for well stimulation and from stimulated wells,
such as: reaction products and mobilized chemical and/or radioactive hazards from
the stimulated wells; emissions from generators, compressors, and other equipment
during and after stimulation activity; leakage from transfer lines and infrastructure; and
accidental spills. Finally, we consider other physical hazards related to well stimulation
activity, including elevated noise and light. These hazards are relevant to both community
and occupational health.
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We exclude hazards associated with the manufacturing of materials, supplies, or
equipment that are used in well stimulation activity; hazards from transport of oil
and gas to refineries; hazards related to refining; or hazards from the combustion of
hydrocarbons as fuel. These hazards, though important, are far removed both temporally
and geographically from activities related to the well-stimulation-enabled oil and gas
development process. We also exclude economic and psychosocial hazards that may be
related to oil and gas development activities and may be important considerations in
specific areas, but are beyond the scope of this chapter.
We focus primarily on hazards identified in relevant California-specific datasets and/or
in the peer-reviewed literature that is specific to California. We augment this information
with hazards identified in peer-reviewed studies conducted outside of California. As
pointed out in Volume I and in other chapters in Volume II, geologic conditions and
current practice with well stimulation in California can be different from that performed
in other states, so not all hazards associated with well-stimulation-enabled oil and gas
development outside of California are generally applicable to the California context.
6.2.3. Overview of Approach and Chapter Organization
The objective of this chapter is to catalogue and highlight important community and
occupational health hazards associated with well stimulation activity in California. This is
in contrast to earlier chapters of this volume that focused on environmental hazards in
general and specifically those with water, air, and ecological pathways. There is significant
overlap among the water, air, and ecological hazards described in earlier chapters and
human-health-relevant hazards discussed in this chapter. Therefore, we begin in Section
6.2.4 with a summary of all hazards that have been described in earlier chapters of this
volume, with an emphasis on human health aspects and risk factors, and we merge these
with hazards that are identified and described in subsequent sections of this chapter.
This provides a single list of human-health-relevant risk factors and hazards for wellstimulation-enabled oil and gas development activities in California, with reference to the
specific locations in the report where each hazard is discussed. We also link the identified
human health hazards to the case studies in Volume III of this report, where some of
these hazards are illustrated and/or assessed in specific geographic places. Following
the table of human-health-relevant hazards, we provide additional details on each risk
factor/hazard combination from the list as well as other hazard/risk factors that are
not listed (e.g., coccidiomycosis from exposure to San Joaquin Valley dust) along with
recommendations for mitigating of risk.
After reporting and reviewing all human-health-relevant hazards in Section 6.2.4, we
conduct a more detailed assessment of human-health-relevant hazards. The remainder of
this chapter follows the issues summarized in the table, with the human health hazards
(both community and occupational) defined and grouped into the following categories
(and the section in which they are discussed):
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• Well stimulation chemicals (Section 6.3)—includes both hydraulic fracturing
and acidization chemicals intentionally injected to stimulate the reservoir or to
improve oil and gas production. These chemicals are known and reported by
industry on a mostly voluntary basis and more recently under Senate Bill 4 (SB 4,
2014) on a compulsory basis.
• Recovered fluids and produced water (Section 6.4)—includes some fraction of the
well stimulation chemicals but can also include mobilized chemical compounds,
naturally occurring toxic materials (such as radionuclides), and degradation
and synergistic by-products from well stimulation chemicals, naturally occurring
chemical constituents, and hydrocarbons.
• Air pollutant emissions associated with well stimulation-enabled oil and gas
development (Section 6.5)—includes combustion products and/or chemical
emissions from pumps, generators, compressors and equipment; venting and
flaring emissions; dust from well stimulation and land-clearing activities; leaks
from transfer lines and/or well heads; longer-term leakage of oil and gas from
stimulated wells. (This category does not include emissions from refining and use
of the hydrocarbon products.)
• Occupational Health (Section 6.6) —includes hazards such as exposure to
respirable silica, volatile organic compounds (VOCs), and acids.
• Other (Section 6.7)—includes physical hazards such as light and noise and heavy
equipment activity, industrial accidents (e.g., loss of well control, explosions),
biological hazards such as valley fever in areas where surface soil is disturbed
by well stimulation activity, spills from trucks transporting chemicals that can
contaminate private wells.
We use the above categories to differentiate hazards that have similar release mechanisms
and time of release, such that all chemicals in a given category are likely to be released
into the environment by the same mechanism or activity and in the same location. These
categories enable us to group hazards identified in this report that are relevant to human
and occupational health risk in the summary table below (Table 6.2-1). The specific
hazards are listed in terms of the four categories above, along with California-specific
factors or conditions (risk factors) that are expected to increase or decrease the human
health risk associated with the hazards. All of these risk factors identified in the summary
table are applicable to the San Joaquin Valley (SJV), where more than 85% of the well
stimulation events in California occur. Some factors also apply to other oil and gas
producing regions where well stimulation is used.
In the sections that follow the summary table, we expand on the specific human health
hazard categories identified above. In general, when evaluating population-level humanhealth impacts, it is extremely difficult to identify specific causal relationships for a given

380

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

health hazard and impact. As a result, risk assessors consider alternative approaches
to assess the likelihood of harm. The first approach, sometimes referred to as “bottomup,” starts with a cause, such as chemical hazard, and attempts to track emissions and
exposure pathways along with dose-response modeling to characterize population
impact. This approach often must confront uncertainties identifying exposures and
actual health impacts. The second approach, sometimes referred to as “top-down,” starts
with an impact—for example disease incidence—and attempts to track it back to some
source chemical or activity. For the “top-down” approach, uncertainty arises from the
lack of statistical power in making associations with low disease rates, as well as from
the considerable lag times between exposure and occurrence of diseases (e.g., cancer).
Because of their significant but different types of limitations, it is useful to consider both
approaches. These alternate ways of exploring hazard are illustrated in Figure 6.2-2. In
this chapter, we use both approaches.
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Figure 6.2-2. Illustration of two approaches used to identify human health hazards associated
with an activity.
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We conduct a bottom-up assessment in Section 6.3, 6.4, and 6.5 where we evaluate
chemical and physical hazards associated with well stimulation chemicals and potential
contamination pathways. We build on the discussions in Volume II Chapters 2 and 3
that characterize the composition of well stimulation fluids and toxic air contaminants
associated with well stimulation activity. We extend this data by identifying chemicalspecific human-health-relevant dose-response information where available, and rank the
chemical hazards based on a combined hazard metric that includes frequency of use,
mass used, and toxicity. We also discuss potential exposure factors to further extend the
bottom-up assessment.
The most relevant approach for top-down hazard assessment would be to conduct a
formal epidemiological study that attempts to pull out specific cause-effect relationships
within a population. However, these studies require that the “effect” already be expressed
(and measured) in the population, and that the effect is both unique and common enough
to identify. A more general top-down approach draws from the peer-reviewed literature,
where individual outcomes and potential hazards are studied, and findings provide
evidence of possible associations between hazard and public health risk. We include a
top-down hazard assessment in support of each section focusing primarily on California
and health-outcome studies and, where studies from outside of California are relevant,
we review and summarize the evidence for hazards based on experience and observations
from outside California. A detailed summary compilation of the literature is provided in
Appendix 6.A for public health, Appendix 6.D for occupational health and Appendix 6.F
for noise.
We wrap up the chapter with a summary of critical data gaps (in addition to those
identified in earlier chapters) and then with conclusions and recommendations for
community and occupation health.
6.2.4. Summary of Environmental Public Health Hazards and Risk Factors
The geology and history of hydrocarbon development, along with current practices and
current regulatory framework for well stimulation-enabled oil and gas development in
California, give rise to the potential public health risks associated with well stimulation
activities. Table 6.2-1 summarizes all human health relevant hazards identified in this
chapter and in previous chapters of this volume. We also provide reference to the location
in this volume where each risk factor and hazard is discussed in more detail. Although we
include possible mitigation strategies in Table 6.2-1, data on the adequacy and effectiveness
of regulations to achieve these goals is often not available, requires more study, and/or is
beyond the scope of this report.
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Hazard

Well
stimulation
chemicals

Recovered
fluids &
produced
water

Risk Factor

Number and
toxicity of
chemicals
in well
stimulation
fluids

Disposal
of water in
unlined sumps

The disposal of contaminated
water in unlined pits is banned
in nearly all other states because
such fluids can migrate out
of sumps into groundwater
and move along with this
water to wells or surface water
where contamination can be a
serious problem. Nearly 60% of
wastewater from stimulated wells
in California was disposed in
unlined sumps.

Operators have few restrictions on
the types of chemicals they can
use for hydraulic fracturing and
acid stimulation. In California, oil
and gas operators have reported
the use of over 300 chemical
additives. About 1/3 have not
been assessed for toxicity. Of
the chemicals for which there is
basic environmental and health
information, only a few are
known to be highly toxic, but
many are moderately toxic. There
is incomplete information on
which of the chemicals used have
the potential to persist or bioaccumulate in the environment
and may present risks from
chronic low-level exposure.

Description of the issue
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Well stimulation and naturally occurring
chemical constituents can evaporate
from these ponds to the atmosphere
as air pollutants, leak into aquifers, or
migrate through the soil which could
lead to food chain exposure to biota and
humans. Chemicals in recovered fluids and
produced water may be toxic, persistent,
or bioaccumulative.

If these chemicals are not released into
usable water, including agricultural water
and to the atmosphere then the risk is
minimal. However, if there are leakage
and emission pathways then it is nearly
impossible to assess the risk because of
the large number of chemicals, incomplete
knowledge about which chemicals are
present, how long these compounds
persist and what their environmental and
human health impacts are. Researchers
and the public need access to sufficient
levels of information on all chemicals
involved in well stimulation, to begin an
assessment of the toxicity, environmental
profiles, and human health hazards
associated with hydraulic fracturing and
acidizing stimulation fluids.

How the risk factor is expected to
influence public health risks

Test and appropriately treat water
going in to unlined pits, or phase
out the use of unlined sumps in the
SJV for wastewater disposal.

Invoke Green Chemistry principles
to reduce risk, that is, use smaller
numbers and amounts of less toxic
chemicals, and avoid chemicals with
unknown impacts. Mitigate exposure
pathways. Limit the chemical use in
hydraulic fracturing to those on an
approved list that would consist only
of those chemicals with known and
acceptable toxicity profiles.

Possible mitigation

California substantiated with California-specific data.

Table 6.2-1. Summary of human health hazards and risk factors in
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Summary Report
S. 3.2
&
Vol. II Ch. 2
S. 2.6.2.1
&
Vol. III Ch. 5

Vol. II
Ch. 2
S. 2.4
&
Summary Report
S. 3.1

Volume and Section
in this Report

Hazard

Recovered
fluids &
produced
water

Well
stimulation
chemicals

Risk Factor

Beneficial use
of produced
water

Shallow
hydraulic
fracturing

The majority of hydraulic
fracturing in California is
conducted from shallow vertical
wells. These operations present
a larger probability of fractures
intersecting near-surface
groundwater compared to high
volume fracturing from deep longreach horizontal wells commonly
used elsewhere.

California is a water-short state
and California’s oil reservoirs
produce about 10 times more
water than oil. Produced water is
sometimes reused, for example
to irrigate crops. If this produced
water comes from stimulated
wells or oil wells producing from
a reservoir where stimulation was
used, stimulation chemicals could
be present in the produced water.

Description of the issue
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The groundwater in the vicinity of much of
the shallow hydraulic fracturing operations
in California has high salinity and has
no beneficial uses that might constitute
environmental exposure pathways to
humans.

The groundwater in the vicinity of
some shallow fracturing is protected.
Contamination of usable groundwater
presents environmental public health risks.
Groundwater monitoring requirements
are likely insufficient to determine
whether water has been contaminated
by well stimulation-enabled oil and gas
development or not.

Well stimulation chemicals and their
reaction products may be toxic, persistent
or bioaccumulative. Current water district
requirements for testing such waters
before they are used for irrigation are not
sufficient to guarantee that stimulation
chemicals are removed, although some
local treatment plants do use adequate
protocols. If produced water used in
irrigation water contains well stimulation
and other chemicals, this would provide a
possible exposure pathway for farmworker
and animals and could lead to exposure
through the food chain. Currently, more
than 60% of the fruits and vegetables
consumed domestically come from the
Central Valley.

How the risk factor is expected to
influence public health risks

The focus of regulations should be
on preventing contamination of
aquifers, not just monitoring for it.
Operators should be required to
demonstrate that stimulations could
not intersect usable groundwater
to receive a permit. A higher level
of scrutiny should be applied to
shallow stimulations. Groundwater
monitoring plans should be adapted
as part of the corrective action, to
improve the monitoring system and
specifically look for contamination in
close proximity to possible fracture
extensions into groundwater.

Water districts in the SJV should
explicitly disallow the use for
irrigation of produced water from
wells that have been hydraulically
fractured, or demonstrate that their
monitoring and treatment methods
ensure that hydraulic fracturing
chemicals and other contaminants
are not present in water destined for
irrigation.

Possible mitigation
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Vol. I Ch. 3
S. 3.2.3.3
&
Vol. II Ch. 2
S. 2.6.2.5

Vol. II Ch. 2
S. 2.6.2.3
&
Summary Report
S. 3.2

Volume and Section
in this Report

Injection of
recovered
fluids and
produced
water into
aquifers used
for drinking,
agriculture,
and other
direct and
indirect uses by
humans

Well
stimulation
chemicals

Hydraulic
fracturing in
reservoirs with
long history
of oil and gas
production

Recovered
fluids &
produced
water

Well
stimulation
chemicals

Other

Air and other
pollutant
emissions
associated
with wellstimulationenabled oil
development

Recovered
fluids &
produced
water

Hazard

Risk Factor

Produced water from stimulated
fields has been injected into
aquifers that are suitable for
drinking water, irrigation, and
other beneficial uses.

Many of the issues faced by other
states arise because hydraulic
fracturing has opened up oil
and gas development in regions
that previously had little or no
experience with production.
When the US Energy Information
Agency issued a report indicating
that a large amount of such
development was also possible
in California from the Monterey
Formation (subsequently revised
dramatically downward), many
were concerned about the
development of oil and gas in
new geographies. This assessment
finds that the most likely future
use of hydraulic fracturing is in
and around the reservoirs where
it is currently being used.

Description of the issue
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Prevent injection of well stimulation
chemicals to usable groundwater
in the future. In the process,
of reviewing, analyzing and
remediating the potential impacts of
wastewater injection into protected
groundwater, consider the possibility
that stimulation chemicals may have
been present in these wastewaters.

Regulations should explicitly require
an assessment of the integrity
and leakage risk of existing wells
that might be encountered by a
hydraulic fracture, and remediation
of wells which create a high risk of
leakage into water less than 10,000
milligrams/liter total dissolved
solids.

Older existing infrastructure (e.g. pipelines,
storage tanks) may increase the likelihood
of failures or leakage.

If water from contaminated aquifers is
used, it could expose humans to unsafe
concentrations of toxic compounds.

Locate and seal old wells in the
vicinity of hydraulic fracturing if they
would provide leakage paths to air
and usable groundwater.

Existing infrastructure reduces the
need for new pads pipelines and
other stationary infrastructure.
Existing infrastructure can often
transport fluids to and from the pad,
reducing the need for truck trips.
This reduces traffic accidents and the
emission of diesel particulates and
other health-damaging air pollutants

Possible mitigation

Old reservoirs have many existing wells.
If hydraulic fractures intersect or come
near these old wells, the wells could form
leakage pathways for stimulation fluids.

New production in developed fields
can use the existing roads, platforms
and infrastructure already in place. As a
result, the impacts caused by construction
and traffic are much less than in new,
previously undeveloped regions.

How the risk factor is expected to
influence public health risks
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Vol. II Ch. 2
S. 2.6.2.2
&
Vol. III Ch. 5

Vol. II Ch. 2
S. 2.6.2.6
&
Vol. III Ch. 5 and
Ch.2, Table 2.6-1.

Vol. II, Ch.. 3

Volume and Section
in this Report

Well
stimulation
chemicals

Spills and leaks

Well
stimulation
chemicals
Recovered
fluids &
produced
water
Air and other
pollutant
emissions
associated
with hydraulic
fracturingenabled
development
Other

Well
stimulation
chemical

Oil and gas
development
near human
populations

Acid use

Recovered
fluids &
produced
water

Hazard

Risk Factor

Operators in California commonly
use mixtures of hydrochloric acid
and hydrofluoric acid with other
sources of fluoride anions as the
most economical reagent for
cleaning out wells or enhancing
geological formation permeability.
Reported use of hydrofluoric acid
in the SCAQMD data lists the
concentration as percent mass in
the ingredient as 1%-3%.

California has large oil reserves
located under densely populated
areas primarily in the San Joaquin
and Los Angeles Basins. In Los
Angeles, oil and gas production
developed simultaneously with
the growth of the city. The Los
Angeles Basin has world-class
oil reservoirs, with the most
concentrated oil in the world. Los
Angeles is also a global megacity.

Surface spills and leaks are
common occurrences in the oil
and gas industry and must be
reported and cleaned up.

Description of the issue
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Spills and leaks of undiluted acids may
present an acute toxicity and corrosivity
hazard. The use of acid can also mobilize
naturally occurring heavy metals and other
compounds that are known to be health
hazards and these compounds could
therefore be present in recovered fluids
and produced water which humans could
be exposed to if treatment and disposal is
not sufficiently undertaken.

Proximity to production increases
exposures to air pollutant emissions and
other results of oil and gas development
activities (e.g., dust, chemicals, noise,
light). Households that use groundwater
from private drinking water wells in close
proximity to oil and gas development
may be at increased risk of exposure to
potential water contamination.

Information recorded on spills and leaks
is insufficient to determine whether
stimulation chemicals could be involved.

How the risk factor is expected to
influence public health risks

Evaluate the chemistry of recovered
fluids and produced water for
wells that have used acids and the
potential consequences for the
environment. Require reporting of
significant chemical use for oil and
gas development based on these
results.

Identify and apply appropriate
measures to limit exposure by
residents and sensitive receptors
such as schools, daycare facilities
and elderly care facilities such
as scientifically based setback
requirements.

Require public reporting about
whether the source of the leak could
contain well stimulation chemicals.

Possible mitigation
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6.3. Public Health Hazards of Unrestricted Well Stimulation Chemical Use
Previous chapters have considered environmental and ecological hazards. In this section,
we examine the potential impact of well stimulation chemicals on human health, based on
reported use information (frequency and quantity) and on published toxicity information.
The majority of important potential direct impacts of well stimulation result from the
use of chemicals. Operators have few restrictions on the types of chemicals they use
for hydraulic fracturing and acid treatments. In California, oil and gas operators have
reported, on voluntary and mandated bases, the use of over 300 chemical additives (see
Volume II, Chapter 2 for detailed description of chemicals). Although SB 4 (2014) now
mandates reporting of chemical use by operators, the data are not subject to independent
verification, and chemicals can be reported as “trade secrets,” meaning they need not be
fully identified. The many chemicals used in well stimulation makes it very difficult to
judge the public health risks posed by releases of stimulation fluids.
In addition to the sheer number of known and unknown (trade-secret) chemical additives
used, we often lack information on potential release mechanisms and important physical
and chemical properties needed to characterize environmental fate and exposure
pathways, and toxicological characteristics (acute and chronic) needed to fully understand
chemical hazards.
The most common toxicity information about chemicals is from standardized mammalian
acute toxicity tests that measure the short-term (minutes to hours) exposure concentration
or one-time dose of a chemical required to induce a well-defined response (death,
narcosis, paralysis, respiratory failure, etc.) of a test animal, most commonly rats and
mice. Such tests are used to assess toxicity of inhalation, ingestion, and/or uptake through
the skin. Acute toxicity tests measure extreme outcomes, but the tests are useful for
ranking chemicals against each other and identifying chemicals that are clearly dangerous
if taken into the body.
More useful but less commonly available tests for health impacts are chronic toxicity
tests. These are long-term studies (often lifetime or multi-generation studies) with small
mammals to observe any increases in chronic disease incidence—including tumors and
cancer, reproductive/developmental changes, neurological damage, respiratory damage,
life shortening. Animal-based chronic toxicity results are used for assessing the hazards
and risks to communities and workers from long-term (up to lifetime) exposures to
relatively low concentrations or doses of chemicals. In addition to toxicity tests with animals,
some chemicals have occupational or community epidemiological studies that provide
useful information on chronic toxicity. Because these studies are the result of accidents or
from improperly regulated chemicals or air contaminants, there are limited numbers of
chemicals that have human-based chronic health data. Approximately two-thirds of the
reported chemicals used in well stimulation have publically available results from acute
mammalian toxicity tests (excluding material safety data sheets (MSDS) data), and only
about one-fifth of the reported chemicals have associated chronic toxicity information.
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Of the chemicals for which there is basic environmental and health information, only a
few are known to be highly toxic, but many are moderately toxic. For most substances
we consider, there is lack of toxicological testing for long-term chronic exposure at very
low levels. There is also a lack of testing on mixtures. Some of the chemicals used may
have the potential to persist or bio-accumulate in the environment and present risks from
chronic low-level exposure. Because the toxicology for multiple routes of exposure—
inhalation, ingestion, skin contact, etc.—is rarely reported, cumulative exposure
assessment is beyond the scope of our analysis.
In this section, we develop and apply a semi-quantitative ranking system for chemical
hazards associated with well stimulation activity. The ranking system is not a substitute
for field observations or a full risk assessment, but provides an initial focus on which
chemicals are of highest concern and which are of lower priority. Section 6.3.1 describes
the approach, followed by results for hydraulic fracturing chemicals, acidization
chemicals, and toxic air contaminants in Section 6.3.2, finishing with a summary of
relevant literature in Section 6.3.3.
6.3.1. Approach for Human Health Hazard Ranking of Well Stimulation Chemicals
Chemical hazards include both hydraulic fracturing and acidization chemicals that are
intentionally injected to stimulate the reservoir or to improve oil and gas production (see
Volume I, Chapter 2 for the engineering purpose of these chemicals) and unintentional
releases from spills or leaks. Chemicals are used in the drilling and well stimulation
processes for a variety of purposes, including as corrosion inhibitors, biocides, surfactants,
friction reducers, viscosity control, and scale inhibitors (Southwest Energy, 2012;
Stringfellow et al., 2014) (Section 2.4.4.1). Hydraulic fracturing uses fluids or gels that
contain organic and inorganic chemical compounds, a number of which are known to be
health damaging (Aminto and Olson, 2012).
In this section, we provide a bottom-up assessment to develop hazard priorities for
chemicals that are used in well stimulation. The ranking is based on reported information
about the specific chemical identity, the quantity and frequency of use, and available
information on both acute and chronic toxicity.
6.3.1.1. Chemical Hazard Ranking Approach
Well stimulation (e.g., hydraulic fracturing and acidization) includes processes that
use, generate, and release (intentionally and unintentionally) a wide range of chemical,
physical, and, in some cases, biological stressors. To organize the large and diverse
number of potential stressors, we use a hazard-ranking scheme that begins with a list of
all identifiable stressors, and then records for each stressor our attempts to characterize
potential outcomes, using measures of toxicity combined with information representing
the frequency and magnitude of use. Sections 6.4 and 6.5 describe potential exposure
pathways that would bring chemicals to a human population through water supply or air.
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The hazard-ranking scheme used here gives weight to three factors— the number of
times a chemical is reported in the database (a surrogate for frequency of use), mass or
mass fraction (concentration) used, and toxic hazard screening criterion. So it is not the
most toxic substances that always rank high, because weight is also given to substances
of intermediate toxicity (or even relatively low toxicity) that are used frequently and/or
in large quantities. Even with high mass and frequent use of compounds with elevated
toxicity, an exposure pathway is required to bring the compound into contact with the
human receptor for an adverse effect to be realized.
The disclosed mass and frequency of chemical use (as described in Section 2.4.3 for
hydraulic fracturing and in Section 6.3.2.2 for acidization) provides a surrogate for
potential chemical release and exposure, but this is only part of the hazard picture. It is
also important to consider the impact of exposure to a chemical. Impacts considered in
this assessment include both acute and chronic toxicity outcomes for individual chemicals.
As noted above in Section 6.3, toxicity can be characterized as acute (short-term consequences
from a single exposure or multiple exposures over a short period) or chronic (long-term
consequences from continuous or repeated exposures over a longer period). It is not
possible to evaluate potential synergistic hazards with multiple pollutants at this time.
For acute toxicity, we use a screening hazard criterion based on the Global Harmonization
Score (GHS) that combines all acute toxicity information into a single screening value
(UN, 2011). For chronic toxicity, we use published regulatory reference levels that
consider information reported for different routes of exposure (inhalation, ingestion,
dermal) and different health outcomes.
The ultimate goal of the hazard ranking is to combine the different elements that relate
to increasing hazard. In considering specific chemical stressors, we used the information
on frequency of use, mass or mass fraction used per treatment, and acute and/or chronic
health hazard criteria, to develop a potential hazard score that could be used to assign a
rank for each substance. In cases where all three pieces of information are available, the
hazard score is calculated as an Estimated Hazard Metric (EHM) given by:
EHM = (frequency of use) × (mass or mass fraction used)/(toxicity criterion)
The calculated EHM are used to rank all substances from highest estimated hazard to
lowest. For chemicals that lack sufficient information to calculate an EHM, we ranked
from most toxic to least toxic, and when toxicity information is lacking we rank from most
to least reported use. The resulting sorted list provides an indication of level of concern for
each compound.
The development of acute and chronic toxicity criteria used for calculating the EHM are
discussed in Sections 6.3.1.2 and 6.3.1.3, respectively, with the hazard ranking results for
hydraulic fracturing and acidization presented in Sections 6.3.2.1 and 6.3.2.2, respectively.
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6.3.1.2. Acute Toxicity Hazard Screening Criterion
Human hazards associated with acute or short-term exposures are inferred from
laboratory studies that examine the acute toxicity of an individual compound or chemical
formulations through standardized testing procedures using mammals—typically mice,
rats, and rabbits. In these studies, the test animals are exposed to high concentrations
of the test chemical and the response of the animals as a function of the exposure is
determined, with the metric being the concentration at which some significant fraction of
the animals have a measurable outcome (05%, 10%, 50%). These effective concentrations
(EC) or effective doses (ED) are reported as respectively EC05 (EC05), EC10 (ED10), and
EC50 (ED50).
We collected acute toxicity data for the chemicals that have been disclosed in well
stimulation fluid in California that were definitively identified by their Chemical Abstract
Service Registration Numbers (CASRN). Toxicity data were gathered from publicly
available sources as described in Volume II, Chapter 2 and from MSDS. Acute toxicity data
is available for a number of exposure routes and a range of effects. To merge this diverse
data set into a single health-screening criterion, we used the United Nations Globally
Harmonized System of Classification and Labeling of Chemicals (GHS). The GHS is a
system for categorizing chemicals based upon their LD50 (lethal dose) or EC50 values
(UN, 2011). In the GHS system, lower numbers indicate more toxicity, with a designation
of “1” indicating the most toxic compounds. Chemicals for which the LD50 or EC50
exceeded the highest GHS category were assigned a value of 6 and classified as non-toxic.
Chemicals that lack data on acute effects were assigned a GHS value of zero.
We also reviewed material safety data sheets (MSDS) for each chemical and recorded
GHS values for a range of outcomes, including acute dermal, skin irritation, eye effects,
respiratory sensitization, and skin sensitization. The GHS values from publicly available
sources (oral and inhalation) were assessed separately from the GHS scores reported in MSDS.
Because the GHS is reported on a scale of 1 to 5, we found it to be ineffective for sorting
out highly toxic chemicals. To address this issue for human health impacts, we converted
the GHS category scores back to the midpoint exposure concentration for animal
oral toxicity in milligrams per kilogram (mg/kg) for the given category, based on the
definitions provided for GHS categories (Table 3.3-1 in UN, 2011). GHS categories 1, 2, 3,
4, and 5 were assigned equivalent toxicity criteria of 2.5, 25, 200, 1,150, and 3,500 mg/
kg, respectively. We refer to this as the GHS-surrogate-concentration or “GHS-sc.”
Most stimulation chemicals are used at fairly low concentrations, usually less than 0.1%.
These concentrations can be well below concentrations that would cause test animals to
have a measureable acute response. However, most chemicals that have been assessed for
toxicity are assessed with acute toxicity tests. Low-concentration responses are difficult to
measure but highly relevant to efforts to protect human health. Public health actions are
intended to prevent harm before it happens, rather than provide methods to monitor harm
as it happens. This goal reflects the need for chronic hazard screening as a key supplement
to acute hazard screening.
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6.3.1.3. Chronic Toxicity Hazard Screening Criterion
Chronic toxicity values are typically expressed using a long-term average intake that is
considered a “safe” or no-effect dose, expressed in mg/kg (body weight) per day. For
example, the state of California issues reference exposure levels (RELs) in milligrams per
kilogram per day (mg/kg/d) for a number of non-cancer chemicals. Acceptable chronic
exposure levels for cancer-causing chemicals are selected to assure a minimum cancer risk,
such as below 1 in 100,000. In developing a screening criterion for chronic toxicity, we
select a single chronic screening score (CSS), which reflects the lowest acceptable chronic
exposure in mg/kg/d across a broad range of chronic outcomes. Chronic health hazard
screening values for hydraulic fracturing and acidizing fluid-treatment chemicals were
developed from several sources of chronic toxicity information compiled by California and
federal health agencies. These values indicate the likelihood of an adverse health outcome
from repeated or continuous exposure over the long term.
Chronic toxicity screening criteria were developed separately for inhalation and oral
exposure. Details on the compilation of chronic screening scores (CSS) for well
stimulation chemicals are provided for the inhalation and oral routes of exposure in the
following sections.
6.3.1.3.1. Chronic Screen Scores for the Inhalation Route
The following sources were used to identify screening values for the inhalation route
of exposure.
1. Office of Environmental Health Hazard Assessment-derived (OEHHA) Reference
Exposure Levels (RELs) for non-carcinogenic toxicants, and inhalation Unit Risk
values (URs) for carcinogens (OEHHA, 2008; 2014a);
2. U.S. EPA toxicity criteria, which are similar to the OEHHA criteria in both form
and method of derivation. U.S. EPA develops Reference Concentrations (RfCs)
for non-carcinogens and Unit Risk Estimates (UREs) for carcinogens1 (U.S. EPA,
2014a; 2014b);
3. Agency for Toxic Substances and Disease Registry (ATSDR) Minimal Risk Levels
(MRLs) for non-carcinogens, also similar to the OEHHA REL values (ATSDR, 2014).

U.S. EPA’s Integrated Risk Information System (IRIS) was used as the primary source of
information from U.S. EPA. In some cases, additional values were based on Provisional Peer
Reviewed Toxicity Values (PPRTVs) derived by U.S. EPA’s Superfund Health Risk Technical
Support Center, or U.S. EPA’s Health Effects Assessment Summary Tables.

1.
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For purposes of comparison, the available dose-response values were converted into a
consistent scale of measurement, namely, a reference concentration in units of milligrams
per cubic meter (mg/m3). Details and assumptions for calculating screening level doseresponse values for chronic inhalation exposure are provided in Appendix 6.B. The
reference concentrations were then converted to mg/kg/d equivalent dose, assuming a
20 m3(5,283 gallons)/day inhalation rate and 70 kg (154 lbs) body weight. This value is
meant only for ranking hazards across different routes of exposure; the original regulatory
reference concentrations should be used in any subsequent assessment of risk.
6.3.1.3.2. Screening Values for the Oral Route
The following sources of toxicity information were used to identify hazard-screening
values for the oral route of exposure:
1. OEHHA-derived values: Public Health Goals (PHGs) and Maximum Contaminant
Levels (MCLs) for drinking water, “No Significant Risk Levels” (NSRLs), and
Maximum Allowable Dose Levels (MADLs) for carcinogens and reproductive
toxicants listed under Proposition 65 (OEHHA, 2014a; 2014b);
2. U.S. EPA: oral Reference Doses (RfDs) and cancer Slope Factors (SFs) (U.S. EPA,
2014a; 2014b);
3. ATSDR MRLs for oral exposure (ATSDR, 2014).
Oral route toxicity screening values are presented as mg/kg/d of oral intake. For details on
derivation of chronic toxicity screening value for oral dose in this report, see Appendix 6.B.
6.3.2. Results of Human-Health Hazard Ranking of Stimulation Chemicals
This section provides results ranking hazards for chemical additives in hydraulic fracturing
fluids (Section 6.3.2.1) and in acidization fluids (Section 6.3.2.2). In addition, we review
hazards for chemicals released during well stimulation activity that are not directly added
to the well (Section 6.3.2.3).
6.3.2.1. Hazard Ranking of Chemicals Added to Hydraulic Fracturing Fluids
The hazard ranking for hydraulic fracturing fluids is derived for all substances reported
to be used in hydraulic fracturing that were definitely identified by CASRN. Additives
without CASRN identification could not be assessed for toxicity screening values and thus
were not included in the hazard ranking analysis. However, the absence of definitive
identification for a chemical should not be interpreted as an indication that the specific
additive is not hazardous.
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For each disclosed additive, we use the available information on frequency of use in
well stimulation (Section 2.4.3.1), quantity used (median concentration used across all
well stimulation events) (Section 2.4.3.2), along with the GHS-based toxicity screening
criterion for acute mammalian toxicity (normalized to exposure concentration as
described in Section 6.3.1.2), and chronic screening values normalized to dose as derived
from published values and regulatory values. We rank the acute and chronic hazards
separately, and we include separate chronic rankings to reflect intake by inhalation or
oral routes. For the acute toxicity information, we often had to rely on information that
was only on material safety data sheets (MSDS), which is not always reliable but often the
only toxicity information for specific health outcomes (e.g., eye irritation or sensitization).
In cases where toxicity information from other published sources is available, we include
separate hazard rankings using for results from material safety data sheets (MSDS) and
from published sources. We base the ranking on the minimum, or most conservative, acute
hazard value for each hazard ranking (i.e., with and without using MSDS data).
Out of 320 substances identified in the chemical disclosures (Table 2.A-1), 227 were
definitively identified. We identified acute hazard screening values for 176 substances
and chronic screening values for 56. The acute screening values are reported in Appendix
6.C Table 6.C-1. The chronic screening values are reported in Appendix 6.C Table 6.C-2.
Four of the 56 compounds with chronic screening values did not have acute screening
values, so we had a total of 176 compounds out of 320 (55%) for which we could develop
a complete hazard ranking. There are an additional 23 compounds reported for which
we have CASRN, but no information on frequency of use or mass used. Of these 23, we
have an acute and/or chronic hazard screening value for 17. There are 121 substances
for which we have generic descriptors (“trade secrets”) and frequency of use information,
but no CASRN identifications or toxicity information (note that chemicals without
CASRN were not reviewed for toxicity). In Table 6.3-1 below, we summarize our findings
regarding the different combinations of known versus unknown factors for reported
hydraulic fracturing chemical additives.
Table 6.3-1. Available and unavailable information for characterizing the
hazard of stimulation chemicals used in hydraulic fracturing.

Number of
chemicals

Proportion of
all chemicals

Identified by unique
CASRN

Impact or toxicity

Quantity of use or
emissions

176

55%

Available

Available

Available

17

5%

Available

Available

Unavailable

6

2%

Available

Unavailable

Available

121

38%

Unavailable

Unavailable

Available

Following the approach described above, we used information on frequency of use,
quantity used, and health hazard screening criterion to derive an estimated acute hazard
metric (EHMacute) score for each of the 176 substances used in hydraulic fracturing that
had sufficient information to make this calculation. All 176 EHMacute scores are provided in
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Table 6.C-1. The scores range over six orders of magnitude from 0.003 to 4,000. These are
relative scores with higher values associated with higher concern. We used these scores to
sort the substances from high to low. Table 6.3.2 lists the 12 substances with the highest
EHMacute values and identifies what factor(s) contribute most to this score—frequency of
use, quantity used, and/or toxicity. The footnote to Table 6.3-2 indicates the acute toxicity
and source of information for each chemical. Substances that did not have sufficient
information to calculate EHMacute values are sorted from low to high on a toxicity criterion;
then for chemicals that lack a toxicity criterion, we sorted from high to low on frequency
of use, then mass used, and finally the last chemicals are simply sorted alphabetically in
Table 6.C-1.
Table 6.3-2. A list of the 12 substances used in hydraulic fracturing with the

highest acute Estimated Hazard Metric (EHMacute) values along with an indication
of what factor(s) contribute most to their ranking (from high to low).

Chemical Name

Reported frequency
of use

Reported median mass
fraction per WST (mg/kg)

Distillates, petroleum, hydrotreated light
paraffinic

✔

✔

Isotridecanol, ethoxylated

✔

✔1

Hydrochloric acid
Polyethylene-polypropylene glycol

✔
✔

✔4

Glyoxal

✔
✔

✔6
✔

✔7

Hydrofluoric acid

✔

Sodium tetraborate decahydrate

✔

5-Chloro-2-methyl-3(2H)-isothiazolone

✔

1

✔5

✔

Glutaraldehyde
Ammonium Persulfate

✔2
✔3

Sodium hydroxide

Potassium carbonate

Acute Toxicity

✔8

✔
✔9

Skin corrosion/irritation GHS = 1 per MSDS; 2 Skin sensitization and eye effects GHS = 1 per MSDS; 3 Inhalation

LC50 for rats of 45 ppm equivalent to GHS 1 from published data; 4 Skin corrosion/irritation GHS = 1 per MSDS;
5

Eye effects GHS = 1 per MSDS; 6 Inhalation equivalent to GHS 1 per published values and Eye effects GHS = 1 per

MSDS; 7 Respiratory sensitization GHS = 1 per MSDS; 8 Inhalation equivalent to GHS 2 per published values and
dermal, skin corrosion/irritation and eye effects per MSDS; 9 Inhalation equivalent to GHS 1 per published values

In developing a chronic hazard metric (EHMchronic) score, we again make use of frequency
of use, mass used per treatment, and health-hazard screening criterion for each of 55
substances used in hydraulic fracturing that had sufficient information to make this
calculation. All 55 EHMchronic scores are provided in Table 6.C-2. The scores range over
nine orders of magnitude from 200 to 400,000,000,000 and tend to be higher for the
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inhalation route compared to the oral route. These are relative scores with higher values
associated with higher concern. We used these scores to sort the substances from the
highest to lowest estimated EHMchronic sorted on the average rank across inhalation and
oral routes. The median chronic score is around 1 million. The top 12 substances for
chronic hazard all have EHMchronic values over 1 million. Table 6.3-3 lists the 12 substances
with the highest EHMchronic values and identifies what factor(s) contribute most to this
score—frequency of use, quantity used, or toxicity. Substances with neither an EHMacute or
EHMchronic value are listed in Table 6.C-1, but not repeated in Table 6.C-3.
Table 6.3-3. A list of the 12 substances used in hydraulic fracturing with the highest
chronic Estimated Hazard Metric (EHMchronic) values along with an indication
of what factor(s) contribute most to their ranking (from high to low).

Chemical Name

Reported frequency
of use

Proppant material1

Reported median conc. per
WST (mg/kg)

Chronic8 Toxicity

✔

✔1

Glutaraldehyde

✔

✔

✔

Zirconium oxychloride

✔

✔

✔2

✔

✔3

Bromic acid, sodium salt (1:1)
Hydrochloric acid

✔

✔

✔

Boron sodium oxide

✔

✔

✔4

✔

✔

Ethylbenzene
Naphthalene

✔

Sodium tetraborate decahydrate

✔

✔
✔

✔5

Boric acid, dipotassium salt

✔

✔6

Aluminum oxide

✔

✔7

Diethanolamine

✔

✔6

1

Proppant materials reported that might include Crystalline silica impurity (Mullite, Kyanite, Silicon dioxide) use

Crystalline silica impurity as reference chemical for hazard screening (inhalation); 2 Soluble Zirconium compounds
used as reference chemical for hazard screening (oral); 3 Boric Acid and Bromate used as reference compound for
hazard screening (oral) and (inhalation) respectively; 4 Boric acid used as reference chemical for hazard screening
(oral); 5 Boric Acid used as reference compound for hazard screening (oral); 6 Boric acid used as reference chemical
for hazard screening (oral); 7 The toxicity value used is only for non-fibrous forms of aluminum oxide, and does not
apply to fibrous forms; 8 Screening toxicity values for aluminum oxide, titanium oxide, propargyl alcohol, glyoxal,
butyl glycidyl ether, hydrogen peroxide, and ethanol are available for occupational health criteria but screening
values are not provided because for each of these substances, there was an indication in the literature of possible
mutagenicity or carcinogenicity such that the available occupational health criteria might not be sufficiently health
protective of workers and the general population.
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6.3.2.2. Hazard Ranking of Acidization Chemicals
The data used to characterize hydraulic fracturing fluids did not include disclosed
acidization events. However, the South Coast Air Quality Management District (SCAQMD)
rule 1148.2 mandates that operators disclose the chemicals used in oil and gas development
activities that include acidization. Acidization events are defined for the purpose of this
review as events that include hydrochloric acid (HCl) and/or hydrofluoric acid (HF). The
data that meets the definition of an acidization event were exported from data entered
into the SCAQMD database between July 2013 and May 2014. The data include 243
events in 243 wells with a total of 8,549 entries for individual chemicals or “trade secrets”
(listed by chemical family). The actual date of each event is not listed, but it appears that
most of the data was entered into the database between March and May of 2014.
As with the hydraulic fracturing fluid disclosures, not all additives in the acidization
events were clearly identified. Between 3 and 21 lines (ingredients in the acidization
event) for each event are reported as trade secret, with no information provided on mass,
composition, or definitive chemical identification. A total of 87 definitively identified
chemicals are listed for the acidization events with 33 chemicals unique to acidization
(i.e., not used in hydraulic fracturing). The remaining 54 chemicals are used in both
acidization (per SCAQMD disclosures) and hydraulic fracturing (per FracFocus disclosures).
It is unclear which if any disclosures for specific events are included in both databases.
Twenty-six chemicals were listed more than 50 times in the acidization notices, with
methanol (n = 532), hydrochloric acid (n = 436) and propargyl alcohol (n = 272) being
the most commonly reported chemicals used in acidization events (excluding water).
There are 45 chemicals listed fewer than five times. Data are not available to assess the
coverage of the SCAQMD disclosures relative to all acidization treatments in California,
but clearly the data provided in the SCAQMD database are specific for activity in the
South Coast Air Basin which includes Orange County and the non-desert regions of Los
Angeles and Los Angeles County, San Bernardino County, and Riverside County.
Twelve chemicals are reported with median application rate greater than 200 kg per
event, but several of these are either base fluid or proppant material. The reporting of
proppant indicates that there may be some overlap between acidization treatments and
fracturing treatments in the SCAQMD database. The remaining high-use chemicals in the
list include primarily acids and buffering compounds. For chemicals that are used in both
hydraulic fracturing and in acidization treatments, a comparison of the reported mass
used indicates that there is no correlation (r2 = 0.01) between median mass reported
for specific compound used in the SCAQMD acidization treatments and the FracFocus/
DOGGR (Division of Oil, Gas and Geothermal Resources) hydraulic fracturing treatments.
In order to develop a hazard ranking for acidizing fluids, we follow the procedure outlined
above for hydraulic fracturing fluids to compile a list of all substances for which we had
CASRN and provided, for each chemical, any available information on frequency of use
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in well stimulation, quantity used in each well stimulation, the GHS screen criterion for
acute toxicity, and available chronic screening criteria. The frequency used and quantity
used are specific to the acidization treatments and differ from values reported for the
same chemical in the assessment of hazard for stimulation chemicals used in hydraulic
fracturing (previous section). The data used to assess acidization did not provide
information that would allow the calculation of mass fraction or concentration as used in
the hydraulic fracturing assessment above, so the media mass (kg) used across all events
was used as a surrogate for quantity. The acute screening values for acidization chemicals
are reported in Appendix 6.C, Table 6.C-3. The chronic screening values are reported in
Appendix 6.C, Table 6.C-4. Out of 165 uniquely identified additives (or products), 78
compounds were identified with CASRN, 48 had both quantity and toxicity information,
and 39 had only quantity information. In Table 6.3-4 below, we summarize our findings
regarding these different combinations of known versus unknown factors.
Table 6.3-4. Available and unavailable information for characterizing
the hazard of stimulation chemicals use in acidizing.

Number of
chemicals

Proportion of
all chemicals

Identified by unique
CASRN

Impact or toxicity

Quantity of use or
emissions

48

29%

Available

Available

Available

0

0%

Available

Available

Unavailable

39

24%

Available

Unavailable

Available

78

47%

Unavailable

Unavailable

Unavailable

Following the approach described above and used for hydraulic fracturing chemicals, we
used the information on frequency of use, quantity used, and toxicity screening criterion
to derive an estimated acute hazard metric (EHMacute) score for each of the 48 substances
used in acidization that had sufficient information to make this calculation. All 48 EHMacute
scores are provided in Table 6.C-3 along with information for other substances for which
the score could not be determined. The scores range over eight orders of magnitude from
0.002 to 150,000. These are relative scores with higher values associated with higher
concern. We used these scores to sort the substances from high to low on the average
EHM between results, including MSDS data and results based on published toxicity data.
The median score is around 1. Table 6.3-5 lists the 10 substances with the highest EHMacute
values and identifies what factor(s) contribute most to this score—frequency of use, quantity
used, or toxicity. Substances with no EHMacute are sorted by decreasing concentration.
In developing a chronic hazard metric (EHMchronic) score for acidization chemicals, we
again make use of frequency of use, mass used per treatment, and health hazard screening
values for each of 17 substances used in acidization that had sufficient information to
make this calculation. All 17 EHMchronic scores, along with toxicity and use-frequency data
for substances that did have reported mass used, are provided in Table 6.C-6. The scores
range over eight orders of magnitude from 10 to 800,000,000, and tend to be higher
for the inhalation route than the oral route. These are relative scores with higher values
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associated with higher concern. We used these scores to rank the substances from 1 to
17, with 1 being the greatest estimated hazard rank. The median chronic score is around
10,000. Table 6.3-6 lists the 10 substances with the highest EHMchronic values and identifies
what factor(s) contribute most to this score—frequency of use, quantity used, or toxicity.
Table 6.3-5. A list of the 10 substances used in acidization with the highest

acute Estimated Hazard Metric (EHMacute) values, along with an indication of
what factor(s) contribute most to their ranking (from high to low).

Chemical Name

Reported frequency
of use

Hydrochloric acid

✔

✔1

Hydrofluoric acid

✔

✔2

Potassium chloride
Ammonium Chloride

Reported median mass per
WST (kg)

Acute Toxicity

✔
✔

✔

Citrus Terpenes

✔3
✔4

2-Butoxyethanol (Ethylene glycol butyl
ether)

✔

✔5

Propargyl alcohol

✔

✔6

Acetic Acid

✔7

Crystalline silica quartz
Citric acid

1

✔
✔

✔

✔8

Skin sensitization and eye effects GHS = 1 per MSDS; 2 Inhalation equivalent to GHS 2 per published values and

dermal, skin corrosion/irritation and eye effects per MSDS; 3 Eye effects GHS = 2 per MSDS; 4 Skin corrosion/
irritation GHS = 1 and eye effects GHS = 2 per MSDS; 5 Inhalation effects GHS 2 from published data and eye effects
GHS = 2 per MSDS; 6 Oral effects GHS 2 from published data and numerous effects with GHS = 1 or 2 per MSDS; 7
Skin corrosion/irritation GHS = 1 and eye effects GHS = 1 per MSDS; 8 Eye effects GHS = 2 per MSDS
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Table 6.3-6. A list of the 10 substances used in acidization with the highest

chronic Estimated Hazard Metric (EHMchronic) values along with an indication
of what factor(s) contribute most to their ranking (from high to low).

Chemical Name

Reported frequency
of use

Hydrochloric acid

✔

Reported median mass per
WST (kg)

Chronic Toxicity

✔

Propargyl alcohol

✔

Crystalline silica quartz

✔

Ethylbenzene

✔
✔

Ammonium Chloride

✔

✔

Hydrofluoric acid

✔

2-Butoxyethanol (Ethylene glycol butyl
ether)

✔

Acetic Acid
Methanol

✔
✔

Phosphoric acid, calcium salt (2:3)

✔

6.3.2.3. Hazard Summary of Air Pollutants that are Related to Well Stimulation Fluid
There are fifteen chemicals listed in Tables 6.C.1– 6.C.4 for hydraulic fracturing and
acidization activity that are also listed on the California Air Resources Board (CARB)
Toxic Air Contaminant (TAC) Identification List (CARB, 2015). These compounds are
listed in Table 6.3-7, along with an indication of the well stimulation activity that they are
reportedly used in. Five of the compounds listed on the TACs list are already identified in
the previous tables, but all compounds listed as TACs should be considered hazardous
and included in subsequent risk assessments. The California TACs list (CARB, 2015)
includes all Hazardous Air Pollutants (HAPs) listed by the U.S. EPA and are heavily
regulated compounds.
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Table 6.3-7. The substances used in hydraulic fracturing and acidization that are also listed
on the California TAC Identification List (http://www.arb.ca.gov/toxics/id/taclist.htm).

Chemical Name

CASRN

Used in Hydraulic
Fracturing

Used in
Acidization

Hydrochloric acid

7647-01-0

✔

✔

Methanol

67-56-1

✔

✔

Toluene

108-88-3

✔

Acetophenone

98-86-2

✔

Ethylene Glycol

107-21-1

✔

✔

Formaldehyde

50-00-0

✔

✔

Naphthalene

91-20-3

✔

✔

Diethanolamine

111-42-2

✔

Benzyl Chloride

100-44-7

✔

Acrylamide

79-06-1

✔

Volume III, Chapter 3 summarizes a list of all CARB-reported TACs air emissions
associated with all oil-well production activities including well stimulation fluids
(Chapter 3, Section 3.3.2.2). We noted that not all of the TACs listed above are reported
emissions—likely as a result of different requirements for reported use versus reported
emissions. It is not possible at this point to allocate the CARB-reported emissions
specifically to the use well stimulation fluids. In addition to chemicals added to well
stimulation fluids, there a number of TACs released during well stimulation activities that
are not added directly to the well. As TACs, these substances have all been identified as
posing human health hazards, with the actual health risk dependent on the magnitude
and duration of exposure. Among this substance list are combustion products and/or
chemical emissions from pumps, generators, compressors, and equipment; venting and
flaring; dust from well stimulation activity; leaks from transfer lines and/or well heads;
and emissions related to leakage of oil and gas from stimulated wells (this category does
not include emissions from refining and use of the hydrocarbon products). A variety of
mobile sources relevant to oil and gas (and presumably to well stimulation) activities are
tracked by CARB in its emissions inventories (See Chapter 3, Section 3.3.2.2), especially
for off-road diesel equipment. However, it is not clear how to apportion these activities
between conventional oil production and well stimulation activities without a much more
detailed study.
Several criteria pollutants (particulate matter, carbon monoxide, nitrogen oxides, and
sulfur dioxide) as well as reactive organic gases are associated with well stimulation
activities (see Section 3.3.2.2 for details on emissions estimates). Criteria pollutants are
heavily regulated and should be included in any hazard or risk assessment associated
with well stimulation. Given the known and accepted hazards associated with criteria
pollutants, no further hazard assessment is provided for these compounds in this chapter.
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6.3.3. Literature Summary of Human Health Hazards Specific to Well Stimulation
In the sections above, we made bottom-up characterizations and rankings of chemicals
used and/or emitted during well stimulation operations in California. This section
reviews and analyzes the chemical hazards of well stimulation chemicals based primarily
on published source categories related to well stimulation activities and associated
equipment. Much of the literature discussed below is associated with activities outside of
California, but offers insights on what is or could be done in California.
Colborn et al. (2011) used Chemical Abstract Service (CAS) numbers and systematic
searches in the National Library of Medicine, Toxicology Data Network (TOXNET) and
other databases to determine that (a) 75% of the identified compounds from fracturing
fluids in samples from Colorado are known to negatively impact sensory organs, the
gastrointestinal system, and/or the liver; (b) 52% of the identified chemicals have the
potential to adversely affect the nervous system; and (c) 37% are candidate endocrine
disrupting chemicals (EDCs). EDCs present unique hazards compared to other toxins,
because their effects at higher doses do not always predict their effects at lower doses
(Vandenberg et al., 2012). They are particularly hazardous during fetal and early
childhood growth and development (Diamanti-Kandarakis et al., 2009), can impact the
reproductive system, and have epigenetic mechanisms that may lead to pathology decades
after exposure (Zoeller et al., 2012).
In addition to the chemicals used in well stimulation, the major constituents of well
acidization fluid are hydrochloric acid and hydrofluoric acid. Hydrochloric acid is used
frequently in oil and gas wells in California and elsewhere as an additive to well-injection
fluids during matrix acidizing, wellbore cleanout, and other forms of acid treatments of oil
and gas wells (Colborn et al., 2011; Stringfellow et al., 2014) (also see Volume I for more
details). Hydrochloric acid is corrosive to the skin, eyes, and mucous membranes, and is
associated with a number of acute health effects (ATSDR, 2002). Oral exposure may result
in the corrosion of mucous membranes, the esophagus, and the stomach. Symptoms may
include nausea, vomiting, and diarrhea (U.S. EPA, 2000a). Dermal exposure may result
in severe burns, ulceration, and scarring. Chronic exposures in occupational settings are
associated with gastritis, chronic bronchitis, dermatitis, and photosensitization (U.S. EPA,
2000a). As discussed in the occupational health section below, we note that exposure to
acid vapors resulting in acid-vapor inhalation is a hazard for any unprotected individuals
close to the location of acid use or transfer.
Hydrofluoric acid is also used as an additive to well injection during matrix acidizing,
wellbore cleanout, and other forms of acid treatments of oil and gas wells (Colborn
et al., 2011; Stringfellow et al., 2014) (See Volume I). Acute exposure to hydrofluoric
acid in liquid and gaseous form causes irritation of the eyes and nose, and can result in
severe respiratory damage (Centers for Disease Control and Prevention (CDC), 2014). In
high doses, exposure to hydrofluoric acid can lead to convulsions, cardiac arrhythmias,
or death from cardiac or respiratory failure (U.S. EPA, 2000b). Chronic exposure to
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elevated concentrations of hydrofluoric acid is associated with adverse pulmonary effects,
renal injury, thyroid injury, anemia, hypersensitivity, and dermatological reactions (U.S.
EPA, 2000b). When inhaled at low concentrations, hydrofluoric acid can result in nose,
throat, and bronchial irritation and congestion (ATSDR, 1993; CDC, 2014). To date, no
studies on the public health dimensions of hydrofluoric and hydrochloric acid have been
conducted in the upstream oil and gas context.
6.4. Water Contamination Hazards and Potential Human Exposures
This section reviews the transport mechanisms that could cause human exposures
to stimulation chemicals through water contamination. Section 6.4.1 briefly reviews
the pathways identified in Volume II, Chapter 2, and summarized in Table 6.2-1, and
discusses implications for human health. This is followed by Section 6.4.2, which provides
a literature survey of health issues attributed to water contamination due to stimulation.
A direct impact of concern from chemical use for well stimulation is the potential for
water contamination and subsequent human exposure from accidental releases related to
the handling of the well stimulation fluids and the management of produced water that
may contain stimulation chemicals. Similarly, potential subsurface leakage pathways into
protected groundwater present a potential impact of contamination by the petroleum
constituents in the reservoir. This risk may be exacerbated by the presence of chemicals
used in hydraulic fracturing. If chemicals contained in well stimulation fluids are well
managed and not released into usable water, including agricultural water, then the public
health risks would be reduced. Acid use increases the probability that naturally occurring
heavy metals and other pollutants from the oil-bearing formation will be dissolved and
mobilized. Assessment of the environmental public health risks posed by acid use along
with commonly associated chemicals, such as corrosion inhibitors, cannot be undertaken
without a more complete disclosure of chemical use, and a better understanding of the
chemistry of treatment fluids and produced water returning to the surface, in order to
understand the risks these fluids may pose. Risk assessment would also require better
knowledge of potential transport mechanisms and pathways that could lead to human
exposure, as well as how treatment chemicals are altered during transport.
6.4.1. Summary of Risk Issues Related to Water Contamination Pathways
The potential for surface and groundwater contamination from well stimulation activities
(contamination with stimulation chemicals, recovered fluids and produced water, residual
oil, methane and other compounds) was evaluated in great detail in Chapter 2 of this
volume. Release mechanisms and environmental transport pathways associated with
well stimulation and production that are relevant to California include spills and leaks,
percolation of wastewater from unlined pits, siting of disposal wells near abandoned wells
or into protected groundwater, reuse or disposal of inadequately treated wastewater;
loss of wellbore integrity; subsurface leakage and migration through abandoned wells,
migration though faults, fractures, or permeable regions, and illegal waste discharge
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(Section 2.6.2). Some of these release mechanisms are primarily relevant to California,
and are uncommon elsewhere, such as disposal of wastewater in unlined percolation
pits, which has been banned in many states, and potential siting of disposal wells into
protected groundwater. However, many of the release mechanisms have also been noted
in other parts of the country. Below, we briefly summarize the main findings from
Chapter 2 with regard to release mechanisms and transport pathways of concern for
human health impacts.
Stimulation fluids can move through the environment and come into contact with human
populations in a number of ways, including surface spills, accidental releases (Rozell and
Reaven, 2012), loss of zonal isolation in wellbores (Chilingar and Endres, 2005; Darrah
et al., 2014), venting and flaring of gases (Roy et al., 2013; Warneke et al., 2014), and
transportation and disposal of wastes (Rozell and Reaven, 2012; Warner et al., 2012;
Warner et al., 2013a; Fontenot et al., 2013).
6.4.1.1. Disposal of Produced Water in Unlined Pits
As noted in Volume II, Chapter 2, the most commonly reported recovered fluids and
produced water disposal method for stimulated wells in California is by evaporation
and percolation in unlined surface impoundments, also referred to as unlined sumps or
pits. Operators report that nearly 60% of the produced water from stimulated wells was
disposed of in unlined sumps during the first full month after stimulation. There is no
testing required, or thresholds specified, for the contaminants found in well stimulation
fluids or other naturally occurring chemical constituents in produced water, such as
benzene, heavy metals, and naturally occurring radioactive materials (NORMs). The
primary intent of unlined pits is to percolate water into the ground, and as a result, this
practice provides a potentially direct subsurface pathway for the transport of produced
water constituents, including returned stimulation fluids, into groundwater aquifers that
are or may be used for human consumption and agricultural use. Where groundwater
intercepts rivers and streams, surface water resources could also be affected. If protected
water were contaminated and if plants (including food crops), humans, fish, and wildlife
use this water, it could introduce contaminants into the food web and expose human
populations to known and potentially unknown toxic substances.
6.4.1.2. Public Health Hazards of Produced Water Use for Irrigation of Agriculture
As noted in Volume II, Chapter 2, large volumes of water of various salinities and qualities
are produced along with oil. Most produced water is re-injected into the oil and gas
reservoirs to help produce more oil, maintain reservoir pressure, and prevent subsidence.
But some of this produced water is not highly saline, and small quantities of it are now
being used by farmers for irrigation. As discussed in Chapter 2 of this volume, concerns
arise that stimulation chemicals could be mixed with produced water and thus end up in
irrigation water. Because of the growing pressures on water resources in the state, there
is increasing interest in whether produced water could be used for a range of beneficial

403

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

purposes such as groundwater recharge, wildlife habitat, surface waterways, irrigation,
and other uses. If produced water comes from an oil field where well stimulation has
been used, stimulation chemicals could also be present in the produced water and would
not necessarily be detected by current testing. The presence of stimulation chemicals and
other naturally occurring constituents, such as heavy metals that could be mobilized by
stimulation chemicals makes it far more difficult to determine if the produced water can
be safely reused. The presence of stimulation chemicals also makes it more difficult to
determine the amount and type of water treatment required to make the water safe for
beneficial use in agriculture from a public health perspective.
6.4.1.3. Public Health Hazards of Shallow Hydraulic Fracturing
Deep fracturing operations are unlikely to produce fractures and conduits that intersect
fresh water aquifers far above them (See Volume I of this study for more details).
However, in California, about three quarters of the hydraulic fracturing takes place in
shallow wells less than 600 m deep. Where drinking water aquifers exist above shallow
fracturing operations, there is an inherent risk that hydraulic fractures could intersect
aquifers used for drinking, agriculture, and other uses and contaminate them, thus
introducing human exposure pathways and public health risks. To the extent that human
populations are drinking, washing, or using water that has been contaminated via this
environmental exposure pathway, there exists a public health risk (See Chapter 2 of this
volume for me details water exposure pathways).
6.4.1.4. Leakage Through Wells
One of the problems faced in a number of other states is oil and gas development in
regions that have not previously had intensive oil and gas development. California’s
experience with well stimulation is the opposite: most well stimulation is occurring in
reservoirs where oil and gas has been produced for a long time. This means the operations
are taking place where many wells have previously been drilled, plugged, abandoned, and
orphaned. Leakage can occur if a hydraulic fracture intersects another well (offset well).
Offset wells can also act as a conduit through which emissions to air and water resources
can occur. If protected water is contaminated and if plants (including food crops),
humans, fish, and wildlife use this water, it could introduce contaminants into the food
web and expose human populations to known and potentially unknown toxic substances.
Because geologic conditions in California result in almost no coal mining, we did not
consider leakage facilitated by abandoned coal mines, which is a problem in other states.
6.4.1.5. Injection Into Usable Aquifers
In June 2014, the U.S. EPA expressed concerns to the state of California regarding an
EPA evaluation of injection wells in California used to dispose of oil-field waste, primarily
recovered fluids and produced water that returns to the wellhead along with oil (U.S.
EPA, 2014c). The EPA found that some wells inappropriately allowed injection of waste
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into protected groundwater. The California Division of Oil, Gas and Geothermal Resources
(DOGGR) has shut down some of these wells and is reviewing many more for possible
violations. Some chemicals that are used in well-stimulation operations are known to
be toxic, but more than 50% of reported well stimulation chemicals in California have
unknown environmental and health profiles. Some of the naturally occurring constituents
in produced water are also toxic. Introduction of recovered fluids or produced water into
protected groundwater presents a risk to the health of human populations that may drink,
bathe, or irrigate with these water supplies.
6.4.2. Literature on Water Contamination from Well Stimulation
6.4.2.1. Exposure to Water Pollutants
We identified original research, including modeling studies on the potential for exposures
to water quality impairment associated with oil and gas development enabled by well
stimulation. We excluded studies that explored only evaluative methodology or baseline
assessments, as well as papers that simply comment on or review previous studies.
Papers on the potential for exposure to well-stimulation-associated contaminated water
(a) rely on empirical field measurements, (b) explore plausibility of mechanisms for
contamination, or (c) use modeled data to determine hazard and risk associated with
potential water exposure pathways. Some of these studies explore only one aspect of
shale gas development, such as the well-stimulation process of hydraulic fracturing. These
studies do not indicate whether well-stimulation-enabled oil and gas development as a
whole is associated with water contamination and are therefore limited in their utility for
gauging water quality impacts. We are only concerned with actual findings in the field or
modeling studies that specifically identify hazard, or actually document the occurrence or
non-occurrence of water contamination.
Surface and groundwater contamination from well-stimulation-enabled oil and gas
development is extensively documented in Chapter 2 of this volume. But the question of
potential health risks remains, especially given the dearth of investigations and monitoring
on this issue in California. Some association studies have reported that well stimulation
contributes to higher levels of methane in drinking-water wells within 1 km of active
gas development sites (Darrah et al., 2014; Jackson et al., 2013; Osbourne et al., 2012).
Other studies found no association and have suggested that methane contamination of
shallow groundwater from oil and gas production may be less likely to occur in certain
shale formations, owing in part to regional geological variations, including the presence
of intermediate gas-bearing formations above target formations (e.g., in the Pennsylvania
area of the Marcellus Shale region), but not others (e.g., in the Fayetteville shale region)
(Warner et al., 2013b). The most recent study on fugitive gas contamination of drinkingwater wells used noble gas data to implicate faulty well production casings in water
contamination rather than upward migration of methane through geological strata
triggered by hydraulic fracturing (Darrah et al., 2014). While methane is not considered
to be toxic, these studies suggest that there are subsurface pathways through which
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gases and liquids, some of which may contain hazardous compounds, may be present.
Methane—particularly thermogenic methane (Stolper et al., 2014)—can migrate and
mix with protected water through natural seepages (Dusseault et al., 2014; Dusseault
and Jackson, 2014). Such seepages are common in California. Investigations of aquifer
contamination attributable to oil and gas development have not been conducted in
California. There is a need for these investigations, including studies to determine the
effect of natural seepages in methane migration.
Other studies that evaluated water quality in private drinking-water wells near natural
gas operations found higher levels of arsenic, selenium, strontium, and total dissolved
solids in water wells located within 3 km of active gas wells (Fontenot et al., 2013).
While this study used historical data from the region as a baseline to link the water
contamination to natural gas development, the specific mechanism responsible for
contamination was not determined.
Water contamination events associated with well stimulation have been documented in
geographically diverse parts of the country. In Colorado, an analysis of 77 reported surface
spills (~0.5% of active wells) within Weld County and groundwater monitoring data
revealed BTEX (benzene, toluene, ethylbenzene, xylene) contamination in groundwater
(Gross et al., 2013). Another study in Colorado measured estrogen and androgen receptor
activity in surface and groundwater samples, using reporter gene assays in human cell
lines from drilling-dense areas in the Piceance basin (Kassotis et al., 2013). Water samples
collected from the more intensive areas of natural gas extraction exhibited statistically
significantly more estrogenic, antiestrogenic, or antiandrogenic activity than reference
sites. Notably, the concentrations of chemicals detected by Kassotis and colleagues (2013)
were high enough to potentially interfere with the response of human cells to male sex
hormones and estrogen.
In August 2014, the Pennsylvania Department of Environmental Protection (PA DEP)
announced that 243 cases of water contamination attributable to oil and gas development
in the region had occurred since 2008, and as of 4 March 2015, the number of confirmed
water contamination cases was 254 (PA DEP, 2014). While this database makes clear
that these cases of water contamination were caused by oil and gas development, it is not
clear which mechanisms were most prominent. However, the presence of methane and
other VOCs in the aquifers suggests that loss of wellbore integrity was a likely mechanism
among the many of the cases. The majority of the events occurred in the northeastern
region of the state; however, reasons for this geographic trend are still unknown and are
currently being investigated. More research is needed to determine if wellbore integrity is
associated with these events and if that integrity is affected by hydraulic fracturing.
6.4.2.2. Oil and Gas Recovered and Produced Water
Well stimulation generates recovered fluids and produced water. Evidence indicates that
approximately 35% of the initial fracturing fluid volume injected underground returns to
the surface as recovered fluids and produced waters, although estimates range from 9% to
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80% (U.S. EPA, 2004, 2010; Horn, 2009). Recovered fluids and produced water contain
chemical compounds added to fracturing fluids as well as naturally occurring compounds
that are mobilized from target geological features (Alley et al., 2011; Thurman et al.,
2014; Warner, 2013a). Compounds hazardous to human health identified in produced
waters include chlorides, heavy metals, and metalloids (e.g., cadmium, lead, arsenic),
volatile organics (e.g., benzene, toluene, ethylbenzene, and xylene), bromide, barium,
and, depending upon the geochemistry of the target reservoir, naturally occurring
radioactive materials (e.g., radium-226 and radon) and other compounds (Alley et al.,
2011; Maguire-Boyle and Barron, 2014; Nelson et al., 2014). Many of these naturally
occurring compounds have moderate to high toxicity and can induce health effects when
exposure is sufficiently elevated (Balaba and Smart, 2012; Haluszczak et al., 2013).
It should be noted that no studies to date have analyzed the chemical constituents of
recovered fluids and produced water from well-stimulation-enabled oil wells in California.
Recovered fluid and produced water are sometimes treated at publicly owned treatment
works (POTWs) and then discharged into surface waters (Ferrar et al., 2013). This
practice is currently applied to a subset of recovered fluid/produced water in California
(DOGGR, 2014) (also see Chapter 2 on impacts to water resources). Warner et al. (2013a)
examined water quality and isotopic compositions of discharged effluents, surface waters,
and stream sediments associated with a Marcellus wastewater treatment facility site.
This study reported that treated recovered fluid and produced water still contained some
elevated concentrations of contaminants associated with shale gas development. The
researchers also found elevated levels of chloride and bromide downstream, along with
radium-226 levels in stream sediments at the point of discharge that were approximately
200 times greater than upstream and in background sediments, and well above regulatory
standards (Warner et al., 2013a). The study did not differentiate what amounts of these
elevated concentrations were directly attributable to hydraulic fracturing. Some papers
have noted that these types of emissions to water supplies could increase the health risks
of residents who rely on these surface and hydrologically contiguous groundwater sources
for drinking, bathing, recreation (Wilson and VanBriesen, 2012), and sources of food (i.e.,
fish protein) (Papoulias and Velasco, 2013).
6.5. Air Emissions Hazards and Potential Human Exposures
In addition to the potential direct impacts of water contamination, there is the possibility
of direct public health risks of exposures to stimulation chemicals that are known toxic
air contaminants (TACs). In Volume II Chapter 3, we analyzed the SCAQMD mandatory
oil and gas reporting database and noted TACs have been reported as used in hydraulic
fracturing and acidizing fluids. All of these TACs are hazardous to human health, yet none
of them have known emission factors. This makes it difficult to assess the extent to which
populations may be exposed and at what concentrations. Section 6.5 below expands
this topic. This section reviews the potential human health impact of air emissions
associated with well stimulation in two parts. Section 6.5.1 reviews what is known about
air emissions from the assessment in Chapter 3 and elsewhere. Section 6.5.2 reviews the
literature on human health impacts.
407

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

6.5.1. Emissions Characterized in Chapter 3
As discussed in Chapter 3 of this volume, air emissions from oil and gas development
can come from a variety of sources, including, but not limited to drilling, production
processing, well completions, servicing, and transportation. Among known air
contaminants, compounds of particular concern that are known to be emitted during
the well-stimulation-enabled oil and gas development process (and from oil and gas
development in general) are BTEX compounds (benzene, toluene, ethylbenzene, and
xylene), formaldehyde; hydrogen sulfide; particulate matter (PM); nitrogen oxides (NOx);
sulfur dioxide (SO2); polycyclic aromatic, aliphatic, and aromatic hydrocarbons; and
volatile organic compounds (VOCs) that can contribute to tropospheric ozone formation.
Also discussed in Chapter 3 of this volume are methane emissions, which are currently
assessed as greenhouse gases but can also be used as a predictor of many VOC emissions.
Some VOCs are directly health damaging (e.g., benzene), and many others are precursors
to regional tropospheric ozone, a strong respiratory irritant. In the San Joaquin Valley
Unified Air Pollution Control District (APCD), 2012 oil and gas associated reactive
organic gas (ROG) emissions were approximately 8% of total regional ROG emissions
(see Chapter 3). In a field-based study in the San Joaquin Valley of California, Gentner et
al. (2014) found that at least 22% of all anthropogenic VOC emissions are attributable
to oil development.
The quantity of specific chemicals emitted to the atmosphere per unit of injected well
stimulation fluid is completely lacking from the existing literature. Compounds noted in
the previous paragraph can be emitted or released prior to use during transport, transfer,
blending, and injection by accidental release, intentional release or by fugitive emission
pathways. After injection of fluid into the well-bore, the release pathways and emission
rates become even more uncertain, because of a lack of knowledge about the recovered
fraction of well stimulation fluid and changes in composition of recovered fluid and
produced water at stimulated wells. There are a number of potential release pathways
to air for the stimulation fluids recovered from a treated well, including both intentional
(evaporation ponds, agricultural use, re-injection) and accidental (spills, transportation,
disposal and fugitive emissions). None of these potential emission pathways for down-hole
TACs is sufficiently characterized beyond the frequency and total mass estimates derived
in Chapter 2.
Emission rates for TACs that are indirectly related to well stimulation activity are based
on activity-specific emission factors that report the quantity of a pollutant released to the
atmosphere relative to an activity associated with the release of that pollutant. Emission
factors are provided by regulatory agencies such as the U.S. EPA. Generic or generalizable
emission rates are not available at the wellhead scale. Estimating emission rates depends
on the combination of site-specific activities and equipment (e.g., number of stationary
and mobile source, leakiness of transfer lines and connections). However, all TACs by
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definition are hazardous, so they should be included in any thorough risk assessment for
well stimulation activity using case-specific conditions and emission factors to determine
ultimate exposures and quantify risk.
6.5.2. Potential Health-Relevant Exposure Pathways Identified in the Current Literature
6.5.2.1. Air Emissions Exposure Potential
Based on the potential harm of a number of VOCs (i.e., benzene, toluene, ethylbenzene,
xylene, etc.) and the role of VOCs in the production of tropospheric ozone, we considered
studies that address methane and non-methane volatile organic compounds (VOC)
emissions. We considered papers that specifically address human exposures from well
stimulation (i.e., unconventional oil and gas development) at either a local or regional
scale. These include local and regional measurements of non-methane volatile organic
compounds and tropospheric ozone.
As discussed in Chapter 3 of this volume, emissions from oil and gas development can
come from a variety of sources including, but not limited to, drilling, processing, well
completions, servicing, and transportation. Of particular concern are BTEX compounds
(benzene, toluene, ethylbenzene, and xylene), other VOCs; formaldehyde; hydrogen
sulfide; methylene chloride; particulate matter (PM); nitrogen oxides (NOx); sulfur dioxide
(SOx); polyaromatic, aliphatic, and aromatic hydrocarbons; and tropospheric ozone.
An issue of potential concern in California is tropospheric (ground-level) ozone, which is
formed through the interaction of VOCs, and NOx in the presence of sunlight (Jerrett et
al., 2009; U.S. EPA, 2013). Tropospheric ozone is a strong respiratory irritant associated
with increased respiratory and cardiovascular morbidity and mortality (Jerrett et al.,
2009; UNEP, 2011). However, as noted in Chapter 3 of this volume, the oil and gas
industry is currently not a major contributor to tropospheric precursors in California air
basis. There is some research on tropospheric ozone production associated with oil and
gas development operations in other states. Modeling studies in the Haynesville and
Barnett shale plays have predicted substantially increased atmospheric ozone concentrations
associated with oil and gas development in Texas (Kemball-Cook et al., 2010; Olaguer,
2012; Gilman et al., 2013). Some observations in oil and gas producing basins in the
western U.S. have found high levels of ozone in the winter, often in excess of air quality
standards (Edwards et al., 2014). Nevertheless, as discussed in Volume II Chapter 3 and
in contrast to the studies noted above, the ozone levels in California air basins are mostly
dependent on an abundance of ozone precursors from outside of oil production.
As discussed in Chapter 3 of this volume, methane emissions, which are currently assessed
as greenhouse gases, can be used as a predictor of many VOC emissions. Some VOCs are
directly health damaging (e.g., benzene), and many others are precursors to regional
tropospheric ozone. In a field-based study in the San Joaquin Valley of California, Gentner
et al. (2014) found that at least 22% of all anthropogenic VOC emissions are attributable
to oil development.
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Local human exposures to emissions from oil and gas development have not been wellcharacterized, but modeling and preliminary studies have indicated that intermittent
spikes in emissions to the atmosphere may pose increased risks to local human
populations through air pollution concentrations at the regional scale (Brown et al., 2014;
Colborn et al., 2014). Few studies to date have investigated the frequency and magnitude
of air pollution emission spikes from oil and gas development, but available studies
document their occurrence and their potential frequency and magnitude (Allen et al.,
2013; Macey et al., 2014; Helmig et al. 2014).
6.5.2.2. Emissions and Potential Exposures from Equipment and Infrastructure
Oil and gas development relies on a variety of ancillary infrastructure throughout the
well stimulation and oil and gas production process. This equipment includes, but is not
limited to, diesel-powered trucks, generators, and pumps, separator tanks, condensate
tanks, pipelines, flaring/venting operations, and gas compressor stations. The deployment
and use of each of these pieces of equipment act as emissions sources that can present
risks through exposure to chemicals, air emissions, and physical stressors. Specific to well
stimulation operations is the need for heavy truck traffic to transport water, proppant,
chemicals, and equipment to and from the well pad. Well stimulation as practiced in
California typically requires about a hundred to two hundred heavy truck trips per vertical
well, and two hundred to four hundred trips per horizontal well, counting two trips for
each truck traveling to the site. This is one-third to three-quarters of the heavy truck traffic
required for well pad construction and drilling.
The pollutants of primary health concern identified in the scientific literature and
attributable to transportation and other heavy machinery associated with well stimulation
are emissions of dust, diesel particular matter (dPM), nitrogen oxides (NOx), sulfur
dioxide and secondary sulfate particles (SOx), volatile organic compounds (VOCs),
and secondarily tropospheric ozone (Roy et al., 2013; Kemball-Cook et al., 2010). A
pollutant of primary health concern emitted from the transportation component of shale
gas development is dPM with aerodynamic diameter less than 2.5 microns (PM2.5). dPM
is a California TAC and a well-studied health-damaging pollutant that contributes to
cardiovascular illnesses, respiratory diseases (e.g., lung cancer) (Garshick et al., 2008),
atherosclerosis, and premature death (Pope, 2002; Pope et al., 2004). A study by the
California Air Resources Board indicates that for each 10 μg/m3 increase in PM2.5 exposure
in California, there is an expected 10% (uncertainty interval: 3%, 20%) increase in the
number of premature deaths (Tran et al., 2008). Particulate matter can also contain
concentrated associated products of incomplete combustion (PICs), and when particle
diameter is < 2.5 μm, they can act as a delivery system of these compounds to the
alveoli of the human lung (Smith et al., 2009). In addition to dPM, NOx and VOCs, other
pollutants prevalent in diesel emissions react in the presence of sunlight and high day-time
temperatures to produce tropospheric (ground-level) ozone. Tropospheric ozone is a wellestablished respiratory irritant associated with increased respiratory and cardiovascular
morbidity and mortality (Jerrett et al., 2009). It should be noted that most of the places
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where well stimulation is known to take place in California—The San Joaquin Valley
and the Los Angeles Basin—are also the regions that are consistently out of attainment
for atmospheric concentrations of tropospheric ozone. As such, oil and gas developments
in these regions are a potentially significant factor (Gentner et al., 2013) of cumulative
environmental public health risks for populations in these areas.
Formaldehyde is a volatile compound with well-established health impacts that is
produced all along the oil and gas production chain. Notably, it is formed by incomplete
combustion emitted by natural gas-fired reciprocating engines at oil and gas compressor
stations, as well as being a component of diesel combustion. It is a suspected human
carcinogen, but it has also been associated with acute and chronic health effects (U.S.
EPA, 2013). One community-based exploratory monitoring study determined that
levels of formaldehyde exceeded health-based risk levels near compressor stations with
gas developed from wells enabled by hydraulic fracturing in Arkansas, Pennsylvania,
and Wyoming oil/gas production sites (Macey et al., 2014). It should be noted that
formaldehyde is not added to stimulation fluids, but rather is a product of combustion
associated with oil and gas development activity, including well stimulation activity.
6.5.3. Public Health Studies of Toxic Air Contaminants
Oil and gas development—including that enabled by well stimulation—creates the risk
of exposing human populations to a broad range of toxic air contaminants (TACs). Data
suggest that these TACs are likely more elevated close to compared to far from active
oil and gas development, and that emissions of TACs in areas of high population density
(e.g., the Los Angeles Basin) result in larger population exposures than when population
density is lower (See Chapter 3 of this Volume for more details).
Many of the constituents used in and emitted by oil and gas development are known to be
damaging to health, and place disproportionate risks on sensitive populations, including
children, the elderly, those with pre-existing respiratory and cardiovascular conditions,
and those exposed to multiple environmental stressors. Oil and gas development poses
more elevated population health risks when conducted in areas of high population
density, such as the Los Angeles Basin, because it results in larger population exposures to
TACs (see Los Angeles Basin Case Study in Volume III for more details).
California has large developed oil reserves located in densely populated areas. For
example, the Los Angeles Basin has the highest concentrations of oil in the world, but Los
Angeles is also a global megacity, and oil and gas development occurs in close proximity
to human populations. In the San Joaquin Valley, there are a number of communities
that live, work, and play near oil and gas development. Approximately half a million
people live within one mile of a stimulated well, and many more live near oil and gas
development of any type. In addition, large numbers schools, elderly facilities, and
daycare facilities are sited within a mile of a stimulated well. The closer citizens are to
these industrial facilities, the more potentially elevated their exposure to TACs. Volume II,
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Chapter 3 indicates that stationary source oil and gas facilities in the San Joaquin Valley
are responsible for over 70% of H2S emissions, and 2-5.5% of benzene, formaldehyde,
hexane, and xylene emissions. In the South Coast region, stationary oil and gas sources
are responsible for less than 0.25% of all ten indicator TACs studied. While these fractions
are in many cases not large as a fraction of regional impacts, they can still have important
health impacts on nearby populations.
Studies from out of state indicate that community public health risks of exposures to
toxic air contaminants, such as benzene and aliphatic hydrocarbons, are most significant
within 800 meters (½ mile) from active oil and gas development (McKenzie et al.,
2012). Atmospheric data on dilution of conserved TACs indicate that potentially harmful
community exposures can occur out to ~3 km (almost 2 miles) from the source. There
are no studies from inside California that have measured the relationship between health
impacts and the distance from active oil and gas development. The Los Angeles County
Department of Public Health conducted a peer-reviewed public health outcome study near
the Inglewood Oil Field in Los Angeles County (Rangan and Tayour, 2011). This study did
not find any health effects in populations relative to proximity to oil and gas development.
However, the study was not designed to see long-term outcomes with incidence rates
below ~ 1%. Therefore, significant questions remain about the health effects of proximity
to oil and gas production that should be the subject of further study.
6.5.3.1. Methods for Peer Review of Scientific Literature
We conducted a review of the peer-reviewed scientific literature on the environmental
public health and occupational health dimensions of well stimulation. In contrast to the
bottom-up approach based on moving from hazard to exposure to outcome, most of the
public health-relevant literature focuses on known links between population health risks
and environmental pollution that arises from the well-stimulation-enabled oil and gas
development. The best information for evaluation of the public health and occupational
health impacts of oil and gas development, including that enabled by well stimulation in
California, should be from verified California-specific datasets and peer-reviewed scientific
studies conducted in California. However, we found California-specific information on
public health risks to be extremely limited in quantity, quality, and scope. As a result, we
also assessed the relevance of environmental public health-relevant studies from outside
of California.
We included papers that consider the question of public health in the broad context of
shale gas development. Of course, research findings in other categories such as air quality
and water quality are relevant to public health, but in this subsection we only include
those studies that directly consider the health of individuals and human populations.
We only consider research to be original if it measures health outcomes or complaints
(i.e., not health research that only attempts to determine opinion or methods for future
research agendas).
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We organized this literature review in a framework that tracks pathways from community
health to various well stimulation types, in order to investigate what is known about any
associations between sources of environmental pollution, potential exposures, and human
health hazards related to well stimulation. We restricted the boundaries of our literature
review to upstream oil and gas development processes prior to hydrocarbons being sent to
market. We also only included physical health outcomes. Although some of the literature
suggests that social, psychological, and economic impacts of well stimulation are possibly
important for community health, these studies are beyond the scope of this review.
The source-to-outcome pathway is commonly used to describe associations between
pollutant sources and health effects. This approach addresses in sequence the emissions,
environmental concentrations of pollutants, pollutant exposure pathways (ambient air,
water, etc.), and dose (e.g., micrograms of pollutant ingested, inhaled or absorbed per
unit body weight per day) (Figure 6.5-1) (ATSDR, 2005). Potential sources of healthrelevant environmental pollution are present throughout the well stimulation and oil
and gas production process. Sources of environmental pollution include hydrocarbon
production and processing activities (e.g., drilling, well stimulation, hydrocarbon
processing and production, and wastewater disposal) and the transportation of water,
sand, chemicals, and wastewater before, during, and after well stimulation (Shonkoff
et al., 2014).
As noted above, the best information for evaluation of the public health and occupational
health impacts of oil and gas development, including that enabled by well stimulation in
California, should be from verified California-specific datasets and peer-reviewed scientific
studies. However, we found this California-specific information to be limited in quantity,
quality, and scope. With the exception of the Inglewood study (Rangan and Tayour,
2011), which had limited scope and statistical power, there have been no comprehensive
health outcome studies that focus directly on the health impacts of stimulated wells.
As a result, we also assessed the relevance of environmental public-health studies and
experience from outside of California. Since 2007, the rapid growth of hydrocarbon
development in shale and other low-permeability (aka, “tight”) formations across the U.S.
has been accompanied by an increase in scientific investigations of the environmental
and public health dimensions of oil and gas development, including that enabled by well
stimulation, especially hydraulic fracturing. For example, approximately 70% of the peerreviewed journal papers that are pertinent to the public health dimensions of onshore
well-stimulation-enabled oil and gas development have been published between January
2009 and December 2014 (PSE Healthy Energy, 2014)2. This body of literature is still
relatively new; many uncertainties and data gaps on the human health impacts persist on
the national scale, and especially with application to California.

2. For a near-exhaustive collection of peer-reviewed scientific literature on the subject of shale gas and well-stimulationenabled oil and gas development please see the PSE Healthy Energy Peer Reviewed Literature Database at http://
psehealthyenergy.org/site/view/1180.
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Some studies of well stimulation in other parts of the country, including Pennsylvania,
Colorado, Utah, North Dakota, and Texas, may be relevant to California. There are notable
differences between direct and indirect impacts of oil and gas development practices in
California compared to those in other states, due to differences in geology, variability and
tectonics, well-stimulation and drilling techniques, and oil production and transmission
infrastructure, such as pipelines to transport fresh water, recovered fluids, and produced
water (see Volume I).
However, in many cases, there are similarities between the types of hazards noted in
other states and those in California, although the magnitude of risks associated with these
hazards are not clear. For example, studies of oil and gas development with relevance
to public health in Colorado, Utah, and Wyoming assess oil and gas development at the
regional scale (Pétron et al., 2012; Pétron et al., 2014; Darrah et al., 2014; Thompson
et al., 2014; Helmig et al. 2014) in the context of shale and source rock formations, but
also of hydraulic-fracturing-enabled migrated oil development, much like the majority of
production in California.

Figure 6.5-1. Simplified environmental exposure framework. Source: Shonkoff et al. (2014).

6.5.3.2. Results from the Environmental Public Health Literature Review
We divide the results for our literature review into three sections. The first section
provides an overview of the peer-reviewed literature on well-stimulation-enabled shale
and tight gas, and discusses the relevance of the current literature to well-stimulationenabled oil and gas development in California. While the development of tight-gas
resources is not a perfect proxy for the resources developed by means of well stimulation
in California, the peer-reviewed literature between 1 January 2009 and 31 December
2014 (the time range we accessed) has a strong focus on tight-gas resources and provides
useful but not necessarily relevant insight. We note, however, that there are fundamental
differences between the production of tight gas and what is going on in California. Many
of the volatile organic compounds found in tight gas are also produced from and emitted
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by California oil and gas development, but the relative concentrations of these compounds
between different types of oil and gas development can differ widely, based on geology,
geography, and hydrocarbon type. In the second section, we review epidemiologic and
population health studies, and identify what these studies tell us about any potential
impacts on public health. The third section examines what the wider literature says about
health issues due to potential exposures to water and air emissions from well-stimulationenabled oil and gas development.
6.5.3.3. Public Health Outcome Studies
Within California, we could only identify one public health outcome study that has
relevance to well-stimulation-enabled oil production. This is the Inglewood study carried
out by Los Angeles County (Rangan and Tayour, 2011), which is discussed below. Outside
of California, health outcome studies and epidemiologic investigations continue to be
particularly limited, and most of the peer-reviewed papers to date are commentaries and
reviews of the environmental literature pertinent to environmental public health risks.
A cursory public health outcome study was conducted by the Los Angeles County
Department of Public Health near the Inglewood Oil Field in Los Angeles County. This
study compared incidence of a variety of health endpoints including all-cause mortality,
low birth weight, birth defects, and all cancer among populations nearby the Inglewood
Oil Field and Los Angeles County as a whole. The study found no statistically significant
difference in these endpoints between the population near the Inglewood field and the
overall county population. While this may seem to indicate that there is no health impact
from oil and gas development, as the study notes, the epidemiological methods employed
in this study do not allow it to pick up changes in “rare events” such as cancer and birth
defects in small sample sizes, as is the case in this study (Rangan and Tayour, 2011). In
addition, lacking statistical power, the Inglewood Oil Field Study is a cluster investigation
with exposure assigned at the group level (i.e., an ecological study). It also appears that
only crude incidence ratios were calculated. This type of study design is insufficient for
establishing causality and has many major limitations, including exposure misclassification
and confounding, which may have obscured associations between exposure to
environmental stressors from oil and gas development and health outcomes.
Health assessments have been confounded by the dearth of well-designed humanpopulation studies that measure both human exposure and impacts. While a number
of studies have found environmental and exposure pathways and health-damaging
compounds in environmental concentrations sufficiently elevated to induce health effects,
epidemiological studies aimed to assess and quantify the population health burden (i.e.,
impact severity) of oil and gas production remain in their infancy.
In a study that analyzed air samples from locations in five different states using a
community-based monitoring approach, it was found that levels for eight volatile
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chemicals, including benzene, formaldehyde, hexane, and hydrogen sulfide, exceeded
federal guidelines (ATSDR minimal risk levels (MRLs) (ATSDR, 2014) and EPA Integrated
Risk Information System (IRIS) cancer risk levels) in a number of instances (Macey et
al., 2014). Notably, the residents who collected the grab samples reported a number of
common health symptoms, including “headaches, dizziness or light-headedness, irritated,
burning, or running nose, nausea, and sore or irritated throat” (Macey et al., 2014). We
note that this was not a formal outcomes-based study, and the authors did not attempt
to associate the reported health effects with the chemicals measured in the samples. But
the study suggests that concentrations of hazardous air pollutants near well-stimulationenabled oil and gas operations can be elevated to levels where health impacts could occur.
We further note that such elevated levels may not be due to well stimulation itself, but to
existing petroleum production combined with enhanced petroleum production.
There have been health complaints associated with oil and gas development documented
in the peer-reviewed literature. These studies have limitations because they are mainly
provide self-reported outcomes and are based on convenience samples, which are
collected for other purposes or easily collected by or from local populations. However,
many of the reported health outcomes are consistent with what would be expected from
exposure to some of the known contaminants associated with oil and gas development,
and are consistent across geographic space. In a 2012 survey of Pennsylvania citizens,
more than half of the participants surveyed who live in close proximity to wellstimulation-enabled oil and gas development reported increased fatigue, nasal irritation,
throat irritation, sinus problems, burning eyes, shortness of breath, joint pain, feeling
weak and tired, severe headaches, and sleep disturbance (Steinzor et al., 2013). The
survey also found that the number of reported health problems decreased with distance
from facilities.
Some research has attempted to assess human-health risks related to air pollutant
emissions associated with hydraulic-fracturing-enabled oil and natural gas development.
Using U.S. EPA guidance to estimate chronic and subchronic non-cancer hazard indices
(HIs) as well as excess lifetime cancer risks, a study in Colorado suggested that those
living in closer geographical proximity to active oil and gas wells (≤ 0.8 km [0.5 mile])
were at an increased risk of acute and sub-chronic respiratory, neurological, and
reproductive health effects, driven primarily by exposure to trimethyl-benzenes, xylenes,
and aliphatic hydrocarbons. It also suggested that slightly elevated excess lifetime cancer
risk estimates were driven by exposure to benzene and aliphatic hydrocarbons (McKenzie
et al., 2012). The findings of this study are corroborated with atmospheric dilution data
of conserved pollutants; for instance, a U.S. EPA report on dilution of conserved toxic air
contaminants indicates that the dilution at 800 m (0.5 mile) is on the order of 0.1 mg/
m3 per g/s (U.S. EPA, 1992). Going out to 2,000 m increases this dilution to 0.015 mg/
m3per g/s, and going out to 3,000 m increases dilution to 0.007 mg/m3per g/s. Given that,
for benzene, there is increased risk at a dilution of 0.1, it is not clear that concentrations
out to 2,000 m (1.25 miles) and 3,000 m (1.86 miles) can necessarily be considered as
presenting acceptable risk. However, beyond 3,000 m (1.86 miles), where concentrations
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fall more than two orders of magnitude via dilution relative to the ½ mile radius, there
is likely to be a sufficient margin of safety. Nevertheless, these results indicated that any
potentially harmful community exposures could occur at 2,000 meters (1.25 miles) and as
much as almost ~3,000 meters (~2 miles) from the source. In considering these dilution
assessments, we note that—based on wind, topography, and inversion layers--dilution can
increase or decrease, and that increasing density of oil and gas development will require
greater dilution to attain the same level of risk as lower density.
In contrast, an oil and gas industry study in Texas compared VOC concentration data
from seven air monitors at six locations in the Barnett Shale with federal and state healthbased air concentration values (HBACVs) to determine possible acute and chronic health
effects (Bunch et al., 2014). The study found that shale gas activities did not result in
community-wide exposures to concentrations of VOCs at levels that would pose a health
concern. The key distinction between McKenzie et al. (2012) and Bunch et al. (2014)
is that Bunch et al. (2014) used air quality data generated from monitors focused on
regional atmospheric concentrations of pollutants in Texas, while McKenzie et al. (2012)
included samples at the community level. Finer geographically scaled samples can often
capture local atmospheric concentrations that are more relevant to human exposure
(Shonkoff et al., 2014).
This geographical correlation has been observed in random sampling efforts as well. In a
recent study in Pennsylvania, researchers evaluated the relationship between household
proximity to natural gas wells and reported health symptoms for 492 people in 180
randomly selected homes with ground-fed wells in an area of active drilling (Rabinowitz
et al., 2014). The results suggest that close proximity to gas development is associated
with prevalence of dermal and respiratory health symptoms.
In addition to population health hazards in varying distances from active oil and
gas development, other studies have assessed the effect of the density of oil and gas
development on health outcomes. In a retrospective cohort study in Colorado, McKenzie
et al. (2014) examined associations between maternal residential location and density
of oil and gas development. The researchers found a positive dose-response association
between the prevalence of some adverse birth outcomes, including congenital heart
defects and possibly neural tube defects and increasing density of development (McKenzie
et al., 2014). For instance, the observed risk of congenital heart defects in neonates was
30% (OR = 1.3 (95% CI: 1.2, 1.5)) greater among those born to mothers who lived in
the highest density of oil and gas development (> 125 wells per mile), compared to those
neonates born to mothers who lived with no oil and gas wells within a 16 km (10-mile)
radius. Similarly, the data suggest that neonates born to mothers in the highest density of
oil and gas development were twice as likely (OR = 2.0, 95% CI: 1.0, 3.9) to be born with
neural tube defects than those born to mothers living with no wells in a 10-mile radius
(McKenzie et al., 2014). The study, however, showed no positive association between the
density and proximity of wells and maternal residence for oral clefts, preterm birth, or

417

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

term low birth weight. We also note that these indirect effects, by definition, cannot be
directly linked to stimulation technology, but to existing and well-stimulation-enhanced
petroleum production.
6.5.4. Summary of Public Health Outcome Studies
There have been few epidemiological studies that measure health effects associated with
oil and gas development, whether enabled by well stimulation or not. The studies that
have been published have been heavily focused on exposures to toxic air contaminants
(hazardous air pollutants), while fewer studies have evaluated associations between oil
and gas development and water contamination.
Each of the studies discussed above have limitations to their study designs, their
geographic focus, and their statistical power to evaluate associations. These studies
suggests that health concerns about oil and gas development may not be direct effects
specific to the well stimulation process, but rather are associated with indirect effects of
oil and gas development. For example, the studies in Colorado (McKenzie et al., 2012;
McKenzie et al., 2014) found that the most likely driver of poor health outcomes were
aliphatic hydrocarbons and benzene. Neither of these compounds is added to stimulation
fluids, but rather are mobilized in the subsurface and co-produced (and co-emitted) with
oil and gas production, processing, transmission, and consumption.
6.6. Occupational Health-Hazard Assessment Studies
Due to their proximity to hazards, workers directly involved in well stimulation processes
may have exposure to chemical and physical hazards larger than those of the surrounding
communities, and therefore have the greatest likelihood of any resulting acute and/or
chronic health effects. The expansion of well stimulation in California has the potential
to expose workers in this industry to a range of existing hazards related to oil and gas
development, and additional hazards specific to well stimulation such as elevated VOC
exposures during injection and flowback operations (Esswein et al., 2014) and the use of
proppant, which has been noted to subject workers to elevated silica exposure (Esswein
et al., 2013). Silica exposure is a major risk factor for the development of the lung
disease silicosis.
An adequate understanding of occupational health hazards requires information about
the quantities and composition of materials used, handling protocols, and emissions
factors of operations in addition to information about the tasks, protocols, and exposure
reduction control measures for activity on well pads, in and around trucks and machinery,
and in other locations throughout the oil development process related to well stimulation.
Employers can and often do implement comprehensive worker protection programs that
substantially reduce worker exposure and likelihood of illness and injury. Employers in the
oil and gas industry are required to comply with existing California occupational safety
and health regulations, and follow best practices to significantly reduce and/or eliminate
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illness and injury risk to their employees (California Occupational Safety and Health Act
of 1973 and Title 8 of the California Code of Regulations). In following these standards
and best practices in protecting workers from chemical exposures while they are involved
in well stimulation operations, employers in this industry may also reduce the likelihood
of chemical exposure to the surrounding community.
There is a large California workforce engaged in the oil development and production
industry. We reviewed available literature and the scope of this occupation group (and
the hazards they face). Although data are available on health risks faced by this work
population, little data is available on the hazards directly associated with well
stimulation activities.
6.6.1. Scope of Industry and Workforce in California
Employment numbers and occupations involved in well stimulation are impossible to
ascertain with precision, as companies engaged in drilling and support activities in well
stimulation are also involved with overall oil and gas development in California. Any
workers engaged in well stimulation are typically part of the broader oil and gas well
development/production industry. This is an industry where workers can be exposed to a
range of hazards in addition to those directly associated with well stimulation. Table 6.6-1
provides a summary of the employment in the oil and gas extraction industry in California.
Table 6.6-1. Employment in oil and gas extraction – California 2014.
Industry Title

Establishments

Average Monthly
Employment

2111111 Crude Petroleum and natural gas extraction

179

9,669

2111112 Natural Gas Liquid Extraction

10

193

213111 Drilling Oil and Gas Wells

91

3,419

213112 Support Activities, Oil/Gas Operations

240

9,162

Total

520

22,443

Source: http://www.labormarketinfo.edd.ca.gov/

A review of all data on occupational health for the oil and gas extraction industry indicates
that this industry has a high rate of worker injury and death relative to other industries,
but does not collect publicly available data on the fraction of oil and gas development
that is enabled by well stimulation (NIOSH, 2015a; 2015b; 2015c; 2015d). According to
NIOSH (2015d), the oil and gas extraction industry had an annual occupational fatality
rate of 27.5 per 100,000 workers (2003-2009)—more than seven times higher than
the rate for all U.S. workers. The annual occupational fatality rate is highly variable,
and correlates with the level of drilling activity. For example, the numbers of fatalities
increased by 23% between 2011 and 2012 to the largest number of deaths of oil and
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gas workers since 2003. Appendix 6.D provides details on occupational health data we
compiled for the U.S. oil and gas extraction industry. In the sections below, we summarize
studies that address the direct impacts of well stimulation within the oil and gas industry.
This is U.S. data, which is relevant to California operations, but not necessary fully
representative of current or future California well stimulation activities.
6.6.2. Processes and Work Practices
In seeking insight on occupational hazards from well stimulation, we identified two
review papers useful for describing occupational exposures in oil and gas development
(Mulloy, 2013; Witter, 2014), but these papers do not include job or process descriptions.
We identified two additional peer-reviewed papers describing the work processes in oil
and gas extraction that evaluate occupational exposure for silica and VOCs attributable
directly to well stimulation (Esswein et al., 2013; 2014). The Esswein et al. papers (2013;
2014) report results from the National Institute for Occupational Safety and Health study
that collected 111 personal-breathing-zone samples at 11 sites in five states during four
seasons, for investigation of crystalline silica exposure and personal and environmental
measurements at six sites in two states, for investigation of chemical exposures. We found
no other publicly available data sources that include job titles or work activities during oil
and gas extraction or well stimulation.
In the first of these two papers, Esswein et al. (2013) describe the processes of hydraulic
fracturing, in terms of the workers involved and their typical roles as:
At a typical site, 10 to 12 driver/operators position and set up equipment,
configure and connect piping, pressure test, then operate the equipment
(e.g., sand movers, blender, and chemical trucks) required for hydraulic
fracturing. Other employees operate water tanks and water transport
systems, and several control on-site traffic, including sand delivery trucks
and other vehicles. An additional crew includes well liners (typically 3–5)
who configure and assemble well casing perforation tools and operate cranes
to move tools and equipment into and out of the well. … Moving proppant
along transfer belts, pneumatically filling and operating sand movers,
involves displacement of hundreds of thousands of pounds of sand per stage,
which creates airborne dusts at the work site (Esswein et al., 2013).
Similarly, in the second paper, Esswein et al. (2014) describe flowback operations and the
associated exposures to VOCs from these operations as:
Typical flowback operations have two to four flowback personnel performing
flowback tasks; these were the typical number of workers at each of the sites
visited. Air sampling, typically collected over two days, included workers
with the following job titles and descriptions:
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• Flowback lead: recorded well pressures and temperatures, monitored
separators and other equipment
• Flowback tech: gauged flowback tanks 1–4 times per hr., recorded
volumes, assisted in tank pumping and fluid transfers to trucks
• Production watch lead: monitored rate and volume of natural gas
and liquid hydrocarbons
• Production watch technician: gauged production tanks
• Water management operator: gauged water tanks, ran pumps
Workers access the tanks through hatches located on the tops of tanks.
Periodically, recovered liquid hydrocarbons/condensate is pumped to
production tanks or to trucks, which collect and transport process fluids off
the well pad; natural gas is typically piped to gas gathering operations. Tank
gauging and other tasks required during flowback can present exposure risks
for workers from alkane and aromatic hydrocarbons produced by the well
and diluted treatment chemicals used during hydraulic fracturing (typically
a combination of acid, pH adjusters, surfactant, biocides, scale and corrosion
inhibitors, and, in some cases, gels, gel demulsifiers, and cross-linking
agents) (Esswein et al., 2014).
6.6.3. Acid Used in Oil and Gas Wells
The oil and gas industry commonly uses strong acids along with other toxic substances,
such as corrosion inhibitors, for both routine maintenance and well stimulation (see
Volume I, Chapter 2 and 3 & Volume I). These acids pose occupational hazards relevant
to well stimulation. Well acidizing requires the use of hydrochloric (HCl) and hydrofluoric
(HF) acid. In many cases, HF is created at the oilfield by mixing hydrochloric acid with
ammonium fluoride and immediately injecting the mix down the well (Collier, 2013).
Creating the HF on site may be safer than offsite production, because it reduces the risk
of transport accidents. In all uses of HF, there is the potential for worker exposure to acid
gases. According to industry protocols, safety precautions for those on site during an acid
treatment concern detection of leaks and proper handling of acid (SPE, 2015; API, 1985).
As also reported in Volume II Chapter 2, due to the absence of state-wide mandatory
reporting on chemical use in the oil and gas industry, it is not known how much acid is
used for oil and gas development throughout California.
Well-established procedures exist for mixing and handling acids (NACE, 2007). The
parent acids do not generally migrate long distances from the well, but acids formed
through a complex series of reactions during acidization can migrate deeper into the
formation (Weidner, 2011). If the acidization fluids are introduced into the well in the
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right proportions and order, and sufficient time and conditions allowed for reactions to
proceed, then the original acids are used up during the acidization process (Shuchart,
1995). The reaction of strong acids with the rock minerals, corrosion products, petroleum,
and other injected chemicals can also release contaminants of concern, such as hydrogen
sulfide from acid reaction with iron sulfides, that have not been characterized or
quantified. These chemicals may be present in recovered fluids and produced water
(NACE, 2007). We do not have data to determine how much strong acid, including
hydrochloric and hydrofluoric acid, is used in oil and gas development in California.
DOGGR has only recently required reporting of all acid use that will result in a better
understanding in the future. Hydraulic fracturing operations have only infrequently
incorporated acid use (11 voluntarily reported applications between January 2011 and
May 2014). Industry has voluntarily reported approximately twenty matrix-acidizing
treatments per month throughout California, but has not revealed detailed chemical
information. The South Coast Air Quality District requires reporting on the use of all
chemicals by the oil and gas industry. Their data suggest widespread and common use
of acid for many applications in the industry.
Environmental public health exposures to strong acids are only likely to occur at
the surface, given that migration of acids in the subsurface are limited by relatively
rapid reactions. The most likely human exposures to strong acids are to workers. The
opportunities for exposure are predominantly the following: (1) handling and mixing of
acids prior to well injection, (2) during flowback following an acid treatment, and (3)
during accidents and spills.
State and federal agencies regulate spills of acids and other hazardous chemicals,
and existing industry standards dictate standard safety protocols for handling acids
(see Section 6.6.3.4). The Office of Emergency Services (OES) between January 2009
and December 2014 reported nine spills of acid that can be attributed to oil and gas
development in California. Reports indicate the spills did not involve any injuries or
deaths. These acid spill reports represents less than 1% of all reported spills of any kind
attributed to the oil and gas development sector in the same period, and suggest that
spills of acid associated with oil and gas development are infrequent. Given the lack of
Occupational Safety and Health Administration (OSHA) reporting of worker exposures to
acids, to the extent that this reporting is comprehensive, it appears that industry protocols
for handling acids likely are protecting workers from such acute exposures.
Chapter 2 of this volume reports chemical spills in California oil fields, including spills of
hydrochloric, hydrofluoric, and sulfuric acids. Of the 31 spills reported between January
2009 and December 2014, nine were acid spills. Among these was a storage tank at a
soft water treatment plant containing 20 m3(5,500 gallons) of hydrochloric acid in the
Midway-Sunset Oil Field in Kern County that ruptured violently, releasing the acid beyond
a secondary containment wall. No injuries or deaths were associated with this or any
other acid spill.
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Work processes and health hazards associated with well stimulation are summarized in
Table 6.6-2.
The physical hazard associated with a chemical used on the job is most often characterized
by evaluating a standard selection of properties associated with the individual chemical or
chemical mixture. These properties include inflammability, corrosivity, and reactivity.
There are a number of different systems for classifying the hazardous properties of
chemicals. The American Coatings Association, Inc. developed the Hazardous Materials
Identification System (HMIS) (ACS, 2015) to aid its members in the implementation of an
effective Hazard Communication Program as required by law. Another system developed
by the National Fire Protection Association (NFPA) is directed at communicating potential
hazards during emergency situations (NFPA, 2013.) Both systems have a “0 to 4” ranking
system with a chemical ranked “4” having a severe hazard, “3” representing a serious
hazard, “2” representing a moderate hazard, and “1” a slight hazard. Materials ranked “0”
are of minimal or no hazard for the category ranked.
All of the chemicals reportedly in well stimulation in California (see Chapter 2, Appendix
2.A, Tables 2.A-3 and 2.A-5) were evaluated for this report using both the HMIS and the
NFPA systems. Approximately 20% to 30% of the additives were not categorized under
either the HMIS or NFPA systems for different hazards. Overall, only approximately 5% of
the well stimulation fluid additives were considered flammable or fire hazard, and only a
few compounds were ranked as physical or reactivity hazards (Figure 6.6-1).
Well stimulation fluid additives categorized as severe (4) or serious hazards (3) are listed
in Chapter 2, Appendix 2.A, Table 2.A-8 (Chapter 2). Since chemical hazards and fire
hazards are integral to both conventional and unconventional oil and gas extraction, the
well stimulation additives illustrated in Figure 6.6-1 are not likely to pose new or unusual
hazards that are specific to unconventional oil and gas production. However, the additives
should be considered in evaluation of occupational exposure and in assessment of the risks
associated with oil and gas production.

423

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

Table 6.6-2. Work processes and health hazards associated with well stimulation.
Work processes

Health hazards

Fed OSHA Standards

Mixing and injecting of
chemicals and dusts i.e., proppants, acids,
pH adjustment agents,
biocides etc.

Irritation and burns to skin and eyes
Acute and chronic respiratory disease
(COPD, asthma, silicosis, lung
cancer)
Low pH recovered fluid

Hazard Communication, Safety Data Sheets - 29 CFR
1910.1200(g)
Personal Protective Equipment - 29 CFR Subpart I
Specifications for Accident Prevention Signs and Tags
-29 CFR 1910.145
Toxic and Hazardous Substances - 29 CFR 1910
Subpart Z
Hazard Communication - 29 CFR 1910.1200
Emergency Response Program to Hazardous
Substance Releases - 29 CFR 1910.120(q)
Medical Services and First Aid - 29 CFR 1910.151(c)

Pressure pumping

Explosions
Acute and chronic inhalation
exposure due to high pressure
from uncontrolled releases, use
of flammable fluids, gases, and
materials

Personal Protective Equipment, General
Requirements - 29 CFR 1910.132

Recovered fluids

Explosions
Acute and chronic inhalation
exposure due to high pressure
from uncontrolled releases, use
of flammable fluids, gases and
materials

Personal Protective Equipment - 29 CFR 1910
Subpart I
Portable Fire Extinguishers - 29 CFR 1910.157
Welding, Cutting, and Brazing - 29 CFR Subpart Q, 29
CFR 1910.252, General Requirements

Multiple operations:
hydrogen sulfide,
volatile organic
compounds (VOCs),
combustion products
and elevated noise

Asphyxia
Nervous system, liver and kidney
damage
Cancer (blood)

Respiratory Protection, General Requirements - 29
CFR 1910.134(d)(iii)
Air contaminants - 29 CFR 1910.1000

Transport, Rig-Up, and
Rig-Down

Injuries and fatalities (struck-by,
caught-in, crushing hazards, and
musculoskeletal injuries) from
off-site and on-site vehicle and
machinery traffic or movement;
heavy equipment, mechanical
material handling, manual lifting, and
ergonomic hazards (these are mostly
indirect hazards with respect to well
stimulation)

Electrical - 29 CFR 1910.307 – Hazardous (Classified)
Locations
Powered Industrial Trucks - 29 CFR 1910.178
Crawler, Locomotive, and Truck Cranes - 29 CFR
1910.180
Slings - 29 CFR 1910.184(c)(9)
Walking-Working Surfaces - 29 CFR 1910 Subpart D
Permit-Required Confined Spaces - 29 CFR 1910.146
Occupational Noise Exposure - 29 CFR 1910.95
Electrical: Selection and Use of Work Practices - 29
CFR 1910.33

Source: Adapted from U.S. OSHA (2014) and Esswein et al. (2013; 2014)
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Figure 6.6-1. Evaluation of the flammability, reactivity, and physical hazards of chemical

additives reported for hydraulic fracturing in California using the Hazardous Materials
Identification System (HMIS) and the National Fire Protection Association (NFPA)
classification system.
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6.6.3.1. Occupational Health Outcomes Associated With Well Stimulation-Enabled
Oil and Gas Development
There are few peer-reviewed health outcomes studies among workers in the oil and
gas development industry that are specific to well-stimulation-enabled oil and gas
development. For well stimulation, there are effectively no health outcome studies and
only two studies addressing health risks (Esswein et al., 2013; 2014). The results of these
two studies are summarized above.
6.6.3.2. Worker Protection Standards, Enforcement, and Guidelines for Well
Stimulation Activities
The U.S. Occupational Safety and Health Administration (OSHA) has identified multiple
hazards and enforces numerous standards for oil and gas extraction (OSHA, 2015a;
2015b). There are several specific OSHA exemptions for the oil and gas development
industry, including:
• Process safety management (PSM) of highly hazardous and explosive chemicals
(29 CFR 1910.119). The PSM standard requires affected facilities to implement
a systematic program to identify, evaluate, prevent, and respond to releases of
hazardous chemicals in the workplace. The PSM standard exempts oil and gas
well drilling and servicing operations (OSHA, 2015c)
• Comprehensive General Industry Benzene Standard (29 CFR 1910.1028). Under
the Comprehensive Standard, the limit for workers’ exposure is 1 part per million
(ppm)—the occupational exposure limit is the same. The exemption allows worker
exposures up to 10 ppm in oil and gas. The exemption also eliminates requirements
for medical monitoring, exposure assessments, and training (OSHA, 2015d).
• Hearing Conservation Standard (29 CFR 1910.95). This standard, designed to
protect general industry employees, establishes permissible noise exposure limits
and outlines requirements for controls, hearing protection, training, and annual
audiograms for workers. Many sections of the standard do not apply to employers
engaged in oil and gas well drilling and servicing operations (OSHA, 2015e).
• Control of Hazardous Energy Sources, or “Lockout/Tagout” (29 CFR 1910.147).
The standard requires specific practices and procedures to safeguard employees
from the unexpected energization or startup of machinery and equipment, or
the release of hazardous energy during service or maintenance activities. The
standard does not cover the oil and gas well drilling and servicing industry
(OSHA, 2015f).
The U.S. OSHA has issued an alert on the hazards of silica exposure (OSHA, 2015g) and
guidance to employers on other safety and health hazards during hydraulic fracturing
and fluid recovery (OSHA, 2015h). The National Institute for Occupational Safety and
426

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

Health (NIOSH) has identified exposure to silica dust and volatile organic compounds as
significant health hazards during oil and gas extraction (NIOSH, 2015a; 2015b; 2015c),
and recommends additional quantification of exposure to diesel particulate and exhaust
gases from equipment, high or low temperature extremes, noise, hydrocarbons, hydrogen
sulfide, heavy metal exposure, and naturally occurring radioactive material (NIOSH, 2015d).
The California Division of Occupational Safety and Health (CalOSHA) has specific
enforceable regulations pertaining to petroleum drilling and production (CalOSHA,
2015a; 2015b). For the ten-year period January 1, 2004–December 31, 2013, there were
281 inspections in oil and gas extraction: 77 inspections in NAICS 211, 98 inspections
in NAICS 213111, and 106 inspections in NAICS 213112 (OSHA, 2015i). Of the 281
inspections, 153 (54%) were in response to an accident, 47 (17%) were planned, and
36 (13%) were due to complaints. Cal/OSHA is required to investigate all work-related
amputations, hospitalizations for greater than 24 hours, and traumatic fatalities. There are
104 cases in which a detailed narrative is available regarding these incidents, including 16
work-related fatalities (Appendix 6.E).
The American Petroleum Institute has also published comprehensive safety and
health guidelines for oil and gas well drilling and servicing operations, and includes
recommended best practices from the American Conference of Governmental Industrial
Hygienists and American National Standards Institute (API, 2007).
The American Petroleum Institute (API) and the Society of Petroleum Engineers have
established protocols and safety precautions for those on site during an acid treatment
(SPE, 2015; API, 1985). These guidelines state that (a) pressure tests with water or
brine are used to ensure the absence of leaks in pressure piping, tubing, and packer; (b)
anyone around acid tanks or pressure connections should wear safety goggles for eye
protection; (c) those handling chemicals and valves should wear protective gauntlet-type,
acid-resistant gloves; (d) water and spray washing equipment should be available at the
job site; (e) when potential hydrogen sulfide gas hazards exist, workers need contained,
full-face, fresh-air masks; (f) testing equipment and appropriate safety equipment should
be on hand to monitor the working area and protect personnel in the area; and (g) special
scrubbing equipment may be required for removal of toxic gases.
6.7. Other Hazards
Oil and gas development, including those enabled by well stimulation, creates a number of
physical stressors, including noise and light pollution. Although noise pollution and light
pollution are often thought of as mere nuisances, data suggest that these physical stressors
can be detrimental to human health. Noise pollution is associated with truck traffic,
drilling, pumps, flaring of gases, and other processes associated with well stimulationenabled oil and gas development and oil and gas development in general.
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6.7.1. Noise Pollution
While no peer-reviewed studies to date examine the public health implications of
communities exposed to elevated noise from oil and gas development in California,
numerous large-scale epidemiological studies have found positive associations between
elevated environmental noise and adverse health outcomes. (See Noise Literature Review
in Appendix 6.F.) Noise is a biological stressor that modifies the function of the human
organs and nervous systems, and can contribute to the development and aggravation
of medical conditions related to stress, most notably hypertension and cardiovascular
diseases (Munzel et al., 2014). The World Health Organization (WHO, 2014) has noise
thresholds, measured in decibels (dB), and their effect on population health, with noise
levels above 55 dB considered dangerous for the general population (Table 6.7-1). A
number of activities associated with drilling and production activity (Table 6.7-2), some
of which could also be associated with well stimulation, generate noise levels greater
than those considered dangerous to public health. Dose-response data indicate that noise
during well stimulation in California and elsewhere is associated with sleep disturbance
and cardiovascular disease (McCawley, 2013). These findings are corroborated by
estimates from the New York State Department of Environmental Conservation on the
development of shale gas (NYSDEC, 2011).
Table 6.7-1. WHO thresholds levels for effects of night noise on population health.
Average night noise
level over a year
Lnight,outside

Health effects observed in the population

Up to 30 dB

Although individual sensitivities and circumstances may differ, it appears that up to this level no
substantial biological effects are observed. Lnight,outside of 30 dB is equivalent to the no-observed-effect
level (NOEL) for night noise.

30 to 40 dB

A number of effects on sleep are observed from this range: body movements, awakening, selfreported sleep disturbance, and arousals. The intensity of the effect depends on the nature of the
source and the number of events. Vulnerable groups (for example children, the chronically ill and the
elderly) are more susceptible. However, even in the worst cases the effects seem modest. Lnight,outside of
40 dB is equivalent to the lowest-observed-adverse-effect level (LOAEL) for night noise.

40 to 55 dB

Adverse health effects are observed among the exposed population. Many people have to adapt their
lives to cope with the noise at night. Vulnerable groups are more severely affected.

Above 55 dB

The situation is considered increasingly dangerous for public health. Adverse health effects occur
frequently, a sizeable proportion of the population is highly annoyed and sleep-disturbed. There is
evidence that the risk of cardiovascular disease increases.

Source: Adapted from the WHO (2014)
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Table 6.7-2. Equipment Noise Levels for Drilling and Production in Hermosa Beach, California.
Work Stage

Equipment
Hydraulic Power Unit

110.7

Mud Pump

105.4

Drill Rig

93.3

Drilling
(30 month scheduled duration)

Production
(at rate of 800 barrels per day)

Sound Power Level† (dBA)

Shaker

75.3

Pipe Handling (Quiet Mode)

107.5

Well Pumps

97.7

Produced Oil Pump

77.7

Produced Water Pump

86.7

Shipping Pump

92.8

Water Booster Pump

86.7

Water Injection Pumps (2)

102.8

Vapor Recovery Compressor

88.6

Vapor Recovery Unit Cooler

90.2

1st Stage Compressor (2)

96.2

2 Stage Compressor (2)

96.2

Compressor Cooler

102.0

Amine Cooler

102.1

nd

DEA Charge Pump

77.7

Regenerator Reflux Pump

77.7

Chiller

85.0

Glycol Regenerator

92.4

Micro-turbines (5)

92.9

Variable Frequency Drives

83.3

Source: Adapted from Hermosa (2014) based on field measurements and identified as Source Noise Levels (measured
in decibels (dBA)) used in modeling noise contour maps.

While noise mitigation measures are undertaken in some California oil fields, including
Hermosa Beach (Hermosa, 2014) and Inglewood (Cardno ENTRIX, 2012), there are no
data available as to their effectiveness and adherence. The City of Hermosa Beach allows
noise levels in the 40-60 dB range (Appendix 6.F, Table 6.F-8a and Table 6.F-9).
6.7.2. Light Pollution
Light pollution is reported as a nuisance in communities undergoing well stimulation,
because activities occur during both daytime and nighttime hours (Witter et al., 2013).
While little research has been conducted on the public health implications of exposures
to light pollution from oil and gas development, some epidemiologic studies of light
pollution from other sources suggests a positive association between indoor artificial light
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and poor health outcomes (Chepesiuk, 2009). Further, other studies suggest that nighttime light exposure can disrupt circadian and neuroendocrine physiology (Chepesiuk,
2009; Davis and Mirick, 2006). Hurley et al. (2014) found that women living in areas with
high levels of artificial ambient light at night may be at an increased risk of breast cancer,
although how these findings translate to the levels of night-time light exposure to oil and
gas development remains understudied.
6.7.3. Biological Hazards
Coccidioides immitis (C. immitis) is a soil fungus that causes Valley Fever and is endemic
to the soils of the southwest. The San Joaquin Valley is an area where the fungal spores
live in the top 2”-12” of soil. Soil disturbance associated with developing and maintaining
oil field infrastructure may generate airborne C. immitis and expose workers and nearby
residents. Cases of Valley Fever are not uncommon among workers in the oil fields of Kern
County (Hirshmann, 2007).
While over 60% of people exposed to C. immitis never have symptoms, symptomatic
infection can result in those who are exposed to the spores through inhalation. Symptoms
range from mild, influenza-like illness to systemic fungal infection and severe disease,
particularly in those who are immune-compromised. Coccidioidomycosis is considered
an occupational hazard in endemic regions, particularly for workers who are exposed
to spores through earth-moving activities or who are exposed to dusty conditions
(Friedlander, 2014). In California, Cal/OSHA issued a fact sheet to employers to outline
the health hazards of Valley Fever and preventative measures, focusing on worker
education, adopting site plans to reduce exposure, and protecting workers against
exposure with NIOSH-approved respiratory protection filters (Friedlander, 2014).
While the health hazards of Valley Fever have been outlined, no data have been published
on the rates of infection among workers specifically in the oil and gas industry in California.
Valley Fever remains an important occupational health hazard, as much of the wellstimulation-enabled oil and gas extraction activities take place in California’s Central Valley.
6.8. Community and Occupational Health Hazard Mitigation Strategies
A number of strategies exist to reduce potential public health hazards and risks associated
with well-stimulation-enabled oil and gas development activities. Most hazards have
not been observed or measured in California, rendering it difficult to determine which
hazards present risks at any given site in California. The most important hazards will not
be identified until California-based studies document chemical compositions and release
mechanisms, emission intensities, and potential for human exposure. As site-specific
information becomes available, hazard mitigation strategies can be considered.
The following sections catalogue several potential community health and occupational
hazard mitigation strategies. The strategies noted below highlight those among the more
detailed mitigation recommendations provided above in this chapter as well as in Volume
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II, Chapters 2 and 3. These strategies are to be considered in addition to employment of
best practices in well-stimulation-enabled oil and gas development, which are employed
to avoid exposure to a given hazard in the first place. It should be noted that mitigation
and “best practices” should be systematically evaluated for effectiveness in the field, and
even those mitigation practices with high efficacy are not effective if they are not properly
executed and enforced.
6.8.1. Community Health Mitigation Practices
6.8.1.1. Setbacks
Exposures to environmental pollution and physical hazards such as light and noise falls
off with distance from the source. The literature on oil and gas production suggests
that the closer a population is to active oil and gas development, the more elevated
the exposure, primarily to air pollutants but also to water pollutants, if a community
relies on local aquifers for their drinking water, and zonal isolation of gases and fluids
from aquifers is not achieved (see Section 6.4.1 above). While some California counties
and municipalities have minimum surface setback requirements between oil and gas
development and residences, schools, and other sensitive receptors, there are no such
regulations at the state level. Further, the scientific literature is clear that certain
sensitive and vulnerable populations (e.g., children, asthmatics, those with pre-existing
cardiovascular or respiratory conditions, and populations already disproportionately
exposed to elevated air pollution) are more susceptible to health effects from exposures
to environmental pollutants known to be associated with oil and gas development (e.g.,
benzene) than others. The determination of sufficient setback distances should consider
these sensitive populations.
Setback requirements have been instituted in some locales to decrease exposures to air
pollutants, especially to VOCs that are known to be health damaging (e.g., benzene). The
Dallas-Fort Worth area recently instituted a 460 meters (1,500 foot) minimum setback
requirement between oil and gas wells and residences, schools, and other sensitive
receptors. In summary, the scientific literature supports the recommendation for setbacks
(City of Dallas, 2015). The distance of a setback would depend on factors such as the
presence of sensitive receptors, such as schools, daycare centers, and residential elderly
care facilities. The need for setbacks applies to all oil and gas wells, not just those that
are stimulated.
6.8.1.2. Reduced Emission Completions and Other Air Pollutant Emission Reduction
Technological Retrofits
As discussed in Volume II, Chapter 3, reductions of air pollutant emissions from well
completions and other components of ancillary infrastructure have been demonstrated to
reduce emission of methane, non-methane hydrocarbons, and VOCs during the oil and
gas development process. Many of the non-methane VOCs contribute to background and
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regional tropospheric ozone concentrations and some are directly health damaging (e.g.,
benzene, toluene, ethylbenzene, xylene, formaldehyde, and hydrogen sulfide). Therefore,
a reduction in emissions could decrease exposure of populations, especially at the local
level, to harmful air pollutants. For a more complete discussion of these types of air
pollutant emission mitigation technologies, please refer to Volume II, Chapter 3.
The deployment of mitigation technologies that have a demonstrated ability to reduce
emissions in the laboratory or in small studies in the field do not necessary translate
to actual reductions in air pollutants at scale if the sources of pollution increase. For
example, Thompson et al. (2014) found that although regulations that strengthen rules
about emission-reducing technologies in Colorado are much more stringent today than in
2008, emissions of VOCs have increased because of expansion of oil and gas development.
6.8.1.3. Use of Produced Water for Agricultural Irrigation
As noted in Chapter 2 of this volume, at least seven cases were identified that allow
produced water to be used in agricultural irrigation in the San Joaquin Valley, with
testing and treatment protocols that are insufficient to guarantee that well stimulation
and other chemical constituents are at sufficiently low concentrations not to pose public
health and occupational (farm worker) risks. To reduce public health risks that are
potentially associated with the use of produced water for irrigation, prior to authorization
to use produced water for irrigation, California should develop and implement testing
and treatment protocols which account for stimulation chemicals and the other possible
chemicals mobilized in the subsurface, prior to approving beneficial reuse of water
produced from fields with well stimulation (and logically any produced water).
6.8.1.4. Water Source Switching
As noted in Chapter 2 of this volume, subsurface disposal of recovered fluid and produced
water (Class II Underground Injection Control (UIC) wells) has been conducted in aquifers
that are suitable for drinking water and other beneficial uses. The majority of Californians
do not source their drinking water from such wells, and there has been no groundwater
monitoring in the state to determine the number or the extent to which drinking water
aquifers may be contaminated by well-stimulation-enabled oil development. Concerned
households can eliminate their potential exposure by being provided with alternative
drinking water sources that are known to be safe. It should be noted that water source
switching is not be an alternative to the protection of drinking water resources.
6.8.2. Occupational Health Mitigation Practices
6.8.2.1. Personal Protective Equipment
The research is limited on the use of personal protective equipment (PPE) in the oil and
gas extraction industry. A study on worker health and safety during flowback noted the
routine use of PPE by workers at all sites, depending on work task (Esswein et al., 2014).
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The PPE observed in use included flame-retardant clothing, steel toe boots, safety glasses,
hard hats, and occasional use of fall protection, riggers gloves, and hearing protection.
None of the workers observed in this study who experienced the highest exposure
to silica sand and chemicals (flowback technicians, production watch technicians, or
water management technicians) was observed wearing respirators, nor were they cleanshaven, which is necessary for proper respirator protection. Workers who wore half mask
respirators during mixing of crystalline silica proppant were also not sufficiently protected,
indicating that a similar study to this NIOSH assessment should be performed in California
to assess worker exposure on the well pad.
6.8.2.2. Reducing Occupational Exposure to Silica
Mulloy (2014) identified opportunities for reducing silica exposure, including:
elimination; substitution of ceramic or alternative proppants; proper engineering controls
that minimize respiratory exposure; administrative control that limit worker time on
site; and personal protection. Other recommendations included conducting workplace
exposure assessments to characterize exposures to respirable crystalline silica; controlling
exposures to the lowest concentrations achievable (and lower than the OSHA PEL or
NIOSH REL); and ensuring that an effective respiratory protection program is in place that
meets the OSHA Respiratory Protection Standards (Esswein et al., 2013).
6.9. Data Gaps
We need four types of information to assess environmental public health hazards:
1. The source and identity of the chemical substances (or stressor such as noise,
traffic, etc.) of concern
2. A qualitative or quantitative measure of the outcome of the stressor, such as an
acute or chronic toxicity factor,
3. Quantification of an emissions factor to air and/or water or a reporting of the
quantity used.
4. Information about the number and plausibility of human exposure pathways
associated either with emissions or quantities used. This factor is useful for hazard
assessments and essential for risk assessments.
In preparing this hazard assessment, we have found that only for a minority of cases do
we have information for items (1) identity, (2) outcome measure, (3) quantity/emission,
and (4) exposure pathways. It is more common that we have (1) but not (2) or (3); (1)
and (3) but not (2); or (1) and (2) and not (3). In some cases, for example some of the
unidentified or ambiguously described components for the well treatment mixtures, we
lack information on (1), (2) and (3). To add to our uncertainty, we find that even in cases
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where we have information about identity, toxicity, and/or quantity/emissions, there are
significant concerns about the accuracy of the information.
6.10. Conclusions
The majority of important potential direct impacts of well stimulation result from the use
of well stimulation chemicals. The large number of chemicals used in well stimulation
makes it very difficult to judge the risks posed by accidental releases of stimulation
fluids, such as those related to surface spills or unexpected subsurface pathways. Of the
chemicals used, many are not sufficiently characterized to allow a full risk analysis.
There is a lack of information related to human exposure pathways for well-stimulationenabled oil and gas development in California. For example, it is known that some
produced water is diverted for agricultural use (see Chapter 2 in this volume); however,
information regarding the composition of the fluids at the point of release and the
environmental persistence, toxicity, and bioavailability of specific compounds in
agricultural systems has not been studied. There is also a need to design and/or expand
monitoring studies to better evaluate time activity patterns and personal exposure on
and off-site for well-stimulation-enabled oil and gas development activities. Finally, it is
important to extend the characterization of some on-site (occupational) exposures to offsite (community) exposures, i.e., for airborne silica proppant.
California-specific studies on the epidemiology of exposures to stimulation chemicals
and stressors remain, by and large, non-existent. Although air and water quality studies
suggest public health hazards exist, many data gaps remain, and more research is needed
to clarify the magnitude of human-health risks and potential existing and future morbidity
and mortality burdens associated with these concerns. It is clear that environmental
public health science is playing catch up with well stimulation-enabled oil and gas
development—and oil and gas development in general—across the country, and this is
particularly notable in California.
Most of the studies included in this review of the literature were conducted in
geographically and geologically diverse areas of the U.S., and may or may not be directly
generalizable to the California context. Furthermore, much of the research on health risks
has been conducted on the development of hydrocarbons from shale. While there are
many similarities between the processes involved in the development of shale across the
country and in the development of diatomite and other oil reservoirs in California, there
are also a number of differences that increase and decrease public health hazards and
potential public health risks (See Volume I).
There is no data on work-related fatalities related specifically to oil and gas development
enabled by well stimulation, but the types of hazardous work activities during well
stimulation are similar to those seen in general oil and gas extraction operations. Workrelated fatality rates are significantly higher in the oil and gas development industry
compared to the general industry average.
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Work processes in oil and gas development, including that enabled by well stimulation,
should be fully characterized to determine the specific risk factors for work-related injury
and illness relative to risk factors for oil and gas production in general. Health effects
among oil and gas development workers engaged in well stimulation should be monitored
and evaluated to determine specific occupational health risk factors and harm-mitigation
strategies to reduce the risk of deaths and serious injuries.
The current scientific literature and well stimulation chemical data available in California
reveals that many of the well-stimulation-associated hazards have not been adequately
characterized, nor have the associated environmental public health or occupational health
risks been adequately analyzed—an observation that has been made by others (Adgate et
al., 2014; Law et al., 2014; Kovats et al., 2014; New York Department of Health, 2014;
NRC, 2014; Shonkoff et al., 2014). Studies of public health risk have failed to make clear
whether the impact is caused by well stimulation or by oil development that is enabled
by stimulation. Studies of health risks that differentiate the cause of the hazard would
remedy this.
One of the most prominent key findings from our efforts to assess hazards is the
significance of data gaps and the uncertainty that arises from these gaps in our confidence
about characterizing human health risks for California.
This scientific literature review and hazard assessment, as well as other chapters in this
volume, indicates that there are a number of potential human health hazards associated
with well-stimulation-enabled oil and gas development in California with regards to air
quality, water quality, and environmental exposure pathways. Our review also found
that California-specific scientific assessments and datasets more generally on air, water,
and human health are sparse. Additionally, human health monitoring data have not been
adequately collected, let alone pursued. The hazard assessment of California-specific
datasets on well stimulation chemistry indicates that more than half of the chemical
constituents of stimulation fluids in California do not have any toxicity and/or use
frequency or quantity information available, rendering it challenging to conclusively assess
the magnitude of human health hazards associated with these processes. The emission
of criteria and hazardous air pollutants have also only been monitored on the regional
scale, and even in cases when these air pollutant emission factors are known, it is not
possible, with the data available, to determine local emissions, community exposures, and
subsequent population health risks.
We identified mitigation options that may reduce the magnitude of public health risks
associated with well-stimulation-enabled oil and gas development in California; however,
proper monitoring and enforcement are important components of sound mitigation that
are often overlooked. Moreover, the data gaps that we identified create challenges in
producing an adequately detailed assessment to provide clear guidance on the protection
of public health, in the context of well-stimulation-enabled oil and gas development
in California.
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6.11. Recommendations
This chapter provides findings about what can and cannot be determined about potential
impacts of well stimulation technology on human health, based on currently available
information. One of the challenges that arise in efforts to study health risks for wellstimulation-enabled oil and gas development is the lack information available to carry
out a standard hazard assessment and a broader risk characterization that requires
information on exposure and dose-response. Here, we provide recommendations to
address these information gaps.
6.11.1. Recommendation Regarding Chemical Use
The majority of important potential direct impacts of well stimulation result from the use
of well stimulation chemicals. The large number of chemicals used in well stimulation
makes it very difficult to judge the risks posed by accidental releases of stimulation
fluids, such as those related to surface spills or unexpected subsurface pathways. Of the
chemicals used, many are not sufficiently characterized to allow a full risk analysis.
Recommendation: Operators should report the unique CASRN identification for all
chemicals used in hydraulic fracturing and acid stimulation and the use of chemicals with
unknown environmental profiles should be disallowed. The overall number of different
chemicals should be reduced, and the use of more hazardous chemicals and chemicals with
poor environmental profiles should be reduced, avoided or disallowed. The chemicals used in
hydraulic fracturing could be limited to those on an approved list that would consist only of
those chemicals with known and acceptable environmental hazard profiles. Operators should
apply Green Chemistry principles to the formulation of hydraulic fracturing fluids.
6.11.2. Recommendation Regarding Exposure and Health-Risk Information Gaps
This chapter identifies information gaps on hazards of substances used, the quantities and,
in some cases, the identity of chemicals used for acidization and hydraulic fracturing, the
magnitude of air emissions of well stimulation chemicals and fugitive emissions of oil and
gas constituents, exposure pathways, and availability of acute and (in particular) chronic
dose-response information.
Recommendation: Conduct integrated research that cuts across multiple scientific disciplines
and policy interests at relevant temporal and spatial scales in California, to answer key
questions about the community and occupational impacts of oil and gas production enabled
by well stimulation. Provide verification and validation of reported chemical use data, and
conduct research to characterize the fate and transport of both intentional and unintentional
chemical releases during well stimulation activities.
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6.11.3. Recommendation on Community Health
Oil and gas development—including that enabled by well stimulation—creates the risk
of exposing human populations to a broad range of potentially hazardous substances
(chemical and biological) or physical hazards (e.g., light and noise). For many of these
hazards, we conclude that regional impacts associated with well stimulation activity are
likely to be low, but exposures that can occur near well stimulation activity and enabled
oil and gas development may result in elevated community health risks.
Recommendation: Initiate studies in California to assess public health as a function of
proximity to all oil and gas development, not just stimulated wells, and develop policies, for
example science-based surface setbacks, to limit exposures.
6.11.4. Recommendation on Occupational Health
Workers who are involved in oil and gas operations are exposed to chemical and physical
hazards, some of which are specific to well stimulation activities, and many of which
are general to the industry. Our review identified studies confirming occupational
hazards related to well stimulation in states outside of California. There have been two
peer-reviewed studies of occupational exposures attributable to hydraulic fracturing
conducted by the National Institute for Occupational Safety and Health (NIOSH) across
multiple states (not including California) and times of year. One of the studies found
that respirable silica (silica sand is used as a proppant to hold open fractures formed in
hydraulic fracturing) was in concentrations well in excess of occupational health and
safety standards, in this case permissible exposure limits (PELs), by factors of as much
as ten. Exposures exceeded PELs even when workers reported use of personal protective
equipment. The second study found exposure to VOCs, especially benzene, above
recommended occupational levels. The NIOSH studies are relevant for identifying hazards
that could be significant for California workers, but no study to date has addressed
occupational hazards associated with hydraulic fracturing and other forms of well
stimulation in California.
Employers in the oil and gas industry must comply with existing California occupational
safety and health regulations, and follow best practices to reduce and eliminate illness
and injury risk to their employees. Employers can and often do implement comprehensive
worker-protection programs that substantially reduce worker exposure and likelihood
of illness and injury, but the effectiveness of these programs in California has not been
evaluated. Engineering controls that reduce emissions could protect workers involved in
well stimulation operations from chemical exposures and potentially reduce the likelihood
of chemical exposure to the surrounding community.
Recommendation: Design and execute California-based studies focused on silica and volatile
organic compound exposures to workers engaged in hydraulic-fracturing-enabled oil and gas
development processes, based on the NIOSH occupational health findings and protocols.
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Abstract
Senate Bill 4 (SB 4) requires an independent study to assess current and potential future
well stimulation practices in California, including the likelihood that these technologies
could enable extensive new petroleum production in the state; impacts of well stimulation
technologies (including hydraulic fracturing, acid fracturing and matrix acidizing); gaps
in data that preclude evaluation; potential risks associated with current practices; and
alternative practices that might limit these risks.
Publicly available information indicates the vast majority of well stimulations in California
are hydraulic fracturing in four oil fields in the San Joaquin Valley. The California
experience with hydraulic fracturing differs from that in other states because California
wells tend to be shallow and the reservoirs more permeable. California operators generally
do not conduct high-volume hydraulic fracturing from long-reach horizontal wells, and
for this reason use far less water. Operators use hydraulic fracturing in a small number
of offshore wells in state waters, but data on wells in federal waters is sparse. In the next
few years, use of hydraulic fracturing in California will likely look much like today, both
in terms of the stimulation practices and the expected number of operations. No reliable
estimates exist of potential oil production using hydraulic fracturing or acid stimulation in
the deep Monterey Formation source rock and the state should request a credible scientific
assessment.
Direct impacts of hydraulic fracturing stem from unrestricted chemical use. These
appear small but have not been investigated. Significant gaps and inconsistencies exist
in available voluntary and mandatory data sources, both in terms of duration and
completeness of reporting that limit assessment of the impacts of hydraulic fracturing.
However, good management and mitigation measures can address the vast majority of
potential direct impacts of well stimulation. The state should limit the use of the most
hazardous chemicals and disallow the use of any chemical with unknown environmental
characteristics in order to prevent possible environmental and health impacts. Operators
currently dispose of wastewater from hydraulically fractured wells in percolation pits and
also likely have occasionally injected wastewater contaminated with stimulation chemicals
into protected groundwater. These practices should stop. We found no documented
instances of hydraulic fracturing or acid stimulations directly causing groundwater
contamination in California, but few studies examined this possibility. However, we did
find that fracturing in California tends to be in shallow wells, and hydraulic fractures
could possibly intersect protected groundwater in a few locations. Also, California
reservoirs have many existing boreholes that warrant more attention to ensure they
are not leakage pathways. We found the data insufficient to determine if there is a
relationship between oil and gas-related fluid injection and any of California’s numerous
earthquakes, and this should be studied.

1

Summary Report

Most impacts associated with hydraulic fracturing are indirect and are caused by oil and
gas production enabled by hydraulic fracturing. For example, oil and gas development
in general causes habitat loss and fragmentation that should be mitigated and any
production facility can incur air emissions. As hydraulic fracturing enables only 20-25%
of production in California, only about 20-25% of any given indirect impact is likely
attributable to hydraulically fractured reservoirs.
Oil production from hydraulically fractured reservoirs emits less greenhouse gas per barrel
than other forms of oil production in California. Air pollutants and toxic air emissions
from hydraulic fracturing are mostly a small part of total emissions in oil producing
regions except for a few toxic air substances such as hydrogen sulfide and formaldehyde
in the San Joaquin Valley. However, pollutants can be concentrated near production wells
and present health hazards to nearby communities. California public health studies could
determine the magnitude of this issue and the need for any mitigating policies. Studies
done outside of California found workers in hydraulic fracturing operations were exposed
to respirable silica and volatile organic compounds (VOCs), especially benzene, above
recommended occupational levels, but confirmation of this issue awaits specific evaluation
in California.
This study highlights many recommendations to change practice, collect data, and
investigate risk factors for Californians. However, questions remain at the end of this
initial assessment of the impacts of well stimulation in California that can only be
answered by new research and data collection. Volumes II and III of this report series
provide many detailed recommendations for filling data gaps and additional research.
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S.1. Introduction
In 2013, the California Legislature passed Senate Bill 4 (SB 4), setting the framework for
regulation of hydraulic fracturing and acid stimulation technologies in California. SB 4
also requires the California Natural Resources Agency to conduct an independent scientific
study of hydraulic fracturing and acid stimulation technologies in California to assess
current and potential future hydraulic fracturing and acid stimulation practices, including
the likelihood that these technologies could enable extensive new petroleum production
in the state; evaluate the impacts of hydraulic fracturing and acid stimulation technologies
and the gaps in data that preclude this understanding; identify potential risks associated
with current practices; and identify alternative practices that might limit these risks. This
scientific assessment addresses hydraulic fracturing and acid stimulation used in oil and
gas production both on land and offshore in California.
Well stimulation enhances oil and gas production by making the reservoir rocks more
permeable, thus allowing more oil or gas to flow to the well. The study evaluates three
types of well stimulation as defined in SB 4 (Table S.1-1 and Volume I, Chapter 2). The
first type is “hydraulic fracturing.” To create a hydraulic fracture, an operator increases
the pressure of an injected fluid in an isolated section of a well until the surrounding
rock breaks, or “fractures.” Sand injected into these fractures props them open after the
pressure is released. The second type is “acid fracturing,” in which a high-pressure acidic
fluid fractures the rock and etches the walls of the fractures, so they remain permeable
after the pressure is released. The third type, “matrix acidizing,” does not fracture the
rock; instead, acid pumped into the well at relatively low pressure dissolves some of the
rock and makes it more permeable.
This study is issued in three volumes. Volume I, issued in January 2015, describes how
well stimulation technologies work, how and where operators deploy these technologies
for oil and gas production in California, and where they might enable production in
the future. Volume II, issued in July 2015, discusses how well stimulation could affect
water, atmosphere, seismic activity, wildlife and vegetation, and human health. Volume
II reviews available data, and identifies knowledge gaps and alternative practices that
could avoid or mitigate these possible impacts. Volume III, also issued in July 2015,
presents case studies that assess environmental issues and qualitative risks for specific
geographic regions. This Summary Report summarizes key findings, conclusions, and
recommendations of all three volumes.
As specified by contract, these volumes assess issues with well stimulation in California
from a scientific perspective. No economic analysis was requested, and none accompanies
the recommendations. The report makes reference to regulations where appropriate,
but authors did not perform a comprehensive analysis of regulatory adequacy. We have
presented the recommendations in the report without priority, cost, trade-off analysis or,
except in a few cases that appear urgent, specifications for timing.
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Table S.1-1. Well stimulation technologies included in SB 4.
Hydraulic Fracturing Stimulation
Common feature: All treatments create sufficient pressure in the well to induce fractures in the reservoir.
Proppant Fracturing:
Uses proppant to hold the hydraulic fracture open
Traditional Fracturing: Creates long, narrower
hydraulic fractures that extend deep into
the formation in reservoirs that are not very
permeable; proppant injected into fractures
serves to prop fractures open.

Acid Fracturing:
Uses acid instead of proppant
Frac-Pack: Creates short, wider
hydraulic fractures allowing oil to
bypass damaged rock near a wellbore
and prevents sand in the reservoir
from entering the well.

Similar to traditional fracturing, but
uses acid instead of proppant to etch,
or “roughen” the fracture walls; used
only in carbonate reservoirs.

Acidizing Stimulation
Common feature: All treatments use acid to dissolve materials impeding flow
Matrix Acidizing: Dissolves material near the well to make the reservoir rocks more permeable; typically only used for relatively
permeable reservoirs that do not require traditional or acid fracturing
Sandstone Acidizing: Uses hydrofluoric acid in combination with
other acids to dissolve minerals (silicates) that plug the pores of
the reservoir; only used in reservoirs composed of sandstone or
similar rocks

Carbonate Acidizing: Uses hydrochloric acid (or acetic
or formic acids) to dissolve carbonate minerals, such as
limestone, and bypass rock near a wellbore that has been
damaged by drilling; only used in carbonate reservoirs
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Box S.1-1. History of Oil Production in California
Oil and gas production remains a major California industry. California hydrocarbon reservoirs have
some of the highest concentrations of oil in the world. Commercial production started in the middle of
the 19th century from hand-dug pits and shallow wells. In 1929, at the peak of oil development in the
Los Angeles Basin, California accounted for more than 22% of total world oil production.1 California’s
oil production reached an all-time high of almost 400 million barrels (64 million cubic meters [m3]) in
1985 and has generally declined since then. Today California is the third highest producing state, with
about 6% of U.S. production but less than 1% of global production. In 1960, almost as much oil was
produced in California as was consumed, but by 2012 Californians produced only 32% of the oil they
used (198 million barrels, or 31 million m3, produced in the state2 out of a total of about 621 million
barrels consumed). Californian’s made up the shortfall of about 423 million barrels (99 million m3)
mainly with oil delivered by tanker from Alaska, Saudi Arabia, Ecuador, Iraq, Colombia, and other
countries.
Over the years, as California fields matured, operators have used water flooding, gas injection, thermal
recovery, hydraulic fracturing, and other techniques to enhance oil and gas production. In the western
San Joaquin Basin, diatomite (a rock that is not very permeable) reservoirs contain billions of barrels
of oil. Production of this oil requires hydraulic fracturing. Production from the diatomite reservoirs
now accounts for about 20% of California oil and gas production (see Volume I, Chapter 3). Most of
the natural gas produced in the state is a co-product of oil production, which is known as “associated”
gas production. Most of this production occurs in the San Joaquin Basin, including reservoirs that use
hydraulic fracturing.

1. American Petroleum Institute, Basic Petroleum Data Book, Volume XIII, Number 2, 1993
2. From http://www.eia.gov/state/seds/data.cfm?incfile=/state/seds/sep_use/total/use_tot_USa.html&sid=US and http://www.eia.
gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MCRFPCA1&f=M, accessed June 13, 2015
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S.1.1. CCST Committee Process
The California Council on Science and Technology (CCST) organized and led the study
reported on here. Members of the CCST steering committee were appointed based
on technical expertise and a balance of technical viewpoints. (Appendix B provides
information about CCST’s steering committee.) Under the guidance of the steering
committee, Lawrence Berkeley National Laboratory (LBNL) and subcontractors (the
science team) developed the findings based on original technical data analyses and a
review of the relevant literature. Appendix C provides information about the LBNL science
team and subcontractors who authored Volumes I, II, and III of this report.
The science team studied each of the issues required by SB 4, and the science team and the
steering committee collaborated to develop a series of conclusions and recommendations
that are provided in this summary report. Both science team and steering committee
members proposed draft conclusions and recommendations. These were modified based
on discussion within the steering committee along with continued consultation with the
science team. Final responsibility for the conclusions and recommendations in this report
lies with the steering committee. All steering committee members have agreed with these
conclusions and recommendations. Any steering committee member could have written a
dissenting opinion, but no one requested to do so.
SB 4 also required the participation of the California Environmental Protection Agency’s
Office of Environmental Health Hazard Assessment (OEHHA) in this study. OEHHA
provided toxicity and other risk assessment information on many of the chemicals used
in hydraulic fracturing, offered informal technical advice during the course of the study,
and provided comments on drafts of Volumes II and III. OEHHA also organized a February
3, 2015, public workshop in Bakersfield in which representatives of CCST, LBNL, and
subcontractors heard comments from attendees on the topics covered in the report.
This report has undergone extensive peer review. (Peer reviewers are listed in Appendix
E, “Expert Oversight and Review”). Eighteen reviewers were chosen for their relevant
technical expertise. More than 1,500 anonymous review comments were provided to
the authors. The authors revised the report in response to peer review comments. In
cases where the authors disagreed with the reviewer, the response to review included
their reasons for disagreement. Report monitors, appointed by CCST, then reviewed the
response to the review comments and when satisfied, approved the report.
S.1.2. Data and Literature Used in the Report
This assessment reviewed and analyzed existing data including both voluntary and
mandatory reporting of stimulation data, peer-reviewed scientific literature, as well as
non-peer reviewed reports and documents if they were topically relevant and determined
to be scientifically credible by the authors and reviewers of this volume. CCST solicited
and reviewed nominations of literature from the public. Criteria for including the
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nominated literature are described in Volume I, Appendix E, “Review of Information
Sources.” The science team did not collect any new data, but did do original analysis of
available data from a variety of sources.
Volumes I, II, and III of this report address issues that have very different amounts of
available information and cover a wide range of topics and associated disciplines, which
have well-established but differing protocols for inquiry. In Volume I, available data
and methods of statistics, engineering, and geology allow the authors to present the
factual basis of well stimulation in California. With a few exceptions, the existing data
was sufficient to accurately identify the technologies used, analyze where and how often
they are used, and evaluate where they are likely to be used in the future (see Volume I,
Chapter 3).
The authors of Volume II faced the challenge of assessing and presenting the impacts
of well stimulation. Since many impacts have never been thoroughly investigated,
the authors drew on literature describing conditions and outcomes in other places,
circumstantial evidence, and expert judgment to catalog an extensive list of potential
impacts that may or may not occur in California. Volume II also identifies a subset
of concerning situations—“risk factors” (summarized in Appendix F of the Summary
Report and Table 6.2-1 of Volume II)—that warrant a closer look and perhaps regulatory
attention.
Volume III largely extends the method of inquiry used in Volume II to location-specific
issues for offshore production, the Monterey Formation, the Los Angeles Basin, and the
San Joaquin Basin. The Offshore Case Study evaluates what we know and do not know
about the use of stimulation technologies in that environment. The Monterey Formation
Case Study identifies the geographic locations (or “footprint”) of the parts of the Monterey
Formation that could contain producible oil and gas in “source rock” (see Appendix G
for a definition of source rock), and examines the implications if new production were to
begin in those regions. Likewise, the San Joaquin Basin Case Study evaluates likely future
production with hydraulic fracturing and examines the implications of that production.
The first part of the Los Angeles Basin Case Study describes the geologic basis of oil
production and its implications for future oil and gas production using technology such
as hydraulic fracturing. The second part evaluates sparse information about public health
implications of oil and gas development in a densely populated mega-city. This study
compensates for the lack of data documenting adverse health outcomes by investigating
information that suggests, but does not confirm with certainty, the risks to human health.
The precepts of the field of public health include an emphasis on the anticipation of
potential problems even though specific problems have not been observed or proven
to create risk. In this way, the public health chapter of Volume II and the public health
analysis for the Los Angeles Basin Case Study differ from other parts of this report. A
major goal of public health research is to anticipate and avoid harm rather than to observe
and allocate cause for harm.
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The authors of this report hope this flexible and appropriate use of different but wellestablished methods of inquiry, under highly variable conditions of data availability and
potential impacts, serves useful to California.
S.1.2.1. Data on Well Stimulation Practice and Stimulation Chemistry
A comprehensive understanding of well stimulation practice in California requires
complete and accurate reporting, as directed by SB 4, and sufficient time for a
representative number and type of operations to be reported. The analyses summarized in
this report assess less than one year of well stimulation data collected under mandatory
reporting starting on January 1, 2014.3 Mandatory reporting under SB 4 includes
submission of data to FracFocus, a website created by petroleum industry groups to
disclose information about drilling and chemical use in hydraulic fracturing. SB 4
also requires submission of data to the California Division of Oil, Gas and Geothermal
Resources (DOGGR), including the same drilling and chemical-use data submitted to
FracFocus, as well as extended information about hydraulic fracturing operations. DOGGR
provides access to all submitted data through its website.
Other sources of data collected under mandatory reporting include data from the South
Coast Air Quality Management District (SCAQMD) since June 2013 and from the Central
Valley Regional Water Quality Control Board (CVRWQCB) for 2012 and 2013. The
SCAQMD and CVRWQCB data are limited to the Los Angeles Air Basin and the Central
Valley Region, respectively.
Prior to mandatory reporting, DOGGR collected voluntary data on hydraulic fracturing
operations including information submitted to FracFocus between 2011 and 2013, and
well construction histories going back many years. These data help to provide a historical
perspective, but remain incomplete and not fully verifiable.
California operators have deployed hydraulic fracturing since 1953, so most California
operations occurred prior to the mandatory reporting requirement. Records of these
operations vary from as little as simply indicating that a hydraulic fracturing operation
occurred to as much as the times, flow rates, stages, fluid type, injection pressures, and
proppant loading schedule for the operation (proppant consists of sand or similar material
pumped into a hydraulic fracture to keep it open). In all cases, analyses summarized in
this report only assess data available prior to 2015, and prior to July 2014 for many of the
data sets considered starting in Volume I.

3. The cut-off date for including data in the analyses in the report varied from June 2014 to December 2014 depending
on the topic as described in the report volumes. Time-consuming analyses, such as for chemistry, required earlier data
cut-off dates and the analyses only include data reported as of June 2014. For less time-consuming analyses, such as
characterizing the source and type of water used for stimulation and the geometric extent of stimulation, the analyses
include data available as of December 2014.
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Information from voluntary and mandatory reported data, scientific literature,
government reports, and other sources (such as patents and industrial literature) support
the conclusions about current hydraulic fracturing practice derived in this report. These
multiple independent sources of information give largely consistent results. Consequently,
the authors think the report conclusions about the practice of hydraulic fracturing
are generally accurate and representative of well stimulation activities in California.
Additional data in the future might change some of the quantitative findings about well
stimulation practices in the report, but, absent some major external influence, it is unlikely
these will fundamentally alter the report findings about the current and likely future use
of well stimulation in California. In contrast to hydraulic fracturing, publicly-available
data on chemical use during matrix acidizing prior to mandatory reporting (which started
regionally in mid-2013 from SCAQMD and statewide in 2014 per SB 4) does not exist.
To evaluate the future potential use of hydraulic fracturing and acid stimulation in
California, the study utilized high-quality scientific information on the geology of
conventional resources in California. In contrast, only highly uncertain data support
current estimates on the recoverable shale-oil resources in the deep Monterey Formation.
The report describes the limitations of the data throughout in order to transparently
qualify the accuracy of the conclusions.
S.1.2.2. Information and Data on Well Stimulation Impacts
The stimulation completion reports recently required by SB 4 contain data that provide
a basis for assessment of some potential environmental and health impacts of hydraulic
fracturing and acid stimulation, such as the fracturing depth in the vicinity of groundwater
resources. However, while mandatory reporting under SB 4 has clearly improved prior
reporting practices, we found gaps and inconsistencies in the reporting suggesting that
data quality issues still require attention. For many other impacts, only incomplete
information and data exist, and questions remain that can only be answered with
additional research and data collection. For example, few scientific studies of health
and environmental impacts of well stimulation have been done to date, and the ones
that have been done address other parts of the country where practices and regulations
differ significantly from present-day practices in California. Generally, no environmental
baseline data exists to document conditions in the vicinity of stimulation sites before
stimulation. Analysts cannot easily determine if stimulation operations have changed
groundwater chemistry or habitat if they have no knowledge of the conditions before
stimulation. Likewise, studies do not typically include oil and gas sites developed without
stimulation, so analysts cannot easily determine if impacts are caused by stimulation
activity versus oil and gas production activities in general.
No records of contamination of protected water by hydraulic fracturing fluids in California
exist, but few targeted studies have been conducted to look for such contamination. Data
describing the quality of groundwater near hydraulic fracturing sites are not universally
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available. SB 4 partially addresses this issue by requiring monitoring when operators
apply for a permit to conduct hydraulic fracturing near protected groundwater.4 In cases
where permit applications for hydraulic fracturing operations have been exempted from
groundwater monitoring, we can presume that the operator has been able to demonstrate
that no nearby, protected groundwater exists.
A complete analysis of the risks posed by well stimulation (primarily hydraulic fracturing)
to water contamination, air pollution, earthquakes, wildlife, plants, and human health
requires much more data than are available. However, the study authors were able to
draw on their technical knowledge, data from other places, and consideration of the
specific conditions in California to identify conditions in California that deserve more
attention, and make recommendations for additional data collection, increased regulation,
or other mitigating measures. These conditions, or “risk factors,” have become the subjects
of the conclusions and recommendations under the heading of “Impacts.” Appendix F
provides a summary of risk factors.
S.1.3. The Use and Potential Impacts of Hydraulic Fracturing and Acid Stimulation in
California
This study identified seven major principles required for safe hydraulic fracturing and acid
stimulation in California. These principles include:
1. Maintain, expand and analyze data on the practice of hydraulic fracturing and
acid stimulation in California.
2. Prepare for potential future changes in hydraulic fracturing and acid stimulation
practice in California.
3. Account for and manage both direct and indirect impacts of hydraulic fracturing
and acid stimulation.
4. Manage produced water from hydraulically fractured or acid stimulated wells
appropriately.
5. Add protections to avoid groundwater contamination by hydraulic fracturing.
6. Understand and control emissions and their impact on environmental and human
health.

4. Protected groundwater according to the U.S. Environmental Protection Agency has fewer than 10,000 mg/L total
dissolved solids (TDS). Aquifers with less than 10,000 mg/L TDS may be exempted from protection for several reasons,
for example because they contain commercially producible minerals or hydrocarbons, or because they are too deep for
economic recovery.
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7. Take an informed path forward.
The sections below describe the major conclusions and recommendations of our report
clustered under each of the seven principles. Section S.2 below provides information
about the use of hydraulic fracturing and acid stimulation technologies in California,
now and in the future (Principles 1 and 2). Section S.3 discusses the potential direct and
indirect impacts of hydraulic fracturing and acid stimulation in California (Principles 3-6).
Section S.4 focuses on how to improve the quality of scientific information on hydraulic
fracturing and acid stimulation (Principle 7).
S.2. Current and Potential Future Use of Hydraulic Fracturing and Acid Stimulation
Technologies in California
This study first answers the questions: What use do operators make of hydraulic fracturing
and acid stimulation technology on-shore and off-shore in California, and how does
the California experience differ from other states? What hydraulic fracturing and acid
stimulation technologies do operators use in California? How often and where do they
use them and how much water do they require? Beyond current practice, could these
technologies enable extensive new petroleum production in the state?
Principle 1. Maintain, expand, and analyze data on the practice of hydraulic
fracturing and acid stimulation in California.
Public records provide substantial information about the location, frequency of use,
and water and chemical use for hydraulic fracturing and acid stimulation in California.
Hydraulic fracturing supports about one quarter of California oil production. About
one hundred and fifty wells per month undergo hydraulic fracturing primarily in the
southwestern San Joaquin Valley, far fewer undergo matrix acidizing and practically none
use acid fracturing. The average hydraulic fracturing operation in California uses a much
smaller amount of water than in many other parts of the country because operators in this
state fracture in relatively shallow vertical wells (less than 2,000 ft (600 m) deep).
Conclusion 1.1. Most well stimulations in California are hydraulic fracturing and
most hydraulic fracturing occurs in the San Joaquin Valley.
About 95% of reported hydraulic fracturing operations in California occur in the San
Joaquin Basin, nearly all in four oil fields in Kern County. Over the last decade, about 20%
of oil and gas production in California came from wells treated with hydraulic fracturing.
Hydraulic fracturing accounts for about 90% of all well stimulations in California; matrix
acidizing accounts for only 10%; and acid fracturing operations nearly none. Operators in
California commonly use acid for well maintenance, but acid stimulation will not likely lead
to major increases in oil and gas production due to the state’s geology. Operators of dry (non-
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associated)5 gas wells located in Northern California rarely use hydraulic fracturing (Volume
I, Chapter 3).
In about 15% of California reservoirs (also called pools), almost all the wells are
hydraulically fractured, while in about 80% of the reservoirs very little hydraulic
fracturing takes place (Figure S.2-1). The majority of reservoirs use very little hydraulic
fracturing, and the use of hydraulic fracturing is geographically concentrated in just a few
reservoirs.
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Figure S.2-1. Distribution of reservoirs (pools) in California based on the estimated percent of
wells that are hydraulically fractured in each reservoir.

5. Petroleum wells are either classified as oil wells or gas wells. Oil wells predominantly produce oil, but they also
produce some gas “associated” with the oil. In California, as elsewhere, this associated gas represents the majority of
gas production in the state. “Dry” gas wells, or “non-associated” gas wells are wells that predominantly produce gas.
In California, dry gas is predominantly produced in the Sacramento Valley, but this represents a minority of the gas
produced in the state.
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About 85% of the hydraulic fracturing in California occurs in four fields in the
southwestern San Joaquin Basin, as shown in Figure S.2-2. Every well in some pools of
these fields has been hydraulically fractured; we classify production from these pools
as “hydraulic-fracturing-enabled” oil and gas development. For such heavily fractured
reservoirs, production would likely not be economical without hydraulic fracturing. In the
last decade, operators fractured about 125 to 175 wells of the approximately 300 new oil
wells installed per month in California. This represents less than one-tenth of the number
of hydraulic fracturing operations reported in the entire U.S. in 2012 and 2013 (Volume I,
Chapter 3).

Oil & gas fields with 5%
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Figure S.2-2. Oil and gas fields in California where altogether 85% of the reported hydraulic
fracturing and over 95% of the reported matrix acidizing occur (figure from Volume I, Chapter 3).
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Figure S.2-3 provides basic statistics about the volume of oil and gas production from
geologic basins in central and southern California from 2002 to 2014 and the proportion
enabled by hydraulic fracturing. Northern California also produces gas, predominantly
in the Sacramento Basin, but operators rarely use hydraulic fracturing in gas wells. An
average of eight hydraulic fracturing operations per year took place in dry gas wells
between 2002 through 2011 in the Sacramento Basin, and none since. However, most
of the gas production in the state does not come from dry gas wells, but from wells that
primarily produce oil, mostly in the San Joaquin Basin. About a fifth of gas production in
the state comes from hydraulically fractured oil wells (Volume I, Chapter 3).
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Figure S.2-3. Production of oil and gas with and without hydraulic fracturing in each geologic
basin in central and southern California from 2002 through May 2014. The area of each circle is
proportional to the production volume in each basin. The green circles represent oil production
and the red circles represent gas. The lighter shade represents the fraction of production from
wells stimulated with hydraulic fracturing. The vast majority of production of both oil and gas in
California comes from the San Joaquin Basin (figure modified from Volume I, Chapter 3).
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The vast majority of well stimulations conducted in California are onshore hydraulic
fracturing operations, as shown in Figure S.2-4, with much less matrix acidizing and
essentially no acid fracturing. Consequently, in California most of the potential impacts
from well stimulation will be associated with hydraulic fracturing. We expect hydraulic
fracturing onshore to continue as the main type of well stimulation in the state for the
foreseeable future.
Various regulatory agencies use different definitions of acid stimulation and have different
reporting requirements. Lack of commensurate data prevents a definitive assessment of
the extent of matrix acidizing in California. Based on available data, operators use matrix
acidizing in about 15–25 wells per month (out of approximately 300 wells installed per
month in California), nearly all of these in the southwestern portion of the San Joaquin
Basin.
Acid stimulations can make carbonate reservoirs (for example limestone) much more
permeable because acid easily dissolves carbonate minerals. But carbonate reservoirs are
rare in California, which explains why operators rarely use acid fracturing in California.
We did not find reservoirs that require matrix acidizing for production. Currently, about
10% of stimulations in California are matrix acidizing, but given California geology, this
technology will not likely enable major changes in production in the future (Volume I,
Chapters 2 and 3).
Data available for this assessment do not delimit the amount of acid, including
hydrochloric (HCl) and hydrofluoric acid (HF), used for oil and gas production in
California. Starting July 1, 2015, DOGGR will require reporting of all acid use; this will
result in a better understanding of the extent and volume of acid use in the future. In the
Los Angeles Basin, the South Coast Air Quality Management District started requiring
reporting on the use of chemicals used for drilling, well completion, and maintenance
by the oil and gas industry in 2012. Their data suggests widespread and common use
of acid for many applications in the industry. During 2013 and 2014, industry reported
approximately twenty matrix-acidizing treatments per month to the Central Valley
Regional Water Quality Control Board. Mandatory disclosure requirements for chemicals
used in matrix acidizing operations went into effect under interim regulations pursuant
to SB 4 in January 2014, which will improve our understanding of this practice in the
future. Hydraulic fracturing operations have only infrequently incorporated acid use (11
voluntarily reported applications between January 2011 and May 2014).
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Figure S.2-4. Estimated average number of stimulation operations per month, by type and location. The
arrows represent the estimated uncertainty. About 90% of stimulations are onshore hydraulic fracturing and
10% are onshore matrix acidizing (figure modified from Volume I, Chapter 3).

Conclusion 1.2. The California experience with hydraulic fracturing differs from that in other
states.
Present-day hydraulic fracturing practice and geologic conditions in California differ from those in other
states, and as such, recent experiences with hydraulic fracturing in other states do not necessarily apply to
current hydraulic fracturing in California.
In the last few decades, significant innovation in the relatively old technology of hydraulic fracturing
made economic production of oil and gas from deep, impermeable “source rocks”6 possible. In reservoirs
such as the Bakken Formation in North Dakota or the Eagle Ford Formation in Texas, operators now
drill horizontal wells that can be many miles long (long-reach horizontal drilling) and use water mixed

6. Source rocks are rocks where oil and gas has formed and remains in place, see Appendix G.
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with specialized chemicals to hydraulically fracture the rocks and produce the petroleum.
Hydraulic fracturing of these wells requires a lot of water, because the operation must
create many interconnected fractures to access the oil or gas, and because long horizontal
wells may require ten to over a hundred separate hydraulic fracture events, or stages. This
type of hydraulic fracturing is called “high-volume” hydraulic fracturing, or “HVHF.”
Although California operators have benefited from advances in hydraulic fracturing
technology, the application of this technology in California differs from other states,
primarily because the geology of the petroleum reservoirs differs. In California reservoirs
in production today, the oil formed in the source rocks has migrated towards the surface
until something in the geologic structure (known as a “trap”) prevents further migration.
Today, operators produce this “trapped” petroleum. California reservoirs are shallower
and more permeable than the shale source rocks being produced with HVHF. In California,
the wells tend to be shorter and near-vertical as opposed to horizontal. The hydraulic
fracturing operations require much less water per well, because the operations in
California tend to produce a simple fracture that connects to natural fractures, and short
wells require fewer fracture events (stages) per well. California hydraulic fracturing uses
more concentrated chemicals in the water than hydraulic fracturing in other states. More
concentrated chemicals allow the fluid to carry the additional proppant required to hold
open a simple fracture. Consequently, the practices and impacts of hydraulic fracturing
in other states do not necessarily apply to current hydraulic fracturing for petroleum
production in California (Volume I, Chapter 3).
In California, a hydraulic fracturing operation consumes on average 140,000 gallons (over
500 m3) of water per well, compared to about 4 million gallons (16,000 m3) per well used
in horizontal wells in the Eagle Ford Formation in Texas. Figure S.2-5 shows a histogram
of water use per operation in California. Recently, the State of New York banned hydraulic
fracturing operations using more than 300,000 gallons (one million m3) of water per well.
More than 90% of California operations use less than 300,000 gallons (one million m3)
of water per well. Consequently, if California were to enact the same ban on hydraulic
fracturing as enacted in New York, the ban would make little difference to current
hydraulic fracturing practice in California.
Hydraulic fracturing has application beyond enhancing oil production wells. Hydraulic
fracturing can improve the function of injection wells used to flood the oil reservoir with
water or steam (called water or steam flooding) and improve wells used to recharge
geothermal reservoirs with water. Hydraulic fracturing helps to clean up underground
contamination or dispose of waste fluids, and facilitates about a third of the subsurface
storage of natural gas in the state. Hydraulic fracturing has also been used to improve
water supply wells drilled into granite rock. While these applications use the same
fundamental hydraulic fracturing technology, the amount of water and types of chemicals
used differ from applications in oil and gas production (Volume I, Chapters 2 and 3).
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Figure S.2-5. Histogram of water use per hydraulic fracturing operation based on SB 4
disclosures showing that almost all operations in California use less than the amount defined
as high-volume hydraulic fracturing in New York. There are 53 operations not shown on the
graph, including 17 that used over 1 million gallons (about 11,000 m3), three of which used
over about 4 million gallons (15,000 m3) (figure modified from Volume I, Chapter 3).

Conclusion 1.3. Hydraulic fracturing in California does not use a lot of fresh water
compared to other states and other human uses.
Operators in California use about 800 acre-feet (about a million m3) of water per year for
hydraulic fracturing. This does not represent a large amount of freshwater compared to
other human water use, so recycling this water has only modest benefits. However, hydraulic
fracturing takes place in relatively water-scarce regions. Other parts of the oil and gas production
process, such as enhanced oil recovery via water flood or steam injection, require significantly
more water than the hydraulic fracturing process. We estimate that in 2013, operators used
1,600 to 13,000 acre-feet (2 million to 14 million m³) of freshwater for production using
enhanced oil recovery just in hydraulically fractured fields. Where production was enabled by
hydraulic fracturing, at least twice and possibly fourteen times as much fresh water was used
for subsequent enhanced oil recovery using water or steam flooding than all the water used
for hydraulic fracturing throughout the state. The state has recently begun requiring detailed
reporting of water use and produced water disposal in California’s oil and gas fields pursuant
to Senate Bill 1281 (SB 1281). In the future, these data could help optimize oil and gas water
practices, including water use, production, reuse, and disposal.
Operators obtained 68% of the estimated 800 acre-feet (about one million m3) of water
needed for hydraulic fracturing from nearby irrigation districts, 13% from recycled produced
water, 13% from operators’ own wells, 4% from a nearby municipal water supplier, or 1 %
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from a private landowner.
Hydraulic fracturing represents less than 0.2% of all human water uses in regions where
stimulation occurs. If in the future high volume hydraulic fracturing becomes useful and
common in California, the impacts on water use could change, and opportunities for
water efficiency and conservation in hydraulic fracturing operations should be assessed.
Currently, such efforts would have modest benefit.
Oil production in California often requires ongoing injection of water or steam into the
reservoirs to push the oil towards a production well. Water or steam flood processes
(or enhanced oil recovery or EOR) goes on for the life of the production well, whereas
hydraulic fracturing goes on for about a day. Consequently, production requires much
more water than hydraulic fracturing (Figure S.2-6).
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Figure S.2-6. Estimated annual freshwater use in 2013 for hydraulic fracturing (left),
production using enhanced oil recovery (EOR) in reservoir where most wells are hydraulically
fractured (middle), and EOR in 2013 in other reservoirs (right). Hydraulic fracturing occurs
before the well goes into production. EOR occurs throughout production (figure from Volume II,
Chapter 2).
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Produced water, if appropriately treated, can also be used to satisfy water needs for
hydraulic fracturing or other operations, such as water flooding and steam injection.
This could be particularly useful on a regional basis, with produced water from adjacent
fields substituting for freshwater used in another field. Focused efforts might overcome
technical, infrastructure, and contractual barriers to matching sources and demands across
numerous oil fields.
The state has recently begun requiring reporting of data concerning the source, quality,
and treatment of water injected in oil and gas fields, and the disposition of produced
water (SB 1281). This data will help to illuminate opportunities for water reuse and water
practices that could be optimized or should be disallowed or controlled.
Recommendation 1.1. Identify opportunities for water conservation and
reuse in the oil and gas industry.
When roughly a year of water data becomes available from implementation of SB
1281, the state should begin an early assessment of this data to evaluate water
sources, production, reuse, and disposal for the entire oil and gas industry. Early
assessment will shed light on the adequacy of the data reporting requirements and
identify additional requirements that could include additional information about the
quality of the water used and produced. When several years of data become available,
a full assessment should identify opportunities to reduce freshwater consumption or
increase the beneficial use of produced water, and regularly update opportunities for
water efficiency and conservation (Volume I, Chapter 3).
Conclusion 1.4. A small number of offshore wells use hydraulic fracturing.
California operators currently use hydraulic fracturing in a small portion of offshore wells,
and we expect hydraulic fracturing to remain incidental in the offshore environment. Policies
currently restrict oil and gas production offshore, but if these were to change in the future,
production could largely occur without well stimulation technology for the foreseeable future.
The majority of offshore production takes place without hydraulic fracturing. Most of the
limited hydraulic fracturing activity is conducted on engineered islands (Figure S.2-7(a))
close to the Los Angeles coastline in state waters. According to our limited data sources,
little hydraulic fracturing takes place on platforms in federal waters more than three
nautical miles (5.6 kilometers [km]) offshore (Figure S.2-7(b)).

20

Summary Report

a)

b)

Figure S.2-7. (a) The Rincon Offshore Artificial Island and causeway (b) Platform Heritage
(1989)—the most recent platform installed in federal waters (figure from Volume III, Chapter 2
[Offshore Case Study]).

Ninety percent of offshore fracturing operations in California waters occurred on
dedicated islands in the Wilmington field. On these islands, operators conduct about 1-2
hydraulic fracturing operations in the 4-9 wells installed per month. Operations on closeto-shore, dedicated islands resemble onshore oil production activities.
Billions of barrels of potential oil reserves exist off the California coast, but both federal
and state laws and policies restrict expansion of production into new areas. Current
production from offshore platforms uses some hydraulic fracturing to marginally improve
productivity, but most production does not require hydraulic fracturing. New production,
if permitted, would likely resemble existing production. In the offshore environment,
application of hydraulic fracturing would not affect production nearly as much as a
change in current policies and regulations that now restrict new production offshore
(Volume III, Chapter 2 [Offshore Case Study]).
Conclusion 1.5. Record keeping for hydraulic fracturing and acid stimulation in
federal waters does not meet state standards.
Current record-keeping practice on stimulations in federal waters (from platforms more than
three nautical miles offshore) does not meet the standards set by the pending SB 4 well treatment
regulations and does not allow an assessment of the level of activity or composition of hydraulic
fracturing chemicals being discharged in the ocean. The U.S. Environmental Protection Agency’s
(U.S. EPA) National Pollutant Discharge Elimination System (NPDES) permits that regulate
discharge from offshore platforms do not effectively address hydraulic fracturing fluids. The
limited publicly available records disclose only a few stimulations per year.
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The federal government does not maintain a website or other public portal with data
on the use of hydraulic fracturing from platforms in federal waters (federal waters are
more than three nautical miles, or 5.6 km, from the coast) except for data that has been
requested through the Federal Freedom of Information Act (FOIA). The FOIA records
include about one hydraulic fracturing operation per year out of the 200 wells installed
from 1992 through 2013, all but one of these operations were in the Santa BarbaraVentura Basin (Volume I, Chapter 3). Through NPDES, EPA permits offshore facilities in
federal waters to discharge recovered hydraulic fracturing fluids mixed with produced
water to the ocean, subject to constraints on contaminant concentrations. However, the
constraints do not include limits on hydraulic fracturing chemicals. EPA requires sampling
of produced water discharge and testing these samples through a “whole effluent toxicity”
or “WET” test that provides an integrated assessment of the toxicity of the effluent.
However, these tests do not occur in coordination with any hydraulic fracturing operation,
so they are likely to miss any impacts that hydraulic fracturing chemicals might cause.
Recommendation 1.2. Improve reporting of hydraulic fracturing and acid
stimulation data in federal waters.
The State of California should request that the federal government improve data
collection and record keeping concerning well stimulation conducted in federal
waters to at least match the requirements of SB 4. The U.S. EPA should conduct an
assessment of ocean discharge and, based on these results, consider if alternatives to
ocean disposal for well stimulation fluid returns are necessary (Volume III, Chapter 2
[Offshore Case Study]).
Principle 2. Prepare for potential future changes in hydraulic fracturing and acid
stimulation practice in California.
Additional oil and gas resources remain in and near reservoirs that are currently produced
with hydraulic fracturing. Consequently, the near-term future for hydraulic fracturing
will likely look much like the practice of today. On the other hand, a good estimate of the
resource potential of the Monterey Formation source rock remains unavailable. The state
should ask for a public scientific assessment of the potential of the Monterey Formation
and keep track of exploration in this and similar geologic formations to be prepared for
possible expansion of production via hydraulic fracturing or other stimulation technology.
Conclusion 2.1. Future use of hydraulic fracturing in California will likely resemble
current use.
Future use of hydraulic fracturing will most likely expand production in and near existing
oil fields in the San Joaquin Basin that currently require hydraulic fracturing.
The vast majority of hydraulic fracturing in the state takes place in the San Joaquin Basin
in reservoirs that require this technology for economic production. A significant amount of

22

Summary Report

oil remains in these reservoirs. Future additional development in these reservoirs would
likely continue to use hydraulic fracturing (Volume I, Chapter 4; Volume III, Chapter 5
[San Joaquin Case Study]). Figure S.2-8 shows an example of how hydraulic-fractureenabled production has expanded in the Cahn pool of the Lost Hills field in the San
Joaquin Basin over time.
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Figure S.2-8. Growth in the number of wells operating over time in the Cahn pool in the Lost
Hills field, one of the two pools in the field where hydraulic fracturing enables production. Data
indicate that operators use hydraulic fracturing in almost all to all production wells in this
field. Future growth in production would likely follow a similar pattern. The digital data on this
field extends back to 1977. The primary well pattern reached nearly its full extent in 1986. By
1995, operators started infill drilling and by 2004, they were deploying water flooding (figure
from Volume III, Chapter 5 [San Joaquin Case Study]).
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Conclusion 2.2. Oil resource assessment and future use of hydraulic fracturing and
acid stimulation in the Monterey Formation7 of California remain uncertain.
In 2011, the U.S. Energy Information Administration (EIA) estimated that 15 billion
barrels (2.4 billion m3) of recoverable shale-oil resources existed in Monterey source rock.
This caused concern about the potential environmental impacts of widespread shale-oil
development in California using hydraulic fracturing. In 2014 the EIA downgraded the 2011
estimate by 96%. This study reviewed both EIA estimates and concluded that neither one
can be considered reliable. Any potential for production in the Monterey Formation would
be confined to those parts of the formation in the “oil window,” that is, where Monterey
Formation rocks have experienced the temperatures and pressures required to form oil. The
surface footprint of this subset of the Monterey Formation expands existing regions of oil and
gas production rather than opening up entirely new oil and gas producing regions. Significant
unconventional gas resources (such as those of the Appalachian Basin Marcellus Shale or the
Fort Worth Basin Barnett Formation which have been produced with large-scale hydraulic
fracturing operations) probably do not exist in California.
In 2011, the EIA reported that more than 15 billion barrels (2.4 billion m3) of oil could be
recovered from the “Monterey/Santos8 (source rock) Play” across the state, presumably
by means of hydraulic fracturing or acid stimulation. At the time, this estimate exceeded
the estimated recoverable oil volume from source rock for the entire rest of the country.
The EIA’s projection, combined with widespread production using hydraulic fracturing
of petroleum source rocks in North Dakota, Texas, and elsewhere, led to speculation
and concern that similar development might be in the offing for California. Many
Californians became concerned that California could experience a “boom-town” surge
in oil production, i.e., activity in regions of the state that have not yet experienced oil
production, unacceptable water use in a water-short state, water contamination, and
health impacts. While no significant source-rock production has yet occurred in the state,
future technical innovations might facilitate such development. A second EIA report,
released in 2014, reduced the estimate of recoverable oil in Monterey source rocks to
0.6 billion barrels (0.1 billion m3). Figure S.2-9 shows both these estimates. However,
EIA provided little documentation to support either estimate. Consequently, neither of
these estimates can be scientifically evaluated, and they do little to constrain the range of
possible source rock oil resources in the Monterey Formation.

7. Appendix G provides an explanation of the terms Monterey Formation and Monterey Source Rock.
8. The 2011 and 2014 EIA assessments both use the term “Monterey/Santos” in describing the shale oil play in
California. The “Santos” appears to be an erroneous reference to the Saltos shale of the Cuyama basin. Geochemical
studies have not identified the Saltos shale as a significant source of hydrocarbons, so it is likely that the Monterey is the
dominant source rock considered in the EIA evaluation.
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Figure S.2-9. The Energy Information Administration 2011 and 2014 estimates of the potential
of recoverable oil in source rock in the United States. The 2011 estimate for the Monterey/
Santos is more than 15 billion barrels (2.4 billion m3), whereas the 2014 estimate decreases the
Monterey estimate to about 4 % of the earlier estimate while increasing the total U.S. estimate
by 30% (figure modified from Volume III, Chapter 1).

The footprint of the oil and gas window of the Monterey Formation primarily expands
the regions that currently produce oil and gas. No part of this footprint is more than 12
miles (~20 km) from existing production. Any potential future development of Monterey
Formation source rocks would likely involve hydraulic fracturing or acid stimulation and
would occur in the vicinity of current oil and gas producing regions with their existing
infrastructure and economy (Figure S.2-10) (Volume III, Chapter 3 [Monterey Formation
Case Study]).
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Figure S.2-10. The approximate geographic footprint of those parts of the Monterey Formation
in the oil and gas window (i.e. those parts that might be actively generating oil and gas) mapped
along with current land use. Black hatching indicates the locations of existing oil fields. Thin black
lines mark the footprint of the Monterey source rock oil window and dashed black lines mark a
three-mile (~5 km) buffer to include uncertainty in the actual extent. Note that the boundaries of
the Monterey source rock window are in the vicinity of existing oil and gas fields, but cover a larger
area (Figure modified from Volume III, Chapter 3 [Monterey Formation Case Study]).

The geological conditions in California do not likely include basin-wide gas accumulations.
The Sacramento Basin, which contains the majority of dry gas reservoirs, does not exhibit
the geological features of the Marcellus or Barnett Formations, or the Uinta-Piceance
Basin, that would result in significant gas accumulations—at least at the depths that have
been explored so far (Volume I, Chapter 4).
26

Summary Report

Recommendation 2.1. Assess the oil resource potential of the Monterey
Formation.
The state should request a comprehensive, science-based and peer-reviewed
assessment of source-rock (“shale”) oil resources in California and the technologies
that might be used to produce them. The state could request such an assessment from
the U.S. Geological Survey (USGS), for example.
Recommendation 2.2. Keep track of exploration in the Monterey Formation.
As expansive production in the Monterey Formation remains possible, DOGGR should
track well permits for future drilling in the “oil window” of the Monterey source rocks
(and other extensive source rocks, such as the Kreyenhagen) and be able to report
increased activity (Volume I, Chapter 4; Volume III, Chapter 3 [Monterey Formation
Case Study]).
S.3. Assessing Environmental and Health Impacts of Hydraulic Fracturing and Acid
Stimulation in California
This scientific assessment of hydraulic fracturing and acid stimulation impacts covers the
application of hydraulic fracturing and acid stimulation technology and resulting oil and
gas production activities. The report considers impacts and potential impacts resulting
from the development of a well pad and support infrastructure required to drill the well,
hydraulic fracturing or acid stimulation and completion, production of oil and/or natural
gas, and disposal or reuse of produced water. Figure S.3-1 shows the parts of the oil and
gas system included in this assessment and examples of impacts for each.
This report excludes other stages in the development, production, refining, and use life
cycle of oil and gas, including impacts of manufacturing of materials or equipment used
in stimulation, impacts of transport of produced oil and gas to refineries or providers,
impacts of refining, or impacts of combustion of hydrocarbons as fuel.
California regulations - including the state’s new well stimulation regulations effective July
1, 2015 - address many of the areas of potential concern or risk raised in this study. This
study does not address the effectiveness of the current regulatory framework in mitigating
any potential risks associated with well stimulation technologies, but recommends that the
state conduct such assessments in the future.
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Figure S.3-1. The sequential parts of the well stimulation system considered in this report
(figure from Volume II, Chapter 1).

Principle 3. Account for and manage both direct and indirect impacts of hydraulic
fracturing and acid stimulation.
Hydraulic fracturing or acid stimulation can cause direct impacts. Potential direct impacts
might include a hydraulic fracture extending into protected groundwater, accidental spills
of fluids containing hydraulic fracturing chemicals or acid, or inappropriate disposal or
reuse of produced water containing hydraulic fracturing chemicals. These direct impacts
do not occur in oil and gas production unless hydraulic fracturing or acid stimulation
has occurred. This study covers potential direct impacts of hydraulic fracturing or acid
stimulation.
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Box S.3-1. Water Nomenclature
Water with specialized chemicals used to create a hydraulic fracture is called “hydraulic fracturing fluid”
or “stimulation fluid.” The term “flowback” denotes the return of fluids used in the hydraulic fracturing
operation, but there is no specific point in time when all hydraulic fracturing fluid returns. Some of this
fluid reacts with the rock, and some is pushed into the rock and does not return for some time, if at
all. Consequently, the term flowback has limited utility. Instead, we use the term “recovered” fluids to
denote all fluids collected before oil production begins. Recovered fluids likely contain relatively high
concentrations of hydraulic fracturing chemicals, but not necessarily all of the chemicals injected into
the well. In California, the recovered fluids are typically stored in tanks at the well site prior to injection
into Class II disposal wells. After the production of oil starts, water comes along with the oil, and this
is called “produced water.” In California’s mature reservoirs, oil wells usually produce a mixture of
about 10% oil and 90% water. Produced water from hydraulically fractured wells can contain hydraulic
fracturing chemicals, their reaction products, salt, and other contaminants from the petroleum reservoir.
Produced water can be disposed of, for example via injection into the underground, or may be treated
and have beneficial reuse. For example, produced water could be injected back into the reservoir to
maintain reservoir pressure or, if of low enough salinity, used in irrigation. The term “wastewater”
refers collectively to produced water and recovered fluids. Wastewater that cannot be reused must be
disposed of.
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Hydraulic fracturing or acid stimulation can also incur indirect impacts, i.e., those not
directly attributable to the activity itself. Some reservoirs require hydraulic fracturing
for economic production. All activities associated with oil and gas production enabled by
hydraulic fracturing or acid stimulation can bring about indirect impacts. Indirect impacts
of hydraulic-fracturing-enabled oil and gas development usually occur in all oil and gas
development, whether or not the wells are stimulated.
In some cases, we cannot separate direct and indirect impacts. For example, the inventory
of emissions of hazardous air pollutants is for all oil and gas production and does not
differentiate between hydraulically fractured and unfractured wells, so the data do not
support differentiating direct and indirect impacts. However, as illustrated in the following
examples, differentiating direct and indirect impacts can be important for framing
investigations and policy.
An indirect impact common to all production, not just production enabled by hydraulic
fracturing, means the impacts incurred by just the hydraulically fractured wells represent
a small subset of the problem. For example, disposal of produced water through
underground injection may carry the risk of inducing an earthquake. If this produced
water comes from a hydraulically fractured reservoir, this potential impact would be an
indirect impact. In California, about 20% of all produced waters come from stimulated
reservoirs. Understanding induced seismicity requires looking at all the wastewater
injections, not just those generated by hydraulically fractured wells. In this case, the
indirect impact attributed to hydraulically fractured wells represents a minority part of a
larger issue.
As another example, studies show elevated health risks near hydraulically fractured
reservoirs attributable to benzene (Volume II, Chapter 6). But benzene use has been
phased out in hydraulic fracturing fluids. These health risks probably occur due to
processes associated with oil production, because oil contains benzene naturally. In this
case, the health impacts do not occur because of hydraulic fracturing itself; they are
indirect impacts that occur because of production. So the same health impacts could occur
near any production, whether the wells have been fractured or not. Research that focuses
only on benzene impacts near hydraulically fractured wells will likely result in a very poor
understanding of both the extent of this problem and the possible mitigation measures.
Concern about hydraulic fracturing might lead to studying health effects near fractured
wells, but concern about the health effects from benzene should lead to study of all types
of oil and gas production, not just hydraulically fractured wells.
As a final example, the activities associated with hydraulic fracturing or acid stimulation
can add some new direct occupational hazards to a business that already has substantial
occupational hazards. The drilling, completion, and production phases common to all
oil and gas production incur significant risk of exposure to many toxic substances and
accidents. In general, oil and gas production has significant occupational health issues,
but these impacts are not directly attributable to well stimulation activity. In hydraulic
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fracturing, silica sand used for the proppant in hydraulic fracturing presents an additional
occupational health hazard for serious lung disease (silicosis). Potential exposure to silica
is a direct impact of hydraulic fracturing and a relatively small part of the total hazard
profile for oil and gas development.
While this project was not tasked with a full assessment of the impacts of all oil and gas
development in California, we have described indirect impacts in the context of all oil and
gas production where the issue and associated data either allows or requires this. This
report does include some recommendations for assessment of certain impacts for all oil
and gas development in the future.
Table S.3-1 describes the potential direct impacts of hydraulic fracturing and acid
stimulation, plus potential indirect impacts of hydraulic-fracturing-enabled oil and
gas development covered in this report.9 The table includes issues of concern that
were named in the SB 4 legislation, raised by the public in the various forums around
California and the U.S., or identified by expert judgment. A long list of features, events,
and processes related to well stimulation and production could possibly lead to harmful
impacts, but these are not all likely or equally likely. A long list of plausible hazards have
been described in Volume II, but the reader is cautioned to treat these as a “checklist”
of possible impacts, not at all a list of impacts that are generally occurring. Existing
regulations prevent or mitigate many of these risks; however, an evaluation of the
effectiveness of this regulatory framework was beyond the scope of this study.
Out of the possible plausible hazards, some emerge as especially relevant potential
risk factors worthy of further attention through additional data collection or increased
scrutiny. Appendix F presents a table of these risk issues, which are also the basis of the
conclusions and recommendations in this section.

9. We do not include indirect impacts of acid stimulation because based on existing data, we did not find reservoirs that
required acid stimulation for production.
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Table S.3-1. Examples of direct and indirect impacts considered in this study.

Issue

Possible Direct Impact Considered
in This Study

Possible Indirect Impact Because of HydraulicFracturing-Enabled Oil and Gas Development
Considered in This Study

Stimulation
Chemicals

Chemicals used in stimulation create the
potential for introduction of hazardous
materials into the environment.

N/A

Water Use10

Stimulation uses California fresh water supply.

Freshwater is sometimes used to produce oil in a
previously stimulated reservoir, e.g., enhanced oil
recovery via injection of water or steam.

Water Supply

Stimulation chemicals could enter produced
water that is otherwise of sufficient quality
for beneficial uses, such as irrigation, making
treatment more complicated.

Additional production enabled by hydraulic fracturing
can lead to additional produced water, which, with
appropriate treatment, may be of sufficient quality for
beneficial uses.

Water Contamination

Intentional or accidental releases of
stimulation chemicals and their reaction
products could lead to contamination of fresh
water supply. Risk of hydraulic fractures acting
as conduit for accidental releases of fluids;
and risk of high-pressure injection affecting
integrity of existing wells.

N/A

Air pollution

Equipment used in stimulation emits
pollutants and greenhouse gases (GHGs).
Retention ponds and tanks used to store
stimulation fluids could contain off-gassing
volatile organic compounds (VOC).

Oil and gas development activities cause emissions
including VOC emissions from produced water.

Induced Seismicity

Hydraulic fracturing could cause earthquakes.

Disposal of wastewater from hydraulic fracture-enabled
production in disposal wells classified by the EPA’s
Underground Injection Control (UIC) program as “Class
II”11 could cause earthquakes.

Human Health

Releases of stimulation chemicals that pollute
water and air, as well as noise and light
pollution from the stimulation operation could
affect public health.

Proximity to any oil production, including stimulationenabled production, could result in hazardous
emissions to air and water, and noise and light pollution
that could affect public health.

Wildlife and
Vegetation

Introduction of invasive species; contamination
of habitat or food web by stimulation
chemicals; and water use for stimulation fluids
could impact wildlife and vegetation.

Habitat loss and fragmentation, introduction of invasive
species, and water use for enabled enhanced oil
recovery could impact wildlife and vegetation.

1011

10. We cover water use in Section S.2 above as a characteristic of current practice, but water use is also an impact of
hydraulic fracturing.
11. Class II wells are underground injection wells that inject fluids associated with oil and natural gas production.
There are three types of Class II wells: enhanced recovery, wastewater disposal, and hydrocarbon storage. For more
information, see http://water.epa.gov/type/groundwater/uic/class2/index.cfm.
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Conclusion 3.1. Direct impacts of hydraulic fracturing appear small, but have not
been investigated.
Available evidence indicates that impacts caused directly by hydraulic fracturing or acid
stimulation or by activities directly supporting these operations appear smaller than the indirect
impacts associated with hydraulic-fracturing-enabled oil and gas development, or limited data
precludes adequate assessment of these impacts. Good management and mitigation measures
can address the vast majority of potential direct impacts of well stimulation.
Hydraulic fracturing in California lasts a relatively short amount of time near the
beginning of production—less than a day—and requires relatively small fluid volumes.
In contrast, the subsequent oil and gas production phase lasts for years and involves very
large volumes of fluid, with potential for long-term perturbations of the environment.
Consequently, the production phase following well stimulation can have a much larger
impact than the stimulation phase.
This study identifies a number of possible pathways for direct impacts from hydraulic
fracturing and acid stimulation, such as accidental spills or leaks of hydraulic fracturing or
acid fluids or emissions of volatile organic compounds (VOCs) from hydraulic fracturing
fluids. Many, if not all, of these potential direct impacts can be addressed with good
management practices or mitigation measures. These are described in Volumes II and III.
The recommendations below provide specific measures that could eliminate, avoid, or
ameliorate direct impacts. These measures include limiting the use of toxic chemicals,
avoiding inappropriate disposal, managing beneficial use of produced water containing
stimulation chemicals, providing extra due diligence for shallow fracturing near protected
groundwater, and using “green completions” to control emissions in oil and gas wells.
In California, existing or pending regulation already addresses many of these direct
impacts. The state’s new well stimulation regulations, going into effect on July 1, 2015,
will likely avoid or reduce many, but not all, of the impacts described in this report. The
scope of this study did not include judging the adequacy of existing regulation, but this
would make sense at some later time when significant experience can be assessed.
Recommendation 3.1. Assess adequacy of regulations to control direct
impacts of hydraulic fracturing and acid stimulations.
Over the next several years, relevant agencies should assess the adequacy and
effectiveness of existing and pending regulations to mitigate direct impacts of
hydraulic fracturing and acid stimulations, such as to: (1) reduce the use of highly
toxic or harmful chemicals, or those with unknown environmental profiles in
hydraulic fracturing and acid fluids; (2) devise adequate treatment and testing
for any produced waters intended for beneficial reuse that may include hydraulic
fracturing and acid fluids or disallow this practice; (3) prevent shallow hydraulic
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fractures from intersecting protected groundwater (Volume II); (4) dispose of
produced waters that contain stimulation chemicals appropriately; and (5) control
emissions, leaks and spills.
Conclusion 3.2. Operators have unrestricted use of many hazardous and
uncharacterized chemicals in hydraulic fracturing.
The California oil and gas industry uses a large number of hazardous chemicals during
hydraulic fracturing and acid treatments. The use of these chemicals underlies all significant
potential direct impacts of well stimulation in California. This assessment did not find
recorded negative impacts from hydraulic fracturing chemical use in California, but no
agency has systematically investigated possible impacts. A few classes of chemicals used in
hydraulic fracturing (e.g., biocides, quaternary ammonium compounds, etc.) present larger
hazards because of their relatively high toxicity, frequent use, or use in large amounts. The
environmental characteristics of many chemicals remain unknown. We lack information to
determine if these chemicals would present a threat to human health or the environment
if released to groundwater or other environmental media. Application of green chemistry
principles, including reduction of hazardous chemical use and substitution of less hazardous
chemicals, would reduce potential risk to the environment or human health.
Operators have few, if any, restrictions on the chemicals used for hydraulic fracturing
and acid treatments. The state’s regulations address hazards from chemical use and
eliminate or minimize many, but not necessarily all risks. Some of the chemicals used
present hazards in the workplace or locally, such as silica dust or hydrofluoric acid. Other
chemicals present potential hazards for the environment, such as biocides and surfactants
that, if released, can harm fish and other wildlife. Many of the chemicals used can harm
human health. If well stimulation did not use hazardous chemicals, hydraulic fracturing
would pose a much smaller risk to humans and the environment. Even so, hazardous
chemicals only present a risk to humans or the environment if they are released in
hazardous concentrations or amounts, persist in the environment, and actually reach and
affect a human, animal or plant. Even a very toxic or otherwise harmful chemical presents
no risk if no person, animal or plant receives a dose of the chemical. Characterization of
the risk posed by chemical use requires information on both the hazards posed by the
chemicals and information about exposure to the chemicals (in other words, risk = hazard
x exposure).
We have established a list of chemicals used in California based on voluntary disclosures
by industry. In California, oil and gas production operators have voluntarily reported
the use of over 300 chemical additives. New state regulations under SB 4 will eventually
reveal all chemical use. However, knowledge of the hazards and risks associated with
all the chemicals remains incomplete for almost two-thirds of the chemicals (Table S.32). The toxicity and biodegradability of more than half the chemicals used in hydraulic
fracturing remains uninvestigated, unmeasured, and unknown. Basic information about
how these chemicals would move through the environment does not exist. Although

34

Summary Report

the probability of human and environmental exposure is estimated to be low, no direct
studies of environmental or health impacts from hydraulic fracturing and acid stimulation
chemicals have been completed in California. To the extent that any hydraulic fracturing
and acid stimulation fluids can get into the environment, reduction or elimination of the
use of the most hazardous chemicals will reduce risk.
Table S.3-2. Availability of information for characterizing the hazard of stimulation chemicals
used in hydraulic fracturing. The Chemical Abstracts Service Registry Number (CASRN) is a
unique numerical identifier assigned to chemical substances. Operators do not provide CASRN
numbers for proprietary chemicals.
Number of
chemicals

Proportion of
all chemicals

Identified by unique
CASRN

Impact or toxicity

Quantity of use or
emissions

172

55%

Available

Available

Available

17

5%

Available

Available

Unavailable

6

2%

Available

Unavailable

Available

121

38%

Unavailable

Unavailable

Available

For this study, we sorted the extensive list of chemicals reported in California to identify
those of most concern or interest and created tables identifying selected chemicals for
each category contributing to hazard (see Appendix H and Volume II, Chapters 2 and 6).
Chemicals used most frequently or in high concentrations rise to a higher level of concern,
as do chemicals known to be acutely toxic to aquatic life or mammals. The assessment
included chemicals used in hydraulic fracturing that can be found on the Toxic Air
Contaminant Identification List, the Proposition 65 list of chemicals known to the State of
California to cause cancer and reproductive harm, and the OEHHA list of chemicals with
published reference exposure limits. Additional hazards considered include, flammability,
corrosivity, and reactivity. These various criteria allow identification of priority chemicals
to consider when reducing potential hazards from chemical use during well stimulation.
Strong acids, strong bases, silica, biocides, quaternary ammonium compounds, nonionic
surfactants, and a variety of solvents are used frequently and in high concentrations in
hydraulic fracturing and acid stimulation. Strong acids, strong bases, silica, and many
solvents present potential exposure hazards to humans, particularly during handling,
and of are of particular concern to workers and nearby residents. Use of appropriate
procedures minimizes the risk of exposure and few incidences of the release of these
materials during oil and gas development have been reported in California.
Biocides, quaternary ammonium compounds, nonionic surfactants, and some solvents
present a significant hazard to aquatic species and other wildlife, particularly when
released into surface water. The study found no releases of hazardous hydraulic fracturing
chemicals to surface waters in California and no direct impacts to fish or wildlife.
However, there is concern that well stimulation chemicals might have been released and
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potentially contaminated groundwater through a variety of mechanisms (see Conclusions
4.1, 4.3, 4.4, 5.1, 5.2 below). Many of the chemicals used in well stimulation, such as
surfactants, are more harmful to the environment than to human health, but all of these
chemicals are undesirable in drinking water. Determining whether chemicals that have
been released pose an actual risk to human health or the environment requires further
study, including a better understanding of the amounts of chemicals released and
persistence of those chemicals in the environment.
Green Chemistry principles attempt to maintain an equivalent function while using less
toxic chemicals and smaller amounts of toxic chemicals. It may be possible to forego
or reduce the use of the most hazardous chemicals without losing much in the way of
functionality. Chemical substitutions can present complications and can also introduce
a new set of hazards and require a careful adaptive approach. For example, the use of
guar in hydraulic fracturing fluids introduces food to bacteria in the reservoir, and this
increases the need for biocides to prevent the buildup of toxic gases generated by bacterial
growth. Operators moving to a less toxic but less effective biocide might also need to
move away from guar to a less-digestible substitute. Then this choice could introduce
new hazards instead of old hazards. For these reasons, the American Chemical Society
currently sponsors a Green Chemistry Roundtable on the topic of hydraulic fracturing.
The state could also limit the chemicals used in hydraulic fracturing by disallowing certain
chemicals or limiting chemicals to those on an approved list where approval depends on
the chemical having an acceptable environmental profile. The latter approach reverses
the usual practice, whereby an industry is permitted to use a chemical until a regulatory
body proves that the chemical is harmful. Oil and gas production in the environmentally
sensitive North Sea uses this pre-approval approach and might provide a model for
limiting chemical risk in California. The EPA Designed for the Environment (DFE) list
of chemicals may also be useful. Of course, any of these approaches requires that the
operators report the unique identifier (CASRN number) of all chemicals.
Recommendation 3.2. Limit the use of hazardous and poorly understood
chemicals.
Operators should report the unique CASRN identification for all chemicals used in
hydraulic fracturing and acid stimulation, and the use of chemicals with unknown
environmental profiles should be disallowed. The overall number of different
chemicals should be reduced, and the use of more hazardous chemicals and chemicals
with poor environmental profiles should be reduced, avoided, or disallowed. The
chemicals used in hydraulic fracturing could be limited to those on an approved list
that would consist only of those chemicals with known and acceptable environmental
hazard profiles. Operators should apply Green Chemistry principles to the
formulation of hydraulic fracturing fluids, particularly for biocides, surfactants,
and quaternary ammonium compounds, which have widely differing potential for
environmental harm. Relevant state agencies, including DOGGR, should as soon
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as practical engage in discussion of technical issues involved in restricting chemical
use with a group representing environmental and health scientists and industry
practitioners, either through existing roundtable discussions or independently
(Volume II, Chapters 2 and 6).
Conclusion 3.3. The majority of impacts associated with hydraulic fracturing are
caused by the indirect impacts of oil and gas production enabled by the hydraulic
fracturing.
Impacts caused by additional oil and gas development enabled by well stimulation (i.e.
indirect impacts) account for the majority of environmental impacts associated with hydraulic
fracturing. A corollary of this conclusion is that all oil and gas development causes similar
impacts whether the oil is produced with well stimulation or not. If indirect impacts caused
by additional oil and gas development enabled by hydraulic fracturing cause concern, these
concerns in most cases extend to any oil and gas development. As hydraulic fracturing enables
only 20% of production in California, only about 20% of any given indirect impact is likely
attributable to hydraulically fractured reservoirs.
Without hydraulic fracturing, oil and gas production from certain reservoirs would
not be possible. If this oil and gas development did not occur, then the impacts of this
development would not occur. Well stimulation is a relatively brief operation done after
a well is installed, but oil and gas development goes on for years, involving construction
of infrastructure and disruption of the landscape. Operators build roads, ponds, and well
pads, and install pumps, field separators, tanks, and treatment systems in reservoirs that
are stimulated and in those that are not. Surface spills and subsurface leakage may lead to
impacts on groundwater quality as an impact of production. The life of a production well
involves production of many millions of gallons of water that must be treated or disposed
of properly. Production with or without stimulation can cause emission of pollutants over
many years, often in proximity to places where people live, work, and go to school. Whereas
the short-term injection of fluids for the purpose of hydraulic fracturing is unlikely to cause
a felt or damaging earthquake (a direct impact), the subsurface disposal of millions of
gallons of water produced along with oil over the life of a well can present a seismic hazard.
The inappropriate disposal of produced water can contaminate protected groundwater,
whether this water contains stimulation chemicals or not. All oil and gas development
potentially incurs impacts similar to the indirect impacts of hydraulic fracturing.
Recommendation 3.3. Evaluate impacts of production for all oil and gas
development, rather than just the portion of production enabled by well
stimulation.
Concern about hydraulic fracturing might cause focus on impacts associated with
production from fractured wells, but concern about these indirect impacts should
lead to study of all types of oil and gas production, not just production enabled by
hydraulic fracturing. Agencies with jurisdiction should evaluate impacts of concern
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for all oil and gas development, rather than just the portion of development enabled
by well stimulation. As appropriate, many of the rules and regulations aimed at
mitigating indirect impacts of hydraulic fracturing and acid stimulation should also
be applied to all oil and gas wells (Volume II, Chapters 5 and 6).
Conclusion 3.4. Oil and gas development causes habitat loss and fragmentation.
Any oil and gas development, including that enabled by hydraulic fracturing, can cause
habitat loss and fragmentation. The location of hydraulic fracturing-enabled development
coincides with ecologically sensitive areas in Kern and Ventura Counties.
The impact to habitat for native wildlife and vegetation caused by increases in well density
depends on the background land use. Some California oil and gas fields are already so
densely filled with well pads that other human land uses and native species habitat cannot
coexist. Other oil and gas fields have relatively sparse infrastructure interspersed with
cities, farms, and natural habitat. The impact caused by increases in well density depends
on the background land use. Oil wells installed into agricultural land (such as Rose and
Shafter oil fields), or urban areas such as Los Angeles, create only minor impacts to native
species. Increases in well density and habitat disturbance from well pads, roads, and
facilities cause substantial loss and fragmentation of valuable habitat in those oil and gas
fields inhabited by native wildlife and vegetation.
Elk Hills, Mt. Poso, Buena Vista, and Lost Hills fields in Kern County and the Sespe, Ojai,
and Ventura fields in Ventura County host substantial amounts of hydraulic fracturingenabled development as well as rare habitat types and associated endangered species.
Portions of oil fields in Kern County are essential to support resident populations of rare
species and serve as corridors for maintaining connectivity between remaining areas
of natural habitat (including protected areas), and these are vulnerable to expanded
production (Figure S.3 -2).
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Figure S.3-2. a) Well density in the San Joaquin basin. Opaque blue, yellow and red indicate
the density of all wells. b) The portion of wells that were hydraulically fractured. Opaque blue,
yellow and red indicate areas that have greater well density because of hydraulic fracturingenabled production. Increases in well density cause habitat loss and fragmentation. Hydraulic
fracturing-enabled development causes a small portion of the habitat loss caused by oil and
gas production in the state, although much of the hydraulic fracturing is concentrated in areas
of valuable natural habitat. All wells that had recorded activity from January 1977 through
September 2014 are shown. Background shading indicates land use and cover categories.

Ecologically sensitive areas require the conservation of habitat to compensate for new oil and gas
development. Currently, no regional planning strategy exists to coordinate habitat conservation
efforts in a manner that would ensure continued viable populations of rare species. While
possible to compensate only for habitat loss caused by hydraulic fracturing-enabled development,
a more logical approach would account for habitat loss from oil and gas production as a whole.
Maintaining habitat connectivity in the southwestern San Joaquin will likely require slowing or
halting increases in well pad density in dispersal corridors. This type of planning, such as the
Kern County Valley Floor Habitat Restoration Plan, has not succeeded in the past, but a renewed
effort would safeguard the survival of threatened and endangered species.
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Recommendation 3.4. Minimize habitat loss and fragmentation in oil and gas
producing regions.
Enact regional plans to conserve essential habitat and dispersal corridors for native
species in Kern and Ventura Counties. The plans should identify top-priority habitat
and restrict development of those areas. The plan should also define and require those
practices, such as clustering multiple wells on a pad and using centralized networks
of roads and pipes, which will minimize future surface disturbances. A program to
set aside compensatory habitat in reserve areas when oil and gas development causes
habitat loss and fragmentation should be developed and implemented (Volume II,
Chapter 5; Volume III, Chapter 5 [San Joaquin Basin Case Study]).
Principle 4. Manage water produced from hydraulically fractured or acid stimulated
wells appropriately.
Large volumes of water of various salinities and qualities get produced along with the
oil. Oil reservoirs tend to yield increasing quantities of water over time, and most of
California’s oil reservoirs have been in production for several decades to over a century.
For 2013, more than 3 billion barrels (.48 billion m3 or about 400,000 AF) of water came
along with some 0.2 billion barrels (.032 billion m3) of oil in California. Operators re-inject
some produced water back into the oil and gas reservoirs to help recover more petroleum
and mitigate land subsidence. In other cases, farmers use this water for irrigation; often
blending treated produced water with higher-quality water to reduce salinity. Disposal
or reuse of produced water without proper precautions can cause contamination of
groundwater and more so, if this water contains chemicals from hydraulic fracturing and
acid stimulation. Underground injection of produced water can cause earthquakes.
Conclusion 4.1. Produced water disposed of in percolation pits could contain
hydraulic fracturing chemicals.
Based on publicly available data, operators disposed of some produced water from stimulated
wells in Kern County in percolation pits. The effluent has not been tested to determine if
there is a measureable concentration of hydraulic fracturing chemical constituents. If these
chemicals were present, the potential impacts to groundwater, human health, wildlife,
and vegetation would be extremely difficult to predict, because there are so many possible
chemicals, and the environmental profiles of many of them are unmeasured.
A commonly reported disposal method for produced water from stimulated wells in
California is by evaporation and percolation in percolation surface impoundments,
also referred to as percolation pits, as shown in Figure S.3-3. Information from 2011
to 2014 indicates that operators dispose of some 40-60% of the produced water from
hydraulically fractured wells in percolation pits during the first full month of production
after stimulation. The range in estimated proportion stems from uncertainties about which
wells were stimulated prior to mandatory reporting. Produced water from these wells may
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contain hazardous chemicals from hydraulic fracturing treatments, as well as reaction
byproducts of those chemicals. We do not know how long hydraulic fracturing chemicals
persist in produced water or at what concentrations or how these change in time, which
means that hazardous levels of contaminants in produced water disposed into pits cannot
be ruled out.

Figure S.3-3. Percolation pits in Kern County used for produced water disposal (figure modified
from Volume II, Chapter 1). Image courtesy of Google Earth

The primary intent of percolation pits is to percolate water into the ground. This
practice provides a potential direct pathway to transport produced water constituents,
including returned hydraulic fracturing fluids, into groundwater aquifers. Groundwater
contaminated in this way could subsequently intercept rivers, streams, and surface water
resources. Contaminated water used by plants (including food crops), humans, fish,
and wildlife could introduce contaminants into the food chain. Some states, including
Kentucky, Texas and Ohio, have phased out the use of percolation pits for produced water
disposal, because their use has demonstrably contaminated groundwater.
Operators have reported disposal of produced water in percolation pits in several
California counties (e.g., Fresno, Monterey, and Tulare counties). However, records from
2011 to mid-2014 show that percolation pits received produced water from hydraulically
fractured wells only in Kern County. Specifically, wells in the Elk Hills, South Belridge,
North Belridge, Lost Hills, and Buena Vista fields were hydraulically fractured, and these
fields disposed of produced water to percolation pits in the region under the jurisdiction of
the CVRWQCB. An estimated 36% of percolation pits in the Central Valley operate without
necessary permits from the CVRWQCB.
The data reported to DOGGR may contain errors on disposition of produced water.
For example, DOGGR’s production database shows that, during the past few years, one
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operator discharged produced water to percolation pits at Lost Hills, yet CVRWQCB
ordered the closure of percolation pits at Lost Hills in 2009.12
Data collected pursuant to the recent Senate Bill 1281 (SB 1281) will shed light on the
disposition of produced water and locations of percolation pits statewide. With the data
available as of the writing of this report, we cannot rule out that some produced water
from hydraulically fractured wells at other fields went to percolation pits and that this
water might have contained chemicals used in hydraulic fracturing. Figure S.3-4 shows
that many of these pits overlie protected groundwater. The pending well stimulation
regulations, effective July 1, 2015, disallow fluid produced from a stimulated well from
being placed in percolation pits.13
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Figure S.3-4. Location of percolation pits in the Central Valley and Central Coast used for
produced water disposal and the location of groundwater of varying quality showing that many
percolation pits are located in regions that have potentially protected groundwater shown in
color (figure from Volume II, Chapter 2).

12. Order R5-2013-0056, Waste Discharge Requirements for Chevron USA, Inc., Central Valley Regional Water Quality
Control Board.
13. Title 14 California Code of Regulations, Section 1786(a)(4)
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Recommendation 4.1. Ensure safe disposal of produced water in percolation
pits with appropriate testing and treatment or phase out this practice.
Agencies with jurisdiction should promptly ensure through appropriate testing that
the water discharged into percolation pits does not contain hazardous amounts
of chemicals related to hydraulic fracturing as well as other phases of oil and gas
development. If the presence of hazardous concentrations of chemicals cannot
be ruled out, they should phase out the practice of discharging produced water
into percolation pits. Agencies should investigate any legacy effects of discharging
produced waters into percolation pits including the potential effects of stimulation
fluids (Volume II, Chapter 2; Volume III, Chapters 4 and 5 [Los Angeles Basin and
San Joaquin Basin Case Studies]).
Conclusion 4.2. The chemistry of produced water from hydraulically fractured or
acid stimulated wells has not been measured.
Chemicals used in each hydraulic fracturing operation can react with each other and react
with the rocks and fluids of the oil and gas reservoirs. When a well is stimulated with acid,
the reaction of the acid with the rock minerals, petroleum, and other injected chemicals can
release contaminants of concern in the oil reservoirs, such as metals or fluoride ions that have
not been characterized or quantified. These contaminants may be present in recovered and
produced water.
An average of about 25 different chemicals are used in each hydraulic fracturing
operation. As discussed in Conclusion 3.2, some of these can be quite hazardous alone
and chemical reactions can results in new constituents. Acids used in well treatments
quickly react with rock minerals and become neutralized. But acids can dissolve and
mobilize naturally occurring heavy metals and other pollutants in the oil-bearing
formation. Neutralized hydrofluoric acid can release toxic fluoride ions into groundwater.
Assessment of the environmental risks posed by hydraulic fracturing and acid use along
with commonly associated chemicals, such as corrosion inhibitors, requires more complete
disclosure of chemical use and a better understanding of the chemistry of treatment
fluids and produced water returning to the surface. We found no characterization of
the chemistry of produced water from wells that have been hydraulically fractured or
stimulated with acid.
Recommendation 4.2. Evaluate and report produced water chemistry from
hydraulically fractured or acid stimulated wells.
Evaluate the chemistry of produced water from hydraulically fractured and
acid stimulated wells, and the potential consequences of that chemistry for the
environment. Determine how this chemistry changes over time. Require reporting of
all significant chemical use, including acids, for oil and gas development (Volume II,
Chapters 2 and 6).
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Conclusion 4.3. Required testing and treatment of produced water destined for reuse
may not detect or remove chemicals associated with hydraulic fracturing and acid
stimulation.
Produced water from oil and gas production has potential for beneficial reuse, such as for
irrigation or for groundwater recharge. In fields that have applied hydraulic fracturing or
acid stimulations, produced water may contain hazardous chemicals and chemical byproducts
from well stimulation fluids. Practice in California does not always rule out the beneficial
reuse of produced water from wells that have been hydraulically fractured or stimulated with
acid. The required testing may not detect these chemicals, and the treatment required prior to
reuse necessarily may not remove hydraulic fracturing chemicals.
Growing pressure on water resources in the state means more interest in using produced
water for a range of beneficial purposes, such as groundwater recharge, wildlife habitat,
surface waterways, irrigation, etc. Produced water could become a significant resource for
California.
However, produced water from wells that have been hydraulically fractured may contain
hazardous chemicals and chemical by-products. Our study found only one oil field where
both hydraulic fracturing occurs and farmers use the produced water for irrigation. In the
Kern River field in the San Joaquin Basin, hydraulic fracturing operations occasionally
occur, and a fraction of the produced water goes to irrigation (for example, Figure S.3-5).
But we did not find policies or procedures that would necessarily exclude produced water
from hydraulically fractured wells from use in irrigation.

Figure S.3-5. Produced water used for irrigation in Cawelo water district. Photo credit: Lauren
Sommer/KQED (figure from Volume II, Chapter 1).
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The regional water quality control boards require testing and treatment of produced
water prior to use for irrigation, but the testing does not include hydraulic fracturing
chemicals, and required treatment would not necessarily remove hazardous stimulation
fluid constituents if they were present. Regional water-quality control boards have also
established monitoring requirements for each instance where produced water is applied to
irrigated lands; however, these requirements do not include monitoring for constituents
specific to, or indicative of, hydraulic fracturing.
Safe reuse of produced water that may contain stimulation chemicals requires appropriate
testing and treatment protocols. These protocols should match the level of testing and
treatment to the water-quality objectives of the beneficial reuse. However, designing the
appropriate testing and treatment protocols to ensure safe reuse of waters contaminated
with stimulation chemicals presents significant challenges, because so many different
chemicals could be present, and the safe concentration limits for many of them have
not been established. Hydraulic fracturing chemicals may be present in extremely small
concentrations that present negligible risk, but this has not been confirmed.
Limiting hazardous chemical use as described in Recommendation 3.2 would also help
to limit issues with reuse. Disallowing the reuse of produced water from hydraulically
fractured wells would also solve this problem, especially in the first years of production.
This water could be tested over time to determine if hazardous levels of hydraulic
fracturing chemicals remain before transitioning this waste stream to beneficial use.
Recommendation 4.3. Protect irrigation water from contamination by
hydraulic fracturing chemicals and stimulation reaction products.
Agencies of jurisdiction should clarify that produced water from hydraulically
fractured wells cannot be reused for purposes such as irrigation that could negatively
impact the environment, human health, wildlife and vegetation. This ban should
continue until or unless testing the produced water specifically for hydraulic
fracturing chemicals and breakdown products shows non-hazardous concentrations,
or required water treatment reduces concentrations to non-hazardous levels (Volume
II, Chapter 2; Volume III, Chapter 5 [San Joaquin Basin Case Study]).
Conclusion 4.4. Injection wells currently under review for inappropriate disposal
into protected aquifers may have received water containing chemicals from
hydraulic fracturing.
DOGGR is currently reviewing injection wells in the San Joaquin Valley for inappropriate disposal
of oil and gas wastewaters into protected groundwater. The wastewaters injected into some of
these wells likely included stimulation chemicals because hydraulic fracturing occurs nearby.
In 2014, DOGGR began to evaluate injection wells in California used to dispose of oil
field wastewater. DOGGR found that some wells inappropriately allowed injection of
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wastewater into protected groundwater and subsequently shut them down. DOGGR’s
ongoing investigation will review many more wells to determine if they are injecting into
aquifers that should be protected.
Figure S.3-6 is a map of the Elks Hills field in the San Joaquin Basin showing one example
where hydraulically fractured wells exist near active water disposal wells. The DOGGR
review includes almost every disposal well in this field for possible inappropriate injection
into protected water. Some of the produced water likely came from nearby production
wells that were hydraulically fractured. Consequently, the injected wastewater possibly
contained stimulation chemicals at some unknown concentration.

Legend
Water disposal well
under review
Active water
disposal well
Oil and gas wells
that have probably been
hydraulically fractured
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Figure S.3-6. A map of the Elk Hills field in the San Joaquin Basin showing the location of wells
that have probably been hydraulically fractured (black dots). Blue dots are the location of active
water disposal wells, and blue dots with a red center are the location of disposal wells under
review for possibly injecting into groundwater that should be protected (figure from Volume II,
Chapter 1).
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Recommendation 4.4. In the ongoing investigation of inappropriate disposal
of wastewater into protected aquifers, recognize that hydraulic fracturing
chemicals may have been present in the wastewater.
In the ongoing process of reviewing, analyzing, and remediating the potential impacts
of wastewater injection into protected groundwater, agencies of jurisdiction should
include the possibility that hydraulic fracturing chemicals may have been present in
these wastewaters (Volume II, Chapter 2; Volume III, Chapter 5 [San Joaquin Basin
Case Study]).
Conclusion 4.5. Disposal of wastewater by underground injection has caused
earthquakes elsewhere.
Fluid injected in the process of hydraulic fracturing will not likely cause earthquakes of
concern. In contrast, disposal of produced water by underground injection could cause felt
or damaging earthquakes. To date, there have been no reported cases of induced seismicity
associated with produced water injection in California. However, it can be very difficult to
distinguish California’s frequent natural earthquakes from those possibly caused by water
injection into the subsurface.
Hydraulic fracturing causes a pressure increase for a short amount of time and affects
relatively small volumes of rock. For this reason, hydraulic fracturing has a small
likelihood of producing felt (i.e., sensed), let alone damaging, earthquakes. In California,
only one small earthquake (which occurred in 1991) has been linked to hydraulic
fracturing to date (Volume II, Chapter 4).
Disposal into deep injection wells of water produced from oil and gas operations has
caused felt seismic events in several states, but there have been no reported cases of
induced seismicity associated with wastewater injection in California. The volume of
produced water destined for underground injection could increase for a number of
reasons, and disposal of increased volumes by injection underground could increase
seismic hazards.
California has frequent naturally occurring earthquakes—so many that seismologists
have a hard time determining if any of these earthquakes were actually induced by
fluid injection. In areas like Kansas that do not have frequent earthquakes, it is much
easier to find correlations between an earthquake and human activity. In the future, the
amount of fluid requiring underground injection in California could increase locally due
to expanded production or a change in disposal practice. Such change in practice might
incur an unacceptable seismic risk, but understanding this possible risk requires a better
understanding of the current correlation between injection and earthquakes, if any.
California also has many geologic faults. Figure S.3-7 shows a map of California
earthquake epicenters, the location of wastewater disposal wells active since 1981 and
faults in the USGS database in central and southern California. Across all six oil-producing
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basins, over 1,000 wells are located within 1.5 mile (2.5 km) of a mapped active fault,
and more than 150 within 650 ft (200 m).

0

35

70 km

6.1 - 7.0

Figure S.3-7. High-precision locations for earthquakes M≥3 in central and southern California
during the period 1981-2011), and active and previously active water disposal wells from
DOGGR (figure from Volume II, Chapter 4).
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A systematic regional-scale analysis of earthquake occurrence in relation to water injection
would help identify if induced seismicity exists in California. This study should include
statistical characterizations and geomechanical analysis for induced seismicity and will
require more detailed data than that currently reported by industry on injection depth,
variations in fluid injection rate, and pressure over time. Currently, operators report the
volume of injected water and wellhead pressures only as monthly averages. Analysts will
need to know more about exactly when, how, how much, where injection occurred to
identify a potential relationship between earthquakes and injection patterns. A systematic
study will also require geophysical characterization of oil field test sites, detailed seismic
monitoring, and modeling of the subsurface pressure changes produced by injection in the
vicinity of the well.
The state could likely manage and mitigate potential induced seismicity, by adopting
protocols to modify an injection operation when and if seismic activity is detected. The
protocol could require reductions in injection flow rate and pressure, and shutting down
the well altogether if the risk of an earthquake rises above some threshold. Currently,
ad hoc protocols exist for this purpose. Better protocols would require monitoring the
reservoir and local seismic activity, and formal calculation of the probability of inducing
earthquakes of concern.
Recommendation 4.5. Determine if there is a relationship between
wastewater injection and earthquakes in California.
Conduct a comprehensive multi-year study to determine if there is a relationship
between oil and gas-related fluid injection and any of California’s numerous
earthquakes. In parallel, develop and apply protocols for monitoring, analyzing,
and managing produced water injection operations to mitigate the risk of induced
seismicity. Investigate whether future changes in disposal volumes or injection depth
could affect potential for induced seismicity (Volume II, Chapter 4).
Conclusion 4.6. Changing the method of wastewater disposal will incur tradeoffs in
potential impacts.
Based on publicly available data, operators dispose of much of the produced water from
stimulated wells in percolation pits (evaporation-percolation ponds), about a quarter by
underground injection (in Class II wells), and less than one percent to surface bodies of water.
Changing the method of produced water disposal could decrease some potential impacts while
increasing others.
Figure S.3-8 shows the results of an analysis of disposal methods of produced water from
known stimulated wells in the first full month after stimulation during the period from
2011 to 2014. As much as 60% of the water was sent to percolation pits, also known as
evaporation-percolation ponds, as discussed in Conclusion 4.1 Second to this, produced
water from stimulated wells was injected into Class II wells for disposal or enhanced
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oil recovery. With proper regulation, siting, construction, and maintenance, subsurface
injection is less likely to result in groundwater contamination than disposal in percolation
pits.
However, increasing injection volumes could increase the risk of induced seismicity,
discussed in Conclusion 4.5. Also, concerns have recently emerged about whether
California’s Class II underground injection control (UIC) program provides adequate
protection for underground sources of drinking water (USDWs), as discussed in
Conclusion 4.4, USDWs are defined as groundwater aquifers that currently or could
one day supply water for human consumption. The least common method of dealing
with wastewater, disposal to surface bodies of water, can, for example, augment stream
flows, but requires careful testing and treatment to ensure the water is safe, especially if
stimulation chemicals could be present.
The DOGGR monthly production data either do not specify the disposal method or report
as “other” for 17% of the produced water from known stimulated wells. This reporting
category could include subsurface injection, disposal to a surface body of water, sewer
disposal, or water not disposed of but reused for irrigation or another beneficial purpose,
as described in Conclusion 4.3.
Not reported
3%

Surface body
of water
0.2%

Other
14%

Evaporation percolation
57%

Subsurface
injection
26%

Figure S.3-8. Disposal method for produced water from hydraulically fractured wells during the
first full month after stimulation for the time period 2011-2014 based on data from the DOGGR
monthly production database. Note: Subsurface injection includes any injection into Class II
wells, which include disposal wells as well as enhanced recovery wells used for water flooding
and steam flooding (figure from Volume II, Chapter 2).
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Changing the method of produced water disposal or reuse will incur tradeoffs. Any
attempt to reduce one disposal method must consider the likely outcome that other
disposal methods will increase. For example, eliminating disposal in evaporation–
percolation pits can lead to an increase in other disposal methods to make up the
difference. In particular, closure of percolation pits or injection wells found to be
contaminating protected aquifers would increase the use of other disposal methods, and
this will require careful planning and management on a regional basis.
Recommendation 4.6. Evaluate tradeoffs in wastewater disposal practices.
As California moves to change disposal practices, for example by phasing out
percolation pits or stopping injection into protected aquifers, agencies with
jurisdiction should assess the consequences of modifying or increasing disposal via
other methods (Volume II, Chapter 2; Volume II, Chapter 4).
Principle 5. Add protections to avoid groundwater contamination by hydraulic
fracturing.
Hydraulic fracturing operations could contaminate groundwater through a variety of
pathways. We found no documented instances of hydraulic fracturing or acid stimulations
directly causing groundwater contamination in California. However, we did find that
fracturing in California tends to be in shallow wells and in mature reservoirs that have
many existing boreholes. These practices warrant more attention to ensure that they have
not and will not cause contamination.
Conclusion 5.1. Shallow fracturing raises concerns about potential groundwater
contamination.
In California, about three quarters of all hydraulic fracturing operations take place in shallow
wells less than 2,000 ft (600 m) deep. In a few places, protected aquifers exist above such
shallow fracturing operations, and this presents an inherent risk that hydraulic fractures
could accidentally connect to the drinking water aquifers and contaminate them or provide
a pathway for water to enter the oil reservoir. Groundwater monitoring alone may not
necessarily detect groundwater contamination from hydraulic fractures. Shallow hydraulic
fracturing conducted near protected groundwater resources warrants special requirements and
plans for design control, monitoring, reporting, and corrective action.
Hydraulic fractures produced in deep formations far beneath protected groundwater are
very unlikely to propagate far enough upwards to intersect an aquifer. Studies performed
for high-volume hydraulic fracturing elsewhere in the country have shown that hydraulic
fractures have propagated no further than 2,000 feet (ft; 600 m) vertically, so hydraulic
fracturing conducted many thousands of feet below an aquifer is not expected to reach a
protected aquifer far above. In California, however, and particularly in the San Joaquin
Basin, most hydraulic fracturing occurs in relatively shallow reservoirs, where protected

52

Summary Report

groundwater might be found within a few hundred meters (Figure S.3-9). A few instances
of shallow fracturing have also been reported in the Los Angeles Basin (Figure S.3-10), but
overall much less than the San Joaquin Basin. No cases of contamination have yet been
reported, but there has been little to no systematic monitoring of aquifers in the vicinity of
oil production sites.
Shallow hydraulic fracturing presents a higher risk of groundwater contamination, which
groundwater monitoring may not detect. This situation warrants additional scrutiny.
Operations with shallow fracturing near protected groundwater could be disallowed or be
subject to additional requirements regarding design, control, monitoring, reporting, and
corrective action, including: (1) pre-project monitoring to establish a base-line of chemical
concentrations, (2) detailed prediction of expected fracturing characteristics prior to
starting the operation, (3) definition of isolation between expected fractures and protected
groundwater, providing a sufficient safety margin with proper weighting of subsurface
uncertainties, (4) targeted monitoring of the fracturing operation to watch for and react to
evidence (e.g., anomalous pressure transients, microseismic signals) indicative of fractures
growing beyond their designed extent, (5) monitoring groundwater to detect leaks, (6)
timely reporting of the measured or inferred fracture characteristics confirming whether or
not the fractures have actually intersected or come close to intersecting groundwater, (7)
preparing corrective action and mitigation plans in case anomalous behavior is observed
or contamination is detected, and (8) adaption of groundwater monitoring plans to
improve the monitoring system and specifically look for contamination in close proximity
to possible fracture extensions into groundwater.
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Minimum Total Dissolved
Solids (mg/L)
<=500
>500 to <=1,000
>1,000 to <=1,500
>1,500 to <=3,000
>3,000 to <10,000

Depth of shallowest fracturing
since 2001 (m [ft])
<=300 m (<=987 ft)
>300-600 m (>987-1,974 ft)
>600-900 m (>1,974-2,961 ft)
>900-1,200 m (>2,961-3,948 ft)
>1,200-2,400 m (3,948-7,896 ft)
>2,400 m (>7,896 ft)
No fracturing reported
Basin with a new oil or
gas well since 2001

±
0
0

50
12.5

25

100
Kilometers
50

75

Miles
100

Figure S.3-9. Shallow fracturing locations and groundwater quality in the San Joaquin and Los
Angeles Basins. Some high quality water exists in fields that have shallow fractured wells (figure
from Volume II, Chapter 2).

54

Summary Report

Field
Montebello

3,000
3,424
25,700
500

Whittier*

3,000

3,000

Wilmington*

0

1,000
3,000

14,037

Depth (m)

Playa Del Rey

1,000

1,500

6,656

3,000

2,000

28,000
3,000

4,000

19,240

5,000

6,000
22,000

2,000

TDS in mg/L
(approximate)
0 to 1,500

7,000

1,500 to 10,000
>10,000
2,500

Figure S.3-10. Depths of groundwater total dissolved solids (TDS) in mg/L in five oil fields in the
Los Angeles Basin. The numbers indicate specific TDS data and the colors represent approximate
interpolation. The depth of 3,000 mg/L TDS is labeled on all five fields. Blue (<3,000 mg/L) and
aqua (between 3,000 mg/L and 10,000 mg/L) colors represent protected groundwater. Depth
of 10,000 mg/L TDS is uncertain, but it is estimated to fall in the range where aqua transitions
to brown. The heavy black horizontal line indicates the shallowest hydraulically fractured well
interval in each field. (Asterisks denote the fields of most concern for the proximity of hydraulic
fracturing to groundwater with less than 10,000 mg/L TDS.) (figure from Volume III, Chapter 4
[Los Angeles Basin Case Study]).

The potential for shallow hydraulic fractures to intercept protected groundwater
requires both knowing the location and quality of nearby groundwater and accurate
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information about the extent of the hydraulic fractures. Maps of the vertical depth of
protected groundwater with less than 10,000 mg/L TDS for California oil producing
regions do not yet exist. Analysis and field verification could identify typical hydraulic
fracture geometries; this would help determine the probability of fractures extending
into groundwater aquifers. Finally, detection of potential contamination and planning of
mitigation measures requires integrated site-specific and regional groundwater monitoring
programs.
The pending SB 4 well stimulation regulations, effective July 1, 2015, require operators to
design fracturing operations so that the fractures avoid protected water, and to implement
appropriate characterization and groundwater monitoring near hydraulic fracturing
operations. However, groundwater monitoring alone does not ensure protection of
water, nor will it necessarily detect contamination should it occur. The path followed by
contamination underground can be hard to predict, and may bypass a monitoring well.
Groundwater monitoring can give false negative results in these cases,14 and does nothing
to stop contamination from occurring in any case.
Recommendation 5.1. Protect groundwater from shallow hydraulic fracturing
operations.
Agencies with jurisdiction should act promptly to locate and catalog the quality
of groundwater throughout the oil-producing regions. Operators proposing to use
hydraulic fracturing operation near protected groundwater resources should be
required to provide adequate assurance that the expected fractures will not extend
into these aquifers and cause contamination. If the operator cannot demonstrate the
safety of the operation with reasonable assurance, agencies with jurisdiction should
either deny the permit, or develop protocols for increased monitoring, operational
control, reporting, and preparedness (Volume I, Chapter 3; Volume II, Chapter 2;
Volume III, Chapter 5 [San Joaquin Basin Case Study]).
Conclusion 5.2. Leakage of hydraulic fracturing chemicals could occur through
existing wells.
California operators use hydraulic fracturing mainly in reservoirs that have been in
production for a long time. Consequently, these reservoirs have a high density of existing
wells that could form leakage paths away from the fracture zone to protected groundwater or

14. Chemical tracers (non-reactive chemicals that can be detected in small concentrations) can be added to hydraulic
fracturing fluids and, if groundwater samples contain these tracers, it is evidence that the stimulation fluid has migrated
out of the designed zone. However, the use of tracers does not guarantee that leaks to groundwater will be detected.
Groundwater flow can be highly channelized and it can be difficult to place a monitoring well in the right place to
intersect a possible plume of contaminant. The use of tracers is good practice, but does not “solve” the problem of
detecting contamination.
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the ground surface. The pending SB 4 regulations going into effect July 1, 2015 do address
concerns about existing wells in the vicinity of well stimulation operations; however, it
remains to demonstrate the effectiveness of these regulations in protecting groundwater.
In California, most hydraulic fracturing occurs in old reservoirs where oil and gas has been
produced for a long time. Usually this means many other wells (called “offset wells”) have
previously been drilled in the vicinity of the operation. Wells constructed to less stringent
regulations in the past or degraded since installation may not withstand the high pressures
used in hydraulic fracturing. Thus, in California, as well as in other parts of the country,
existing oil and gas wells can provide subsurface conduits for oil-field contamination to
reach protected groundwater. Old wells present a risk for any oil and gas development,
but the high pressures involved in hydraulic fracturing can increase this risk significantly.
California has no recorded incidents of groundwater contamination due to stimulation.
But neither have there been attempts to detect such contamination with targeted
monitoring, nor studies to determine the extent of compromised wellbore integrity.
Historically, California has required placement of well casings and cement seals to protect
groundwater with a salinity less than 3,000 mg/L total dissolved solids (TDS). Now, SB
4 requires more stringent monitoring and protection from degradation of non-exempt
groundwater with less than 10,000 mg/L TDS. Consequently, existing wells may not
have been built to protect groundwater between 3,000 mg/L and 10,000 mg/L TDS. For
instance, there may be no cement seal in place to isolate the zones containing water that
is between 3,000 and 10,000 mg/L TDS from deeper zones with water that is higher than
10,000 mg/L TDS.
The new well stimulation regulations going into effect in July 1, 2015 require operators
to locate and review any existing well within a zone that is twice as large as the expected
fractures. Operators need to design the planned hydraulic fracturing operation to confine
hydraulic fracturing fluids and hydrocarbons within the hydrocarbon formation. The
pressure buildup at offset wells caused by neighboring hydraulic fracturing operations
must remain below a threshold value defined by the regulations.
The new regulations for existing wells are appropriate in concept, but the effectiveness
of these requirements will depend on implementation practice. For example: How
will operators estimate the extent of the fractures, and how will regulators ensure the
reliability of these calculations? Is the safety factor provided by limiting concern to an area
equal to twice the extent of the designed fractures adequate? How will regulators assess
the integrity of existing wells when information about these wells is incomplete? How will
regulators determine the maximum allowed pressure experienced at existing wells? Will
the regulators validate the theoretical calculations to predict fracture extent and maximum
pressure with field observations?
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Recommendation 5.2. Evaluate the effectiveness of hydraulic fracturing
regulations designed to protect groundwater from leakage along existing
wells.
Within a few years of the new regulations going into effect, DOGGR should conduct
or commission an assessment of the regulatory requirements for existing wells near
stimulation operations and their effectiveness in protecting groundwater with less
than 10,000 TDS from well leakage. This assessment should include comparisons of
field observations from hydraulic fracturing sites with the theoretical calculations for
stimulation area or well pressure required in the regulations (Volume II, Chapter 2;
Volume III, Chapters 4 and 5 [Los Angeles Basin and San Joaquin Basin Case Study]).
Principle 6. Understand and control emissions and their impact on environmental
and human health.
Gaseous emissions and particulates associated with hydraulic fracturing can arise from the
use of fossil fuel in engines, outgassing from fluids, leaks, or proppants. These emissions
have potential environmental or health impacts.
Conclusion 6.1. Oil and gas production from hydraulically fractured reservoirs emits
less greenhouse gas per barrel of oil than other forms of oil production in California.
Burning fossil fuel to run vehicles, make electricity, and provide heat accounts for the
vast majority of California’s greenhouse gas emissions. In comparison, publicly available
California state emission inventories indicate that oil and gas production operations emit
about 4% of California total greenhouse gas emissions. Oil and gas production from
hydraulically fractured reservoirs emits less greenhouse gas per barrel of oil than production
using steam injection. Oil produced in California using hydraulic fracturing also emits less
greenhouse gas per barrel than the average barrel imported to California. If the oil and gas
derived from stimulated reservoirs were no longer available, and demand for oil remained
constant, the replacement fuel could have larger greenhouse emissions.
Most oil-related greenhouse gas (GHG) emissions in the state come from the consumption
of fossil fuels such as gasoline and diesel, not the extraction of oil. According to state
emission inventories, GHG emissions from oil and gas production processes equal about
four percent of total GHG emissions in California, although some studies conclude these
emission inventories may underestimate true emissions. Fields with lighter oil result in
low emissions per barrel of crude produced, while fields with heavier oil have higher
emissions because of the need for steam injection during production as well as more
intensive refining needed to produce useful fuels such as gasoline. Well stimulation
generally applies to reservoirs with lighter oil and consequently smaller greenhouse gas
burdens per unit of oil. Oil and gas from San Joaquin Basin reservoirs using hydraulic
fracturing have a relatively smaller carbon footprint than oil and gas from reservoirs such
as those in the Kern River field that use steam flooding (Figure S.3-11).
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Figure S.3-11. Distribution of crude oil greenhouse gas intensity for fields containing wellstimulation-enabled pools (left), those that are not stimulated (middle) and all California
oilfields (right) (figure from Volume II, Chapter 3).

If well stimulation were disallowed and consumption of oil and gas in California did not
decline, more oil and gas would be required from non-stimulated California fields or
regions outside of California, possibly with higher emissions per barrel. Consequently,
overall greenhouse gas emissions due to production could increase if well stimulation
were stopped in California. The net greenhouse gas change associated with the use of
hydraulic fracturing requires knowing the carbon footprint of both in-state and out-ofstate production, and understanding the scale of impact requires a market-informed life
cycle analysis.
Recommendation 6.1. Assess and compare greenhouse gas signatures of
different types of oil and gas production in California.
Conduct rigorous market-informed life-cycle analyses of emissions impacts of different
oil and gas production to better understand GHG impacts of well stimulation
(Volume II, Chapter 3).
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Conclusion 6.2. Air pollutants and toxic air emissions15 from hydraulic fracturing
are mostly a small part of total emissions, but pollutants can be concentrated near
production wells.
According to publicly available California state emission inventories, oil and gas production
in the San Joaquin Valley air district likely accounts for significant emissions of sulfur oxides
(SOx), volatile organic compounds (VOC), and some air toxics, notably hydrogen sulfide
(H2S). In other oil and gas production regions, production as a whole accounts for a small
proportion of total emissions. Hydraulic fracturing facilitates about 20% of California
production, and so emissions associated with this production also represent about 20% of
all emissions from the oil and gas production in California. Even where the proportion of
air pollutants and toxic emissions caused directly or indirectly by well simulation is small,
atmospheric concentrations of pollutants near production sites can be much larger than basin
or regional averages, and could potentially cause health impacts.
In the San Joaquin Valley oil and gas production as a whole accounts for about 30% of
sulfur oxides and 8% of anthropogenic volatile organic compound (VOC) emissions. VOCs
in turn react with nitrogen oxides (NOx) to create ozone. Eliminating emissions from oil
and gas production would reduce, but not eliminate the difficult air pollution problems
in the San Joaquin Valley. Oil and gas facilities also emit significant air toxics in the San
Joaquin Valley. They are responsible for a large fraction (>70%) of total hydrogen sulfide
emissions and small fractions (2-6%) of total benzene, xylene, hexane, and formaldehyde
emissions (Figure S.3-12). Dust (PM2.5 and PM10) is a major air quality concern in the San
Joaquin Valley, and agriculture is the dominant source of dust in the region. The amount
of dust generated by oil and gas activities (including hydraulic fracturing) is comparatively
very small.

15. Toxic air pollutants, also known as hazardous air pollutants, are those pollutants that are known or suspected to
cause cancer or other serious health effects, such as reproductive effects or birth defects, or adverse environmental
effects. Criteria air contaminants (CAC), or criteria pollutants, are a set of air pollutants that cause smog, acid rain, and
other health hazards.
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Figure S.3-12. Summed facility-level toxic air contaminant (TAC) emissions in San Joaquin
Valley air district). Facility-level emissions derived from a California Air Resources Board
(CARB) facility emissions tool. Total emissions are emissions from all oil and gas facilities in the
air district, including gasoline fueling stations (Volume II, Chapter 3) (figure from Volume II,
Chapter 3).

In the South Coast air district (including all of Orange County, the non-desert regions
of Los Angeles and Los Angeles County, San Bernardino County, and Riverside County),
upstream oil and gas sources represent small proportions (<1%) of criteria air pollutant
and toxic air contaminant emissions due to large quantities of emissions from other
sources in a highly urbanized area.
Produced gas can be emitted during recovery of hydraulic fracturing liquids and therefore
be a possible source of direct air emissions from well stimulation. Regulation and control
technologies can address these emissions with proper implementation and enforcement.
Federal regulations already control emissions during fluid recovery from new gas wells
using “green completions,” and California is developing similar regulations for oil wells.
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Public data sources provide information about the emissions from all upstream oil and
gas production, but do not include information that would allow separating out the
contribution of emissions from hydraulically fractured wells. Because well stimulation
facilitates or enables about 20% of California’s oil recovery, indirect air impacts from well
stimulation are likely on the order of one-fifth of total upstream oil and gas air impacts.
Even if upstream oil and gas operations are not a large part of basin-wide air pollution
load, at the scale of counties, cities or neighborhoods, oil and gas development can have
larger proportional impacts. Even in regions where well stimulation-related emissions
represent a small part of overall emissions, local air toxic concentrations near drilling
and production sites may be elevated. This could result in health impacts in densely
populated areas such as Los Angeles, where production wells are in close proximity to
homes, schools, and businesses. Public datasets do not provide specific enough temporal
and spatial data on air toxics emissions that would allow any realistic assessment of these
impacts.
Recommendation 6.2. Control toxic air emissions from oil and gas
production wells and measure their concentrations near productions wells.
Apply reduced-air-emission completion technologies to production wells, including
stimulated wells, to limit direct emissions of air pollutants, as planned. Reassess
opportunities for emission controls in general oil and gas operations to limit
emissions. Improve specificity of inventories to allow better understanding of oil
and gas emissions sources. Conduct studies to improve our understanding of toxics
concentrations near stimulated and un-stimulated wells (Volume II, Chapter 3;
Volume III, Chapter 4 [Los Angeles Basin Case Study]).
Conclusion 6.3. Emissions concentrated near all oil and gas production could present
health hazards to nearby communities in California.
Many of the constituents used in and emitted by oil and gas development can damage health,
and place disproportionate risks on sensitive populations, including children, pregnant
women, the elderly, and those with pre-existing respiratory and cardiovascular conditions.
Health risks near oil and gas wells may be independent of whether wells in production have
undergone hydraulic fracturing or not. Consequently, a full understanding of health risks
caused by proximity to production wells will require studying all types of productions wells,
not just those that have undergone hydraulic fracturing. Oil and gas development poses more
elevated health risks when conducted in areas of high population density, such as the Los
Angeles Basin, because it results in larger population exposures to toxic air contaminants.
California has large developed oil reserves located in densely populated areas. For
example, the Los Angeles Basin reservoirs, which have the highest concentrations of oil in
the world, exist within the global megacity of Los Angeles. Approximately half a million
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people live, and large numbers of schools, elderly facilities, and daycare facilities exist,
within one mile of a stimulated well, and many more live near oil and gas development
of all types (Figure S.3-13). The closer citizens are to these industrial facilities, the higher
their potential exposure to toxic air emissions and higher risk of associated health effects.
Production enabled by well stimulation accounts for a fraction of these emissions.

Figure S.3-13. Population density within 6,562 ft (2,000 m) of currently active oil production
wells and currently active wells that have been stimulated (figure from Volume III, Chapter 4
[Los Angeles Basin Case Study]).

Studies from outside of California indicate that, from a public health perspective, the most
significant exposures to toxic air contaminants such as benzene, aliphatic hydrocarbons
and hydrogen sulfide occur within one-half mile (800 meters) from active oil and gas
development. These risks depend on local conditions and the type of petroleum being
produced. California impacts may be significantly different, but have not been measured.
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Recommendation 6.3. Assess public health near oil and gas production.
Conduct studies in California to assess public health as a function of proximity to
all oil and gas development, not just stimulated wells, and develop policies such as
science-based surface setbacks, to limit exposures (Volume II, Chapter 6; Volume III,
Chapters 4 and 5 [Los Angeles Basin and San Joaquin Basin Case Studies]).
Conclusion 6.4. Hydraulic fracturing and acid stimulation operations add some
occupational hazards to an already hazardous industry.
Studies done outside of California found workers in hydraulic fracturing operations were
exposed to respirable silica and VOCs, especially benzene, above recommended occupational
levels. The oil and gas industry commonly uses acid along with other toxic substances for both
routine maintenance and well stimulation. Well-established procedures exist for safe handling
of dangerous acids.
Occupational hazards for workers who are involved in oil and gas operations include
exposure to chemical and physical hazards, some of which are specific to well stimulation
activities and many of which are general to the industry. Our review identified studies
confirming occupational hazards directly related to well stimulation in states outside
of California. The National Institute for Occupational Safety and Health (NIOSH) has
conducted two peer-reviewed studies of occupational exposures attributable to hydraulic
fracturing across multiple states (not including California) and times of year. One of the
studies found that respirable silica (silica sand is used as a proppant to hold open fractures
formed in hydraulic fracturing) was in concentrations well in excess of occupational
health and safety standards (in this case permissible exposure limits or PELs) by factors
of as much as ten. Exposures exceeded PELs even when workers reported use of personal
protective equipment. The second study found exposure to VOCs, especially benzene,
above recommended occupational levels. The NIOSH studies are relevant for identifying
hazards that could be significant for California workers, but no study to date has
addressed occupational hazards associated with hydraulic fracturing and other forms of
well stimulation in California.
While both hydrochloric acid and hydrofluoric acid are highly corrosive, hydrofluoric acid
can be a greater health risk than hydrochloric acid in some exposure pathways because
of its higher rate of absorption. State and federal agencies regulate spills of acids and
other hazardous chemicals, and existing industry standards dictate safety protocols for
handling acids. The Office of Emergency Services (OES) reported nine spills of acid that
can be attributed to oil and gas development between January 2009 and December 2014.
Reports also indicate that the spills did not involve any injuries or deaths. These acid spill
reports represent less than 1% of all reported spills of any kind attributed to the oil and
gas development sector in the same period, and suggest that spills of acid associated with
oil and gas development are infrequent, and industry protocols for handling acids protect
workers.
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Employers in the oil and gas industry must comply with existing California occupational
safety and health regulations, and follow best practices to reduce and eliminate illness
and injury risk to their employees. Employers can and often do implement comprehensive
worker protection programs that substantially reduce worker exposure and likelihood of
illness and injury. However, the effectiveness of these programs in California has not been
evaluated. Engineering controls that reduce emissions could protect workers involved in
well stimulation operations from chemical exposures and potentially reduce the likelihood
of chemical exposure to the surrounding community.
Recommendation 6.4. Assess occupational health hazards from proppant use
and emission of volatile organic compounds.
Conduct California-based studies focused on silica and volatile organic compounds
exposures to workers engaged in hydraulic-fracturing-enabled oil and gas
development processes based on the NIOSH occupational health findings and
protocols (Volume II, Chapter 6) .
S.4. Improving the Quality of Scientific Information on Hydraulic Fracturing and Acid
Stimulation
In this section we address how to improve the quality of publicly available information
on well stimulation in the state by implementing better practices on data gathering and
management, and conducting research in key areas. We suggest establishing a committee
of scientific advisors that can help interpret new information as it comes available.
Principle 7. Take an informed path forward.
This assessment faced significant challenges because of limited data available to answer
the questions posed by SB 4. Either the records were incomplete, or data had never been
gathered in the field. The following conclusions and recommendations address the need
for better information and interpretation.
Conclusion 7.1. Data reporting gaps and quality issues exist.
Significant gaps and inconsistencies exist in available voluntary and mandatory data sources,
both in terms of duration and completeness of reporting. Because the hydrologic and geologic
conditions and stimulation practices in California differ from other unconventional plays in
this country, many data gaps are specific to California.
Data on the past and current practices of well stimulation in California have been
assembled from various sources and databases for this study. Mandatory reporting
resulting from the implementation of SB 4 has proven very valuable, and this report
includes data in the first six months since mandatory reporting was implemented on
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January 1, 2014. It would make sense to reevaluate this assessment in a few years, after
sufficient mandatory data have been collected to confirm analysis based on early data
trends, and determine the overall adequacy of the mandatory reporting regime.
While mandatory reporting under SB 4 has clearly improved upon prior reporting
practices, gaps and data quality issues in the reporting limited this analysis and may
warrant the adoption of additional quality assurance, reporting and data handling
requirements. Investigators found the quality, completeness, and availability of data from
the South Coast Air Quality Management District particularly exemplary and useful. In
contrast, much of the data reported to DOGGR is not available in an electronic format that
can be searched and analyzed. Furthermore, inconsistencies exist between different data
sources collected by various state and private institutions. Examples of questionable data
quality in the stimulation completion reports include the number of stages per operation
and the vertical extent of stimulation. All hydraulic fracturing completion reports list one
hydraulic fracturing stage per operation, but well records indicate that operators rarely
limit a treatment to only a single stage per operation. Operators are required to report
the vertical extent of hydraulic fractures, but for more than half of the reports, this extent
was exactly equal to the length of the well, which is highly unlikely. These inconsistencies
indicate potential inaccuracies or errors in the data.
Examples of suggested additional reporting requirements include:
1. Operators collect basic data during the execution of hydraulic fractures that can
indicate if the operation occurred as planned. These data, such as the injection
rate, pressure, proppant loading, and fluid type as a function of time, are not
currently reported to DOGGR as part of mandatory reporting requirements. Access
to this information would facilitate evaluation of risk to protected groundwater.
2. Data on groundwater location, geological strata, depth, and quality (including
spatial and temporal variation if available) in the treatment well and field area
would provide a useful reference database and help to protect groundwater
resources.
3. Methods for measurement and monitoring of potential water
contaminants specific to hydraulic fracturing should be developed and
implemented.
4. The composition of recovered and produced water should be analyzed
to illuminate the possible ramifications of chemical contaminants on reuse
or accidental or intentional releases to the environment. The composition of
recovered fluids and produced water changes in time as the chemicals are
consumed, adsorbed, or diluted, and necessitates a rationale for when and how to
sample, and what to measure.
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5. Data reported to the state on the destination of produced water is
incomplete and possibly inaccurate. Implementation of SB 1281 will provide
better information. Updated and corrected information on produced water
disposition, including clear identification of that designated for beneficial reuse,
would help to ensure appropriate outcomes.
6. Depths and injection intervals for Class II disposal wells and highresolution temporal data on pressure, rate, and volume of injection would
facilitate study of possible induced seismicity.
7. Mandatory reporting of spill data should include information about
whether well stimulation chemicals are associated with the spill, to improve
assessment of the hazards associated with the spills.
8. Complete information on chemicals used and their environmental profiles
in both stimulated and un-stimulated wells would help to evaluate the marginal
risk of chemical use in stimulation and oil production in general.
9. Reporting of offshore well stimulation and water disposal data in federal
waters similar to state water reporting requirements would help to establish
baseline information about the possible impacts of chemical use offshore.
Recommendation 7.1. Improve and modernize public record keeping for oil and
gas production.
DOGGR should digitize paper records and organize all datasets in databases that
facilitate searches and quantitative analysis. DOGGR should also institute and publish
data quality assurance practices, and institute enforcement measures to ensure accuracy
of reporting. When a few years’ reporting data become available, a study should assess
the value, completeness, and consistency of reporting requirements for hydraulic
fracturing and acid treatment operations—and as necessary, revise or expand reporting
requirements. The quality and completeness of the data collected by the South Coast
Air Quality Management District provides a good example of the completeness and
availability the state should seek to emulate. The Department of Conservation should
reevaluate well stimulation data trends after 3–5 years of reporting.
Conclusion 7.2. Future research would fill knowledge gaps.
Questions remain at the end of this initial assessment of the impacts of well stimulation in
California that can only be answered by new research and data collection. Volumes II and
III of this report series provide many detailed recommendations for filling data gaps and
additional research. Some examples of key questions and suggested research to answer them
include:
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Has any protected groundwater been contaminated with stimulation chemicals in the past,
and what would protect against this occurrence in the future? No records of groundwater
contamination due to hydraulic fracturing were found, but there were also few investigations
designed to look for contamination.
• Identify oil fields in California where there has been significant hydraulic
fracturing development at depths close to important groundwater resources,
and evaluate these for groundwater contamination. If the study finds polluted
groundwater caused by oilfield well stimulation operations, determine how and
why and identify modifications to the state’s pending well stimulation regulations
that would prevent this problem from reoccurring. Simultaneously, develop
a theoretical basis for limiting the likely maximum size of shallow hydraulic
fractures to support appropriate regulations to prevent intersecting protected
water.
• Evaluate the spatial relationship between protected groundwater resources
(including depth and location of groundwater wells) and the reservoirs used for
oil and gas production, as well as produced water disposal. If possible, develop
local- to regional-scale simulation models for planning purposes that include
shallow groundwater layers as well as deeper oil and gas reservoirs.
• Characterize legacy contamination due to percolation pits and wastewater
injection disposal into groundwater that should have been protected. Determine
the fate and transport of the inappropriately disposed contaminants and plans for
remediation if necessary and possible.
• Characterize well integrity for stimulated wells and nearby “offset” wells to assess
the likelihood of these becoming pathways to the environment.
• Evaluate the long-term integrity and leakage potential of decommissioned wells
used for hydraulic fracturing.
What environmental risks do stimulation chemicals pose, and are there practices that would
limit these risks?
• Systematically determine the environmental profile of all chemicals used in well
stimulation, including their long-term impacts, chronic toxicity, environmental
persistence, and tendency for bioaccumulation. The evaluation of toxicity and
bioaccumulation should be based on the chemical concentrations used in oilfield
operations, and account for various exposure pathways including consumption,
adsorption, and dilution.
• Apply Green Chemistry principles to identify best practices with respect to
chemical use in oil and gas production.
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Can water being produced from hydraulically fractured wells become a resource for
California?
• Assess the integrated toxicity of produced waters containing mixtures of
stimulation chemicals and assess risks associated with reuse over the production
life of wells.
• Determine the chemical reactions that might occur underground between
stimulation fluids, formation rock, and formation fluids.
• Assess potential methods for detecting and treating contaminants in produced
water, including those related to stimulation.
How does oil and gas production as a whole (including that enabled by hydraulic fracturing)
affect California’s water system?
• Quantify the sources and amounts of freshwater that are used in various forms of
oil production processes.
• Conduct regional system-level analysis of the volumes and quality of waters that
are produced along with oil and gas production and the disposition of this water.
• Evaluate opportunities for reuse of produced water.
• Characterize the impact of various production methods on the water system and
identify opportunities to decrease impacts.
• Evaluate the impact on water resources of decommissioned wells used for
hydraulic fracturing.
Does California’s current or future practice of underground injection of wastewater present a
significant risk of inducing earthquakes?
• Evaluate potential for induced seismicity from wastewater disposal injections
through a regional analysis of the relationship between injection and seismicity
coupled with mechanical interpretation.
• Identify potentially hazardous injection sites by characterizing faults in producing
regions and installing dedicated seismic monitoring to support improved
understanding of fault reactivation processes and seismic hazard potential.
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How can the public best be protected from air pollution associated with oil and gas
production?
• Obtain accurate air emissions inventories and collect air concentration data near
oil and gas production sites, including those using hydraulic fracturing.
• Conduct community and occupational epidemiology studies specific to oil and gas
development in the San Joaquin Basin and in the Los Angeles Basin.
What are the ecological impacts of oil and gas development in California?
• Data defining the ecological condition of abandoned well sites would provide a
better understanding of the long-term impacts of oil and gas development. Key
parameters to evaluate include, but are not limited to, the identity and number of
native plants and animals that inhabit former well pad sites, and to what degree
active restoration efforts alter ecological outcomes.
Many of the questions listed above might best be addressed through integrated research
programs at dedicated hydraulic fracturing field study areas, where data collection and
interpretative analysis can be much more intense and ubiquitous than is possible in
general industry operations. The field study areas would be intensely monitored and
enable testing of monitoring practices and determining the factors that control the risks
and impacts of hydraulic fracturing (similar to the data collection at the Inglewood Oil
Field reported in Cardno ENTRIX, 201216). Such field study areas should be representative
of the conditions in which well stimulation is conducted in California. Integrated research
should include regional hydrologic characterization and field studies related to surface
and groundwater protection, induced seismicity, and ecological condition of well sites.
Field-based studies should also include air and health components. Field study areas
should be located in Kern County in the San Joaquin Basin, where most of the state’s
hydraulic fracturing is conducted. Including other field study sites in Southern California,
such as in the Los Angeles, Ventura, and Santa Barbara counties, would span the varying
hydrogeological conditions and well stimulation characteristics experienced in California.
Recommendation 7.2. Conduct integrated research to close knowledge gaps.
Conduct integrated research studies in California to answer key questions about
the environmental, health, and seismic impacts of oil and gas production enabled
by well stimulation. Integrated research studies should include regional hydrologic
characterization and field studies related to surface and groundwater protection,
induced seismicity, ecological conditions, as well as air and health effects.

16. Cardno ENTRIX (2012), Hydraulic Fracturing Study - PXP Inglewood Oil Field. http://www.scribd.com/
doc/109624423/Hydraulic-Fracturing-Study-Inglewood-Field10102012
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Conclusion 7.3. Ongoing scientific advice could inform policy.
As the State of California digests this assessment and as more data become available,
continued interpretation of both the impacts of well stimulation and the potential meaning of
scientific data and analysis would inform the policy framework for this complex topic.
This study highlights many recommendations to change practice, collect data, and
investigate risk factors for Californians. Each recommendation will take thought and more
insight to implement. This report hardly represents the last word on the topic. More data
will be collected and different issues, or modifications to issues, will arise. Continuing
scientific advice via an advisory body would help to evaluate existing policies and support
future changes in policy. As many of the impacts we found were impacts associated with
all oil and gas development, this advisory body should be charged with providing scientific
assessment of environmental, water, atmosphere, wildlife and vegetation, seismic, and
human-health issues associated with the oil and gas development sector.
Recommendation 7.3. Establish a scientific advisory committee on oil and
gas development.
The State of California should establish a standing scientific advisory committee to
support decisions on the regulation of oil and gas development.
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Apendix A

Senate Bill 4 Language Mandating
the Independent Scientific Study
on Well Stimulation Treatment
The following is the language from Senate Bill 4 (Pavley, Statutes of 2013) that required
the independent scientific study on well stimulation treatments, of which this volume
comprises the first installment.
3160. (a) On or before January 1, 2015, the Secretary of the Natural Resources Agency
shall cause to be conducted, and completed, an independent scientific study on well
stimulation treatments, including, but not limited to, hydraulic fracturing and acid well
stimulation treatments. The scientific study shall evaluate the hazards and risks and
potential hazards and risks that well stimulation treatments pose to natural resources and
public, occupational, and environmental health and safety. The scientific study shall do all
of the following:
1. Follow the well-established standard protocols of the scientific profession,
including, but not limited to, the use of recognized experts, peer review, and
publication.
2. Identify areas with existing and potential conventional and unconventional oil
and gas reserves where well stimulation treatments are likely to spur or enable oil
and gas exploration and production.
3. (A) Evaluate all aspects and effects of well stimulation treatments, including, but
not limited to, the well stimulation treatment, additive and water transportation
to and from the well site, mixing and handling of the well stimulation treatment
fluids and additives onsite, the use and potential for use of nontoxic additives
and the use or reuse of treated or produced water in well stimulation treatment
fluids, flowback fluids and handling, treatment, and disposal of flowback fluids
and other materials, if any, generated by the treatment. Specifically, the potential
for the use of recycled water in well stimulation treatments, including appropriate
water quality requirements and available treatment technologies, shall be
evaluated. Well stimulation treatments include, but are not limited to, hydraulic
fracturing and acid well stimulation treatments.
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(B) Review and evaluate acid matrix stimulation treatments, including the
range of acid volumes applied per treated foot and total acid volumes used in
treatments, types of acids, acid concentration, and other chemicals used in the
treatments.
4. Consider, at a minimum, atmospheric emissions, including potential greenhouse
gas emissions, the potential degradation of air quality, potential impacts on
wildlife, native plants, and habitat, including habitat fragmentation, potential
water and surface contamination, potential noise pollution, induced seismicity,
and the ultimate disposition, transport, transformation, and toxicology of well
stimulation treatments, including acid well stimulation fluids, hydraulic fracturing
fluids, and waste hydraulic fracturing fluids and acid well stimulation in the
environment.
5. Identify and evaluate the geologic features present in the vicinity of a well,
including the well bore, that should be taken into consideration in the design of a
proposed well stimulation treatment.
6. Include a hazard assessment and risk analysis addressing occupational and
environmental exposures to well stimulation treatments, including hydraulic
fracturing treatments, hydraulic fracturing treatment-related processes, acid well
stimulation treatments, acid well stimulation treatment-related processes, and the
corresponding impacts on public health and safety with the participation of the
Office of Environmental Health Hazard Assessment.
7. Clearly identify where additional information is necessary to inform and improve
the analyses.
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Appendix B

CCST Steering Committee
Members and Staff
Full curricula vitae for Steering Committee members are available upon request. Please
contact California Council on Science and Technology at (916)-492-0996.

Jane Long, Ph.D.
Principal Associate Director at Large, Lawrence Livermore National Laboratory,
Retired Steering Committee Chair
Dr. Long recently retired from Lawrence Livermore National Laboratory, where she was
the Principal Associate Director at Large, Fellow in the LLNL Center for Global Strategic
Research, and the Associate Director for Energy and Environment. She is currently a
senior contributing scientist for the Environmental Defense Fund, Visiting Researcher
at UC Berkeley, Co-chair of the Task Force on Geoengineering for the Bipartisan Policy
Center and chairman of the California Council on Science and Technology’s California’s
Energy Future committee. Her current work involves strategies for dealing with climate
change, including reinvention of the energy system, geoengineering, and adaptation.
Dr. Long was the Dean of the Mackay School of Mines, University of Nevada, Reno, and
Department Chair for the Energy Resources Technology and the Environmental Research
Departments at Lawrence Berkeley National Laboratory. She holds a bachelor’s degree
in engineering from Brown University and Masters and Ph.D. from U.C. Berkeley. Dr.
Long is a fellow of the American Association for the Advancement of Science and was
named Alum of the Year in 2012 by the Brown University School of Engineering. Dr.
Long is an Associate of the National Academies of Science (NAS) and a Senior Fellow and
council member of the California Council on Science and Technology (CCST) and the
Breakthrough Institute. She serves on the board of directors for the Clean Air Task Force
and the Center for Sustainable Shale Development.
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Roger Aines, Ph.D.
Senior Scientist, Atmospheric, Earth, and Energy Division
and Carbon Fuel Cycle Program Leader E Programs, Global Security,
Lawrence Livermore National Laboratory
Roger Aines leads the development of carbon management technologies at Lawrence
Livermore National Laboratory, working since 1984 in the U.S. national laboratory
system. Dr. Aines’s work has spanned nuclear waste disposal, environmental remediation,
applying stochastic methods to inversion and data fusion, managing carbon emissions, and
sequestration monitoring and verification methods. Aines takes an integrated view of the
energy, climate, and environmental aspects of carbon-based fuel production and use. His
current focus is on efficient ways to remove carbon dioxide from the atmosphere and safer
methods for producing environmentally clean fuel. He holds 13 patents and has authored
more than 100 publications. Aines holds a Bachelor of Arts degree in Chemistry from
Carleton College, and Doctor of Philosophy in geochemistry from the California Institute
of Technology.

Jens Birkholzer, Ph.D.
Deputy Director, Earth Sciences Division, Lawrence Berkeley National Laboratory
Dr. Birkholzer joined Lawrence Berkeley National Laboratory in 1994 as a post-doctoral
fellow and has since been promoted to the second-highest scientist rank at this research
facility. He currently serves as the deputy director of the Earth Sciences Division and
as the program lead for the nuclear waste program, and also leads a research group
working on environmental impacts related to geologic carbon sequestration and other
subsurface activities. His area of expertise is subsurface hydrology, with an emphasis on
understanding and modeling coupled fluid, gas, solute and heat transport in complex
subsurface systems, such as heterogeneous sediments or fractured rock. His recent
research was mostly in the context of risk/performance assessment, e.g., for geologic
disposal of radioactive wastes and for geologic CO2 storage. Dr. Birkholzer has authored
about 90 peer-reviewed journal articles and book chapters, and has over 230 conference
publications and abstracts.
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Brian Cypher, Ph.D.
Associate Director, Endangered Species Recovery Program,
California State University-Stanislaus
Dr. Cypher received a PhD in Zoology from Southern Illinois University in 1991. Since
1990, he has been engaged in ecological research and conservation efforts on a variety
of animal and plant species and their habitats. Much of this work has occurred in the
San Joaquin Valley in central California and has involved extensive evaluations of the
effects of hydrocarbon production and energy development on ecological processes and
individual species. The information generated has been presented in numerous reports
and publications, which have contributed to the development of conservation strategies
and best-management practices that help mitigate environmental impacts from energy
development activities.

Jim Dieterich, Ph.D.
Distinguished Professor of Geophysics, University of California, Riverside
Dr. Dieterich’s research interests have to do with the mechanics of deformation processes,
particularly as they relate to earthquake and volcanic phenomena. Areas of emphasis
include development of governing relations for earthquake nucleation and earthquake
occurrence; estimation of earthquake probabilities; fault constitutive properties; and
coupled interactions between magmatic activity, faulting, and earthquakes. Current
research includes (1) numerical simulation of earthquakes processes in interacting fault
systems, (2) origins of earthquake clustering including foreshocks and aftershocks, (3)
application of seismicity rate changes to infer stress changes in volcanic and tectonic
environments, and (4) laboratory investigation of fault constitutive properties and surface
contact process.
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Donald L. Gautier, Ph.D.
Consulting Petroleum Geologist, DonGautier L.L.C.
With a career spanning almost four decades, Dr. Donald L. Gautier is an internationally
recognized leader and author in the theory and practice of petroleum resource
analysis. As a principal architect of modern USGS assessment methodology, Gautier’s
accomplishments include leadership of the first comprehensive evaluation of undiscovered
oil and gas resources north of the Arctic Circle, the first national assessment of United
States petroleum resources to be fully documented in a digital environment, and the
first development of performance-based methodology for assessment of unconventional
petroleum resources such as shale gas or light, tight oil. He was lead scientist for the San
Joaquin Basin and Los Angeles Basin Resource Assessment projects. His recent work has
focused on the analysis of growth of reserves in existing fields and on the development
of probabilistic resource/cost functions. Gautier is the author of more than 200 technical
publications, most of which concern the evaluation of undiscovered and undeveloped
petroleum resources. He holds a Ph.D. in geology from the University of Colorado.

Peter H. Gleick, Ph.D.
President, Pacific Institute
Dr. Peter H. Gleick is an internationally recognized environmental scientist and cofounder of the Pacific Institute in Oakland, California. His research addresses the critical
connections between water and human health, the hydrologic impacts of climate change,
sustainable water use, privatization and globalization, and international security and
conflicts over water resources. Dr. Gleick was named a MacArthur “genius” Fellow in
October 2003 for his work on water, climate, and security. In 2006, Dr. Gleick was
elected to the U.S. National Academy of Sciences, Washington, D.C. Dr. Gleick’s work has
redefined water from the realm of engineers to the world of social justice, sustainability,
human rights, and integrated thinking. His influence on the field of water has been long
and deep: he developed one of the earliest assessments of the impacts of climate change
on water resources, defined and explored the links between water and international
security and local conflict, and developed a comprehensive argument in favor of basic
human needs for water and the human right to water—work that has been used by the UN
and in human rights court cases. He pioneered the concept of the “soft path for water,”
developed the idea of “peak water,” and has written about the need for a “local water
movement.” Dr. Gleick received a B.S. in Engineering and Applied Science from Yale
University and an M.S. and Ph.D. from the Energy and Resources Group of the University
of California, Berkeley. He serves on the boards of numerous journals and organizations,
and is the author of many scientific papers and ten books, including Bottled & Sold:
The Story Behind Our Obsession with Bottled Water, and the biennial water report, The
World’s Water, published by Island Press (Washington, D.C.).
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A. Daniel Hill, Ph.D.
Department Head, Professor and holder of the Noble Chair,
Petroleum Engineering Department at Texas A&M University
Dr. A. D. Hill is Professor, holder of the Noble Endowed Chair, and Department Head
of Petroleum Engineering at Texas A&M University. Previously, he taught for 22 years
at The University of Texas at Austin after spending five years in industry. He holds
a B. S. degree from Texas A&M University and M. S. and Ph. D. degrees from The
University of Texas at Austin, all in chemical engineering. He is the author of the Society
of Petroleum Engineering (SPE) monograph, Production Logging: Theoretical and
Interpretive Elements, co-author of the textbook, Petroleum Production Systems (1st
and 2nd editions), co-author of an SPE book, Multilateral Wells, and author of over 170
technical papers and five patents. He has been a Society of Petroleum Engineers (SPE)
Distinguished Lecturer, has served on numerous SPE committees and was founding
chairman of the Austin SPE Section. He was named a Distinguished Member of SPE in
1999 and received the SPE Production and Operations Award in 2008. In 2012, he was
one of the two inaugural winners of the SPE Pipeline Award, which recognizes faculty
who have fostered petroleum engineering Ph.Ds. to enter academia. He currently serves
on the SPE Editorial Review Committee, the SPE Global Training Committee, and the
SPE Hydraulic Fracturing Technology Conference Program Committee. Professor Hill
is an expert in the areas of production engineering, well completions, well stimulation,
production logging, and complex well performance (horizontal and multilateral wells),
and has presented lectures and courses and consulted on these topics throughout the
world.

Larry Lake, Ph.D.
Professor, Department of Petroleum and Geosystems Engineering,
University of Texas, Austin
Larry W. Lake is a professor of the Department of Petroleum and Geosystems Engineering
at The University of Texas at Austin and director of the Center for Petroleum Asset Risk
Management. He holds B.S.E and Ph.D. degrees in Chemical Engineering from Arizona
State University and Rice University. Dr. Lake has published widely; he is the author or
co-author of more than 100 technical papers, the editor of 3 bound volumes and author
or co-author of four textbooks. He has been teaching at UT for 34 years before which
he worked for Shell Development Company in Houston, Texas. He was chairman of the
Petroleum and Geosystems Engineering department twice, from 1989 to 1997 and from
2008-2010. He formerly held the Shell Distinguished Chair and the W.A. (Tex) Moncrief,
Jr. Centennial Endowed Chair in Petroleum Engineering. He currently holds the W.A.
(Monty) Moncrief Centennial Chair in Petroleum Engineering. Dr. Lake has served on the
Board of Directors for the Society of Petroleum Engineers (SPE) as well as on several of
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its committees; he has twice been an SPE distinguished lecturer. Dr. Lake is a member of
the U.S. National Academy of Engineers and won the 1996 Anthony F. Lucas Gold Medal
of the SPE. He won the 1999 Dad’s Award for excellence in teaching undergraduates
at The University of Texas and the 1999 Hocott Award in the College of Engineering
for excellence in research. He also is a member of the 2001 Engineering Dream Team
awarded by the Texas Society of Professional Engineers. He is an SPE Honorary Member.

Thomas E. McKone, Ph.D.
Deputy for Research Programs in the Energy Analysis and Environmental Impacts
Department, Lawrence Berkeley National Laboratory (LBNL)
Thomas E. McKone is a senior staff scientist and Deputy for Research Programs in the
Energy Analysis and Environmental Impacts Department at the Lawrence Berkeley
National Laboratory (LBNL) and Professor of Environmental Health Sciences at the
University of California, Berkeley School of Public Health. At LBNL, he leads the
Sustainable Energy Systems Group. His research focuses on the development, use, and
evaluation of models and data for human-health and ecological risk assessments and the
health and environmental impacts of energy, industrial, and agricultural systems. Outside
of Berkeley, he has served six years on the EPA Science Advisory Board, has been a
member of more than a dozen National Academy of Sciences (NAS) committees including
the Board on Environmental Studies and Toxicology, and has been on consultant
committees for the Organization for Economic Cooperation and Development (OECD),
the World Health Organization, the International Atomic Energy Agency, and the Food
and Agriculture Organization. McKone is a Fellow of the Society of Risk Analysis and has
received two major awards from the International Society of Exposure Analysis—one for
lifetime achievement in exposure science research, and one for research that has impacted
major international and national environmental policies.

William A. Minner, P.E.
Petroleum Engineer, Minner Engineering, Inc.
Minner is an independent petroleum engineering consultant, with a primary focus on
hydraulic fracture well stimulation technology and application. After receiving B.S. and
M.S. degrees in mechanical engineering with a petroleum option from the University
of California, Berkeley, Minner joined Unocal in 1980, and began to focus on hydraulic
fracturing well stimulation in 1985. In 1995, he left Unocal to open an office for
Pinnacle Technologies in Bakersfield. Pinnacle’s focus was on the development and
commercialization of hydraulic fracture mapping technologies; Minner’s role was on
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engineering consulting, using fracture diagnostics and mapping results to assist clients
with hydraulic fracture engineering design, execution, and analysis. His engineering
consulting role continued after the fracture mapping business was sold in 2008 and the
company name was changed to StrataGen Engineering, and after February 2015 when he
left StrataGen to venture out in the independent engineering consulting arena. Minner
is a registered Petroleum Engineer in California, and received Society of Petroleum
Engineers regional awards in 2011 and 2015 for his contribution to technical progress and
interchange. He has authored or coauthored 21 industry technical papers on hydraulic
fracturing.

Amy Myers Jaffe
Executive Director, Energy and Sustainability, UC Davis
Amy Myers Jaffe is a leading expert on global energy policy, geopolitical risk, and
energy and sustainability. Jaffe serves as executive director for Energy and Sustainability
at University of California, Davis with a joint appointment to the Graduate School of
Management and Institute of Transportation Studies (ITS). At ITS-Davis, Jaffe heads the
fossil fuel component of Next STEPS (Sustainable Transportation Energy Pathways). She
is associate editor (North America) for the academic journal Energy Strategy Reviews.
Prior to joining UC Davis, Jaffe served as director of the Energy Forum and Wallace S.
Wilson Fellow in Energy Studies at Rice University’s James A. Baker III Institute for Public
Policy. Jaffe’s research focuses on oil and natural gas geopolitics, strategic energy policy,
corporate investment strategies in the energy sector, and energy economics. She was
formerly senior editor and Middle East analyst for Petroleum Intelligence Weekly. Jaffe is
widely published, including as co-author of Oil, Dollars, Debt and Crises: The Global Curse
of Black Gold (Cambridge University Press, January 2010 with Mahmoud El-Gamal). She
served as co-editor of Energy in the Caspian Region: Present and Future (Palgrave, 2002)
and Natural Gas and Geopolitics: From 1970 to 2040 (Cambridge University Press, 2006).
Jaffe was the honoree for Esquire’s annual 100 Best and Brightest in the contribution
to society category (2005) and Elle Magazine’s Women for the Environment (2006)
and holds the excellence in writing prize from the International Association for Energy
Economics (1994).
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Seth B. C Shonkoff, Ph.D., MPH
Executive Director, PSE Healthy Energy
Visiting Scholar, University of California, Berkeley
Affiliate, Lawrence Berkeley National Laboratory
Dr. Shonkoff is the executive director of the energy science and policy institute, PSE
Healthy Energy. Dr. Shonkoff is also a visiting scholar in the Department of Environmental
Science, Policy and Management at UC Berkeley, and an affiliate in the Environment
Energy Technology Division at Lawrence Berkeley National Laboratory in Berkeley
California. An environmental and public health scientist by training, he has more than 15
years of experience in water, air, climate, and population health research. Dr. Shonkoff
completed his PhD in the Department of Environmental Science, Policy, and Management
and his MPH in epidemiology in the School of Public Health from the University of
California, Berkeley. He is a contributing author to the Human Health chapter of The
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5). He
has worked and published on topics related to the intersection of energy, air pollution,
water quality, climate, and human health from scientific and policy perspectives. Dr.
Shonkoff’s research also focuses on the development of the effectiveness of anthropogenic
climate change mitigation policies that generate socioeconomic and health co-benefits.
Dr. Shonkoff’s current work focuses on the human health, environmental and climate
dimensions of oil and gas development in the United States and abroad.

Daniel Tormey, Ph.D., P.G.
Principal, Ramboll Environ Corporation
Dr. Daniel Tormey is an expert in energy and water and conducts environmental reviews for
both government and industry. He works with the environmental aspects of all types of energy
development, with an emphasis on oil and gas, including hydraulic fracturing and produced
water management, pipelines, LNG terminals, refineries, and retail facilities. Dr. Tormey was
the principal investigator for the peer-reviewed, publicly available “Hydraulic Fracturing Study
at the Baldwin Hills” of southern California, on behalf of the County of Los Angeles and the
field operator, PXP. He conducts projects in sediment transport, hydrology, water supply,
water quality, and groundwater-surfacewater interaction. He has been project manager or
technical lead for over two hundred projects requiring fate and transport analysis of chemicals
in the environment. He has a Ph.D. in Geology and Geochemistry from MIT, and a B.S. in Civil
Engineering and Geology from Stanford. He is a Principal at Ramboll Environ Corporation;
was named by the National Academy of Sciences to the Science Advisory Board for Giant
Sequoia National Monument; is a Distinguished Lecturer for the Society of Petroleum
Engineers; is on the review committee on behalf of IUCN for the UNESCO World Heritage Site
List and member of the IUCN Geoscientist Specialist Group; is volcanologist for Cruz del Sur,
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an emergency response and contingency planning organization in Chile; was an Executive in
Residence at California Polytechnic University San Luis Obispo; and is a Professional Geologist
in California. He has worked throughout the USA, Australia, Indonesia, Italy, Chile, Ecuador,
Colombia, Venezuela, Brazil, Senegal, South Africa, Armenia and the Republic of Georgia.

Samuel Traina, Ph.D.
Vice Chancellor of Research, University of California, Merced
Dr. Traina is the Vice Chancellor for Research and Economic Development at the University
of California, Merced, where he holds the Falasco Chair in Earth Sciences and Geology. He
serves as a Board Member of the California Council of Science and Technology. Prior to
joining UC Merced in 2002 as a Founding Faculty member and the Founding Director of the
Sierra Nevada Research Institute, Dr. Traina was a faculty member for 17 years at the Ohio
State University, with concomitant appointments in the School of Natural Resources and
the Environment, the Department of Earth Science and Geology, Civil and Environmental
Engineering, Microbiology and Chemistry. He has served on the National Research Council’s
Standing Committee on Earth Resources. In 1997–1998 he held the Cox Visiting Professorship
in the School of Earth Sciences at Stanford University. Dr. Traina’s past and current research
has dealt with the fate, transformation, and transport of contaminants in soils and natural
waters, with an emphasis on radionuclides, heavy metals, and mining wastes. Dr. Traina holds
a B.S. in soil resource management and a Ph.D. in soil chemistry. He is a fellow of the Soil
Science Society of American and of the American Association for the Advancement of Science,
as well as a recipient of the Clay Scientist Award of the Clay Minerals Society.

Laura Feinstein, Ph.D.
CCST Project Manager
Laura Feinstein serves as the project manager and author for CCST on this report, and
CCST’s previous report on well stimulation prepared for the Bureau of Land Management.
She previously served as a CCST Science and Technology Policy Fellow with the
California Senate Committee on Environmental Quality. She was the director of the
GirlSource Technology and Leadership Program, where she developed and ran a program
teaching computer and job skills to low-income young women. She also was a web/
media developer and researcher with the Center for Defense Information, a think-tank
focusing on security issues. She was awarded a CalFED Bay-Delta Science fellowship for
scientific research on ecological problems facing the Bay-Delta watershed, and a California
Native Plant Society research scholarship. She has a Ph.D. in Ecology from University of
California, Davis.
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Disclosure of Conflict of Interest: Professor Dan Hill
In accordance with the practice of the California Council on Science and Technology
(CCST), CCST makes best efforts to ensure that no individual appointed to serve on a
committee has a conflict of interest that is relevant to the functions to be performed,
unless such conflict is promptly and publicly disclosed and CCST determines that the
conflict is unavoidable. A conflict of interest refers to an interest, ordinarily financial, of
an individual that could be directly affected by the work of the committee. An objective
determination is made for each provisionally appointed committee member regarding
whether or not a conflict of interest exists, given the facts of the individual’s financial
and other interests, and the task being undertaken by the committee. A determination
of a conflict of interest for an individual is not an assessment of that individual’s actual
behavior or character or ability to act objectively despite the conflicting interest.
We have concluded that for this committee to accomplish the tasks for which it was
established, its membership must include among others, individuals with research and
expertise in the area of acid treatments for petroleum wells who have studied oil and
gas industry operations in the United States and are internationally recognized for this
expertise. Acid treatment is of particular public concern in California and is the subject of
regulation under SB 4.
To meet the need for this expertise and experience, Dr. Dan Hill is proposed for
appointment to the committee, even though we have concluded that he has a conflict of
interest because of investments he holds and research services provided by his employer.
As his biographical summary makes clear, Dr. Hill is a recognized expert in petroleum
reservoir engineering with many publications to wit. He is also known as one of the
world’s key experts in acid treatment.
After an extensive search, we have been unable to find another individual with the
equivalent combination of expertise in acid treatment as Dr. Hill, who does not have a
similar conflict of interest. Therefore, we have concluded that this potential conflict is
unavoidable.
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Disclosure of Conflict of Interest: William Minner
In accordance with the practice of the California Council on Science and Technology
(CCST), CCST makes best efforts to ensure that no individual appointed to serve on a
committee has a conflict of interest that is relevant to the functions to be performed,
unless such conflict is promptly and publicly disclosed and CCST determines that the
conflict is unavoidable. A conflict of interest refers to an interest, ordinarily financial, of
an individual that could be directly affected by the work of the committee. An objective
determination is made for each provisionally appointed committee member regarding
whether or not a conflict of interest exists, given the facts of the individual’s financial
and other interests, and the task being undertaken by the committee. A determination
of a conflict of interest for an individual is not an assessment of that individual’s actual
behavior or character or ability to act objectively despite the conflicting interest.
We have concluded that for this committee to accomplish the tasks for which it was
established its membership must include, among others, individuals with direct experience
in the area of well stimulation practice, specifically in California. Well stimulation is of
particular public concern in California and is the subject of regulation under SB 4. The
practice in California is significantly different than in other states so we require someone
with direct experience in the state.
To meet the need for this expertise and experience, William Minner is proposed for
appointment to the committee even though we have concluded that he has a conflict of
interest because of investments he holds and research services provided by his employer.
As his biographical summary makes clear, William Minner is a recognized expert in
petroleum reservoir stimulation with a long history of practice in California as well as
around the world. He is one of the most recognized experts in California well stimulation
design and execution.
After an extensive search, we have been unable to find another individual with the
equivalent combination of expertise as William Minner, who does not have a similar
conflict of interest. Therefore, we have concluded that this potential conflict is
unavoidable.
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Appendix C

Report Authors
Lead chapter authors are given in bold.
Author

Affiliation

Chapters

Corinne Bachmann

Lawrence Berkeley National Laboratory

Volume II: Ch. 4

Jenner Banbury

California State University, Stanislaus

Volume II: Ch. 5

Jens T. Birkholzer

Lawrence Berkeley National Laboratory

Summary Report
Volume I: Executive Summary, Introduction

Adam Brandt

Stanford University

Volume II: Ch. 3*
Volume III: Ch. 3, 4.3, 5

Mary Kay Camarillo

Lawrence Berkeley National Laboratory

Volume II: Ch. 2

Heather Cooley

Pacific Institute

Volume II: Ch. 2

Brian L. Cypher

California State University, Stanislaus

Volume II: Ch. 5

Patrick F. Dobson

Lawrence Berkeley National Laboratory

Volume I: Executive Summary, Introduction, Ch. 4*

Jeremy K. Domen

Lawrence Berkeley National Laboratory

Volume II: Ch. 2

Kristina Donnelly

Pacific Institute

Volume II: Ch. 2

Jacob G. Englander

Stanford

Volume II: Ch. 3

Laura C. Feinstein

California Council On Science And
Technology

Summary Report
Volume I: Executive Summary, Introduction
Volume II: Ch. 5*
Volume III: Ch. 3*, 5

Kyle Ferrar

The Frac Tracker Alliance

Volume III: Ch. 4.3, 5

William Foxall

Lawrence Berkeley National Laboratory

Volume II: Ch. 4*
Volume III: Ch. 3

Donald L. Gautier

DonGautier L.L.C.

Volume I: Executive Summary, Introduction, Ch. 4*
Volume III: Ch. 3, 4.1*, 4.2*

Ben K. Greenfield

University of California, Berkeley

Volume III: Ch. 4.3

Amro Hamdoun

University of California San Diego

Volume II: Ch. 2, 5

Jake Hays

PSE Healthy Energy

Volume II: Ch. 6

Robert J. Harrison

University of California, San Francisco

Volume II: Ch. 6

Matthew G. Heberger

Pacific Institute

Volume I: Ch. 3
Volume II: Ch. 2
Volume III: Ch. 3, 4.3

James E. Houseworth

Lawrence Berkeley National Laboratory

Volume I: Executive Summary, Introduction, Ch. 2*
Volume II: Ch. 2
Volume III: Ch. 2*

Michael L. B. Jerrett

University of California, Los Angeles

Volume III: Ch. 4.3

Ling Jin

Lawrence Berkeley National Laboratory

Volume II: Ch. 3
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Author

Affiliation

Chapters

Preston D. Jordan

Lawrence Berkeley National Laboratory

Volume I: Executive Summary, Introduction, Ch. 3*
Volume II: Ch. 2
Volume III: Ch. 4.3, 5*

Nathaniel J. Lindsey

Lawrence Berkeley National Laboratory

Volume II: Ch. 4
Volume III: Ch. 3

Jane C. S. Long

California Council On Science And
Technology

Summary Report*
Volume I: Executive Summary*
Volume II: Ch. 1*
Volume III: Ch. 1*

Randy L. Maddalena

Lawrence Berkeley National Laboratory

Volume II: Ch. 6
Volume III: Ch. 4.3

Thomas E. McKone

Lawrence Berkeley National Laboratory

Volume II: Ch. 6*
Volume III: Ch. 4.3

Dev E. Millstein

Lawrence Berkeley National Laboratory

Volume II: Ch. 3

Sascha C.T. Nicklisch

University of California San Diego

Volume II: Ch. 2, 5

Scott E. Phillips

California State University, Stanislaus

Volume II: Ch. 5
Volume III: Ch. 3, 5

Matthew T. Reagan

Lawrence Berkeley National Laboratory

Volume II: Ch. 2

Whitney L. Sandelin

Lawrence Berkeley National Laboratory

Volume II: Ch. 2, 6

Seth B. C. Shonkoff

PSE Healthy Energy

Volume II: Ch. 6
Volume III: Ch. 4.3*

William T. Stringfellow

Lawrence Berkeley National Laboratory

Volume II: Ch. 2*, 6
Volume III: Ch. 2

Craig Ulrich

Lawrence Berkeley National Laboratory

Volume III: Ch. 3

Charuleka Varadharajan

Lawrence Berkeley National Laboratory

Volume II: Ch. 2

Zachary S. Wettstein

University of California San Francisco

Volume II: Ch. 6

*Denotes the chapter(s) for which an author served as the lead.
Full curricula vitae for authors are available upon request. Please contact California
Council on Science and Technology (916) 492-0996
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Appendix D

California Council on Science
and Technology Study Process
The reports of the California Council on Science and Technology (CCST) are viewed
as being valuable and credible, because of the institution’s reputation for providing
independent, objective, and nonpartisan advice with high standards of scientiﬁc and
technical quality. Checks and balances are applied at every step in the study process to
protect the integrity of the reports and to maintain public conﬁdence in them.
Study Process Overview—Ensuring Independent, Objective Advice
For over 25 years, CCST has been advising California on issues of science and technology
by leveraging exceptional talent and expertise.
CCST can enlist the state’s foremost scientists, engineers, health professionals, and other
experts to address the scientiﬁc and technical aspects of society’s most pressing problems.
CCST studies are funded by state agencies, foundations, and other private sponsors.
CCST provides independent advice; external sponsors have no control over the conduct
of a study once the statement of task and budget are ﬁnalized. Study committees gather
information from many sources in public and private meetings, but they carry out their
deliberations in private in order to avoid political, special interest, and sponsor inﬂuence.
Stage 1: Deﬁning the Study
Before the committee selection process begins, CCST staff and members work with
sponsors to determine the speciﬁc set of questions to be addressed by the study in a formal
“statement of task,” as well as the duration and cost of the study. The statement of task
deﬁnes and bounds the scope of the study, and it serves as the basis for determining the
expertise and the balance of perspectives needed on the committee.
The statement of task, work plan, and budget must be approved by CCST’s Board chair.
This review often results in changes to the proposed task and work plan. On occasion,
it results in turning down studies that CCST believes are inappropriately framed or not
within its purview.

87

Appendices

Stage 2: Committee Selection and Approval
Selection of appropriate committee members, individually and collectively, is essential
for the success of a study. All committee members serve as individual experts, not as
representatives of organizations or interest groups. Each member is expected to contribute
to the project on the basis of his or her own expertise and good judgment. A committee is
not ﬁnally approved until a thorough balance and conﬂict-of-interest discussion is held,
and any issues raised in that discussion are investigated and addressed. Members of a
committee are anonymous until this process is completed.
Careful steps are taken to convene committees that meet the following criteria:
An Appropriate Range of Expertise for the Task. The committee must include experts
with the speciﬁc expertise and experience needed to address the study’s statement of task.
A major strength of CCST is the ability to bring together recognized experts from diverse
disciplines and backgrounds who might not otherwise collaborate. These diverse groups
are encouraged to conceive new ways of thinking about a problem.
A Balance of Perspectives. Having the right expertise is not sufﬁcient for success. It is
also essential to evaluate the overall composition of the committee in terms of different
experiences and perspectives. The goal is to ensure that the relevant points of view are,
in CCST’s judgment, reasonably balanced, so that the committee can carry out its charge
objectively and credibly.
Screened for Conﬂicts of Interest. All provisional committee members are screened in
writing and in a conﬁdential group discussion about possible conﬂicts of interest. For
this purpose, a “conﬂict of interest” means any ﬁnancial or other interest which conﬂicts
with the service of the individual because it could signiﬁcantly impair the individual’s
objectivity or could create an unfair competitive advantage for any person or organization.
The term conﬂict of interest means something more than individual bias. There must
be an interest, ordinarily ﬁnancial, which could be directly affected by the work of the
committee. Except for those rare situations in which CCST determines that a conﬂict
of interest is unavoidable and promptly and publicly disclose the conﬂict of interest,
no individual can be appointed to serve (or continue to serve) on a committee of the
institution used in the development of reports, if the individual has a conﬂict of interest
that is relevant to the functions to be performed.
Point of View is different from Conﬂict of Interest. A point of view or bias is not
necessarily a conﬂict of interest. Committee members are expected to have points of view,
and CCST attempts to balance these points of view in a way deemed appropriate for
the task. Committee members are asked to consider respectfully the viewpoints of other
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members, to reﬂect their own views rather than be a representative of any organization,
and to base their scientiﬁc ﬁndings and conclusions on the evidence. Each committee
member has the right to issue a dissenting opinion to the report if he or she disagrees with
the consensus of the other members.
Other Considerations. Membership in CCST and previous involvement in CCST studies
are taken into account in committee selection. The inclusion of women, minorities, and
young professionals are additional considerations.
Speciﬁc steps in the committee selection and approval process are as follows:
Staff solicits an extensive number of suggestions for potential committee members from
a wide range of sources, then recommends a slate of nominees. Nominees are reviewed
and approved at several levels within CCST. A provisional slate is then approved by
CCST’s Board. The provisional committee members complete background information
and conﬂict-of-interest disclosure forms. The committee balance and conﬂict-of-interest
discussion is held at the ﬁrst committee meeting. Any conﬂicts of interest or issues of
committee balance and expertise are investigated; changes to the committee are proposed
and ﬁnalized. Committee is formally approved. Committee members continue to be
screened for conﬂict of interest throughout the life of the committee.
Stage 3: Committee Meetings, Information Gathering, Deliberations, and Drafting
the Report
Study committees typically gather information through:
• Meetings
• Submission of information by outside parties
• Reviews of the scientiﬁc literature
• Investigations by the committee members and staff.
In all cases, efforts are made to solicit input from individuals who have been directly
involved in, or who have special knowledge of, the problem under consideration.
The committee deliberates in meetings closed to the public in order to develop draft
ﬁndings and recommendations free from outside inﬂuences. The public is provided with
brief summaries of these meetings that include the list of committee members present. All
analyses and drafts of the report remain conﬁdential.
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Stage 4: Report Review
As a ﬁnal check on the quality and objectivity of the study, all CCST reports—whether
products of studies, summaries of workshop proceedings, or other documents—must
undergo a rigorous, independent external review by experts whose comments are
provided anonymously to the committee members. CCST recruits independent experts
with a range of views and perspectives to review and comment on the draft report
prepared by the committee.
The review process is structured to ensure that each report addresses its approved
study charge and does not go beyond it, that the ﬁndings are supported by the scientiﬁc
evidence and arguments presented, that the exposition and organization are effective, and
that the report is impartial and objective.
Each committee must respond to, but need not agree with, reviewer comments in a
detailed “response to review” that is examined by one or two independent report review
“monitors” responsible for ensuring that the report review criteria have been satisﬁed.
While feedback from the peer reviewers and report monitors is reflected in the report,
neither group approved the final report before publication. The steering committee and
CCST take sole responsibility for the content of the report. After all committee members
and appropriate CCST ofﬁcials have signed off on the ﬁnal report, it is transmitted to the
sponsor of the study and is released to the public. Sponsors are not given an opportunity
to suggest changes in reports. All reviewer comments remain confidential. The names and
afﬁliations of the report reviewers are made public when the report is released.
The report steering committee wishes to thank the oversight committee and the peer
reviewers for many thoughtful comments that improved this manuscript.
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Appendix E

Expert Oversight and Review
Oversight Committee:

Bruce Darling, National Academy of Sciences and National Research Council
Paul Jennings, California Institute of Technology
Robert F. Sawyer, University of California Berkeley
Report Monitors:

Maxine Savitz, Honeywell, Int. (Retired)
Robert F. Sawyer, University of California Berkeley
Expert Reviewers:
Name

Affiliation

Volumes Reviewed

David Allen

University of Texas at Austin

Summary Report
Volume I
Volume II
Volume III

Ari Bernstein

Harvard T.H. Chan School of
Public Health, Boston Children’s
Hospital

Summary Report
Volume II
Volume III

Jim Boyd

Cleantech Advocates

Volume I

Jerry Bushberg

University of California, Davis
School of Medicine

Summary Report

Michael Ditmore

Novim Group – University of
California, Santa Barbara

Summary Report

Ziyad Duron

Harvey Mudd College

Summary Report
Volume I
Volume II
Volume III

Graham Fogg

University of California, Davis

Summary Report
Volume II
Volume III

Tom Heaton

California Institute of Technology

Volume II

Gary Hughes

California Polytechnic State
University, San Luis Obispo

Summary Report
Volume II
Volume III
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Tissa Illangaskare

Colorado School of Mines

Summary Report
Volume II
Volume III

Thom Kato

Lawrence Livermore National
Laboratory

Volume II
Volume III

George E. King

George E. King Engineering

Summary Report
Volume I
Volume II
Volume III

Lisa McKenzie

University of Colorado, Denver

Summary Report
Volume II
Volume III

Peter McMahon

U.S. Geological Survey, Colorado
Water Science Center

Summary Report
Volume II
Volume III

Mason Medizade

Cal Poly State University, San
Luis Obispo

Summary Report
Volume II
Volume III

Charles Menzie

Exponent Inc.

Summary Report
Volume II
Volume III

William A. Minner

Minner Engineering, Inc.

Volume I

Larry Saslaw

Bureau of Land Management,
Retired

Summary Report
Volume II
Volume III
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Appendix F

Summary of the Most
Concerning Risk Issues
These risk issues are associated with hydraulic fracturing and acid stimulation in
California as identified in this study.
Table S.F-1 Risk issues.
Risk Issue

Description of the Issue

Possible Influence on Risk

Possible Mitigation

Loc.

Number and toxicity of
chemicals in hydraulic
fracturing and acid
stimulation fluids

Operators have few restrictions
on the types of chemicals
they can use for hydraulic
fracturing and acid stimulation.
In California, oil and gas
operators have reported the
use of over 300 chemical
additives. About 1/3 have not
been assessed for toxicity. Of
the chemicals for which there
is basic environmental and
health information, only a few
are known to be highly toxic,
but many are moderately toxic.
There is incomplete information
on which of the chemicals
used have the potential to
persist or bio-accumulate in the
environment and may present
risks from chronic low-level
exposure.

If these chemicals are not
released into usable water,
including agricultural water,
then the risk is minimal.
However, if there are potential
leakage pathways, then it is
nearly impossible to assess
the risk because of the large
number of possible chemicals,
incomplete knowledge about
which chemicals are present,
how long they persist, and
what their environmental and
human health impacts are.
Researchers and the public
need access to sufficient levels
of information on all chemicals
involved in well stimulation,
to begin an assessment of the
toxicity, environmental profiles,
and human health hazards
associated with hydraulic
fracturing and acidizing
stimulation fluids.

Invoke Green Chemistry principles
to reduce risk—that is, use smaller
numbers and amounts of less toxic
chemicals, and avoid chemicals with
unknown impacts. Mitigate exposure
pathways. Limit the chemical use in
hydraulic fracturing to those on an
approved list that would consist only
of those chemicals with known and
acceptable toxicity profiles

Vol. II
Ch. 2
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Risk Issue

Description of the Issue

Possible Influence on Risk

Possible Mitigation

Loc.

Shallow fracturing

The majority of hydraulic
fracturing in California is
conducted from shallow vertical
wells. These operations present
a larger probability of fractures
intersecting near-surface
groundwater compared to high
volume fracturing from deep
long-reach horizontal wells
commonly used elsewhere.

The groundwater in the
vicinity of much of the shallow
hydraulic fracturing operations
in California has high salinity
and has no beneficial uses that
might constitute environmental
exposure pathways to humans.

The focus of regulations should be
on preventing contamination of
aquifers, not just monitoring for it.
Operators should be required to
demonstrate that stimulations could
not intersect usable groundwater to
receive a permit. A higher level of
scrutiny should be applied to shallow
stimulations. Groundwater monitoring
plans should be adapted as part of
the corrective action, to improve the
monitoring system and specifically look
for contamination in close proximity
to possible fracture extensions into
groundwater.

Vol. I
Ch. 3
&
Vol. II
Ch. 2

Many of the issues faced by
other states arise because
hydraulic fracturing has opened
up oil and gas development
in regions that previously
had little or no experience
with production. When the
U.S. Energy Information
Administration issued a report
indicating that a large amount
of such development was
also possible in California
from the Monterey Formation
(subsequently revised
dramatically downward),
many were concerned about
the development of oil and
gas in new geographies. This
assessment finds that the most
likely future use of hydraulic
fracturing is in and around the
reservoirs where it is currently
being used.

New production in developed
fields can use the existing
roads, platforms and
infrastructure already in
place. As a result, the impacts
caused by construction and
traffic are much less than in
new, previously undeveloped
regions.

Existing infrastructure reduces the
need for new pads, pipelines and
other stationary infrastructure. Existing
infrastructure can often transport fluids
to and from the pad, reducing the
need for truck trips. This reduces traffic
accidents and the emission of diesel
particulates and other health-damaging
air pollutants.

Vol. II
Ch. 2;
Vol. III
Ch. 5

Old reservoirs have many
existing wells. If hydraulic
fractures intersect or come near
these old wells, the wells could
form leakage pathways for
stimulation fluids.

Locate and seal old wells in the vicinity
of hydraulic fracturing if they would
provide leakage paths to air and usable
groundwater.

Surface spills and leaks are
common occurrences in the oil
and gas industry, and must be
reported and cleaned up.

Information recorded on spills
and leaks is insufficient to
determine whether stimulation
chemicals could be involved.

Hydraulic fracturing
in reservoirs with long
history of oil and gas
production

Spills and leaks

The groundwater in the vicinity
of some shallow fracturing
is protected. Contamination
of usable groundwater
presents environmental public
health risks. Groundwater
monitoring requirements
are likely insufficient to
determine whether water has
been contaminated by wellstimulation-enabled oil and gas
development or not.

Older existing infrastructure
(e.g., pipelines, storage tanks)
may increase the likelihood of
failures or leakage.
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Regulations should explicitly require
an assessment of the integrity and
leakage risk of existing wells that might
be encountered by a hydraulic fracture,
and remediation of wells which create a
high risk of leakage into water less than
10,000 mg/L TDS.
Require reporting about whether the
source of the leak could contain well
stimulation chemicals.

Vol. II
Ch.2

Appendices

Risk Issue

Description of the Issue

Possible Influence on Risk

Possible Mitigation

Loc.

Injection of recovered
fluids and produced
water into aquifers
used for drinking,
agriculture, and other
direct and indirect
uses by humans

Produced water from
stimulated fields has been
injected into aquifers that are
suitable for drinking water,
irrigation, and other beneficial
uses.

If water from contaminated
aquifers is used, it could
expose humans to unsafe
concentrations of toxic
compounds.

Prevent injection of well stimulation
chemicals to usable groundwater in
the future. In the process, of reviewing,
analyzing and remediating the potential
impacts of wastewater injection into
protected groundwater, consider the
possibility that stimulation chemicals
may have been present in these
wastewaters.

Vol. II
Ch. 2
Vol. III
Ch. 5

Beneficial use of
produced water

California is a water-short state,
and California’s oil reservoirs
produce about 10 times more
water than oil. Produced
water is sometimes reused, for
example to irrigate crops. If this
produced water comes from
stimulated wells or oil wells
producing from a reservoir
where stimulation was used,
stimulation chemicals could be
present in the produced water.

Well stimulation chemicals
and their reaction products
may be toxic, persistent or
bioaccumulative. Current
water district requirements
for testing such waters before
they are used for irrigation
are not sufficient to guarantee
that stimulation chemicals
are removed, although some
local treatment plants do
use adequate protocols.
If produced water used in
irrigation water contains
well stimulation and other
chemicals, this would provide a
possible exposure pathway for
farmworker and animals, and
could lead to exposure through
the food chain. Currently,
more than 60% of the fruits
and vegetables consumed
domestically come from the
Central Valley.

Water districts in the San Joaquin Valley
should explicitly disallow the use for
irrigation of produced water from wells
that have been hydraulically fractured
or demonstrate that their monitoring
and treatment methods ensure that
hydraulic fracturing chemicals and other
contaminants are not present in water
destined for irrigation.

Vol. II
Ch. 2

Disposal of water in
percolation pits

Wastewater disposed of in
percolation pits infiltrates
into the ground. The disposal
of contaminated water in
percolation pits is banned in
nearly all other states, because
this method of disposal
results in the contamination
of groundwater. Contaminants
from percolation pits can move
along with groundwater to
reach wells or surface water
where contamination can be a
serious problem. Nearly 60%
of wastewater from stimulated
wells in California was
disposed in percolation pits.

Well stimulation and
naturally occurring chemical
constituents can evaporate
from these ponds or pits to the
atmosphere as air pollutants,
leak into aquifers, or migrate
through the soil which could
lead to food chain exposure to
biota and humans. Chemicals
in recovered fluids and
produced water may be toxic,
persistent, or bioaccumulative.

Test and appropriately treat water going
in to percolation pits, or phase out
the use of percolation pits in the San
Joaquin Valley for wastewater disposal.

Vol. II
Ch. 2
Vol. III
Ch. 5
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Risk Issue

Description of the Issue

Possible Influence on Risk

Possible Mitigation

Loc.

Acid use

Operators in California
commonly use mixtures
of hydrochloric acid and
hydrofluoric acid with other
sources of fluoride anions as
the most economical reagent
for cleaning out wells or
enhancing geological formation
permeability. Reported
use of hydrofluoric acid in
the SCAQMD data lists the
concentration (in percent mass
of the ingredient) as 1%-3%.

Spills and leaks of undiluted
acids may present an acute
toxicity and corrosivity hazard.
The use of acid can also
mobilize naturally occurring
heavy metals and other
compounds that are known to
be health hazards and these
compounds could therefore
be present in recovered fluids
and produced water which
humans could be exposed to if
treatment and disposal is not
sufficiently undertaken.

Evaluate the chemistry of recovered
fluids and produced water for wells
that have used acids and the potential
consequences for the environment.
Require reporting of significant chemical
use for oil and gas development based
on these results.

Vol. II
Ch. 2

Oil and gas
development near
human populations

California has large oil
reserves located under densely
populated areas primarily
in the San Joaquin and
Los Angeles Basins. In Los
Angeles, oil and gas production
developed simultaneously with
the growth of the city. The Los
Angeles Basin has world-class
oil reservoirs, with the most
concentrated oil in the world.
Los Angeles is also a global
megacity.

Proximity to production
increases exposures to air
pollutant emissions and
other results of oil and
gas development activities
(e.g., dust, chemicals, noise,
light). Households that use
groundwater from private
drinking water wells in
close proximity to oil and
gas development may be at
increased risk of exposure to
potential water contamination.

Identify and apply appropriate measures
to limit exposure by residents and
sensitive receptors (schools, daycare
facilities, elderly care facilities)—
such as scientifically based setback
requirements.

Vol. II
Ch. 6

Induced seismicity

Disposal of wastewater by
underground injection could
cause felt or damaging
earthquakes.

Disposal of wastewater from
oil and gas operations into
deep injection wells has caused
felt seismic events in several
states, although there have
been no reported cases of
induced seismicity associated
with wastewater injection in
California. Increased volumes
of produced water, which
if disposed of by injection
underground could increase
seismic hazards.

Develop and apply a protocol for
managing injection wells to mitigate the
risk of induced seismicity. Investigate
whether future changes in disposal
volumes or injection depth could affect
potential for induced seismicity

Vol. II
Ch. 4

Loss of habitat

The location of hydraulic
fracturing-enabled
development coincides with
ecologically sensitive areas in
the southwestern San Joaquin
Basin and Ventura County
and causes habitat loss and
fragmentation.

Portions of oil fields in the
southwestern San Joaquin
are essential corridors for
connectivity between remaining
areas of natural habitat and
are vulnerable to expanded
production.

Develop regional plans to conserve
habitat and minimize fragmentation
and compensate for new oil and gas
development in ecologically sensitive
areas.

Vo II
Ch. 5
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What to Call “The Monterey”
The Monterey Formation looms large in the public discourse about hydraulic fracturing,
because a 2011 EIA report estimated that 15 billion barrels (2.4 billion m3) of oil could be
produced from the Monterey Formation using hydraulic fracturing, much like the “shale”
oil that is being produced from the Bakken Formation in North Dakota and the Eagle Ford
Formation in Texas. Some publications use the term “Monterey Shale” to identify the idea
of having similar, “boom town”-type developments in California
This report uses more accurate terms than “Monterey Shale” in order to carefully describe
the issues and potential of the Monterey. For over a hundred years, geologists have used
the term “Monterey Formation” for rocks that were originally deposited off the coast of
California between about 17.5 and 6 million years ago (middle to late Miocene Epoch).
The Monterey Formation underlies much of California, but varies greatly from place
to place in thickness and includes many different rock types, not just shale. Geologists
identify rocks in the Monterey Formation as diatomite, porcelanite, chert, siliceous shale,
highly organic-rich and phosphatic shale, marlstone, clay shale, sandstone, and volcanic
rocks.
Generations of geologists have studied the Monterey and given it different names, leading
to much confusion. For example, Antelope Shale, Devilwater Shale, Fruitvale Shale,
Gould Shale, McDonald Shale, Modelo Formation, Monterey, Monterey Formation,
Monterey Shale, Nodular Shale, Puente Formation, and Stevens Sandstone are just
some of the names used to describe strata that could be considered as parts of the
Monterey Formation. For simplicity, this report uses the terms “Monterey Formation” and
“Monterey” interchangeably to describe all of these as a single class.
The Monterey source rocks are those parts of the Monterey Formation that are sources of
petroleum. Oil can form in those parts of the formation that include concentrated organic
material and that are in the “oil window”. That is they have been buried deeply enough so
that chemical reactions triggered by heat and pressure transform the organic matter into
oil. Some of this oil formed in the oil window floats upwards (migrates by buoyancy) until
it meets a barrier or “trap.” The rest of the oil remains behind in the source rock.
Nearly all the petroleum so far produced in California has migrated from these prolific
Monterey source rocks to the near-surface reservoirs that are now under production. But
some oil, perhaps a lot and perhaps not much, may remain in the source rocks. The EIA
based their estimate of potential new production on the idea that the oil remaining behind
in the source rocks could also be produced.
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Most Hazardous Chemicals
The following two tables list the most hazardous chemicals used in hydraulic fracturing
in California from a human health perspective. Tables S.H-1 and S.H-2 give lists of the
top ten most hazardous chemicals based on ranking, using acute toxicity data and chronic
toxicity data respectively. The ranking is based on toxicity data as well as information as
to how often and how much of the chemical is used. This list is incomplete, because it only
applies to that fraction of the chemical database for which toxicity data were available. A
full explanation of the ranking methodology is found in Volume II, Chapter 6.
Table S.H-1. A list of the 12 substances used in hydraulic fracturing with the highest acute
estimated hazard metric (EHMacute) values along with an indication of what factor(s)
contribute most to their ranking (from high to low). WST = Well Stimulation Treatment.
Reported frequency
of use

Reported median mass
fraction per WST (mg/kg)

Distillates, petroleum,
hydrotreated light paraffinic

✔

✔

Isotridecanol, ethoxylated

✔

Chemical Name

✔1

Hydrochloric acid
Polyethylene-polypropylene glycol

✔

✔4

Glyoxal

✔

✔6
✔7

✔

Hydrofluoric acid

1

✔5

✔

✔

Glutaraldehyde
Ammonium Persulfate

✔2
✔3

✔

Sodium hydroxide

Potassium carbonate

Acute Toxicity

✔

Sodium tetraborate decahydrate

✔

5-Chloro-2-methyl-3(2H)isothiazolone

✔

✔8

✔
✔9

Skin corrosion/irritation Globally Harmonized System of Classification and Labeling of Chemicals designation

(GHS) = 1 per material safety data sheet (MSDS); 2 Skin sensitization and eye effects GHS = 1 per MSDS;3 Inhalation LC50 (lethal concentration for 50 % of the test subjects) for rats of 45 ppm equivalent to GHS 1 from published
data; 4 Skin corrosion/irritation GHS = 1 per MSDS; 5 Eye effects GHS = 1 per MSDS; 6 Inhalation equivalent to
GHS 1 per published values and Eye effects GHS = 1 per MSDS; 7 Respiratory sensitization GHS = 1 per MSDS; 8
Inhalation equivalent to GHS 2 per published values and dermal, skin corrosion/irritation and eye effects per MSDS;
9

Inhalation equivalent to GHS 1 per published values.
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Table S.H-2. A list of the 12 substances used in hydraulic fracturing with the highest chronic
estimated hazard metric (EHMchronic) values along with an indication of what factor(s)
contribute most to their ranking (from high to low). WST = Well Stimulation Treatment.
Chemical Name

Reported
frequency of use

Proppant material

Chronic8 Toxicity

✔

✔1

Glutaraldehyde

✔

✔

✔

Zirconium oxychloride2

✔

✔

✔2

✔

✔3

Bromic acid, sodium salt (1:1)
Hydrochloric acid

✔

✔

✔

Boron sodium oxide

✔

✔

✔4

✔

✔

Ethylbenzene

1

Reported median conc.
per WST (mg/kg)

Naphthalene

✔

Sodium tetraborate decahydrate

✔

✔
✔

✔5

Boric acid, dipotassium salt

✔

✔6

Aluminum oxide

✔

✔7

Diethanolamine

✔

✔6

Proppant materials reported that might include crystalline silica impurity (mullite, kyanite, silicon dioxide) use

crystalline silica impurity as reference chemical for hazard screening (inhalation); 2 soluble zirconium compounds
used as reference chemical for hazard screening (oral); 3 boric acid and bromate used as reference compound for
hazard screening (oral) and (inhalation) respectively; 4 boric acid used as reference chemical for hazard screening
(oral); 5 boric acid used as reference compound for hazard screening (oral); 6 boric acid used as reference chemical
for hazard screening (oral); 7 The toxicity value used is only for non-fibrous forms of aluminum oxide, and does not
apply to fibrous forms; 8 screening toxicity values for aluminum oxide, titanium oxide, propargyl alcohol, glyoxal, butyl glycidyl ether, hydrogen peroxide, and ethanol are available for occupational health criteria, but screening values
are not provided because for each of these substances, there was an indication in the literature of possible mutagenicity or carcinogenicity such that the available occupational health criteria might not be sufficiently health protective of
workers and the general population.
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Unit Conversion Table
U.S. Customary Unit

International System of Units

1 Oil Barrel

0.158987 Cubic Meters (m3)

1 Foot (ft)

0.304800 Meters (m)

1 Gallon (gal)

0.003785 Cubic Meters (m3)

1 Acre-Foot

1,233.481855 Cubic Meters (m3)

1 Miles (mi)

1.609344 Kilometers (km)

1 Nautical Mile

1.852000 Kilometers (km)
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Background: Need for an LA Relevant Setback
The current body of peer-reviewed scientific literature has a small but growing set of studies investigating
the relationship between the proximity of modern oil and gas extraction nearby communities and health
impacts. The published studies that have examined this relationship have considered health outcomes,
exposure to toxic health risks, and discussed whether current setback requirements in various states are
adequate to ensure the health and safety of people who live, work, play, and learn near these facilities.
These studies were conducted primarily in lower population density communities and states. Yet, the
majority of these studies find a positive correlation between distance of a home from an active oil or gas
well and adverse health outcomes. The closer people live to oil and gas wells, the more likely they will be
exposed to toxic air contaminants and the more elevated their risk of associated health effects.1 Most of
these distances are measured at a half-mile to a mile (See Table 2). Distances in Los Angeles are much
closer. No peer-reviewed studies to date have investigated the relationship between the proximity of oil
and gas development and health outcomes in California, nor have any studied this issue in the U.S. urban
context. In Los Angeles alone, about 1.7 million people live within 1 mile of an active oil or gas well, and
of that group, more than 32,000 people live within 100 m (about 328 feet) of an oil or gas well.2
Overview of Report Contents
A total of 14 studies and publications were considered for this report that
The population density
investigated the health and quality of life impacts and exposures of
in South Los Angeles is
unconventional natural gas development proximate to residences. Of the
about 133 times greater
14 studies and publications, 6 considered the distance of an active well to
than the populations
place of residence (Table 1), while the remaining 4 considered the
investigated in the
concentration of wells proximate to residences (Table 2). Four of the
existing literature.
publications are studies and non-peer reviewed reports that have setback
recommendations or relevant considerations for a safe setback margin (included in Table 1). The distances
considered in this report range in setback recommendations and findings from 1,500 to 6,600 feet. Among
the peer-reviewed studies that specified where samples and data were collected, the average population
density was about 150 people per square mile. To compare, the population density for the City of Los
Angeles is about 50 times greater at 8,092.3 people per square mile. In neighborhoods like South Los
Angeles that is home to several active oil drilling sites, the population densities are up to more than 20,000
people per square mile.3 The population density in South Los Angeles is about 133 times greater than
those of the populations investigated in the existing literature. Table 1 lays out the peer-reviewed studies
included in this report, ordered by the safe setback distance each study considered. Advocacy groups in
Los Angeles have called for a 2,500-setback law to protect the health and safety of nearby residents. Based
on the current available research, a 2,500-foot setback recommendation is on the lower end of the
range of distances where research has determined harmful health and quality of life impacts of toxic
emissions and exposures.
1

Oil and Gas Extraction Methods
During much of the early and mid 1900’s, conventional methods of extracting oil depleted most of the oil
fields throughout the country. In Los Angeles, only 10% of oil field reservoirs can be recovered by
conventional means.2 Now, in order to access resources that are deeper or more difficult to recover than
those that have been recovered historically, oil industry has pursued new technologies in
“unconventional” or “enhanced oil recovery” methods.2,5 These methods include steam, water, and/or
chemical injection, hydraulic fracturing, acidization, and gravel packing.

Although the existing research has primarily focused on health impacts and toxic emissions from
unconventional natural gas development, many of the same chemicals of concern used in so-called
unconventional activities are used in routine activities such as well maintenance, well-completion, or
rework on both conventional oil and natural gas wells.6 There are many applications of hazardous
chemicals in oil and gas development, and in fact the routine operational chemical use data is less
available than that for unconventional chemical use activities.6
In Los Angeles, many of the extraction facilities utilize unconventional techniques, such as acidizing with
hydrochloric and hydrofluoric acid, directional drilling, and gravel packing which involves use of tons of
carcinogenic silica sand. Many of the oil fields in Los Angeles produce both oil and gas at a relatively equal
ratio. Among the top ten producing oil fields in the City of Los Angeles, which include Beverly Hills,
Wilmington, and Las Cienegas oil fields, the ratio of gas to oil production is about 0.91.7 Therefore, the
existing research in other parts of the country holds relevance for the nature of oil and gas extraction in
Los Angeles.
Health and Quality of Life Impacts
The consequences to health from oil and gas activity investigated in the reviewed studies include birth
outcomes, asthma, other respiratory and dermal impacts, pediatric sub-chronic non-cancer and chronic
hazard indices, unhealthy noise levels, and various associated health symptoms. Among the existing
research, the greatest distance to oil and gas activity investigated was 2 km (6,561 feet) where exposure
to hydrogen sulfide combined with VOCs were detected.7 The shortest distance measurement studied
was 1,500 feet and this study found significantly more reports of health symptoms in households within
1,500 feet of an active well. The health symptoms included throat irritation, sinus problems, nasal
irritation, eye burning, severe headaches, loss of sense of smell, persistent cough, frequent nose bleeds,
swollen painful joints.9 Rabinowitz, et al. (2015) found an increased number of reported upper respiratory
symptoms and skin conditions among residents who lived less than 1 km (3,280 feet) from an active well
when compared with residents who lived more than 2 km (6,561 feet) from an active well.10 McKenzie, et
al. (2012) found elevated risk of health effects from natural gas development for residents living less than
half a mile from wells. They primarily considered the subchronic non-cancer hazard index, which was
primarily driven up by exposure to trimethylbenzenes, xylenes, and aliphatic hydrocarbons, and chronic
hazard index measurements, which were driven up by benzene exposure.11

Another dimension of health impacts related to oil and gas development is noise levels. Boyle, et al. (2017)
conducted a pilot study investigating the 24-hour noise levels of a compressor station relative to
residential homes both indoors and outdoors.12 His study determined that homes up to 600m away (about
1,968 feet) experienced outdoor noise levels that exceeded the U.S. Environmental Protection Agency’s
2

recommended limit of 55 dBA 100% of the time.12 In addition to these punctuated periods of noise, the
regular day-to-day operations at the site cause what has been described as “buzzing” throughout the
night makes it difficult to sleep. Recent studies have increasingly focused on “non-auditory” effects of
noise on health including annoyance, sleep disturbance, daytime sleepiness, hypertension, cardiovascular
disease, and diminished cognitive performance in school children.13 Many residents living in close
proximity to oil and gas development sites in Los Angeles routinely complain of noise from routine
operations.
Air Quality and Toxic Exposure
Three of the studies investigated levels of volatile organic compounds (VOCs) and endocrine disrupting
chemicals that exceeded regulatory agency minimum standards. Haley, et al. (2016) discussed how
exposures of hydrogen sulfide combined with VOCs could produce potentially new harmful exposures
that could be detected at distances up to 2 km (about 6,561 feet).7 Macey, et al. (2014) investigated
several jurisdictions with setback regulations for oil and gas operations and conducted air monitoring
sampling to examine if the setbacks were adequate.14 The findings revealed high concentrations of
carcinogenic VOCs at distances greater than the setback regulations, including formaldehyde at 2,591 feet
and benzene up to 885 feet away from wells. The study also discussed how health-based risk levels that
most regulatory agencies rely on for setting limits on air emissions are very limited in providing a sense of
the human health impacts.14 The risk level standards do not account for more vulnerable subpopulations
like children and the elderly. Additionally, the number of compounds
that are required for monitoring and toxicity reporting is relatively small
The findings revealed high
when considering the vast number of chemicals required for oil and gas
concentrations of VOCs at
14
operations. Kassotis, et al. (2014) found elevated levels of endocrine
greater distances than the
setback regulations, including
disrupting chemicals in water sources 1 mile away from oil and gas
formaldehyde at 2,591 feet
operations with known spills or incidences.15 The study noted that near
and
benzene up to 885 feet
one of the investigated facilities contaminated by endocrine disrupting
away from wells.
chemicals (EDCs), some of the animals in the area were no longer
producing live offspring.
Explosion Risk and Hazards
Haley, et al. (2016) considered the minimum distance that might be required in case of a blow-out or
explosion event by investigating historical evacuation data.7 For example, an explosion in the Barnett
Shale in northern Texas produced a 750-foot burn crater.16 Their findings determined that the average
evacuation zone for such incidences is 0.8 miles, or 4,224 feet. A blowout in Wyoming County, PA required
a 1,500 foot evacuation zone, which required the evacuation of only 3 families.17 Considering that in
Wyoming County the population density was only 71.2 people per square mile1816 compared to a densely
populated neighborhood in South Los Angeles with a population density of over 20,000, if a similar event
were to happen, the same distance of 1,500 feet would require evacuation of 100,743 people. A very
recent example of natural gas pipeline explosion accident comes from rural Colorado. On April 17, 2017,
a one-inch abandoned pipeline exploded under a home in Colorado, leveled the house, killed two people
and badly burned a third person. The gas well head was located just 178 feet from the home.19
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Dense Population of the City of Los Angeles and Close Proximity to Oil and Gas Facilities Magnifies Health
and Safety Risks
Four studies investigated the relationship between health outcomes and the number of wells within a
certain radius of residential homes (Table 3). The studies were concerned with birth outcomes and
childhood leukemia and were conducted in Pennsylvania and Colorado. The density measures ranged
from 3.36 – 125 wells per square mile. To compare to Los Angeles, the four extraction facilities in South
Los Angeles that extract from the Las Cienegas oil field, the 2nd largest gas producing field in Los Angeles,
each have 22 to 36 oil and gas wells operating less than 100 feet from residential homes. The Inglewood
oil field has over 1000 wells operating well within 1 mile of residential homes, recreation parks, and other
sensitive land uses.

The studies that investigated poor birth outcomes found that mothers in the sampling population who
lived near the highest density of active wells were 1.3 more likely to give birth to a child who had
congenital heart defects (CHD) and 2 times more likely to give birth to a child with neural tube defects
(NTD),22 higher incidences of LBW and SGA,23 and increased rate of preterm birth.24 McKenzie, et al. (2017)
found that increased well density was associated with increased risk for acute lymphocytic leukemia in
people ages 5-24.25
Delphi Technique
In addition to peer review studies, a consortium of experts in environmental studies and public health
have also assessed and considered policy recommendations to address the health and safety
consequences of close proximity to oil and gas development. The Environmental Health Project (EHP) is a
public health organization that utilized the Delphi Technique to arrive at an expert consensus on an
appropriate setback distance for unconventional oil and gas development from human activity.21 “The
Delphi is an accepted method for reaching convergence of expert
…89% participant
opinion about a specific topic,” and in this study, consensus was
agreement that
defined as 70% agreement of panelists. The process resulted in an 89%
1 to 1.25-mile distance
participant agreement that 1 to 1.25-mile distance (6,600 feet) from
from unconventional oil and unconventional oil and gas development is an acceptable minimum to
gas development is an
protect human health. Additionally, the study recommends greater
acceptable minimum.
setback distances for settings where vulnerable subpopulations might
gather, such as schools, day care centers, and hospitals.
Existing setback laws
It is clear that throughout the scientific literature that
…existing setback laws in various
researchers agree the existing setback laws in various
jurisdictions throughout the U.S. are
jurisdictions throughout the U.S. are inadequate to protect
inadequate to protect the health and
the health and safety of residents who live, work, and play
safety
of residents who live, work, and
near oil and gas operations. Existing setback laws range
play nearby oil and gas operations.
from 150 to 1,500 feet. States like Arkansas, Colorado, and
Ohio have varying setback distances from different
sensitive land uses.7,14 Pennsylvania and Texas have state level setback laws for any oil and gas operations
near residential land use. Several municipalities in Denton County, Texas, have enforced stronger setback
laws. In response to override these municipalities, the Texas state legislature subsequently passed HB40
4

which preempts regulation of oil and gas operations by municipalities. Haley, et al. (2016) determined
that based on historical catastrophic events, thermal modeling, vapor cloud modeling, and air pollution
data, these existing setbacks laws are not sufficient to protect potential risks and threats to human health
from hydraulic fracturing operations.7 Macey, et al. (2014) considered the concentration of VOCs in five
different states and determined that the setbacks in those states were inadequate to prevent exposure
to formaldehyde and benzene.14 Majority of the established setback laws were typically decided by
negotiations between stakeholders, like residents and policymakers, and not supported by scientific,
empirical data.23 The state of Maryland is one example of a jurisdiction that scientifically investigated the
health and safety impact of oil and gas operations. In July of 2014, the University of Maryland School of
Public Health conducted another study that focused on public health impacts.26 Among the 52
recommendations that resulted from the investigation, the researchers recommended a minimum 2,000foot setback between dwellings and well pads and non-electric motor compressor stations. In 2017,
Maryland became the second state in the country to ban hydraulic fracturing.27
Conclusions
While few studies have investigated the relationship between the proximity of oil and gas operations and
human health impacts, this body of literature does highlight a clear public health concern and that existing
setback laws are not adequately protecting public health and safety. The growing body of scientific
literature recognizes that a setback distance between oil and gas operations and locations where people
live, work, play, and learn are necessary to protect human health and safety. Setbacks are especially crucial
to protect vulnerable populations, such as children, elderly, and the chronically ill or disabled. The 2,500foot setback recommendation incorporates recognition of Los Angeles’ population density and the
vulnerability of residents, schoolchildren, and the elderly from health hazards and possible disasters
related to oil development. The current literature has identified that existing laws are not adequate for
low density, rural communities. This finding underscores the need for a stronger setback in Los Angeles’
densely populated urban environment. Many of the impacted communities are in close proximity to a
large number of wells and other oil and gas development facilities and are already overburdened by
exposure to cumulative environmental health impacts from other industrial and transportation sources.
These marginalized communities have long endured environmental injustice. The scientific literature and
published reports make a strong case for a far more protective health and safety setback for the City of
Los Angeles than currently exists in other jurisdictions, and creates a substantial basis for the 2,500-foot
setback proposed by community advocates.
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Table 1. Comparison of studies and reports by distance to active oil and gas wells with
consideration to population density.
Green-blue shaded rows are non-peer reviewed reports. Light blue shaded rows are peer reviewed publications that have relevant setback
considerations or recommendations.
*Population density values based on 2010 U.S. Census Fact Finder Population density data.
Distance with health /
exposure finding
impact /
recommendation

Converted
to feet

Pop Density 2010
of investigated
counties/states
(residents per
sq.mi.)) *

Delphi Technique

1 to 1.25 mile

6,600 feet

--

Exposure to hydrogen sulfide combined with VOCs could
produce potentially new set of exposures - detected at
distances of 2 km

2 km

6,561 feet

--

Considered blow-out and evacuation data, average
evacuation zone was 0.8 miles. Explosion in Barnett Shale
14
produced a 750-ft burn crater.

0.8 miles

4,224 feet

--

Elevated levels of endocrine disrupting chemicals in water
sources 1 mile from sites that had known spills/incidents animals no longer produced live offspring…
Location: Garfield County, Colorado

1 mile

5,280 feet

19.1

Literature review on neurodevelopmental and neurological
effects of chemicals associated with UOG operations and
their potential effects on infants and children. Made a
recommended minimum setback of 1.6 km.

1.6 km

5,249 feet

--

Rabinowitz, et al.,
10
2015

Significant respiratory and dermal impacts
Location: Washington County, PA

Less than 1 km

3,280 feet

242.5

McKenzie, Witter,
Newman, &
11
Adgate, 2012

Significantly increased risk of pediatric sub-chronic noncancer hazard & Chronic hazard indices

Less than ½ mile

2,640 feet

Rural areas and
towns, population
<50,000 in 57
counties

Macey, et al.,
14
2014

Monitored high concentrations of VOCs - up to 2,591 ft
Location: Counties in 4 states – AR, PA, CO, OH

2,591 ft

2,591 feet

137.45 (average)

Citation

Health Impact / Exposure Finding

SW Pennsylvania
EHP Technical
21
Reports
Haley, et al., 2016

7

Haley, et al., 2016
& Heinkel-Wolfe,
14
2013

7

Kassotis, et al.,
16
2014

Webb, Ellen, et al.
2017

8,092.30

2,500 FEET RECOMMENDATION FOR CITY OF LOS ANGELES

University of
Maryland School of
Public Health
26
2014

Recommended min setback distance of 2,000 ft from well
pads
Location: state of MD

1,000 ft

2,000 feet

594.8

Boyle, et al.,
12
2017

Unhealthy noise levels
Location: Doddridge County, WV

< 600m

1,969 feet

25.7

Steinzor, Subra, &
9
Sumi, 2013

Significantly higher rates of health symptoms in households
within 1,500 ft of an active well
Location: 14 counties in PA

1,500 ft

1,500 feet

165.1
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Table 2. Studies investigating the relationship of health outcomes and proximity to concentration
of wells

Citation

Health Outcome

Measurement Used

Well
Concentration/
Density
(by wells per
sq mile)

Pop Density
2010 of
investigated
counties/states
(residents per
sq.mi.)) *

McKenzie, et al.,
25
2017

In rural Colorado, People ages 5-24 had a 3-4 times
higher risk for developing acute lymphocytic leukemia
Location: state of Colorado

>33.6 wells in 16.1 km or
10 miles

3.36 wells

48.5

Stacy, et al., 2015

Birth outcomes by concentration of wells. Those with
6+ wells within mile had higher incidence of SGA and
LBW in SW Pennsylvania
Location: 3 counties in PA (Butler, Washington,
Westmoreland

6+ wells per 1 mile

6 wells

277.0 (average)

Mothers who lived in the highest exposure quartile
were 1.4 times more likely to give birth to children
who were considered low birth weight (LBW) and
smaller than gestational age (SGA).
Location: 40 counties in PA – Using state population
density

Highest exposure quartile
had 124 wells within 20
km; lowest had 8 wells
within 20 km

About 10 wells

283.9

36 wells within 1 mile

36 wells

21,848

125 wells

Rural areas and
towns,
population
<50,000 in 57
counties

23

Casey, et al., 2016

24

South Los Angeles – Jefferson Drill Site (example for comparison)

McKenzie, et al.,
22
2014

In rural Colorado, mothers who lived in higher
exposure tertile had 1.3 higher chance of giving birth
to a child with congenital heart defect (CHD)2.4
higher chance of having Neural Tube Defect. Even in
nd
the 2 tertile of highest exposure, mothers were 1.2
more likely to give birth to a child with CHD.
Location:

Highest exposure tertile
had 125-1400 wells within
a mile, the next highest
tertile had 3.63-125 wells
within a mile.

*Population density values based on 2010 U.S. Census Fact Finder Population density data.
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“Expert opinion
confirms what has
been found by
multiple sources of
data – reports from
communities, gray
literature and peerreviewed literature;
that health effects
are associated with
UOGD.”
David Brown, ScD.
Co-author

This Delphi study was conducted to determine expert consensus on the relationship
between health outcomes and exposure to unconventional oil and gas development
(UOGD). The potential for public health impacts from UOGD has increased
dramatically in recent years, and there is active debate about the type and intensity of
potential health outcomes. This national debate needs the full attention of the medical
community, research scientists, policy-makers and regulators of the oil and gas
industry.
When the available data are inconclusive on a specific topic, the Delphi is a proven
method for reaching convergence of expert opinion. This Delphi, conducted by the
Southwest Pennsylvania Environmental Health Project (EHP), consisted of a panel of
18 professionals with expertise in public health, medicine, environmental sciences,
policy and risk analysis.
UOGD in this study is defined as oil and gas well site development that uses hydraulic
fracturing, including all steps in the process from drill site construction through
delivery of the product to the consumer. The use of hydraulic fracturing has increased
rapidly since the 1990s. Critics have voiced concerns about potential impacts on air,
water, and soil quality and there is evidence that UOGD may have a significant impact
on surrounding communities because of increased traffic, light, noise, and social
disruption. Evidence of adverse health outcomes is also significant.

Findings
Delphi panelists reached consensus on 22 statements: 15 associated with unconventional natural gas
development and 7 associated with unconventional oil development (See Figure 1). All statements were
generated by the panel. Panelists agreed that:
• Twelve specific health outcomes are associated with either gas or oil or both types of
development
• Cancer is a possible outcome and should be tracked
• Increased health care utilization and “Boomtown” effects are associated with exposure to
UOGD
• The health outcomes caused by exposure to both oil and gas appear comparable

Figure 1. Level of agreement on statements related to health outcomes associated with UOGD.
Consensus is defined as > 70% agreement.
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There are 16 outcomes shown on Figure 1. Because consensus was reached on some outcomes for both gas and oil,
and for either gas or oil on other outcomes, the total number that reached consensus was 22.
* Shale Gas Syndrome was defined by panelists as “a group of symptoms that includes headaches,
nosebleeds, vomiting, diarrhea, and skin rashes”.

More than 70% of panelists were uncertain about the association with UOGD for five health outcomes:
reduced sperm count, neurological symptoms, gastrointestinal complaints, kidney/liver diseases, and
malignant tumors.

Background
The concern for public health continues to grow as UOGD expands across the US. While early reports of
problems were based on residents’ self-report of symptoms, peer-reviewed research on health impacts has
increased in recent years (1). Residents’ self-reported symptoms include stress, anxiety, depression, skin
rashes, headaches, shortness of breath, nausea, and sore throats. The results of several retrospective cohort
studies have documented an association between proximity to and density of unconventional natural gas
development and birth outcomes. A 2016 study links asthma rates in Pennsylvania to higher exposure to
UOGD activity.1 It is clear that assessment of the level and intensity of emerging health problems is needed.
This Delphi study asked an expert panel to provide their opinions in two parts. Part 1 focused on safe setback
distances for residents living and working near UOGD sites, asking for opinions on appropriate set-back

1

See Discussion section for a review of recent research.
2

distances for UOGD infrastructure. Those Delphi results have been described elsewhere (EHP Technical
Report #2). Part 2, presented here, addresses health outcomes from UOGD.2

The Delphi Process
The Delphi is a systematic method of surveying experts (referred to as panelists) to determine their opinion
regarding a complex issue. The surveys are completed in a series of rounds. In each round, the participants
respond anonymously to a set of questions and in following rounds receive information about the responses of
all other panelists, including their own. Panelists are encouraged to re-assess their own responses on subsequent
rounds with a goal of reaching consensus. For this study there were three rounds and consensus was defined as
agreement of 70% of panelists.
The Panel
All panelists met at least one of the following selection criteria:
• Researchers whose work has been published in peer-reviewed journals and/or presented at national
scientific meetings;
• Scientists employed in government and regulatory agencies;
• Leaders in public policy and environmental advocacy who have been published in the grey literature.
Potential panelists included representatives of federal and state agencies, environmental advocacy groups,
health care providers, public health practitioners, and researchers in a range of subject matter including health,
environmental science, toxicology, and social science. Eighteen experts from across the USA agreed to be
panelists and returned the completed Round 1 questionnaire and consent form. All panelists met at least one of
the selection criteria. Tables 1 and 2 show panelist categories of expertise and level of participation.

Table 1. Delphi Panelist categories of expertise
Self-reported profession
Researchers/scientists

Health care providers

Self-reported areas of expertise
Air quality; Environmental science;
Environmental health; Public health;
Medicine/Health; Social science; Water
quality; Toxicology
Medicine/Health; Environmental health

Public health practitioners

Epidemiology; Environmental health

Environmental advocates

Policy/Law; Air quality; Environmental
science; Environmental health; Public health;
Water quality
Air quality; Environmental science;
Environmental health; Public health; Social
science; Epidemiology; other: Risk analysis

Other

2

Professional field of employment
Academic research

Private practice; University health
centers
State health department;
Federal government
Environment and Public health
organizations
Health policy

UOGD refers to unconventional oil and gas development. The terms “natural gas” and “oil” are used in this report when referring to
either resource.
3

Table 2. Delphi Panelist participation in Rounds 1-3
Self-reported Profession
Researcher/scientist
Health care provider
Public health practitioner
Environmental advocate
Other
Gender
Men
Women

Round 1
N=18
9
3
2
3
1

Round 2
N=15
6
3
2
3
1

Round 3
N=18
9
3
2
3
1

9
9

6
9

9
9

The Delphi Procedure
Round 1
The first round of the Delphi began with two open-ended questions (Figure 3). Experts were asked to address, if
possible, all steps in the process from drilling site construction through delivery of the product to the consumer.3
In the questions below, the steps in this process are referred to as “related activities”.

Figure 3. Open-ended questions about health and UOGD sent to all prospective panelists for their
responses to initiate Round 1 of the Delphi study
1. What

health outcomes do you believe are attributable to hydraulic fracturing and related
activities associated with natural gas production? Please include both direct and indirect health
outcomes that you believe are attributable to hydraulic fracturing and related activities. A direct health
outcome might be a disease or disorder. An indirect health outcome might be a change in the
environment that leads to a disease or disorder.
2. What

health outcomes do you believe are attributable to hydraulic fracturing and related
activities associated with oil production? Please include both direct and indirect health outcomes that
you believe are attributable to hydraulic fracturing and related activities. A direct health outcome might
be a disease or disorder. An indirect health outcome might be a change in the environment that leads to a
disease or disorder.

3

Steps in the process include well pad construction, well drilling, hydraulic fracturing, compressor stations, pumping
stations, processing plants, impoundments, pipelines, etc.
4

Round 1 Findings
Content analysis identified 181 statements in response to the two open-ended questions. Responses were coded
for subject matter. More than twice the number of statements was generated relating health outcomes to natural
gas development than for oil development. The difference between gas and oil responses can be explained by
the panelists’ agreement (94%) that the health outcomes associated with oil were indistinguishable from those
associated with natural gas. Responses were most often provided for natural gas but not consistently repeated
for oil.
Development of Round 2 Structured Questionnaire
For Round 2, a structured questionnaire was created from Round 1 responses . The questionnaire included all
statements (n=181) and each panelist received the document with his/her own responses highlighted. Panelists
were asked to indicate their level of agreement with each statement using a 5-point scale: strongly agree, agree,
not sure, disagree, and strongly disagree. Panelists were prompted to provide a rationale for their decisions
when they strongly agreed or agreed with a statement.
Round 2 Findings
Responses to Round 2 were used to revise the structured questionnaire for Round 3. Statements that were
similar were combined to reflect emerging consensus. This process resulted in 39 statements of specific health
outcomes, community effects, and general statements (Table 3a and b).
Round 3
The Round 3 questionnaire provided the panelists’ aggregated responses for each statement and any rationales
provided by the individual panelists for their responses. For this final round, panelists were asked to review the
distribution of responses provided and then indicate their level of agreement with each statement. The 39
statements listed on Table 3a and b were used for the Round 3 questionnaire.

Table 3a and 3b: Panelist statements on health outcomes derived from responses to Round 2 for natural
gas (3a) and oil (3b). (n=39)
Table 3a. Unconventional natural gas development: related health outcomes
Category
Specific Health
Outcomes

Statement
Birth outcomes including low birth weight, premature birth, perinatal
complications
Birth outcomes: reduced sperm count
Cancer specific tumors such as pulmonary
Cardiovascular including cardiovascular disease, risk, hypertension
Cardiovascular cardiac arrhythmias
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Category
Specific
Health
Outcomes

Statement
Cognitive problems: including cognitive impairment, poor memory
Cognitive problems: “mental spaciness”
Headaches
Gastrointestinal complaints including gastric pain, indigestion, weight loss
Nausea
Nose and throat including nose bleeds and sinus problems
Problems related to breathing including difficulty breathing and asthma,
COPD, bronchitis
Problems related to breathing respiratory infections
Problems related to sleep including insomnia, interrupted sleep, poor quality
sleep
Problems related to psychological wellbeing including problems with mood,
anxiety, anger, irritability, fear. (NOTE: Stress is not included in this
category.)
Problems related to stress including feelings of stress and short-term (e.g.,
muscle tension) and long-term (e.g., inflammation) physiologic symptoms
related to stress
Problems related to skin including rashes
Neurological symptoms including seizures, tics, tremors
Kidney/liver diseases
Shale Gas Syndrome: A group of symptoms that includes headaches,
nosebleeds, vomiting, diarrhea, and skin rashes (defined by panelists)
Occupational exposures including accidents--vehicular, explosions, fires-and exposures--VOCs, silica, chemicals
Accidents and injuries including traffic accidents, explosions, and fires

Community
Effects

Boomtown Effects including increased sexually transmitted diseases and
increased suicide related to economic well-being
Increased health care utilization

General
Statements

Cannot directly attribute health outcomes to unconventional natural gas
development
Cancer is a possible outcome/need to track
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Table 3b. Unconventional oil development: related health outcomes
Category

Statement

Specific Health
Outcomes

Cancer including increases in cancer rates generally and association with
specific cancers such as lung, breast
Problems with breathing including shortness of breath, asthma, bronchitis
Reproductive health including infertility and malformations of embryos
Headaches
Problems related to skin including rashes, redness
Neurological problems including dizziness, fainting, loss of consciousness,
tingling in hands and feet
Nausea and vomiting
Eye, nose, and throat problems including irritation, burning, blurred vision
Occupational exposures including vehicular accidents, explosions, fires,
inhalation injuries
Accidents and injuries including derailments and vehicular accidents
associated with transport, and explosions

Community
Effects

Boomtown Effects including increased sexually transmitted diseases and
increased suicide related to economic well-being

General
Statement

Problems with oil are comparable to those associated with gas
Data are insufficient to attribute health outcomes to oil

Results
1. More than 70% of panelists agreed with 22 statements on the relationship between health and UOGD, 15
associated with unconventional natural gas and 7 associated with unconventional oil development (Table 4).
These statements include 12 specific health outcomes, cancer as a possible outcome that should be tracked,
increased health care utilization and “Boomtown” effects associated with exposure. There was also agreement
that the health outcomes caused by exposure to both oil and gas are comparable.
2. More than 70% of the panelists ranked the relationship between five specific health outcomes and
unconventional natural gas development as uncertain: reduced sperm count, neurological symptoms,
gastrointestinal complaints, kidney/liver diseases, and malignant tumors (related to both natural gas and oil).
3. More than 70% of panelists disagreed with the statement “Cannot directly attribute health outcomes to
unconventional natural gas development”.
4. Ten of the 39 statements failed to achieve the level of consensus. For natural gas, those statements addressed:
nausea; cardiac arrhythmias; cognitive problems including cognitive impairment and poor memory; “mental
7

spaciness”; and respiratory infections. For oil extraction, those statements addressed: reproductive health; skin
problems; neurological problems; nausea and vomiting; and “data are insufficient to attribute health outcomes
to oil”.
Table 4: Panelists reached consensus (> 70%) on 22 statements relating health and UOGD
Impacts
Related to
Gas
Extraction

Impacts
Related to
Oil
Extraction

Occupational exposures including accidents (vehicular, explosions,
fires) and exposures (VOCs, silica, chemicals)
Problems related to stress including feelings of stress and shortterm (e.g., muscle tension) and long-term (e.g., inflammation)
physiologic symptoms related to stress.
Problems related to psychological wellbeing including problems with
mood, anxiety, anger, irritability, fear. (NOTE: Stress is not included in
this category.)
Cancer is a possible outcome/need to track

100%

100%

Accidents and injuries including traffic accidents, explosions, and fires
(gas); including derailments and vehicular accidents associated with
transport, and explosions (oil)
Problems with oil are comparable to those associated with gas

94%

Problems related to breathing including difficulty breathing and
asthma, COPD, bronchitis (gas); including shortness of breath, asthma,
bronchitis (oil)
Boomtown Effects including increased crime, drugs, alcohol, sexually
transmitted diseases (gas); including increased sexually transmitted
diseases and increased suicide related to economics (oil)
Problems related to sleep including insomnia, interrupted sleep, poor
quality sleep
Increased heath care utilization including hospitalizations and visits

94%

88%

94%

76%

Headaches

83%

Cardiovascular including cardiovascular disease, risk, hypertension

82%

Birth outcomes including low birth weight, premature birth, perinatal
complications

78%

Statement

Problems related to skin including rashes
Eye, nose and throat problems including nose bleeds and sinus
problems (gas); including irritation, burning, blurred vision (oil)
Shale Gas Syndrome: A group of symptoms that includes headaches,
nosebleeds, vomiting, diarrhea, and skin rashes (defined by panelists)

100%

Category

Health
Outcome
Health
Outcome

100%

Health
Outcome

100%

General
Statement
Health
Outcome

94%

94%

89%
83%
76%

78%
78%
71%

75%

General
Statement
Health
Outcome
Community
Effects
Health
Outcome
Community
Effects
Health
Outcome
Health
Outcome
Health
Outcome
Health
Outcome
Health
Outcome
Health
Outcome
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Discussion
This panel of experts identified 39 potential health outcomes associated with UOGD (Table 3a and 3b),
reaching consensus on 22 statements (Table 4). Panelists were asked to identify health outcomes they believe
are associated with unconventional natural gas extraction and, in a separate question, to identify health
outcomes they believe are associated with extraction of oil. Because the panelists agreed with the statement that
the health outcomes associated with oil extraction are similar to those associated with gas, results suggest that it
is not possible or practical to separate outcomes from oil and gas. Yet, consensus was reached on some
statements that referred to both gas and oil, or to either gas or oil. Six health outcomes were specifically
associated with both:
Health outcomes related to both oil and gas
1. Occupational injuries
2. Accidents and injuries
3. Problems associated with breathing such as asthma
4. Headaches
5. Nose and throat problems such as irritation, nose bleeds, and sinus problems
6. “Boomtown” effects such as crime, drugs, alcohol, and sexually transmitted diseases
(community effect/indirect health outcomes)

Seven health outcomes were associated with unconventional gas extraction. The additional results for natural
gas impacts may reflect the fact that more panelists were familiar with impacts from natural gas development
than with oil development.
Health outcomes specifically related to gas
1. Stress
2. Psychological wellbeing
3. Problems with sleep
4. Cardiovascular disorders
5. Adverse birth outcomes
6. Skin
7. Shale Gas Syndrome
Experts agreed that cancer was a possible outcome of exposure to unconventional natural gas development and
that it needed to be tracked, and that health care utilization was associated with UNGD.
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The panelists also reached consensus that the relationship between five health outcomes and exposure to
unconventional gas and/or oil extraction was uncertain:
Health outcomes panelists were uncertain about in relation to either gas or oil
1. Reduced sperm count (gas)
2. Neurological symptoms (gas)
3. Gastrointestinal complaints (gas)
4. Kidney/liver diseases (gas)
5. Malignant tumors (gas and oil)

Reports supporting the Delphi results
The scientific evidence linking health effects and exposure to UOGD focuses primarily on the relationship
between health and exposure to unconventional natural gas development. Consistent with the Delphi findings,
reports in the scientific literature and media document the prevalence of occupational injuries, such as burns (2),
and fatalities, in the oil and gas industry. Despite a decline in fatalities in recent years, the fatality rate of
25/100,000 workers employed in oil and gas extraction is 7 times higher than any other occupational group (3).
Accidents and injuries related to vehicular traffic in communities are documented (4), as well as train
derailments and industrial spills (5).
“Boomtown” effects have been well-documented in communities with UOGD that experience an influx of
transient worker populations, with or without families (6,7). Increased health care utilization has also been
documented in these communities; Jemielita et al. (8) demonstrated an association between increased inpatient
prevalence rates of diagnoses related to cardiac, neurologic, dermatologic, oncologic, and urologic systems
disorders with density of UOGD wells in three Pennsylvania counties. Birth outcomes including congenital
heart defects (9), preterm birth (10), low birth weight and small for gestational age (11) have also been
associated with exposure to UOGD. Scientific literature also identifies skin rashes and respiratory problems
(12), and a 2016 study associates higher incidences of mild asthma exacerbation, documented in hospital
records, with Pennsylvania residents who have greater exposure to UNGD wells (13).
Community-based reports
Health outcomes have also been documented by numerous media outlets (newspapers, video) and in the gray
literature. The Delphi results support some but not all findings from community-based studies. Multiple
community-based studies report stress and psychological problems in communities experiencing intense
unconventional natural gas development (14, 15, 16). These studies also report combinations of the health
outcomes endorsed by the Delphi panel: respiratory disorders such as asthma, problems with sleep, headaches,
cardiovascular problems such as hypertension, skin conditions such as rashes, and nose and throat problems
such as irritation or nose bleeds.
Some problems reported in community-based studies are not validated by this Delphi. The panelists did not
endorse a relationship between exposure to unconventional natural gas extraction and cognitive problems or
between exposure to oil extraction and reproductive problems, neurological symptoms, skin disorders,
10

gastrointestinal problems including nausea and vomiting, kidney diseases, or liver diseases. The panelists also
did not endorse a relationship between exposure and specific cancers, although they agreed that cancer is a
possible outcome and should be tracked.
EHP health survey
The Delphi results are also consistent with findings from EHP’s health survey data. A review of 186 health
intakes conducted by EHP shows that for residents living within l kilometer of shale gas activity the primary
adverse health effects reported are sleep disturbance, headache, throat irritation, stress/anxiety, cough and
shortness of breath. We also find that residents living in areas with higher production of shale gas report higher
numbers of health impacts.
The relationship between proximity to UOGD and health risk
When paired with the results from the Delphi questions addressing setback distances (EHP Technical Report
#2) a serious and growing concern for the risk to public health emerges. Panelists reached consensus that
UOGD should be located at least ¼ mile from places where people live, work and play and 50% agreed that 1 1¼ mile may be more appropriate. Panelists further agreed that vulnerable populations need extra consideration,
possibly through the implementation of additional setback distances. Health Impact Assessments were also
recommended to better define public health risk near UOGD.
Limitations
The results of this Delphi should be interpreted with the understanding that, while this group of panelists is
highly qualified, another group of panelists with more varied backgrounds may reach a different consensus and
further research is warranted.
In the absence of comprehensive epidemiological data, the findings of the Delphi coupled with the results from
recent health studies argue for caution in the expansion of UOGD. Overall, there is a need for health-focused
precautions to be put in place and for closer examination of the links between UOGD and adverse health
impacts. A full report on this study is currently in preparation for peer review.
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Conclusions
A panel of experts identified 39 outcomes potentially related to UOGD
exposure. Experts reached consensus on 22 statements relating health
outcomes to either unconventional natural gas or unconventional oil
development or both. Of these:
1. 12 specific health outcomes are associated with UOGD
exposure.
2. Cancer may be a health outcome and should be tracked in
regions of UOGD.
3. Increased health care utilization and “Boomtown” effects are
associated with UOGD exposure.
4. The health outcomes associated with exposure to both oil and
gas are comparable.
5. Other methods of assessing the risk to public health need to be
implemented, including Health Impact Assessments (HIAs)
which can be used to establish regulatory policy.
For more information contact:
Southwest Pennsylvania Environmental Health Project
2001 Waterdam Plaza Drive. Suite 201
McMurray, PA 15317
724.260.5504
www.environmentalhealthproject.org

12 Adverse Health Outcomes
Occupational Exposures
Stress
Psychological wellbeing
Accidents and injuries
Breathing problems
Sleep problems
Headaches
Cardiovascular problems
Birth outcomes
Skin problems
Eye, nose and throat
Shale Gas Syndrome
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Abstract
Emerging evidence indicates that proximity to unconventional oil and gas development
(UOGD) is associated with health outcomes. There is intense debate about “How close is
too close?” for maintaining public health and safety. The goal of this Delphi study was to
elicit expert consensus on appropriate setback distances for UOGD from human activity.
Three rounds were used to identify and seek consensus on recommended setback distances. The 18 panelists were health care providers, public health practitioners, environmental advocates, and researchers/scientists. Consensus was defined as agreement of
70% of panelists. Content analysis of responses to Round 1 questions revealed four categories: recommend setback distances; do not recommend setback distances; recommend
additional setback distances for vulnerable populations; do not recommend additional setback distances for vulnerable populations. In Round 2, panelists indicated their level of
agreement with the statements in each category using a five-point Likert scale. Based on
emerging consensus, statements within each category were collapsed into seven statements for Round 3: recommend set back distances of <¼ mile; ¼—½ mile; 1–1 ¼ mile; and
 2 mile; not feasible to recommend setback distances; recommend additional setbacks for
vulnerable groups; not feasible to recommend additional setbacks for vulnerable groups.
The panel reached consensus that setbacks of < ¼ mile should not be recommended and
additional setbacks for vulnerable populations should be recommended. The panel did not
reach consensus on recommendations for setbacks between ¼ and 2 miles. The results
suggest that if setbacks are used the distances should be greater than ¼ of a mile from
human activity, and that additional setbacks should be used for settings where vulnerable
groups are found, including schools, daycare centers, and hospitals. The lack of consensus
on setback distances between 1/4 and 2 miles reflects the limited health and exposure studies and need to better define exposures and track health.

Introduction
In the oil and gas extraction industry hydraulic fracturing, the injection of a mixture of water,
chemicals, and sand under high pressure, has increased rapidly since the late 1990s. Critics
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have voiced concerns about long-term potential impacts on air, water, and soil quality that
may accompany hydraulic fracturing and all stages of the processes associated with the development and transport of produced oil and gas (i.e. unconventional oil and gas development or
UOGD) [1–9]. Additional concerns include the significant impact on surrounding communities caused by increased traffic, light, noise, and social disruption from this type of industrial
development [10–13]. The entire process of UOGD, including oil and gas discovery, drilling,
production, processing, waste management, and transport, includes many sources of air and
water pollution, presenting risk factors for the environment, human health and community
social structure.

Health and proximity to UOGD activity
Several recent studies have documented health outcomes related to closer proximity to UOGD
activity. Steinzor, et al. [14], in their descriptive community study, documented increasing numbers of symptoms reported by residents as proximity to any type of UOGD facility decreased.
Rabinowitz et al. [15] conducted a cross-sectional study to investigate the relationship between
proximity to unconventional gas wells and reported health symptoms in a random sample of 429
residents of 180 households that had ground-fed water wells. GPS readings were taken at each
household as residents completed a health survey. ArcGIS was used to calculate the distance of the
home from natural gas wells. In this study, the number of symptoms reported per individual
increased with household proximity to wells. Within 1 kilometer (km) of wells, residents reported
more skin and respiratory symptoms compared to residents who lived at a greater distance.
Mckenzie et al. [16] estimated health risks for two populations in the Garfield County, Colorado gas fields: residents living less than or equal to 1/2 mile away from gas wells and those
greater than ½ mile. They found that the populations living closer to gas wells were at higher
risk of respiratory, neurological, and other health impacts and had a higher lifetime risk for
cancer than those who lived at farther distances. For this study ambient air samples were collected from a fixed monitoring station located near unconventional natural gas development
and residences, and from locations at the perimeters of four well pads. Methodology used by
the Environmental Protection Agency were used to estimate non-cancer Hazard Indexes and
excess lifetime cancer risks for exposures to hydrocarbons.
In a retrospective cohort study of 124,842 births in Colorado between 1996 and 2009,
Mckenzie and colleagues [17] found an association between congenital heart defects and proximity and density of unconventional natural gas wells within 10 miles of maternal residence,
using inverse distance weighted natural gas well counts as a measure of proximity and density.
Results also suggested a possible association between neural tube defects and proximity and
density. In another retrospective cohort study, Casey et al. [18] examined the relationship
between exposure to unconventional gas development and birth outcomes in 10,946 births in
Pennsylvania between 2009 and 2013. Unconventional gas development was modeled using
distance from residence; dates of well pad preparation, drilling and hydraulic fracturing; and
amount of production during pregnancy. Results showed an association between increased
exposure and preterm birth, but no association between low APGAR scores, small for gestational age, or low term birthweight. Stacy and colleagues [19] also used an inverse distance
weighted gas well count to examine the relationship of exposure to birth outcomes in their retrospective cohort study of 15,451 births in southwestern Pennsylvania between 2007 and 2010.
Results showed increased exposure was associated with low birth weight and small for gestational age; it was not associated with preterm birth.
Tustin et al. [20] used self-reported symptoms to investigate associations between chronic
rhinosinusitis, migraine, and fatigue, three conditions frequently reported in communities
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exposed to UOGD. Responses to self-report questionnaires were reviewed using standard criteria. Exposure was estimated using an “activity index” [18] derived from four exposure metrics to account for different phases of well construction and production: distance from the
residence; timing of well pad development, drilling, and hydraulic fracturing; and volume of
gas produced. Results of the case-control analysis indicated that the highest quartile of the
activity index was associated with increased odds of all three outcomes, when compared with
the lowest quartile.
McKenzie et al. [21] investigated the relationship between acute lymphocytic leukemia and
non-Hodgkin’s lymphoma in children ages 0–24 and residential proximity to unconventional
oil and gas development in Colorado. Cases and controls (i.e., children diagnosed with nonhematologic cancers) were diagnosed between 2000 and 2013 during rapid expansion of
UNGD. Exposure was calculated using an inverse distance weighted (IDW) approach, first
described by McKenzie et al. [17], to count all active oil and gas wells within 16.1 miles of each
residence, giving greater weight to those that are closer. In the adjusted model, acute lymphocytic leukemia cases age 5–24 were 4.3 times likely to live in the highest well-count tercile as
controls, with a monotonic increase across IDW tertiles (p for trend = 0.035). No such relationship was seen in leukemia cases 0–4 years or in non-Hodgkin’s lymphoma cases of any
age.
Rasmusen and colleagues [22] conducted a nested case-control study to investigate the relationship between asthma exacerbations and exposure to unconventional natural gas development. Using the Geisinger Clinic electronic health records, they identified cases of mild (i.e.,
new medication prescribed), moderate (i.e., emergency department visit), and severe (i.e., hospitalization) asthma exacerbations (n = 20,749; 1,870; and 4,782 respectively) treated at Geisinger between 2005 and 2012. Exposure was measured using the activity metric previously
described by Casey [18]. In the adjusted model, mild, moderate, and severe asthma exacerbations were associated with high scores in each activity metric when compared to referents.

Setback distances and UOGD
A 2013 review of state setback distances for shale gas development shows the broad range of
regulations in place at the time [23]. Of the 31 states in the review, 20 had setback restrictions
specifically from buildings, 11 had none related to buildings. The restricted distances ranged
from 100 feet (NY) to 1,000 feet (MD). California required setbacks, not from buildings but
between wells and public roads. For this type of land-based restriction, the American Petroleum Institute recommended that “. . .the wellsite and access road should be located as far as
practical from occupied structures and places of assembly” [24], offering a simple discretionary
guideline. Setback restrictions for water sources were found in 12 states; 18 had none and one
state had a discretionary standard. The regulated distance from water sources varied from 50
feet (OH) up to 2,000 feet (NY). A review of setback distances in urban areas of the Texas Barnett Shale showed a similarly broad range of regulations [25]. While the State permitted drilling within 200 feet of a dwelling, most municipalities employed longer distances; in Denton
County these ranged from 300 to 1500 feet. Fry also found that 12 out of the 26 city setback
ordinances reviewed had increased the distance over time–and none had been decreased. The
author found that setback restrictions appeared to be politically rather than technically-based
decisions and recommended greater reliance on “advanced emissions monitoring” to minimize discrepancies in determining appropriate setback distances.
Several authors have examined potential exposures related to existing setback distances.
McCawley [26] conducted a study of air, noise and light impacts using the West Virginia state
setback distance of 625 feet from the center of well pads. Measurable levels of dust and volatile
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organic chemicals, including one or more of benzene, toluene, ethylbenzene, and xylene, were
found at all seven drilling sites where measurements were taken. Some benzene concentrations
were above the “minimum risk level” for no health effects. Dispersal patterns were influenced
by factors including multiple sources of emissions located throughout the well pad, local
weather, topography, and wide fluctuation in levels of contaminants. Light levels, measured as
skyglow, were zero during night time; ionizing radiation levels measured from filtered airborne particulate were near zero as well. While average noise levels calculated for the duration
of work at each site were not above the 70 dBA level recommended by the EPA, the noise at
some locations was above that allowed by EPA regulation for vehicles engaged in interstate
commerce and local noise ordinances. McCawley concluded that a setback distance of 625 feet
cannot assure that nearby residents would not be exposed to drill site contaminants.
Haley et al. [27] reviewed current regulations and other aspects of setback distances used
within the Marcellus, Barnett, and Niobrara shale plays. The most common setback distances
from buildings were 300 and 500 feet, with a range of 150 to 1500 feet. The authors concluded
that current setback distances are inadequate to protect residents in the case of explosions,
radiant heat, toxic gas clouds, and air pollution from hydraulic fracturing activities; and that
setback distances cannot provide absolute measures of safety, especially for vulnerable
populations.
There is an increasing number of peer-reviewed articles addressing air quality impacts
from UOGD (see for instance Physicians, Scientists and Engineers for Healthy Energy database) [28]. While these studies provide valuable science-based data that can support the rationale for regulating or not regulating setback distances, there remains a concern about the
adequacy of health-based standards used to determine impacts from pollutant exposures.
In a critique of current methods of collecting air emissions data, Brown et al. [29] found
that data collection and analysis of air pollution impacts from unconventional natural gas
development cannot accurately assess human health impacts near UOGD sites. Specific findings were that “1) current protocols used for assessing compliance with ambient air standards
do not adequately determine the intensity, frequency or durations of the actual human exposures to the mixtures of toxic materials released at UOGD sites; 2) the typically used periodic
24 hour average measures can underestimate actual exposures by an order of magnitude; 3)
reference standards are set in a form that inaccurately determines health risk because they do
not fully consider the potential synergistic combinations of toxic air emissions; 4) air dispersion modeling shows that local weather conditions are strong determinates of individual exposures.” The authors recommend protocols that provide continuous chemical monitoring to
show variations in exposure; modeling of local weather conditions to identify periods of high
exposures; and sampling for chemical mixtures to identify the major components.
Two examples of air modeling studies provide context for assessing the need for setback
distances. Olaguer [30] used a neighborhood scale dispersion model to simulate ozone formation resulting from emissions from UOGD in the Barnett Shale, focusing on both routine and
nonroutine emission events (flares). The model predicted that both types of UOGD operations
can have a significant impact on local ambient ozone levels. Modeled ozone levels increased at
an approximate distance of 2km or more, at enhancement levels greater than 3 parts per billion
(ppb). Modeled flare events could cause greater increases at distances >8km downwind.
Ozone causes respiratory health effects including asthma and chronic obstructive pulmonary
disease (COPD).
In another study, Brown et al. [31] describe a hypothetical case that demonstrates the direct
effect of weather on exposure patterns of particulate matter (specifically PM2.5) and volatile
organic chemicals (VOCs) from unconventional natural gas infrastructure. The authors modeled the frequency and intensity of exposures to PM2.5 and VOCs at a residence surrounded by
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three UOGD facilities. The hypothetical well pad, compressor and processing plant are 1 km, 2
km and 5 km distant from the residence. Modeled peak PM2.5 and VOC exposures (defined as
2 standard deviations above the mean) during 14 months of well development occurred 83
times. Modeled compressor station emissions created 118 peak exposure levels and a gas processing plant produced 99 peak exposures over one year. The authors emphasize that local
weather patterns combined with episodic emissions drive local exposure profiles.
While there is emerging evidence that proximity to UOGD activities is associated with
chemical exposures and health outcomes, there is intense debate about “How close is too
close?” The Delphi is an accepted method for reaching convergence of expert opinion about
a specific topic, particularly when available data are inconclusive [32]. We conducted this Delphi study to arrive at expert consensus on two closely related questions: 1) the relationship
between health outcomes and UOGD activities; and 2) appropriate setback distances for
UOGD from human activity including residences, schools, work places, and farms. This
paper reports the expert consensus on the question of appropriate setback distances; expert
consensus on the question of relationship between health outcomes and UOGD activities will
be presented in a subsequent report. Portions of this report on setback distances have been
issued as a technical report by Southwest Pennsylvania Environmental Health Project www.
environmentalhealthproject.org

Methods
Study design
This study used a conventional Delphi procedure [32–35], which can be viewed as a series of
rounds. In each round, the participants (called “panelists”) respond anonymously to a set of
questions and then receive information about the responses of all other participants, including
their own. Panelists are encouraged to re-assess their own responses on subsequent rounds
with a goal of reaching consensus. The first round consists of a set of open-ended questions.
Subsequent rounds consist of a set of statements to which panelists indicate their level of agreement on a five-point Likert scale. Three rounds are usually sufficient to reach consensus [35].
For this study consensus was defined as agreement of 70% of panelists, a decision point that is
frequently used in Delphi studies [36–38].

Expert panel
There are few generally accepted criteria for inclusion on a Delphi panel [34] or agreement
about the number of panelists required for a Delphi [39]. Early researchers who used this technique suggested the following criteria for inclusion: background and experience with the topic,
capability to contribute, and willingness to revise their judgment to reach consensus [40].
More recent researchers suggest identifying stakeholders with interest in the topic: positional
leaders, authors of publications in the scientific literature, and those with first-hand experience
[41,42]. As Keeney et al. point out in their critical review of the technique, the definition of
“expert” ranges from informed individuals to experts in the field [43]. The number of panelists
required varies with the focus of the Delphi and the characteristics of the panelists. Generally,
the more similar the members and the more narrow the focus of the investigation, the smaller
the number, with 10–15 generally considered acceptable if the group is homogeneous; 15–30 if
it is heterogeneous [43].
For this Delphi panel, selection criteria included: researchers whose work has been published in peer-reviewed journals and/or presented at national scientific meetings; scientists
employed in regulatory agencies; and leaders in public policy and environmental advocacy
who have been published in the grey literature. Potential panelists included representatives of
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federal and state agencies, environmental advocacy groups, health care providers, public health
practitioners, and a range of researchers in areas including environmental science, toxicology,
and social science. Invitations were sent via e-mail or the US Postal Service if no e-mail address
was publicly available. The invitation included a consent to participate and the first round
questions, along with an estimate of time commitment for participation. The study was
reviewed and approved by the Duquesne University Institutional Review Board.
A total of 57 experts were invited to participate in this Delphi; 18 agreed to be panelists and
returned the completed Round 1 questionnaire and consent form. Of those who did not participate, 23 simply did not respond to the invitation. A total of 18 provided a reason for declining,
citing lack of time (n = 7), lack of expertise (n = 8), and no longer working in UOGD (n = 2).

Round 1
In the first round, panelists were asked to respond to the open-ended questions shown in
Table 1, following these instructions:
“We are interested in both gas and oil and know that the multiple steps in the production of
these products differ. We understand that a panelist may have more expertise in one area
than the other, so have constructed questions to allow for those differences. Where possible
in your responses, please address all steps in the process from drilling site construction
through delivery of the product to the consumer (e.g., well pad construction, well drilling,
hydraulic fracturing, compressor stations, pumping stations, processing plants, impoundments, pipelines, and other steps in the process). In the questions below, the steps in this
process are referred to as ‘related activities’.”

Panelists were asked to return their responses within two weeks. Non-responders were sent
a reminder at the end of two weeks. For those who requested additional time due to workload,
travel, etc. the deadline was extended two weeks. The same procedure was followed in subsequent rounds.

Round 1 data analysis and development of Round 2 structured questionnaire
Content analysis was conducted on the qualitative responses to the open-ended questions in
Round 1, with all responses independently coded by two members of the research team (CL
Table 1. Open-ended questions used in Round 1.
1 What do you believe are appropriate set-back distances for hydraulic fracturing and related activities from places
where people live, including single homes, multiple family dwellings, etc.? Please specify if your response is related to
oil or gas extraction.
2 What do you believe are appropriate set-back distances for hydraulic fracturing and related activities from indoor
places where people work including offices, hospitals, and schools? Please specify if your response is related to oil or
gas extraction.
3 What do you believe are appropriate set-back distances for hydraulic fracturing and related activities from outdoor
places where people work such as farms? Please specify if your response is related to oil or gas extraction.
4 What do you believe are appropriate set-back distances for hydraulic fracturing and related activities from places
where people recreate or play such as parks? Please specify if your response is related to oil or gas extraction.
5 Should set-back distances differ for settings that include groups of vulnerable individuals, such as schools, day care
centers, long- term care facilities, and if so, how? Please specify if your response is related to oil or gas extraction.
Five open-ended questions were sent to all prospective panelists for their responses to initiate Round 1 of the Delphi
study.
https://doi.org/10.1371/journal.pone.0202462.t001
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and LG). Coding was compared for congruence. Similar responses were grouped into categories, for example, “Recommended setback distances” and “Cannot recommend setback distances” as shown in the Results section. Within the category “Recommended setback
distances” responses were grouped into mutually exclusive sub-categories. Responses to the
question concerning vulnerable populations were grouped into two categories; both are shown
in the Results section. All responses in each category were included on the structured questionnaire used for Round 2 and 3.
The structured questionnaire for Round 2 included all responses so that each panelist was
able to see the complete range of responses in each category, with his/her own responses
highlighted. Panelists were asked to indicate their level of agreement with each statement
using a 5-point scale: strongly agree, agree, not sure, disagree, and strongly disagree and to
provide a rationale for their decisions for those statements for which they strongly agreed or
agreed.

Round 2 data analysis and development of Round 3 structured
questionnaire
Responses to Round 2 were used to revise the structured questionnaire for Round 3. Statements within categories were collapsed to reflect emerging consensus within the panel. The
Round 3 questionnaire provided the aggregated panelists’ responses for each statement and
the rationales provided by the individual panelists for their responses. For this final round,
panelists were asked to review the distribution of responses and rationales provided and then
indicate their level of agreement with each statement.

Results
Characteristics of panelists
The 18 panelists who agreed to participate and completed Round 1 self-identified as researchers/scientists, health care providers, environmental advocates, and public health practitioners.
Self-reported areas of expertise included: medicine/health care, air quality, water quality, toxicology, environmental science, environmental health, public health, epidemiology, social science, policy, and risk analysis. The majority (83%) of the panelists hold earned doctoral
degrees and reported working in their respective fields for a mean of 17.6 years (SD = 10), with
a range of 4–35 years. In the area of UOGD specifically, they reported a mean 4.3 years (SD =
1.2), with a range of 2–6 years. The panelists represented a range of geographic regions
throughout the United States; 50% were women. None of the authors participated as panelists.
Of the 18 panelists, 14 (78%) participated in Round 2 and18 (100%) participated in Round 3.

Round 1
Responses to Questions #1- #4 were similar, with 9 panelists providing word-for-word the
same response to all four open-ended questions. An additional four panelists provided the
same response to three of the four questions. Only two panelists provided a different response
to each of the four questions of setback distances from home, places of work, and places of
recreation. Thus, all responses to these questions were considered together in the content analysis; two categories of responses, shown in Table 2, emerged.
There were 17 statements that included recommendations for specific setback distances
from homes; places of work such as schools, office buildings, and farms; and recreational
areas. Table 2 shows recommended distances ranged from 1/10 of a mile (0.1 km) to 2 miles
(3.2 km). There were 18 statements that did not include recommendations for specific setback
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Table 2. A comparison of exemplar statements recommending setback distances and exemplar statements not
recommending setback distances from homes, places of work, or recreation areas.
Recommended setback distances
I defer to existing regulation: Center of well pads may not be located within 1/10 mile (0.1 km) of an occupied dwelling
structure.
2/10 mile (0.3 km) for gas operations based on industry studies of blowouts, explosions and fires from drill rigs,
compressor stations and pipelines.
Set-backs of at least 1/3 mile (0.5km) would be needed to prevent flow through documented pathways of subsurface
contamination.
½ mile (0.8 km) for oil or natural gas extraction from office buildings and other indoor areas.
Minimum of 1 mile (1.6 km) for gas extraction
1 ¼ mile (2 km) from natural gas wells
At least 2 miles (3.2 km), maybe more
Cannot recommend setback distances
Due to our inability, with current information, to predict dispersal pathways accurately, I do not think safe set-back
distances can be determined.
This is something that is difficult to determine because it depends on the hydrology and air currents.
My response applies to both oil and gas. . . .do not take a position on specific distances, in large part because there is no
scientifically definitive distance beyond which health impacts would never occur. However, we believe that current
setbacks from residential areas are much too short in all states.
I do not have an opinion on an appropriate set-back distance because I don’t believe there is enough evidence to inform
an opinion.
Again the distinction between oil and gas is not important. I think there are appropriate, science based setbacks that
could be developed. I agree with the position that the ones that exist are not science based at all. . .and are based on
political compromises.
There are no appropriate set-back distances for recreation areas near oil production. Ambient air quality is affected by
VOCs. We have no proof of what constitutes a safe set-back distance. Cumulative effects have yet to be studied.
https://doi.org/10.1371/journal.pone.0202462.t002

distances. The exemplar statements in the Table 2 section “Cannot recommend setback distances” reflect panelist’s perspectives that there is insufficient information available to make
recommendations. As one panelist pointed out, his lack of a specific recommendation did not
imply that setback distances were not needed, just that he did not think it was possible to make
a recommendation. All statements in each category were included on the structured questionnaire used for Round 2.
The content analysis revealed that responses to the question concerning setback distances
for vulnerable populations differed from those to the first four questions. As shown in Table 3,
panelist’s responses fit into one of two categories: responses that argued for additional setback
distances and responses that focused on the difficulties of establishing setback distances for
vulnerable populations.
Eleven statements recommended additional setback distances for vulnerable populations.
Vulnerable populations were defined by panelists to include: children, neonates, fetuses,
embryos, pregnant women, elderly individuals, those with pre-existing medical or psychological conditions, and those with pre-existing respiratory conditions. Panelists included the following settings as places where vulnerable populations might be concentrated: schools, day
care centers, hospitals, and long-term care facilities. Five statements focused on the difficulties
of setting additional setback distances. As shown on Table 3, the panelists focused on the distribution of vulnerable individuals throughout the population, making the determination of
setback distances to protect all vulnerable members of society difficult if not impossible.
The four categories of responses described above, and all statements within each, were used
to create a structured questionnaire for Round 2. Panelists were asked to indicate their level of
agreement on a 5-point Likert-type scale to a total of 51 statements and to provide a rationale
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Table 3. A comparison of exemplar statements recommending additional setback distances for vulnerable populations and exemplar statements not recommending additional setback distances for vulnerable populations.
Panelists recommend additional considerations for vulnerable populations
Populations that are particularly sensitive to the toxins known and suspected to be associated with fracking activities
should have special protections; this includes children, neonates, fetuses, embryos, pregnant women, elderly individuals,
and those with pre-existing medical or psychological conditions.
I would consider this a case where additional restrictions would be important. Oil and/or gas operations near hospitals
and schools should simply not be allowed. . .
Yes, greater setback distances are warranted for schools, daycare centers, long-term care facilities, etc. for both oil and
gas extraction.
Larger setback distances in gas extraction are critical to larger vulnerable groups because one must take into
consideration evacuation time and route in case of a catastrophic well or related infrastructure event.
Setbacks (gas) should definitely be farther from schools, day care centers where children are located and long-term
facilities where people who already have compromised health don't need it further compromised by poor air quality
from unconventional gas development.
Panelists do not recommend additional considerations for vulnerable populations
I am really unsure as to how to answer this because if air plumes travel and contribute to quality degradation of an
entire region, it is likely that it would impact vulnerable populations regardless of physical proximity.
Regarding different set-backs for settings with vulnerable populations: Probably not. It appears that the most vulnerable
populations are pregnant women and those with asthma, neither of which would necessarily be concentrated in specific
facilities.
Vulnerable populations are distributed throughout the environment. This is therefore an inadequate calculation to
consider.
The distances mentioned above are set to protect vulnerable persons as they are all a significant part of every society.
It makes sense to start with. . .longer setbacks on places used or inhabited by people with known vulnerabilities.
However, there may be vulnerable individuals living, working, and spending time outdoors even in locations that are
not specifically geared toward that population (for example, individuals with compromised immune systems, a history
of cancer, or asthma).
https://doi.org/10.1371/journal.pone.0202462.t003

when they agreed with a statement. Their own statements from the first round were
highlighted.

Round 2
Based on panelist’s responses to the structured questionnaire, statements within categories
were collapsed to reflect emerging consensus.
Recommended setback distances: In this category, the 17 statements were collapsed into
four: less than ¼ mile; ¼—½ mile; 1–1¼ miles; and 2 or more miles. (See Table 2 for exemplar
statements.) All statements fit into one of these four groups, and emerging consensus in panelists’ responses determined the cut-points used. These four statements were included on the
structured questionnaire for Round 3.
Cannot recommend setback distances: Fourteen of the 18 statements were collapsed into
one category which was restated as “It may not be feasible to recommend set back distances
for the general population” to more accurately reflect the content of the 14 statements. (See
Table 2 for exemplar statements.) For these 14 statements, the proportion of panelists who
agreed ranged from 54% to 92%. Four statements were excluded because they did not reflect
emerging consensus.
Panelists recommend additional considerations for vulnerable populations: Ten of the 11
statements were collapsed into one category which was restated as “Recommend additional
consideration for vulnerable groups” to more accurately reflect the content of the 10 statements. (See Table 3 for exemplar statements.) The proportion of panelists who agreed with the
10 statements ranged from 58% to 83%, indicating emerging consensus. One statement was
excluded because it did not reflect emerging consensus.
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Panelists do not recommend additional considerations for vulnerable populations: Three of
the five statements were collapsed into one category which was restated as “It may not be feasible to recommend additional considerations (i.e., members of vulnerable populations are distributed throughout the population)” to more accurately reflect the content of the three
statements. (See Table 3 for exemplar statements.) The proportion of panelists who agreed
with the three statements ranged from 25% - 41%. Two statements were excluded because they
did not differ from the panelist’s responses to questions #1-#4.
The structured questionnaire for Round 3 included seven statements which are shown on
Table 3. The questionnaire also included the distribution of panelist’s responses and their
rationales offered in Round 2. Panelists were asked to review the statements and rationales and
then indicate their level of agreement/disagreement with each statement on the Round 3
questionnaire.

Round 3
The distribution of panelists’ responses to the structured questionnaire in Round 3, along with
the mean and standard deviation for each statement is shown in Table 4.
To determine consensus, we combined responses of “agree” and “strongly agree” to determine the % of panelist agreement with a statement and responses of “disagree” and “strongly
disagree” to determine the % panelist disagreement with a statement. Within the category “recommended setback distances”, panelists reached consensus on the statement “less than ¼
mile”. A total of 89% of panelists disagreed with that statement (i.e., 11% disagreed plus 78%
strongly disagreed for a total of 89%), reaching the 70% set for consensus in this Delphi.
Panelists did not reach consensus on the statement “¼—½ mile”. For this statement, 66%
of panelists disagreed with the statement, 22% were unsure, and only 11% of panelists agreed.
Panelists did not reach consensus on the statement “1–1¼ miles”, 50% agreed, 28% were
unsure, and 22% disagreed. Panelists did not reach consensus on the statement “at least 2
miles”; 34% agreed, 44% were unsure, and 22% disagreed. For the statement “It may not be feasible to recommend setback distances for the general population”, 67% of panelists agreed, 6%
were unsure, 28% disagreed.
Regarding setback distances for vulnerable populations, panelists reached consensus on the
statement “Recommend additional consideration for vulnerable groups” with 87% agreeing.
Panelists did not reach consensus on the statement “It may not be feasible to recommend additional considerations for vulnerable groups”, with panelists nearly equally divided between
agreement and disagreement with the statement. See S1 Chart for a visual representation of
Delphi results.
Table 4. Distribution of panelists’ levels of agreement with statements used in Round 3 and median scores.
1

2

3

4

5

Mean (SD)

Recommend less than ¼ mile setback

0%

0%

11%

11%

78%

Recommend ¼—½ mile setback

0%

11%

22%

22%

44%

4.0 (1.03)

Recommend 1–1¼ miles setback

6%

44%

28%

11%

11%

2.78 (1.05)

4.67 (0.65)

Recommend at least 2 miles setback

17%

17%

44%

11%

11%

2.83 (1.14)

It may not be feasible to recommend setback distances for the general population

28%

39%

6%

22%

6%

2.17 (1.09)

Recommend additional consideration for vulnerable groups

67%

22%

11%

0%

0%

1.44 (0.67)

6%

33%

6%

33%

22%

3.17 (1.26)

It may not be feasible to recommend additional considerations for vulnerable groups
1 = strongly agree; 2 = agree; 3 = not sure; 4 = disagree; 5 = strongly disagree.
https://doi.org/10.1371/journal.pone.0202462.t004
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Discussion
There is significant public and scholarly debate about the relationship between proximity to
these industrial activities and human health. The Delphi provides a unique tool to learn how
experts on a particular topic apply their knowledge and experience to a complex problem, and
to determine whether a convergence of opinion can be established [32–35, 41–43]. In this
study we used the Delphi method to address the issue of appropriate setback distances for
UOGD from places where humans live, work, and play. The intent of this Delphi was to reach
expert consensus on appropriate setback distances from homes, workplaces, and recreation
areas in general, and for vulnerable populations in particular.
The responses to the open-ended questions in Round 1 generated a set of statements that
expanded the question of setback distances. The panelist’s responses reflected their opinions
about the adequacy of both the evidence available to answer the question and the ability of setback distances to protect the health of the public, rather than providing simple statements of
specific distances. Accordingly, their responses were grouped into four categories: recommendations for specific setback distances from places of human activity; no recommendations for
specific setback distances from places of human activity; recommendations for additional setback distances for vulnerable populations; no recommendations for additional setback distances for vulnerable populations.
Round 2 responses were collapsed into seven statements, based on panelists’ responses to
the individual statements and emerging consensus. Four statements focused on specific setback distances from places where people live, work, or play: Recommend <¼ mile; Recommend
¼—½ mile; Recommend 1–1¼ mile; Recommend 2 miles or more. Three additional statements
focused on feasibility and vulnerable populations: It may not be feasible to recommend setback
distances; Recommend additional considerations for vulnerable populations; It may not be feasible to recommend additional considerations for vulnerable groups.

Setbacks of <¼ mile are not sufficient
Panelists reached consensus that setback distances of <¼ mile were not sufficient but were not
able to reach consensus for the longer setback distances suggested by panelists (i.e., ¼—½
mile, 1–1¼ mile, and 2 miles or more). A total of 67% of panelist agreed with the statement
that it may not be feasible to establish setback distances, very nearly reaching consensus.
Taken together, these results suggest that while these panelists agreed that ¼ of a mile is “too
close” they did not feel able to recommend a specific distance that would protect the health of
the public. Failure to reach consensus about setback distances between ¼ and 2 miles reflects
published studies that have identified a variety of health effects and evidence of exposure at
various points within that range [14, 15, 17–22]. Nevertheless, panelists were clear that current
setback regulations of less than ¼ mile are not adequate.

Recommend additional setbacks for vulnerable populations or settings
Panelists reached consensus that additional setback distances should be established for vulnerable populations or settings. Vulnerable groups were defined by the panelists as children, neonates, fetuses, embryos, pregnant women, elderly individuals, those with pre-existing medical
or psychological conditions, and those with pre-existing respiratory conditions. Vulnerable settings were defined as schools, day care centers, hospitals, and long-term care facilities. At the
same time, panelists were split as to whether such consideration was actually feasible, recognizing that since vulnerable people are distributed throughout the general population it would be
difficult if not impossible to give them extra consideration. Yet some suggested that where vulnerable individuals gather, such as in schools and playing fields, setbacks may be useful.
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Limitations and further research
The results of this Delphi should be interpreted with caution, as they reflect the expert opinion
of one panel. It is possible that another panel would reach a different consensus, and further
research is warranted. In addition, using 70% as the decision-point for consensus means that
some portion of the panel is not in agreement. Therefore, we included in the results section
the percentage of agreement and the mean and standard deviation of the Likert score for each
statement in an effort to be as transparent as possible. While the panel had a broad range of relevant expertise in public and environmental health and many years of experience in a variety
of professional activities, the panel would have been strengthened by representation from the
petroleum industry. Future research should purposefully include such scientists, researchers,
and practitioners. Not all panelists participated in all rounds, however, all panelists who participated in Round 1 participated in Round 3.

Conclusion
In conclusion, the results of this Delphi study suggest that if setbacks are used the distances
should be greater than ¼ of a mile from any area where human activity takes place, and that
additional setbacks should be used for settings where vulnerable groups are found, including
schools, daycare centers, and hospitals. The panel did not reach a consensus on setback distances between ¼ and 2 miles. While both health effects and exposures have been reported in
the literature and are consistent with scientific reports, there is uncertainty with respect to levels and types of exposures and the health responses further from the wells. One report has suggested that site-specific air measures are needed. Levels of exposure have been documented
based on analysis and air modeling in both air and water within ¼ of a mile. Although air
modeling indicates air exposures in the ¼ to 2-mile range, it is difficult to measure due to
localized weather variability. Health effects are reported in the peer-reviewed literature for
respiratory disease and dermatologic effects, however the health effects could be related to the
presence of other sources of pollution. Thus, failure to achieve consensus on the range of setback distances appears to reflect uncertainties based on limited data on real-time emissions
from UOGD, the limited scientific studies available and the presence of periods of potential
high exposures.

Supporting information
S1 Chart. Flow chart of results of Rounds 1–3 for statements that recommend setbacks for
UOGD infrastructure. Consensus = 70%.
(PDF)
S1 Dataset. Round 1 responses.
(PDF)
S2 Dataset. Round 2 responses.
(XLSX)
S3 Dataset. Round 3 responses.
(XLSX)
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health prevention techniques, well-designed studies and
stronger state and national regulatory standards is becom
ing increasingly apparent.

Abstract: Heavy metals (arsenic and manganese), particu
late matter (PM), benzene, toluene, ethylbenzene, xylenes
(BTEX), polycyclic aromatic hydrocarbons (PAHs) and
endocrine disrupting chemicals (EDCs) have been linked
to significant neurodevelopmental health problems in
infants, children and young adults. These substances are
widely used in, or become byproducts of unconventional
oil and natural gas (UOG) development and operations.
Every stage of the UOG lifecycle, from well construction
to extraction, operations, transportation and distribution
can lead to air and water contamination. Residents near
UOG operations can suffer from increased exposure to ele
vated concentrations of air and water pollutants. Here we
focus on five air and water pollutants that have been asso
ciated with potentially permanent learning and neuro
psychological deficits, neurodevelopmental d
 isorders and
neurological birth defects. Given the profound sensitivity
of the developing brain and central nervous system, it is
reasonable to conclude that young children who experi
ence frequent exposure to these pollutants are at particu
larly high risk for chronic neurological diseases. More
research is needed to understand the extent of these con
cerns in the context of UOG, but since UOG development
has expanded rapidly in recent years, the need for public
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Introduction
Since the mid-to-late-2000s, unconventional oil and gas
(UOG) techniques, including hydraulic fracturing (frack
ing) have enabled the extraction of fossil fuels from pre
viously inaccessible geological formations such as shale,
leading to the rapid spread of UOG development in the US.
The scientific and medical communities are beginning to
understand that each step of the UOG lifecycle uses and
emits significant quantities of chemicals likely to be
harmful to environmental and human health (1–10), par
ticularly to infants and developing children (11–15). This
paper explores the potential health risks of UOG activ
ity; we are presenting the first literature review to focus
explicitly on the effects of the UOG industry on the neu
rodevelopmental and neurological health of infants and
children.
Currently, there are now over 1000 peer-reviewed
publications that assess various health hazards and
risks of UOG. Some of these studies on UOG development
have observed an increase in adverse perinatal outcomes
(12–14). Published research focusing on the association
between UOG and neurodevelopmental and neurological
health in humans is limited and only a few studies to date
address this issue, while no studies have focused exclu
sively on this health topic. Neurological health problems
have been reported by residents (16) and observed in com
panion animals and livestock living in close proximity
to UOG development in areas across the US (17). A study
by University of Pennsylvania and Columbia University
researchers found that UOG in Pennsylvania was associ
ated with an increase in hospitalization rates, including
inpatient prevalence rates for neurology among other
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health categories (18). Another retrospective study in 2014
of approximately 124,842 births found that there was a
potential association between the density of natural gas
wells within a 16-km radius of a residence and neural tube
defects in infants (12).
Although data is still emerging in this specific health
research area, the neurological and neurodevelopmental
effects of many UOG chemicals including those we focus
on in this review are well known and documented in the
scientific literature in many other contexts (Table 1).
This review calls attention to the neurological health
impacts of air and water pollution from UOG operations,
focusing specifically on five pollutant categories: heavy
metals (arsenic and manganese), particulate matter (PM),
polycyclic aromatic hydrocarbons (PAHs), BTEX and
endocrine-disrupting chemicals (EDCs). The purpose of
this paper is to highlight how vulnerable populations,
particularly newborns and growing children, may or
may not suffer disproportionately from exposure to UOGrelated air and water pollutants. We also identify future
research needs and present general policy recommenda
tions in light of the identified health risks within these
populations.
In our discussion of the health effects of air and water
pollution from UOG, we chose these five particular pollut
ant categories because these pollutant groups have been
found in significant concentrations in air and water at or
near UOG sites, and are most commonly found in epide
miological studies to be associated with adverse neuro
logical and developmental health outcomes. We do not
discuss a number of other pollutants including: methyl
ene chloride, ethylene glycol and other materials from
UOG operations that are potentially neurotoxic.
It should be noted that unconventional oil and gas
development is a broad and complex term which can refer
to modern oil and gas development techniques that may
not be covered in this review. UOG generally refers to oil
and natural gas produced from atypical sources – includ
ing shale/tight formations, oil/tar sands, coal seams and
low permeability reservoirs – requiring techniques differ
ent from those needed for conventional oil and gas pro
duction. For this review, we focus specifically on research
pertaining to onshore oil and gas development from shale
and tight formations (i.e. low permeability) and do not
include studies of coalbed methane, oil sands, or offshore
oil and gas development. In a few examples we refer to
studies that may also apply to other forms of oil and gas
development. While the term hydraulic fracturing (“frack
ing”) is used in the media to refer to UOG activities in
general, we use it in this review to refer to its role in oil
and gas development from shale and tight formations.

This involves the well stimulation technique of injecting
pressurized fluid consisting of water, sand and chemicals
into a reservoir or low permeability rock formations, in
order to mobilize oil or natural gas. Recently, hydraulic
fracturing has been combined with other techniques such
as directional drilling to increase oil and gas production
from unconventional sources.
The neurotoxicity of chemical compounds that are
foreign to the body is a serious though understudied public
health issue. Ten percentage to 15% or approximately one
out of every six children in the US suffers from neuro
developmental abnormalities, including intellectual dis
abilities, learning disabilities, autistic disorders, attention
deficit disorders and/or emotional disorders (69). Specific
epidemiology is further complicated by rapid increases in
disorders that are subtle or difficult to diagnose, such as
autism and attention deficit disorder (70).
There is ample evidence that environmental toxicants
can cause neurodevelopmental problems. Developmental
neurotoxicity has been called a “global silent pandemic”
– “silent” because the “brain draining” impacts of early
life exposure to neurotoxicants are often subtle and sub
clinical, which can make them hard to detect (71–73).
Another aspect of this “silent pandemic” is the lack of
safety standards set by regulatory authorities on virtually
any of the 85,000+ chemicals that we are exposed to daily,
as well as the limited attention clinicians and academic
researchers have paid to the “brain drain” caused by
neurotoxicity in early life (74). In a 2006 review aimed at
drawing attention to how little is known about neurotoxi
cants, Grandjean and Landrigan (72) identified 201 chemi
cals neurotoxic to adults and more than 1000 chemicals
neurotoxic to animals. In discussing evidence for meas
urable human consequences, they focused on the neu
rodevelopmental toxicity of lead, methylmercury, arsenic,
polychlorinated biphenyls and toluene. In 2014, the same
authors, updated this review and highlighted newly iden
tified developmental neurotoxicants, noting that the list
of known neurotoxicants had been growing annually by
two substances per year (71).
In this review we discuss the body of scientific and
medical literature relevant to the neurodevelopmental
health impacts of UOG development and production. We
highlight what is currently known and identify data gaps
and research limitations.

Methods
For this review, we focus on the scientific literature rele
vant to the potential neurodevelopmental health effects of

Arsenic

Heavy metals

Neurodevelopmental effects such as SGA, reduced length,
reduced birth weight and head circumference from prenatal and
early life exposure (41–43)
Increased rates of neural tube defects from maternal exposure to
PAHs during pregnancy (43)

Perinatal exposure to EDCs may cause permanent changes in the
brain and behavior (52–54)

Neurodevelopmental effects such as small head circumference
and growth retardations from prenatal toluene exposure (57, 58)
Prenatal toluene exposure can result in language impairment,
developmental delays, postnatal growth retardation and
cerebellar problems (57–59)
Delays development of speech, motor function, and can result
in low scores on developmental tests in infants of mothers that
abused toluene during pregnancy (60)
Neural tube defects from maternal benzene exposure (61)

Endocrine disrupting
chemicals (EDCs)

Benzene, toluene,
ethylbenzene, and
xylene (BTEX)

Interferes with various stages of neurodevelopment, such as by
inhibiting neuron growth and induces neural tube defects (NTDs)
(19, 20)
Developmental psychomotor impairment in infants from prenatal
exposure (30)

Neurodevelopmental effects

Effects

Polycyclic aromatic
hydrocarbons (PAHs)

Manganese

Pollutant

Pollutant groups

Benzene and toluene can effect
spatial learning and memory
(60)

Compromises learning and
memory (55, 56)

Deficits in memory, attention
and IQ from early life exposure
(21–27)
Deficits in IQ and below average
performance on tests of verbal/
visual/working memory,
perceptual reasoning in children
with prenatal or drinking water
exposure (29, 31–36)
Reduced verbal and full-scale IQ
scores (44–48)

Neurocognitive effects

Table 1: Summary of neurodevelopmental and neurological health effects associated with pollutants of concern.

Increased risk of ADHD
diagnosis and other childhood
psychopathologies like OCD
and Tourette’s syndrome from
impaired self-regulation (49, 50)
An increase in symptoms
of anxiety, depression and
inattention (46, 49–51)
Impairs social interaction,
increased aggression and
anxiety (56)
Increases susceptibility to
sex- and/or hormonallydifferentiated behavioral
disorders such as autism
spectrum disorder, ADHD and
depression (56)
Neurobehavioral effects such
as tremors, altered vision,
and numbness from xylene
exposure (62)
Impairs neurobehavioral
performance from toluene
exposure (63)
Increases risk for hyperactivity
due to prenatal toluene
exposure (57, 58)

Conduct problems,
hyperactivity, and aggressive
behavior in children prenatally
exposed/exposed via drinking
water (37–39)

Impairs self-regulation in
newborns (28)

Neuropsychological effects

(57–63)

(52–56)

(41–51)

(29–40)

(19–29)
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Table summarizing health effects and the studies in which the effects were reported. ADHD, Attention deficit hyperactivity disorder.

Problems with memory and
executive functions and large
deficits in cognition (65)
Damage to the nuclei, which are
key to basic functions such as
auditory processing, balance
and autonomic regulation (66)
Neuroinflammation, which in early life can alter
neurodevelopment profoundly by modifying cellular processes in
the brain and spinal cord, affecting the synaptic connections and
plasticity that is required for learning and memory (64)

Development of disorders such
as autism, schizophrenia,
bipolar disorder and anxiety
(67, 68)

Neurocognitive effects
Neurodevelopmental effects

Particulate matter

Pollutant groups

Table 1 (continued)

Pollutant

Effects

Neuropsychological effects

(64–68)

References

Webb et al.: Neurodevelopmental and neurological effects of chemicals

UOG emissions on children and newborns. This required
reviewing three different types of research, including
studies of (1) UOG air and water emissions and concen
trations; (2) documented neurological health risks and
symptoms from exposure to our selected pollutant list;
and (3) long-term neurological health outcomes from early
life exposure to UOG associated pollutants in other con
texts as documented in the literature. We did not include
a formal quality assessment of the literature. Addition
ally, although we primarily focus on human studies, we
also refer to experimental animal studies to understand
biological mechanisms of neurotoxicity. It should also be
noted that in some cases, where literature was limited,
we looked at adult and occupational studies. This review
draws predominantly from peer-reviewed scientific lit
erature, including animal and human (both in vitro and
in vivo) studies, literature reviews on specific pollutants,
and book chapters, with an emphasis on more recent
publications. However, we included where appropriate,
reports and other gray literature.
Our methods are intended to help identify exposure
pathways and mechanisms as well as potential neurologi
cal health risks and long-term consequences of air and
water pollutants associated with UOG. We also intended
to promote research to assess the neurotoxicity of air and
water pollutants involved with UOG development. We note
cases where concentrations exceed relevant air and water
quality standards or guidelines and/or levels known to be
hazardous to human health (3, 4, 6, 75–80).
This assessment was conducted using a number
of search methods, including (1) keyword systematic
searches across three science databases (PubMed, Web of
Science, ScienceDirect), and (2) searches in existing col
lections of scientific literature on unconventional oil and
natural gas development, such as the PSE Healthy Energy
Citation Database on Shale and Tight Gas Development
and the Marcellus Shale Initiative Publications Database
at Bucknell University. We complemented our search
using the Columbia University Library database (CLIO)
and Google Scholar, and additionally conducted manual
searches of the references included in many of the studies
identified.

Results
Sources of air pollution from UOG
UOG operations emit air pollutants linked to adverse
neurological effects throughout their lifecycle. In a

Webb et al.: Neurodevelopmental and neurological effects of chemicals

study assessing air pollution near natural gas opera
tions in rural Colorado, Colborn et al. (6) identified
35 potential neurotoxins that are associated with the
process. Stages of the UOG lifecycle associated with
air pollution include the extraction and processing of
natural gas, transportation via compressor stations and
pipelines, truck transportation of materials to and from
well pads, use of vehicular equipment during construc
tion and maintenance, and venting, flaring, production,
and leaks from faulty casings (3, 81). These processes
release numerous contaminant categories into the air,
including our five pollutant categories of concern (1, 3,
4, 6, 12, 77, 79, 80, 82–85).

Sources of water pollution from UOG
Oil and gas development processes release numerous
contaminant categories into surrounding water sources,
including our pollutant categories of concern (75, 76,
78, 86–90). Water pollution can occur during wastewa
ter disposal, transport, and during and after hydraulic
fracturing, processing, production and distribution to
the market (7, 91). “Flowback” or “produced” water, the
water that travels to the surface following the hydraulic
fracturing procedure (typically a mixture of water, gas,
oil, metals and fracking fluids), can contaminate ground
water (76). The fracturing fluid used in shale gas develop
ment contains organic and inorganic chemicals harmful
to human health. Although these chemicals are currently
unregulated at the federal or state level, many environ
mental and public health experts, including the EPA,
have reported the presence of fracturing fluids in drink
ing water (75, 92).
People may be exposed to chemical fluids from UOG
development processes in a number of ways, including
spills, releases from surface tanks, surface leaks, poor
well integrity, accidents during transportation, flow
back and produced water during hydraulic fracturing,
run-off from storms and blowouts and other events (91).
There is often inadequate filtering at treatment facilities
which can then lead to harmful chemicals entering the
local water supplies and/or being used in agriculture
(93). These chemicals are then released into landfills or
surface waters. In different areas, this water has been
used for other purposes such as irrigation, or for spray
ing roads to reduce dust or melt ice (94). While surface
spills and leaks occurring both during and after well
stimulation can lead to water contamination, other oil
and gas development processes can also lead to water
contamination. In California, for example, researchers
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are investigating the potential health concerns associ
ated with the reuse of oil field produced water for crop
irrigation (95).

Particulate matter (PM)
PM levels near UOG sites
PM is a mixture of solid particles, particle droplets, dust
particles, heavy metals, and other organic chemicals that
have become suspended in the air, are small enough to be
inhaled, and can travel long distances (96–98).
Diesel PM and PM of 10 μm or smaller in diameter are
known to be emitted into surrounding air throughout all of
the stages of the UOG lifecycle. Such stages include wellsite preparation and road construction (which involves
trucks and heavy machinery), hydraulic fracturing, pro
duction (gas flaring/venting and maintenance), process
ing and storage (involving compressors), transmission
(involving compressor stations), and well abandonment
and site rehabilitation (which includes the use of trucks
and heavy machinery) (81, 99).
The U.S. Environmental Protection Agency (EPA)
National Ambient Air Quality Standards (NAAQS)
estimates that levels posing a potential health risk are
35 μg/m3 for a 24-h average and 15 μg/m3 for an annual
average for PM2.5 (100). One study reported PM levels
exceeding the NAAQs around fracking mining opera
tions. In this study, Walters et al. (79) found PM2.5 levels
of 5.82–50.8 μg/m3 in six 24-h samples around fracksand
mines and processing sites in Wisconsin and Minnesota.
Five of the six air samples exceeded the EPA standard
of 12 μg/m3, and researchers pointed out that these may
underestimate true levels given that weather condi
tions can lower PM2.5 atmospheric concentration levels
(Table 2).
Brown et al. (85) used an air exposure model to deter
mine the concentrations of PM2.5 in the air during different
6-h periods over 24 h near three UOG facilities in Pennsyl
vania. They reported that peak PM2.5 exposures occurred
83 times over 14 months of well development with the
greatest intensity exposures occurring during well devel
opment, drilling, flaring and gas production. Peak expo
sure levels from compressor stations were reported to take
place 118 times and there were 99 peak exposures from a
gas processing plant.
Although the EPA has not conducted adequate
ambient air quality models of PM2.5 near UOG sites, it
has emphasized the need for their emission reductions
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Table 2: Reported pollutant concentrations and exposure media near UOG sites.
Pollutant groups

Pollutant

Heavy metals

Arsenic

Manganese

Polycyclic aromatic
hydrocarbons
(PAHs)

Benzo(a)
pyrene (BaP)

Phenanthrene

Naphthalene

Volatile organic
compounds (VOCs)

Benzene

Studies for which values
were reported

Fontenot et al. (75)
Glenn and Lester (101)

Boyer et al. (88)
Alawattegama et al. (78)
Colborn et al. (6)b
Paulik et al. (102)

Colborn et al. (6)c
Paulik et al. (102)

Colborn et al. (6)c
Paulik et al. (102)c

Colborn et al. (6)
Helmig et al. (4)
McKenzie et al. (12)
Macey et al. (77)
DiGiulio et al. (86)
Gross et al. (76)d

Toluene

Colborn et al. (6)
McKenzie et al. (12)
Macey et al. (77)
DiGiulio et al. (86)
Gross et al. (76)d

Exposure media and
concentrations detected
Air: No data available
Water:
2200–1.61 × 105 μg/m3
1000–5.69 × 105 μg/m3
Air: No data available
Water:
2.63 × 106 μg/m3
2.0 × 103–2.63 × 106 μg/m3
Air:
1.34 × 10−3–3.72 × 10−3 μg/m3
<0.16 km from natural gas well:
14 × 10−7 μg/m3
0.16–1.6 km from natural gas
well: 7.1 × 10−9 μg/m3
>1.6 km from natural gas well:
2.9 × 10−9 μg/m3
Water: No data available
Air:
1.53 × 10−3–4.45 × 10−3 μg/m3
<0.16 km from natural gas well:
2.5 × 10−4 μg/m3
0.16–1.6 km from natural gas
well: 1.8 × 10−4 μg/m3
>1.6 km from natural gas well:
1.7 × 10−4 μg/m3
Water: No data available
Air:
4.25 × 10−3–3.19 × 10−2 μg/m3
<0.16 km from natural gas well:
7.4 × 10−3 μg/m3
0.16–1.6 km from natural gas
well: 8.4 × 10−3 μg/m3
>1.6 km from natural gas well:
6.7 × 10−3 μg/m3
Water: No data available
Air:
0.96–3.51 μg/m3
9.9 μg/m3
0.096–14 μg/m3
5.7–110,00 μg/m3
Water:
Max conc.:
2.47 × 105 μg/m3
Inside excavated area:
1.1 × 106 μg/m3
Air:
1.51–16.2 μg/m3
0.11–79 μg/m3
ND–270,000 μg/m3
Water:
Max conc.:
6.77 × 105 μg/m3
Inside excavated area:
1.4 × 106 μg/m3

Standards or guidelines

Water:
EPA MCL: 10,000 μg/m3

Water:
EPA Lifetime Health Advisorya:
3 × 105 μg/m3
Air:
NIOSH REL-TWA: 100 μg/m3

Air:
NIOSH REL-TWA: 100 μg/m3

Air:
NIOSH REL-TWA: 5 × 104 μg/m3

Air:
EPA RfC: 30 μg/m3
ATSDR chronic inhalation MRL:
9.58 μg/m3
Water:
EPA MCL: 5000 μg/m3

Air:
EPA RfC: 5000 μg/m3
ATSDR chronic inhalation MRL:
3800 μg/m3
Water:
EPA MCL: 1 × 106 μg/m3
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Table 2 (continued)
Pollutant groups

Pollutant
Ethylbenzene

Studies for which values
were reported

Exposure media and
concentrations detected

Standards or guidelines

Colborn et al. (6)e
McKenzie et al. (12)
Macey et al. (77)

Air:
3.04 μg/m3
0.056–8.1 μg/m3
ND–1200 μg/m3

Air:
EPA RfC: 1000 μg/m3
ATSDR chronic inhalation MRL:
261 μg/m3

Water:
Max conc.:
1.01 × 105 μg/m3
Inside excavated area:
1.2 × 105 μg/m3
Air:
8.68 × 10−4 to 3.04 × 10−3 μg/m3
0.064–3.6 μg/m3
ND–4100 μg/m3

Water:
EPA MCL: 7.0 × 105 μg/m3

DiGiulio et al. (86)
Gross et al. (76)d
Xylenes

Colborn et al. (6)
McKenzie et al. (12)
Macey et al. (77)f

DiGiulio et al. (86)g
DiGiulio et al. (86)h
Gross et al. (76)d
Particulate matter

PM2.5

Walters et al. (79)

Water:
Max conc.:
2.53 × 105 μg/m3
9.73 × 105 μg/m3
Inside excavated area:
1.8 × 106 μg/m3
Air:
5.82–50.8 μg/m3

Air:
EPA RfC: 100 μg/m3
ATSDR chronic inhalation MRL:
217 μg/m3
Water:
EPA MCL: 1 × 107 μg/m3

Air:
Primary 1-year average National
Air Quality Standard: 12 μg/m3

Lifetime Health Advisories serve as technical guidance for unregulated drinking water contaminants. bColborn et al. (6) reported low PAH
air concentrations; however, they may have public health significance. The summed composite of eight PAHs analyzed by Colborn et al. (6)
was 15.5 ng/m3. Perera et al. (44, 46) also analyzed these same PAHs and found that a summed concentration >4.16 ng/m3 and >2.26 ng/m3
resulted in lower mental development scores and lower IQ, respectively. cPaulik et al. (102) reported an aggregate measure of PAHs (ΣPAH62).
Naphthalene contributed an average of 62% to ΣPAH62 air concentration measures. dGross et al. (76) reported Kaplan-Meier means for BTEX
compounds. eColborn et al. (6) only detected ethylbenzene in one air sample. fMacey et al. (77) reported air concentration measurements for
mixed xylenes. gDiGiulio et al. (86) reported the following max water concentration for o-Xylene. hDiGiulio et al. (86) reported the following
max water concentration for m-Xylene and p-Xylene. Table summarizing reported exposure media and concentrations for different pollutants
found near UOG sites. Regulatory standards and guidelines are listed. Reported concentrations are ranked in ascending order, and those
that are in excess of standard or guideline, are shown in bold. EPA, Environmental Protection Agency; MCL, maximum contaminant level;
NIOSH, National Institute for Occupational Safety and Health; REL-TWA, reference exposure level time weighted average; RfC, reference
concentration.
a

given adverse health effects identified in the scientific
and medical literature and based on their own regulatory
analysis of the industry (103).

Exposure pathways and mechanisms
The primary exposure pathway for particulate matter
is through inhalation and the particle size influences
where the particles travel in the body. Coarse particles
(2.5–10 μm in aerodynamic diameter) are usually depos
ited in the airways and upper respiratory tract, while fine
particles (<2.5 μm) may reach terminal bronchioles and
alveoli (104). Compared to large particles, fine particles

can remain suspended in the air for longer durations of
time and travel over longer distances (104). PM2.5 (≤2.5
μm) in particular poses a significant health concern, as
particles of this size are known to contribute to cardiovas
cular and respiratory diseases as well as premature death
(105, 106).
Experimental studies in both animals and humans
have shown that PM can enter the brain through inhala
tion. In a rodent study, for example, inhalation of particles
resulted in translocation of these particles to the brain
(107) specifically the brainstem and hippocampus (108).
Studies show that high exposure of PM can result in pen
etration of multiple functional areas of the brain and lead
to detrimental effects (109, 110).
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Neurological and neurodevelopmental
effects
While more research is needed on the mechanisms of par
ticulate matter’s toxicity, the effect on the brain is clear
(111). There is direct evidence of various types to support
the hypothesis exposure to elevated levels of particulate
matter can lead to certain brain diseases and functional
clinical impairment [for an extensive review, see (112)].
Neuroinflammation, especially in prenatal and early
life appears to have a profound effect on brain develop
ment, potentially leading to disorders such as autism,
schizophrenia, bipolar disorder and anxiety (67). Immune
mechanisms of fighting infection is important for proper
brain development and functioning (113). Recent evidence
suggests that inflammation and its processes can modify
cellular processes in the brain and spinal cord, affecting
the synaptic connections and plasticity that is required for
learning and memory (64).
In a series of studies comparing the effects of air
pollution in Mexico City with those of similar cities with
significantly lower pollution levels, researchers have con
sistently encountered neuroinflammation, damage sug
gestive of oxidative stress, direct neuronal damage, and
poor clinical outcome in both animals and humans (66,
109, 110, 114–117).
White matter hyperintensities (WMHs) are extreme
vascular lesions routinely found in the elderly, predicting
increased risk of dementia and death, signal blood-brain
barrier (BBB) disruption and neuroinflammation (118).
In one study comparing children from Mexico City with
children from less polluted areas, magnetic resonance
imaging (MRI) prefrontal white matter hyperintensities
(WMHs), were found in 56% of clinically healthy c hildren
from Mexico City, compared to 7.6% of children that were
from the control site. The children residing in Mexico City
in Calderón-Garcidueñas et al.’s (65) study with prefron
tal WMHs displayed problems with memory and executive
functions, and also had large deficits in cognition (meas
ured by the Weschler Intelligence Test for Children and
IQ), compared to children from the control sites where
there was less pollution.
The same researchers conducting work on children
residing in Mexico City have also found evidence of lesions
at several levels of the brain, down to the brainstem. They
additionally found damage to the nuclei, which are key to
basic functions such as auditory processing, balance and
autonomic regulation (119). Early lesions such as these can
lead to severe developmental problems, although correlat
ing such issues with the lesions is not clinically feasible in
most cases. Therefore, this burden is likely underestimated.

In addition to developmental and degenerative disor
ders, psychiatric disorders may be associated with partic
ulate matter exposures. Fine particulate matter exposure
has been associated with high symptoms of anxiety
(68). Although largely unexplored, mechanisms such as
inflammatory changes and oxidative stress could explain
these findings.

Polycyclic aromatic hydrocarbons
(PAHs)
PAH levels near UOG sites
PAHs refer to several hundred chemically-related organic
compounds. Benzo[a]pyrene (BaP) is most commonly
used as an indicator species of PAH pollution and is one
of the PAHs that are found in crude oil. PAHs, found in
common crude oil, are known constituents in produced
water from UOG but are not being monitored in areas
impacted by oil and gas operations. PAH compounds
are present in fossil fuels and are also products of their
combustion. Fossil fuel combustion is one of the primary
sources to ambient PAHs (120).
Some studies have reported PAHs in ambient air samples
near UOG operations. Colborn et al. (6) for example, found
levels of PAHs (PAH16 ~ 15.5 ng/m3) near natural gas well
pads dangerous to human health. These levels have been
associated with significant decreases in IQ and delayed
mental development in children exposed in utero (Table 2).
Paulik et al. (102) analyzed for 62 PAHs in rural Ohio
where there has been a huge natural gas exploration and
production boom and found levels of benzo[a]pyrene,
phenanthrene, and other PAH mixtures closest to active
natural gas wells to be highest (Table 2).

Exposure pathways and mechanisms
PAHs attach themselves to particles in the air; distribute
across air, soil and water and can travel long distances
(121). PAHs can enter the body through inhalation, traveling
through the lungs into the bloodstream. PAH neurotoxicity
is thought to occur indirectly through microglial activation
(51). PAHs are thought to cause antiestrogenic effects (122)
and DNA damage (123), and can also lead to changes at the
cellular level that then affect the exchange of nutrients and
oxygen (124). Exposure to PAHs in utero may affect neu
rological function, immune and metabolic function, and
potentially epigenetic programming (44, 121, 125).
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Some PAHs are transplacental carcinogens which
can cause phenotypic or genotypic changes in cells in the
fetus following carcinogenic exposure. In-utero exposure
to transplacental carcinogens can result in the production
of tumors in the lung, liver, lymphatic and nervous system
in children (126).
In a 2005 study conducted by Environmental Working
Group (EWG), 217 chemicals known to be toxic to the brain
and nervous system were found in the umbilical cord
blood of 10 babies born in US hospitals in 2004. Nine of
the 217 chemicals were PAHs (127).

Neurological and neurodevelopmental
effects
Fetal growth problems
Gestational and in-vivo PAH exposure in humans has
been linked with several adverse neurodevelopmental
effects, including small for gestational age (SGA), reduced
length, reduced weight and head circumference (41, 42).
Choi et al. (41) found that children with high prenatal PAH
exposure were more likely to be preterm and/or be SGA
(have a fetal growth ratio of <85%).
Researchers believe that these adverse effects during
fetal development may be caused by PAHs’ ability to
change endocrine hormone and receptor levels (128).
In one study, researchers found an association between
exposure to outdoor airborne PAHs in the urban industri
alized state of New Jersey and births that were small for
gestational age (SGA) (42). Fifteen thousand four hundred
and fifty-one live births were examined in a retrospective
cohort study in the Marcellus Shale formation of South
west Pennsylvania from 2007 to 2010. Results indicated
that mothers who lived next to six or more wells per
1.6 km reported lower birth weight and a higher incidence
of SGA than mothers who lived near less than 0.87 wells
per 1.6 km (13). Two separate but parallel prospective
cohort studies found prenatal exposure to airborne PAHs
(ranging from 1.80 to 36.47 ng/m3) to be associated with
lower birth weight and head circumference in children of
non-smoking African-American and Dominican mothers
in inner-city New York and non-smoking Caucasian
mothers in Krakow, Poland (129).

Neural tube defects (NTDs)
While several studies have shown that prenatal expo
sure to PAHs is associated with reduced birth weight and
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birth head circumference as well as smaller birth size
for gestational age, other studies have shown a positive
association between maternal exposure to PAHs during
pregnancy and increased rates of neural tube defects.
Ren et al. (43) reported that higher levels of PAHs in the
placenta were associated with a 4.5-fold increase in the
risk of NTDs (both anencephaly and spina bifida) relative
to controls.

Mental development and cognitive functioning
Neurodevelopmental outcomes such as head circumfer
ence and low birth weight can have important implica
tions for future learning; both have been correlated with
poorer cognitive functioning and school performance as
well as lower IQ (130–132).
Perera et al. (45) performed follow-up assessments
of the children with high prenatal exposure to PAH and
reported impaired neurodevelopmental health (at 3 years
old, the children had lower mental development scores),
whereas in children with low prenatal exposure to PAHs
there were no such effects. Perera et al. (44, 46) reported
reductions in full-scale and verbal IQ scores in children
5 years of age (44), and symptoms of depression, anxiety
and problems with attention in children 7 years of age as
measured by the Child Behavior Checklist (CBCL) and a
slower processing speed index on the Weschler Scale of
Intelligence for Children (WISC-IV) (46).
The adverse neurodevelopmental effects of PAHs –
such as development of learning disorders or neurocogni
tive problems – have been reported for a long time (47, 48).
In rats, Saunders et al. (133) found a significant correla
tion between gestational exposure to PAHs and deficits in
behavioral and motor effects.

Brain disorders and neuropsychology
Some researchers have followed PAHs’ impairment of
normal cognitive function and implicated PAH exposure in
the etiology of brain disorders. Perera et al. (49) followed
children of nonsmoking African-American and Domini
can mothers in a prospective cohort study, and assessed
the risk of attention deficit hyperactivity disorder (ADHD)
diagnosis through the Diagnostic and Statistical Manual of
Mental Disorders (DSM) and found a possible connection
between early life exposure to PAHs and childhood ADHD
behavior problems.
In this same cohort, Peterson et al. (51) conducted the
largest MRI study of the neurological effects of prenatal
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exposure to PAHs, following urban youth from gestation
to school age. The researchers found a dose-response rela
tionship between prenatal PAH exposure and reductions
of white matter in the brain that resulted in high scores for
ADHD symptoms and conduct disorder problems. They also
found an association between PAH exposure and reduced
processing speed during intelligence testing (51). Followup assessments of postnatal PAH exposure at 5 years of age
found disruption in dorsal prefrontal white matter. Although
they could not conclude how these postnatal effects on pre
frontal white matter impact cognition or behavior, they pre
dicted further difficulty with processing speed, attention,
and impulse control functions supported by the prefrontal
cortices. Based on their findings, these researchers hypoth
esized that PAH could alter levels of monoaminergic neuro
transmitters, or their receptors, which regulate early brain
development and lateralization (51).
Recently, researchers from Columbia Center for Chil
dren’s Environmental Health and New York State Psychiat
ric Institute reported that early life exposure (in utero) to
PAH air pollution in 462 children (3–11 years of age) may play
a role in the cause of many childhood behavior disorders
including ADHD, obsessive-compulsive disorder, Tourette’s
syndrome and eating disorders (50). PAH was measured
by the presence of PAH-DNA adducts in maternal blood at
delivery. Children between 3 and 11 years of age, that had
been prenatally exposed to PAHs, failed to improve their
self-regulation skills, while children of mothers that did
not appear to have the presence of PAH-DNA adducts dis
played increased capacity for self-regulation (50). In other
words, children with prenatal exposure to PAH had persis
tent problems with self-regulation, as evidenced through a
variety of domains such as managing attention, aggression,
anxiety/depression, as well as the ability to get along with
others. Based on these findings, researchers concluded that
childhood exposure PAH significantly heightens the risk for
various disorders (50).

Endocrine disrupting chemicals
(EDCs)
Levels of EDCs near UOG sites
Of the over 750 chemicals used throughout the process of
hydraulic fracturing, more than 100 are known or suspected
EDCs, and many others have yet to be assessed due to lack
of Chemical Abstract Service numbers and/or proprietary
information concerns. This can make searching for health
data difficult (1, 134). The 2005 Energy Policy Act, exempted

hydraulic fracturing from the Underground Injection
Control program and the EPA is prohibited from regulating
fracking under the Safe Drinking Water Act (1974) (7). Due
to these actions, fracturing fluids are excluded from federal
disclosure rules and a number of chemicals associated with
UOG are not reported to the public.
A mounting number of studies have reported EDC
activity in surface and/or groundwater near UOG opera
tions (89, 90, 135). Kassotis et al. (89) found greater EDC
activity in surface and ground water from fracturing fluid
spill sites in areas where more intensive natural gas devel
opment, compared with reference sites with limited UOG
activity.
In another study, the same researchers, assessed EDC
activity of fracturing chemicals in surface water at a West
Virginia injection well disposal site accepting wastewater
partly from UOG operations (90). The researchers reported
antagonist activities for most of the chemicals that were
analyzed. Given that currently in this country, over 95%
of end disposal of hydraulic fracturing wastewater from
UOG operations occurs via injection wells (with over
140,000 such wells in operation), these environmental
impacts and health consequences on surrounding organ
isms can be thought to be widespread (90).

Exposure pathways and mechanisms
The Endocrine Society defines EDCs as “exogenous
chemical(s), or mixtures of chemicals, that interfere with
any aspect of hormone action” (52, 55). Once EDCs are
absorbed into the body, they act via a range of mecha
nisms to alter hormone action, thereby causing a spectrum
of adverse effects such as hormone-dependent cancers,
infertility, miscarriage and birth defects (55, 136–138).
These mechanisms can include direct agonism or antago
nism of hormone receptors, disruption of steroidogenic
enzymes, and impairment of steroid receptor expression
among others (56).
Commonly used UOG chemicals have been shown to
be able to act as antagonistic EDCs in animal studies. In one
animal study, prenatal exposure (via maternal ingestion) to
concentrations equal to and less than those found in three
oil and gas wastewater samples (first, from a ruptured
pipeline actively leaking; second, an open storage tank,
and third, a closed storage tank in Colorado) resulted in
adverse male reproductive outcomes in mice. Specifically,
there was an increase in weight of testis, body and heart
and a decrease in sperm counts (135). Kassotis et al. (139)
found that pregnant mice that were prenatally exposed to
drinking water contaminated with UOG chemicals from

Webb et al.: Neurodevelopmental and neurological effects of chemicals

gestational day through birth displayed a host of fertil
ity and endocrine-related adverse health effects includ
ing suppressed pituitary hormone concentrations across
experimental groups (prolactin, luteinzing hormone (LH),
follicle stimulating hormone (FSH), etc.), increased body
weights, changes in uterine and ovary weights, disrupted
folliculogenesis, among other reported effects. Exposure to
EDCs during the perinatal period has been shown to cause
permanent changes in the brain and behavior (52–54).
Neuroendocrine systems coordinate virtually all
homeostatic processes and functions, including growth,
stress, energy balance, stress, lactation and r eproduction.
Importantly, the neuroendocrine system coordinates an
organism’s response to the environment including chemi
cal exposures. Although still lacking a formal definition,
the term “neuroendocrine disruptors (nEDCs)” has been
used to describe chemical impacts on endocrine-related
brain development and function including the function
of the nervous system (140, 141). Importantly, neuroen
docrine disruption is different than neurotoxicity, which
defines processes resulting in neuronal cell death and
related to up or downstream consequences (e.g. oxida
tive stress or inhibition of neurotransmission) including
peripheral neuropathies. The neuroendocrine system, like
other neural systems, is not fully mature at birth and can
be extremely sensitive to hormones and nEDCs at many
points in the life span, most notably the prenatal window
and the pubertal transition (142). It is also, in many
aspects, sexually dimorphic, thus resulting in sex-specific
vulnerabilities (143).

Cognition, behavior and learning
Although beyond the scope of the present review, numer
ous prior analyses have linked nEDCs with adverse neural
and behavioral outcomes in a variety of animal models,
including impaired social interaction/activity, com
promised learning and memory, increased anxiety and
aggression, modified brain sex differences, altered hip
pocampal spine density and advanced puberty (55, 56).
Other endocrine disruptors (including those not appar
ently associated with UOG development) such as BPA
appear to affect social and maternal behavior and repro
ductive functions. Low dose oral BPA exposure have been
observed on oxytocin and related pathways. Oxytocin is a
peptide hormone critical for mediating social and mater
nal behaviors, such as licking-grooming in animals (56,
144). Developmental exposure to bisphenol A (BPA) has
been shown to alter the sexual differentiation of neural
circuits involved in the control of reproductive functions
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and behavior including ovulation and sexual receptivity
(143, 145).

Brain disorders and neuropsychology
Exposure to nEDCs that disrupt hormone function during
critical periods of prenatal development may enhance
susceptibility to sex- and/or hormonally-differentiated
behavioral disorders. This is an outcome which has been
interpreted to indicate that EDC exposure might contrib
ute to the etiology of disorders with sex-biased preva
lence rates such as autism spectrum disorders, ADHD
and depression (56). These potential linkages should
be viewed with caution, however, because although it
is widely postulated that EDCs are contributing to clini
cal neural and behavioral disorders, specific evidence
for such a relationship is sparse, even for well-studied
EDCs like BPA. That said, detrimental effects on aspects
of cognitive function and reasoning, including IQ, have
clearly been shown in both animal models and humans
for EDCs such as the PBDEs and PCBs. Effects are particu
larly evident in arctic populations where exposure is espe
cially high and chronic. These effects can be exacerbated
by co-exposure to other contaminants, including heavy
metals, emphasizing their significance within a complex
exposure paradigm. While difficult to quantify, the eco
nomic costs of EDC exposure on neurobehavioral deficits
and diseases have been estimated to be in the range of 150
billion euros for the EU (146). These estimates contextual
ize the real “costs” of EDC exposures even if they cannot
be specifically attributed to a clinically diagnosable cog
nitive or other neural disorder. Currently, the research on
specific UOG chemicals that are nEDCs is sparse, but due
to what is emerging about well-studied EDCs like BPA,
more research exploring the potential link between UOG
EDC exposures and disruptions during prenatal neurode
velopment is apparently needed.

Arsenic and manganese
Levels of heavy metals near UOG sites
Arsenic has been found in both flowback wastewater and
produced water (water that is found in gas formations
underground and comes to the surface over the lifetime
of the well) from hydraulic fracturing sites on the Marcel
lus Shale (87). Studies have also confirmed arsenic con
tamination of ground/drinking water from flowback and
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produced water being treated and then released back into
the environment. For example, Fontenot et al. (75) found
higher levels of arsenic in the private wells of homeown
ers living within 3 km of sites of natural gas extraction in
the Barnett Shale region in Texas. These levels exceeded
EPA’s maximum contaminant limit for drinking water of
10 μg/L (Table 2) (21, 87). Glenn and Lester (101) found
that contamination by arsenic and various other heavy
metals of groundwater exceeded maximum contaminant
levels and health risk limits in the Gulf Coast aquifer of
Texas, a region inhabited by more than 7.5 million people
and in the proximity of at least 86,000 facilities (oil, gas
and storage wells) This number is most likely an under
estimate because certain well types were excluded from
analysis (Table 2).
The heavy metal manganese has also been found in
flowback water from fracking operations, and in drinking
water near UOG sites at levels known to be hazardous to
human health (78). Manganese can contaminate ground
water as acids in fracking fluids will cause metal dissolu
tion (147).
Boyer et al. (88) found that after hydraulic fracturing,
within 3000 feet of shale gas wells in rural Pennsylvania,
there was an increase in concentrations of manganese in
drinking water wells. The concentrations spanned from
near or below the drinking water standard (0.05 mg/L) to
above safety levels after drilling occurred (Table 2) (88). A
2015 report on well water contamination in a rural com
munity within 4 km of unconventional shale gas extrac
tion similarly reported concentrations of manganese
found in well water (78). Twenty-five of the reporting
households documented levels exceeding the maximum
contaminant level (SMCL) of 0.05 mg/L (the highest was
2.627 mg/L) (Table 2) (78). Manganese water contamina
tion has also been reported in other regions across the US
such as Pennsylvania (148). Notably, two fracking lawsuits
have involved plaintiffs reporting neurological symptoms
from exposure to test-verified manganese groundwater
contamination in Pennsylvania and West Virginia (149).

Consuming contaminated drinking water is generally
the main route of human exposure to arsenic, in addition to
consuming food that is irrigated with contaminated water
or from food prepared with contaminated groundwater
(21). Infants are more vulnerable to exposure because of
their greater consumption than adults on a body-weight
basis. After ingestion, 60–90% of organic and inorganic
arsenic is absorbed into the bloodstream (153). Mecha
nisms of arsenic neurotoxicity include interference with
neurotransmitter release and metabolism, and induction
of oxidative stress (21).
Arsenic impairs the developing brain by inhibiting
neuron growth both in the central and peripheral nervous
system. It additionally interferes with various stages of
neurodevelopment including synapse formation and neu
ronal migration (19). Arsenic has been shown to cross the
placenta and may also cross the BBB and directly affect
the central nervous system (21). One study reported that
in-vitro arsenic exposure can induce disturbances in neu
ronal development and apoptosis of neuronal cells in
human fetal brain explants (154).
Manganese, like arsenic, is a known neurotoxin that
can produce cognitive, neuropsychological and motor def
icits in both humans and animals. Chronic exposure has
been linked to Parkinson’s disease (155, 156). According
to a recent review of the literature, potential mechanisms
include dysregulation of the dopaminergic system and
alteration of the working memory network due to impacts
on the striatum, frontal and parietal cortex (the region
integral to sensory information and working memory per
formance) (155). Notably, both animal and human studies
have shown that concurrent exposure to arsenic and man
ganese can have additive effects on newborns intellectual
functioning. In one study, 11–13 year olds with exposure
to both arsenic and manganese showed greater deficits in
intellectual functioning (29). More research is needed on
both the mechanisms by which manganese induces cogni
tive impairment and on the psychiatric effects of chronic
manganese exposure.

Exposure pathways and mechanisms

Neurological and neurodevelopmental
effects

Arsenic ranks as number one in the Agency for Toxic Sub
stances and Disease Registry (ATSDR)’s list of 275 environ
mental substances that pose the most significant threat
to human health (150). In addition to gastrointestinal,
respiratory, cardiovascular, and other diseases, acute and
chronic arsenic exposure is associated with neurotoxicity,
nerve inflammation (neuritis) and neuropathy, with pos
sible long-lasting effects (151, 152).

Cognition, motor and intellect
Developmental deficits, including cognitive deficits due to
arsenic neurotoxicity, were first reported in 1955 in Japan
after arsenic was found in a dried milk product used for
bottle-feeding infants. There were more than 12,000 cases
of poisoning and more than 100 deaths (157). Researchers
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Dakeishi et al. (157) conducted follow-up studies 14 years
later on the infants who had survived, finding that the
participants had higher rates of mental retardation and
epilepsy, and lower IQ, with 10 times the rate of IQs below
85 compared to unaffected controls.
Since then, various longitudinal studies have
reported impairments to children’s intellectual function
due to short-term arsenic exposure, both in utero and/
or during childhood. These studies are complemented by
animal research showing that learning rates are affected
by arsenic exposure during the prenatal period up to
4 months of age (158).
According to a recent review of epidemiological
studies on the developmental neurotoxicity of arsenic,
15 out of 17 studies focusing on cognitive outcomes found
that early life exposure is associated with deficits in intel
ligence and memory. The researchers warn that these
effects may occur at even low levels of exposure (below
current safety guidelines) and that some neurocogni
tive consequences may manifest only later in life (21). In
another systematic review of 41 articles on pre- or postnatal exposure in children up to 16 years of age to heavy
metals (including arsenic and manganese), researchers
Rodriguez-Barraco et al. (22), suggests that a 50% increase
in arsenic levels in urine and manganese levels in hair
would be associated with a 0.39 and 0.7 point decrease in
the IQ of children age 5–15 and 6–13 years, respectively.
Decreased IQ was demonstrated in verbal performance
and full-scale tests. In 13 of the 15 studies that RodriguezBarraco examined, exposure to arsenic in urine and
drinking water was correlated with significant negative
neurodevelopmental effects on children, as measured by
decreased performance on a variety of tests. These tests
included the IQ test (verbal, performance and full-scale),
and working memory, vocabulary, object assembly and
picture completion tests (22).
Varying levels of exposure to arsenic-contaminated
water has been linked with neurodevelopmental impair
ments in memory, attention and intelligence testing in
children in Taiwan, Mexico, India and Bangladesh (23–
26). In a study of children in Taiwan, the high arsenic
exposure (184.99 ± 225.29 μg/L) group demonstrated
significant deficits in pattern memory and switch
ing attention as compared to the low arsenic exposure
group (131.19 ± 343.70 μg/L) over a long-term period of
11.28 ± 2.58 and 8.10 ± 6.07 years, respectively (23). In a
study of children in India, arsenic exposure was found
to be significantly associated with decreased perfor
mances in vocabulary development, object assembly, and
picture completion tests (25). In a cross-sectional study
in Mexico, children exposed to high levels of arsenic had
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lower scores on the verbal intelligence (IQ) and long-term
memory and linguistic abstraction factors of the Wechsler
Intelligence Scale when compared to children exposed
to lower levels of arsenic (62.9 ± 0.03 μg As/g creatinine,
40.2 ± 0.03 μg As/g creatinine urine) (27).
Similar neurodevelopmental impairments have been
reported in children exposed to manganese. Many studies
have reported below average performance by children
with prenatal or drinking water exposure to manganese
in tests of verbal and visual memory, perceptual reason
ing and working memory (31, 32). Psychomotor impair
ment has been found in infants with prenatal exposure
to manganese at as early as 6 months (30). Such find
ings corroborate those of occupational studies (i.e. of
welders) (159) and non-human primate studies showing
deficits in non-spatial and spatial memory (160). Studies
have also reported below average performance on tests
of intellectual function in school-age children that had
been exposed to manganese (29, 33–35, 40). For example,
studies in Bangladesh have linked exposure to manga
nese-contaminated drinking water with decreased IQ and
mathematical performance (34, 36).

Neuropsychology and behavior
Studies have reported a significant association between
early life exposure to arsenic and adverse neuropsycho
logical effects. A birth study of 100 mothers in Nepal, for
example, found a significant inverse association between
in-utero exposure to arsenic and newborns’ self-regu
lation, an indicator on the Brazelton neuro-behavioral
assessment of newborns considered to be integral to chil
dren’s normal neuropsychological development (28).
In young children, it has been reported that high
manganese exposure can affect learning, memory, lower
cognition, motor function deficits, and lead to behavioral
problems (37–39). One study found more problems with
impulsive, aggressive and hyperactive behavior among
first to third graders who had prenatal exposure to high
levels of manganese (37). Bouchard et al. (38) found a
significant association between high levels of manganese
in hair and an increase in hyperactivity and behavioral
problems in children exposed to manganese via tap water
in Quebec, Canada. Importantly, the mean level of man
ganese in water in this study did not even reach 0.1 mg/L
in comparison to the health risk standard of 1 L daily as
reported by the U.S. Department of Health and Human Ser
vices’ Toxicological Profile of Manganese (161). In another
study using 0.2 mg/L of manganese as a median exposure
level in utero, manganese exposure was associated with
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increased risk of conduct problems in children at 5 and
10 years of age. Stratifying by gender, exposure was asso
ciated with low prosocial scores for girls and an increased
risk of emotional problems for boys (39).

Neural tube defects (NTDs)
The prevalence of NTD in the US is 5.3 per 10,000 live
births, depending on a range of factors including genetic
susceptibility, nutritional status and the presence of
environmental toxicants (20). Very early developmental
anomalies can have devastating and lasting effects on
the brain. Arsenic has been shown to induce neural tube
defects in several experimental animals – including mice,
rats, hamsters and chicks – after crossing the placenta
and accumulating in the neuroepithelium of the devel
oping embryos of these animals (20). Mazumdar et al.
(20) produced the first study in humans demonstrating
that environmental exposure to arsenic influences risk of
neural tube defects (NTDs). NTDs, including spina bifida,
anencephaly, and encephalocele occur when the neural
tube does not close by the 28th day of gestation. Infants
with anencephaly are born without the cranial vault, and
the cerebellum is often absent. Additionally, the brain
stem can be hypoplastic, and many fetuses are aborted or
stillborn. Infants with spina bifida often have many other
medical issues including learning difficulties and hydro
cephalus (the excessive accumulation of cerebrospinal
fluid in the brain, creating potentially harmful pressure
on brain tissue) (43).
Although not as overt as anencephaly or spina bifida,
developmental changes occurring at the time of neural
tube closure can cause severe cognitive and behavioral
symptoms. In a study of 86 thalidomide survivors, 15 of
their mothers had taken thalidomide between days 20
and 24 of neural development (162). Of the children of
these 15 mothers, 4 were diagnosed with autism. There
were no autism cases in the cohort who had taken thalido
mide later in pregnancy. There was additional evidence of
brainstem injury, leading to the hypothesis that the inter
ruption of development during this time frame can have
multiple impacts ranging from the physical effects noted
in NTD as well as the harder to diagnose and characterize
defects as seen in autism (163). Similarly, mothers who
take the anticonvulsant valproic acid during pregnancy
have a three-fold increase in major anomalies including
NTD. More recently it has been noted that there is also
a significant increase in the rate of developmental prob
lems, including decreased verbal intelligence, communi
cations problems, and the diagnosis of autism spectrum

disorders (164). These finding highlight the fact that
arsenic’s association with NTD should be an indication
to study the effects of neurocognitive development in the
exposed population.

Benzene, toluene, ethylbenzene
and xylene (BTEX)
BTEX levels near UOG sites
BTEX – benzene, toluene, ethylbenzene and xylene – are
a tetrad of volatile organic compounds and have routinely
been found near UOG sites (165). These compounds are
emitted in every stage of the UOG lifecycle – from machin
ery used in well site preparation; well drilling, fracking,
and well completion processes; flowback or produced
water; gas flaring/venting and maintenance during pro
duction; separators, condensate tanks, and compressors
used in processing and storage; pipelines, compressor sta
tions and gas venting used in transmission; and finally,
from machinery used in well abandonment and site reha
bilitation (7, 77, 82–84).
A number of studies have found elevated BTEX con
centrations in ambient air samples and water samples
near UOG sites that exceed regulatory standards and/or
minimum health risk levels established by the Agency for
Toxic Substances and Disease Registry (ATSDR), Center
for Disease Control and Prevention (CDC), and the Envi
ronmental Protection Agency (EPA) (Table 2) (3, 4, 76, 77,
80, 166).
Researchers Rich and Orimoloye (80) reported elevated
concentrations of ambient BTEX compounds in residential
areas at different distances from a natural gas facility in six
counties in Texas. Concentrations of benzene were elevated
when compared to the U.S. EPA’s Urban Air Toxics Moni
toring Program. Twenty-four hour benzene concentrations
ranged from 0.6 parts per billion by volume (ppbv) to 592
ppbv. One hour benzene concentrations ranged from 2.94
ppbv to 2900.20 ppbv (Table 2) (80).
McKenzie et al. (3) measured hydrocarbons near drill
ing sites in Colorado and found benzene levels in the air
to be as high as 22 ppbv, many magnitudes higher than
the 0.4 ppb concentration in ambient air that the EPA has
estimated could put 1 in every 100,000 exposed people at
an increased risk of cancer (Table 2) (3, 12). All four BTEX
compound concentrations increased with proximity to the
well site.
Macey et al. (77) found similarly elevated concentra
tions in air samples collected near UOG operations in
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five states, including Arkansas, Colorado, Ohio, Penn
sylvania, Wyoming. The air samples contained varying
National Ambient Air Quality Standards (NAAQS), includ
ing benzene concentrations exceeding health risk levels
by several orders of magnitude at up to 885 feet, and
toluene and xylene samples exceeding ATSDR risk levels
(Table 2). Elevated concentration levels of BTEX chemicals
(including benzene) have also been found in groundwater
near UOG sites (86). Gross et al. (76), for example, reported
in 90% of the groundwater samples contaminated by
surface spills from UOG wells in Colorado, benzene meas
urements exceeded the US EPA National Drinking Water
maximum contaminant level of 5 ppb (Table 2).

Exposure pathways and mechanisms
Exposure to BTEX can occur through inhalation, dermal
contact, transplacental or oral exposure from drinking
water (167). While several studies have established the
interactive effect of BTEX neurotoxicity, more research
is needed on its mechanisms. Proposed mechanisms
include oxidative DNA damage, apoptosis and fragmenta
tion resulting in changes in signaling pathways, and cel
lular homeostasis (62, 168). Being highly lipophilic, these
substances have easy access to the CNS.

Neurological and neurodevelopmental
effects
Analyzing the neurotoxic and developmental effects of
these compounds is challenging, especially in humans.
Frequently, exposures are not specific, and exposure to one
or more BTEX compounds might also accompany exposures
to other neurotoxic compounds such as formaldehyde. Most
of the human studies have employed occupational settings
[which are generally airborne concentrations averaged
over a period, either a long-term exposure limit (8 h time
weighted average) or a short-term exposure limit (15 min
period) and inhalant abusers (episodic binge exposures to
high concentrations] (169, 170).
Low to moderate concentrations of toluene have been
linked with impaired cognitive, auditory and neuromuscu
lar functions. Studies in experimental animals have found
that exposure to both benzene and toluene can affect
spatial learning and memory, even at levels considered
subtoxic (60). Toluene exposure has been shown to cause
intellectual, psychomotor, and neuromuscular impair
ment at moderate concentrations (80–150 ppm) (60).
Infants of mothers that abused toluene during pregnancy
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showed delayed development of speech, motor function
and had low scores on developmental tests. At high levels
of exposure (1000–20,000 ppm), humans experience
severe CNS dysfunction and in some cases can lead to
permanent damage and death (60). In occupational set
tings “clinical neurobehavioral deficits” may be absent
or low level, however when tested neurobehavioral per
formance is impaired (63). These performance tests give a
continuous dimensional reading to the exposure and may
be used to identify the beginnings of pathology not yet
apparent (171). Some of these dimensions include motor
performance, audiometry or tests of color vision. These
dimensions were reflected in a study on young healthy
volunteers given a single exposure to 200 ppm of toluene
(172). A robust decline in a perceptual learning task was
found amongst the study participants when a “distrac
tor” was also present, a result that was not seen without
the distractor (172). This illustrates the fact that relatively
sophisticated testing must be conducted to document the
subclinical effects of these toxicants (172).
Occupational exposure to xylene at the level of 14 ppm
has been shown to cause anxiety, forgetfulness, difficulty
with concentration, and other neurologic dysfunction
(173). At more extreme (accidental) levels of exposure such
as 10,000 ppm, amnesia, brain hemorrhage, unconscious
ness and seizures have been reported (173). According to
a 2015 review of approximately 150 peer-reviewed animal
and human studies relevant to xylene toxicity, neurologi
cal effects include delayed nerve signaling, while neu
robehavioral effects include tremors, altered vision, and
numbness (62).
Xylene and toluene have also been associated with
impaired neurodevelopment. Children exposed to toluene
in utero have been reported to be born with small head
circumference, serious facial deformations, and general
growth retardations. A follow-up study at 3 years of age
showed that these same children had hyperactivity, lan
guage impairment, developmental delays, postnatal
growth retardation and cerebellar problems (57, 58). In
another study of these same children, a high incidence
of postnatal microcephaly and developmental delay was
reported (59). It should be noted that these studies were
primarily examining inhalant abusers and it is likely
that the dosing was very high. Similar effects have been
reported for xylene exposure (62).
Ethylbenzene’s neurotoxicity has been reported in
animal and human studies. Neurologic effects associated
with inhalation exposure to ethylbenzene has included
hearing loss, with worsening of auditory response and
changes to cochlear anatomy (174). Notably, these effects
occurred even when exposed levels of ethylbenzene were
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lower than health standards established by OSHA and
National Institute for Occupational Safety and Health
(NIOSH) (174).

Neural tube defects (NTDs)
Studies have linked maternal benzene exposure to neural
tube defects in both experimental animals and human
infants. In Texas, a state that has very high ambient
benzene levels, mothers living in areas with high benzene
levels were reported to more likely have children with
spina bifida than women living in areas with lower levels
(61). In Sweden, women exposed to benzene and other
organic solvents in biomedical research laboratories were
found to be at an elevated risk for neural crest (cells which
migrate through the embryo and engender several cell
populations, including the peripheral nervous system)
malformations during pregnancy (175). At a Marine Corps
Base Camp in North Carolina, maternal exposure to
benzene and trichloroethylene-contaminated drinking
water was associated with NTDs (176). In a retrospective
study of 124,842 births between 1996 and 2009 in rural
Colorado, McKenzie et al. (12) found that the prevalence of
NTDs were possibly associated with the highest exposure
of mothers to natural gas development (based on density
and proximity of natural gas wells within a 16-km radius
of residence).

Discussion
Based on the literature indicating adverse impacts from
air and water pollution on children’s health in other con
texts, there is potential for adverse neurological and devel
opmental effects in infants and children in the context of
UOG. Our review shows that at least five of the pollutant
groups used and produced by UOG processes have wellknown neurological and developmental health effects on
infants and children.

Health risks identified
Our review found that five pollutant categories are asso
ciated with increased neurological and neurodevelop
mental problems in developing children: heavy metals
(arsenic and manganese), particulate matter, BTEX, PAHs
and EDCs. We found that these five pollutant groups
are associated with neurotoxicity, neuroinflammation,

psychomotor effects and neuromuscular effects. Some of
these pollutant categories are also linked with neural tube
defects and neurodevelopmental effects such as impaired
memory, intellectual function, learning and cognitive
function. Finally, we also found that some of these pol
lutants are associated with brain disorders, adverse neu
ropsychological effects, and behavioral effects including
impulsivity, aggression, hyperactivity and ADHD (Table 1).
Given the profound sensitivity of the developing brain
and central nervous system, it is reasonable to conclude
that young children who experience frequent exposure to
these pollutants are at particularly high risk for chronic
neurological diseases.

Susceptibility during prenatal, postnatal and
reproductive years
The entire nervous system, consisting of the brain, spinal
cord and peripheral nerves, is highly vulnerable to envi
ronmental toxicants especially during development
(74, 177, 178). During critical stages of cellular growth,
migration and synaptic organization, even subtle disrup
tions can have profound and reorganizational effects on
neurodevelopment and can result in permanent brain
damage or neural impairments (74, 177, 178). Numerous
studies have repeatedly shown that chemical exposures
that produce little to no perceptible adverse effects in an
adult brain can significantly impact neurodevelopment
(71, 178). The human brain undergoes substantial growth
and development during the prenatal period. Beginning
with the formation of the neural tube at 2 weeks of life
and continuing through until birth, the development of
the central nervous system involves the formation of 100
billion neurons and more than 100 trillion synaptic con
nections (179). It is therefore not surprising that the prena
tal window is considered one of the periods of the greatest
vulnerability to neurotoxicants, neuroendocrine disrup
tors and other environmental insults (179, 180), receptiv
ity (143). Although the developing fetus was once thought
fully protected from exogenous exposures, it is now
clear that the placenta and fetus are unable to block the
passage of many of the environmental toxicants to which
the mother is exposed. Within the developing brain, bil
lions of cells must be precisely located, interconnected
and specialized. To achieve this, neurons need to develop
and migrate along precise pathways. The ability to repair
any anomaly is unlikely, if at all possible, which can lead
to permanent deficits (72, 73, 181, 182).
There are many mechanisms by which typical devel
opment can be interrupted. Mounting research has
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detected more than 200 such chemicals in umbilical cord
blood, showing that babies are being born “pre-polluted”
with a host of chemicals, some of which are neurotoxic
(71). Routes of fetal exposure include transplacental trans
mission, wherein compounds pass through the placental
barrier and reach the embryo and/or fetus by mimicking
or binding to essential compounds (183), through inges
tion of amniotic fluid and via transdermal exposure (184,
185). At least some of these compounds reach the fetal
brain. The BBB which imparts some protection from toxi
cant exposure, is not fully formed until approximately
6 months after birth, leaving the developing brain particu
larly susceptible to exposure during prenatal and neona
tal life (72).
The period after birth is also considered an enhanced
window of vulnerability, though for different reasons.
First, the brain is still remodeling and organizing, which
it will continue to do long into early adulthood. It is thus
still susceptible to developmental disruption, but via
potentially different mechanisms and in distinct regions
(186). Second, exposure pathways for neurotoxicants are
heightened during infancy and childhood compared to
later in life. Children experience greater internal expo
sures to toxicants than adults because they eat, drink and
breathe more toxicants per pound of body weight than
adults (187). This is the result of having greater interac
tion with chemical toxicants (from spending more time
on the floor and putting objects in mouths), and having
different morphometry compared to adults (187). Chil
dren are often not able to detoxify, metabolize or excrete
toxicants as efficiently as adults can due to their under
developed metabolic systems (187). Even as children
grow into adolescents, their developing central nervous
system remains vulnerable to environmental toxicants.
This is because synaptic remodeling, myelination and
additional developmental processes continue in cortical
regions as well as other areas of the brain fundamental to
cognitive reasoning, executive function, impulse control
and other high-level behaviors (188). Chronic exposures,
even at low levels, are particularly concerning for chil
dren because they are still developing and have years of
life remaining over which to be exposed. Thus, there is
heightened risk of developing chronic diseases later in
life (189).
In our discussion of neurotoxicity, it is important to
keep in mind that the factors of dose, duration, and fre
quency of exposure to neurotoxicants interplay to influ
ence their ultimate effect in the developing brain (190).
One reason why the pandemic of neurotoxicity was first
called “silent” is that some neurotoxin effects are subtle
and thus discerned only through special testing rather
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than standard examination, which is designed to detect
clinical neural disorders.
Finally, it is important to understand the distinc
tion between neurotoxicity (which results in cell death)
and neurodevelopmental impact (which can constitute
organizational and other changes within the CNS without
obvious pathology). Although the specific mechanisms
by which chemicals alter brain organization and function
remain largely unresolved, subclinical effects may reflect
a dose-dependent continuum of toxic effects, wherein
low doses may cause surprisingly large functional dec
rements (72). The rapidly growing body of literature on
the neurodevelopmental consequences of neurotoxicant
exposures in early life emphasizes their likely role in the
etiology of neurodevelopmental as well as neurodegen
erative disorders later in life (71, 179, 191).
When provided by the literature, we discuss in this
review the biological mechanisms of neurotoxicity and
neurodevelopmental disorders (oxidative stress, DNA
damage, apoptosis, etc.). Measurements of cognitive and
neurobehavioral deficits in the literature include the IQ
test, the Wechsler Scale of Intelligence for Children (WISCIV), and the Child Behavior Checklist (CBCL), a widely
used method for identifying “problem” behavior in chil
dren, such as aggressiveness (192).

The significant impact of pollutants
on neurodevelopment
The Collaborative on Health and the Environment’s
2008 Consensus Statement on Environmental Agents
also examined the role of environmental agents on
neurodevelopmental disorders (193). They concluded
that the existing animal and human studies suggest a
greater proportion of development is environmentally
influenced than has been generally believed and note
the serious implications for families, schools, local
communities and society at large (193). Additionally, in
another paper Bellinger (194) assessed the risk of differ
ent factors on neurodevelopment and full-scale IQ, and
determined that environmental chemical exposures had
a greater impact on the brain than pediatric conditions
like traumatic brain tumors, brain injury and congenital
heart disease.
Any discussion on the topic of environmental effects
of pollutants on neurodevelopment must carefully address
the developmental status of the fetus or young child and
the effects of exposure on certain stages of brain develop
ment, the variation in exposure routes between children
and adults, the endpoints used to measure effects, the

20

Webb et al.: Neurodevelopmental and neurological effects of chemicals

time frame used to measure effects factoring in the “down
stream” effect of exposures on the developing organism,
and various other issues (178). Unfortunately, regulatory
standards have not been developed to sufficiently account
for these questions.
The significant impact of neurotoxicants on IQ is
attributed not to the magnitude of the effect on the indi
viduals, but rather to the prevalence of exposure across
the population (194, 195). Small decrements in IQ could
go unnoticed, depending on the specific study method.
Since some disorders such as diabetes, depression,
and hypertension can be clearly defined using “cutoff
values of continuously distributed measurements”,
some researchers argue that it is not always a question
of whether an individual has a disorder but the extent to
which the disorder is evident (194, 195). Neurodevelop
mental disorders fit into this “continuously distributed
dimensional category”. IQ is easily measured and has
been studied for a long time, but other more complex
disorders can be harder to quantitate (194, 195). Some of
these are more common than easily measured and rec
ognized disorders. Disorders that are more difficult to
measure include social awareness and sensory integra
tion. In an effort to strengthen the diagnostic practices
of more subtle disorders, the National Institute of Mental
Health has advocated for changes in the field of nosology,
or the classification of diseases, and has termed the effort
the Research Domain Criteria (RDoC) (196). This will focus
on intrinsic biologically based symptoms and is likely
to be independent of clinically defined disorders (197).
Current epidemiology has been largely based on correlat
ing risk factors with disorders, thus grossly underestimat
ing the effects of many risks on the many aspects of brain
development that are likely to be the building blocks of
disorders (196).

General policy recommendations
Increased setback distances from UOG development
As we discussed previously (15), setback distances from
UOG development are intended to protect the health and
safety of residents (198), including infants and children.
Many states establish setback rules with an average dis
tance ranging between 100 and 1000 feet from the well
bore to the sensitive receptor such as schools, hospitals,
churches and other occupied dwellings (199). Established
setback ordinances are typically the result of negotiation
between stakeholders (e.g. residents and municipal poli
cymakers) (198, 200). Calls for increased setback distances

are due to the potential health risks associated with resid
ing or working in close proximity to UOG development.
Individuals residing within a close distance (≤0.8 km) to
high-density drilling areas are at greater risk for health
effects from exposure to natural gas development than
those living >0.8 km mile from wells (3).
Definitive conclusions based on comprehensive
measurement and analysis of exposure levels is still to be
determined, but based on a Delphi survey conducted by
the SWPA-Environmental Health Project, it was found that
89% of the scientists, public health and medical profes
sionals participating in the study favored a setback of at
least 0.4 km and 50% of participants favored a 1.6–2 km
(201). Haley et al. (200) found that existing setback dis
tances are likely not adequate to protect the public. Our
results suggest that setbacks may not be sufficient to
reduce potential threats to human health in areas where
UOG development occurs. It is more likely that a combina
tion of reasonable setbacks with controls for other sources
of pollution associated with the process will be required.
We recommend that at a minimum, 1.6 km setbacks,
preferably greater, should be established between drilling
facility lines and the property line of occupied dwellings
such as schools, hospitals and other spaces where infants
and children might spend a substantial amount of time.
(3, 198).

The health burden, economic and social effects
of adverse neurodevelopmental health
Neurodevelopmental brain disorders, which affect 10–15%
of all births in the US (71), include learning disabilities,
ADHD, dyslexia, sensory deficits, mental retardation and
autism spectrum disorders. Given that the list of human
neurotoxicants is growing annually (in 2006, Grand
jean and Landrigan found an increase of two substances
per year from 202 to 214 in 2006–2014), it is reasonable
to assume that the risk of neurodevelopmental and neu
rodegenerative disorders is also increasing (71). It is also
important to consider the health consequences of mixed
exposures since most populations are exposed to more
than one contaminant at a time (71).
Studies assessing adverse neurodevelopmental expo
sures (e.g. lead and methyl mercury) have found that
if policy interventions were put in place to prevent or
minimize environmental exposures, large economic costs
could be avoided (202, 203). Given what has been seen
with other environmental exposures and neurodevelop
mental outcomes, without adequate preventive meas
ures and political action, economic losses and health
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consequences will be seen for years to come. A report pro
duced by the European Brain Council estimated that brain
disorders cost Europe almost 800 billion pounds ($1 tril
lion) a year, more than cancer, cardiovascular disease and
diabetes put together (204).
i. IQ loss and estimated costs:
In a report on the Clean Air Act by the EPA, the net
effect of IQ on expected lifetime income was estimated
to be $3000 more per additional IQ point (205). More
recently, Grandjean and Landrigan, and separately,
Elise Gould, have all estimated a loss of lifetime earn
ings capacity of about $18,000 with each lost IQ point
(206). Given that the list of human neurotoxicants is
growing annually, it is reasonable to predict that the
estimated economic effect in dollars is much greater
today. Policies to reduce the potential social and eco
nomic burden of IQ loss created by UOG will likely
become an important part of reducing these costs in
future years.
ii. ADHD and estimated costs:
Children with ADHD are at greater risk not only for
poor academic performance but also for risk-taking
behaviors and lower-earnings in adulthood. In the
US, ADHD imposes a cost of between $36 and $52
billion annually, or $12,005–$17,458 per person (49).
iii. EDCs and estimated costs:
Bellanger et al. (146) has estimated the potential
health care costs for EDC exposure-induced neurobe
havioral deficits and disorders in the EU to exceed 150
billion euros.
iv. Small for gestational age (SGA) and estimated costs:
There is greater likelihood of health problems later in
life for SGA infants, including metabolic syndrome,
obesity, glucose intolerance and type II diabetes (41,
207), all of which pose costs to the individual as well as
society. The American Diabetes Association reported
total costs of diagnosed diabetes to have risen to $245
billion in 2012 from $174 billion in 2007 (208). Given
the length of time since this report was released, we
can anticipate that the costs are now higher.

Accounting for low-level and chronic exposures
In many of these studies, chemical concentrations were
below federal exposure limits, but above the concen
trations found to have health effects; that is because
government standards do not take into account lowlevel, chronic exposure experienced by the increasing
numbers of people in close proximity to oil and gas
operations (6).
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Precautionary approach
To protect the health of children and well-being of fami
lies, state and federal agencies and authorities should
adopt a precautionary approach when establishing
permitting rules and standards for UOG development
and production. This also applies to enforcement of
standards for air and water quality near UOG sites. The
federal government sets standards for many air and
water pollutants, based on an estimated risk of health
effects at a certain level. Currently, the EPA uses a
narrow view of variability and vulnerability in their risk
assessment caused by differences in genetic makeup,
metabolism, and age of exposures. Therefore, current
risk assessment practices provide inadequate protec
tion to the most vulnerable populations, such as infants
and children (209).

Mandatory testing and international clearinghouse
Controlling the developmental neurotoxicity pandemic is
very difficult since a lot of data is needed for regulation by
government authorities. In 2014, Grandjean and Landrigan
proposed mandatory testing of industrial chemicals and
the development of an international “clearinghouse” on
neurotoxicity, an agency that would “promote optimum
brain health, not just avoidance of neurological disease,
by inspiring, facilitating and coordinating research and
public policies that aim to protect brain development
during the most sensitive life stages” from exposure to
neurotoxic, industrial chemicals (71).

Research needs
Improved exposure assessment
While we strongly support a precautionary approach
that prevents children’s exposure, we recommend that
well-designed biomonitoring studies should be under
taken to measure existing exposures to pollutant groups
associated with UOG. Currently, only a small number of
studies document a causal relationship between pollu
tion created by UOG operations and undesirable health
outcomes. Better population exposure assessment is
needed to document these relationships. The most accu
rate way to obtain information about human exposures
from environmental pollution is through well-designed
biomonitoring studies.
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Mental health monitoring before and after
UOG development
There should be the requirement by legislation or
executive mandate that states monitor the mental health
impacts of UOG development and operations, with an
appointed external advisory panel of health experts, and
paid for by a dedicated commonwealth revenue source
such as a severance tax on UOG. Research should be inte
grated with the creation of an Unconventional Natural
Gas and Oil Development Health Registry. The proce
dural guidelines should specify not only that children be
included in all health studies, but as a vulnerable popula
tion they should be given specific attention as President
Clinton directed in his Executive Order 13045 to reduce
environmental health risks and safety risks to children.

Lack of transparency and research barriers
The 2005 Energy Policy Act, exempted hydraulic fracturing
from the Underground Injection Control program and the
EPA is prohibited from regulating fracking under the Safe
Drinking Water Act (1974) (7). Due to these actions, a number
of chemicals associated with UOG are not reported to the
public. Disclosure of chemicals is critical in understanding
the full scope of neurological health effects for infants and
children. In a 2011 review about the human health effects
of the 353 chemicals used in natural gas operations (as
identified by Chemical Abstract Service numbers), Colborn
et al. (1) determined that approximately 40–50% of the
chemicals used could affect the brain and nervous system.
However, the study was limited because of the lack of trans
parency about chemical mixtures used in the UOG process.
The nondisclosure of these chemicals creates barriers to
efficient research practices and contributes to the lack of
knowledge concerning UOG and its potential health effects
(7). Since a number of chemicals associated with UOG are
not disclosed to the public, there exists uncertainty about
the chemical makeup of UOG fluids. In many states, com
panies are not required to disclose information about the
concentrations or what chemicals are used in the process
because of trade secret protections.

Maximum contaminant levels
Researchers have reported that it is difficult to measure
health risks from many of the compounds used in oil and
gas development because many of them lack scientifically
based maximum contaminant levels (7).

Review limitations considerations
This review is not exhaustive in scope. To make the review
manageable, we focus on five particular pollutant groups
of concern and do not discuss a number of other air and
water pollutants that are known to cause neurodevelop
mental harm, such as cadmium and methylene chloride,
among others. Thus, the review is not comprehensive, but
rather representative of a major issue.
The studies we reviewed evaluated exposures in a
variety of settings. For example, some of these studies
assessed atmospheric and water concentrations from UOG
operations while others assessed emissions from oil and
gas refineries as well as urban traffic. We also examined
exposures from some of these pollutants in both indoor
and outdoor settings. In some cases, where literature is
lacking, we examined studies focusing on both conven
tional and unconventional sources of oil and gas develop
ment. The relevance to exposures near UOG sites varies.
This review is not intended to provide a formal risk
assessment that would characterize the exposure levels
among children to our pollutants of concern. Instead,
we review studies that measure UOG air emissions and
atmospheric concentrations of our five pollutants catego
ries of concern.
Additionally, UOG is a recent development, and the
most effective epidemiological studies will take a long
time to complete. Further, there is still much that is
unknown about neurological health effects and their rel
evance for children living near UOG areas. Though there is
far more research than there was 5 years ago, there are still
only a number of epidemiological studies that explore the
associations between risk factors and health outcomes in
people living close to UOG development.

Conclusion
We reviewed the body of evidence of whether UOG has the
potential to increase air and water pollution in the sur
rounding communities where it takes place and result in
neurological and developmental harm. We conclude that
exposure to heavy metals (arsenic and manganese), par
ticulate matter, BTEX, EDCs and PAHs is linked to adverse
neurological and developmental health effects, particu
larly in infants and children. However, the scientific lit
erature examining the direct impact of UOG development
on children is just starting to emerge.
Studies indicate that the chemicals that are used in
or are byproducts of UOG operations have been linked to
serious neurodevelopmental health problems in infants,
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children, and young adults. Early life exposure to these
air and water pollutants has been shown to be associated
with learning and neuropsychological deficits, neurode
velopmental disorders, and neurological birth defects,
with potentially permanent consequences to brain health.
More research is needed to understand the extent of these
concerns in the context of UOG, but since UOG develop
ment has expanded rapidly in recent years, the need
for public health prevention techniques, well-designed
studies, and stronger state and national regulatory stand
ards is becoming increasingly apparent.
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ABSTRACT
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Background: Hydraulic fracturing together with directional and horizontal well drilling (unconventional oil and
gas (UOG) development) has increased substantially over the last decade. UOG development is a complex
process presenting many potential environmental health hazards, raising serious public concern.
Aim: To conduct a scoping review to assess what is known about the human health outcomes associated with
exposure to UOG development.
Methods: We performed a literature search in MEDLINE and SCOPUS for epidemiological studies of exposure to
UOG development and verified human health outcomes published through August 15, 2019. For each eligible
study we extracted data on the study design, study population, health outcomes, exposure assessment approach,
statistical methodology, and potential confounders. We reviewed the articles based on categories of health
outcomes.
Results: We identified 806 published articles, most of which were published during the last three years. After
screening, 40 peer-reviewed articles were selected for full text evaluation and of these, 29 articles met our
inclusion criteria. Studies evaluated pregnancy outcomes, cancer incidence, hospitalizations, asthma exacerbations, sexually transmitted diseases, and injuries or mortality from traffic accidents. Our review found that 25 of
the 29 studies reported at least one statistically significant association between the UOG exposure metric and an
adverse health outcome. The most commonly studied endpoint was adverse birth outcomes, particularly preterm
deliveries and low birth weight. Few studies evaluated the mediating pathways that may underpin these associations, highlighting a clear need for research on the potential exposure pathways and mechanisms underlying
observed relationships.
Conclusions: This review highlights the heterogeneity among studies with respect to study design, outcome of
interest, and exposure assessment methodology. Though replication in other populations is important, current
research points to a growing body of evidence of health problems in communities living near UOG sites.

1. Background
Unconventional oil and gas (UOG) development extracts oil and gas
directly from source rock formations, which are fine-grained rock layers
where oil and gas are formed, or from tight sand formations just above

these source rocks; both types of formations have low permeability and
are characterized by very low hydraulic conductivity. Fossil fuels extracted from these low-porous formations are referred to as shale-oil or
shale-gas, tight gas, coal seam gas or coal bed methane (National
Energy Board and Canadian Electronic Library, 2012; U.S.
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List of abbreviations

PTD

preterm deliveries - births before 37 completed weeks of
gestation
Extremely PTD births before 28 completed weeks of gestation
Very PTD births after 27 and before 32 completed weeks of gestation
and
Moderately PTD births after 31 and before 37 completed weeks of
gestation
SGA
small-for-gestational age - birth weight for gestational age
and sex smaller then 10th percentile.
TLBW
term LBW- birthweight smaller than 2500 g and 37 completed weeks of gestation
O&G
combined conventional and unconventional oil and gas
OR
Odds Ratio
PM2.5
fine particles with a diameter of 2.5 μm or less
PM10
particles with a diameter of 10 μm or less
SIRs
Standardized Incidence Ratios
STD
sexually transmitted Disease
UOG
unconventional oil and gas
URI
upper respiratory infections

AMI
acute myocardial infarction
ALL
acute lymphocytic leukemia
CHD
congenital heart defects
CI
confidence intervals
CSG
coal seam gas
COPD
chronic obstructive pulmonary disease
CM
congenital malformations
DAGs
directed acyclic graphs
Fetal health index a measure that incorporates a number of health
outcomes in order to reduce the number of statistical tests
- birth weight, LBW, PTD, congenital malformation
HIA
health impact assessment
ICD-9
International Classification of Diseases, Ninth Revision
IDW
inverse distance weight or inverse-distance squared
weight methods
LBW
birthweight smaller than 2500 g
NHL
non-Hodgkin lymphoma
NTD
neural tube defects

pressures and a higher well density (Jackson et al., 2014). In addition,
UOG processes create large amounts of waste water (some of which is
being transferred out of state), higher traffic volumes, and high use of
diesel engines that can emit pollutants to the environment (air, soil and
water), result in high noise levels, induce earthquakes, have negative
effects on livestock, can cause changes in the population social characteristics and damage biological diversity (Adgate et al., 2014; Hays
et al., 2017).
Several prior scoping and systematic literature reviews summarized
the potential effect of UOG development on the environment (mainly
water and air quality) or on psychological and physiological health
(Balise et al., 2016; Gorski et al., 2019; Hays and Shonkoff, 2016a;
Hirsch et al., 2018; Saunders et al., 2018; Stacy, 2017; Wright and
Muma, 2018). These reviews included qualitative studies, risk assessments, toxicological studies, environmental monitoring studies, and
epidemiological studies of self-reported and clinician-diagnosed health
outcomes. The most recent systematic literature review focusing on
epidemiological assessments of UOG exposure included articles published through October 2018 (Bamber et al., 2019). Our review expands
upon prior publications by including studies published through August
15, 2019 and by assessing less commonly included health endpoints
such as injuries and mortality from vehicle accidents and increases in
sexually transmitted infections; these outcomes may have arisen not
from the direct effect of UOG on the environment (air and water), but
from increased vehicle traffic and working populations into rural areas.
Furthermore, our exclusive focus on epidemiologic analyses (i.e., exclusion of risk assessments and qualitative studies) enabled a deeper
assessment of study methods and a detailed synthesis of results for five
selected health endpoints.
The motivation to conduct this study was to provide evidence on the
health outcomes of UOG development and production processes for an
interdisciplinary research team that serves as an advisory committee to
the Israeli Ministry of Energy on UOG processes. In Israel, to date, there
has been no UOG development. In recent years, several discussions
have taken place in the Israeli Parliament (Knesset) and government
ministries on this issue. We assessed epidemiologic studies published
worldwide to compile available health-based evidence for use by decision makers in Israel and elsewhere.

Environmental Protection Agency, 2016; Werner et al., 2015). This
process contrasts with conventional oil and oil and gas production
which involves the extraction of oil and gas from more accessible,
permeable reservoir rocks that collect migrating hydrocarbons.
UOG development utilizes intensive spatial-clustering of wells, directional drilling, and high-volume hydraulic fracturing. These techniques increase production efficiency from the low-permeable source
rocks, expand the accessible region of the target geological configuration, and enhance cost-effectiveness through a tighter spatial-clustering
of wells (Ewen et al., 2012; U.S. Environmental Protection Agency,
2016). Although hydraulic fracturing and other stimulation methods
such as acid stimulation have been used in the drilling industry for the
water and conventional oil and gas sectors for more than 60 years (Hays
et al., 2015), the combination of intensive directional drilling and highvolume hydraulic fracturing has only occurred since 2005 (Fukui et al.,
2017).
UOG development is a complex, multi-stage process that follows
similar overall phases, although the specific steps and their durations
vary by geological formations, wells, and operators. Initially, well
preparation occurs (lasting about 30 days), during which approximately
0.1–0.2 ha (1000–2000 square meters) are cleared and materials are
transported to the site. Next, the well is drilled vertically to the desired
depth (~0–2 weeks) and then horizontally or directionally into the
source formation (~0–6 weeks). The hydraulic fracturing or “fracking”
(~1 week), which is the stimulation of the flow of natural gas or oil
through injection of large volumes of pressurized fracturing fluids (a
mix of water, sand, and chemical additives), creating and reopening
cracks or fissures in the deep-rock formations to release the trapped oil
or gas (U.S. Environmental Protection Agency, 2016). Gas or oil production begins after the stage of stimulation (Graham et al., 2015).
UOG development has revolutionized the global energy market,
leading to reduced global prices of oil and gas (Fukui et al., 2017).
While UOG development may confer economic benefits such as national
economic growth (increase in GDP), increased number of new jobs,
increased state tax revenues, and energy independence (The
Congressional Budget Office CBO, 2014; Erbach, 2014), this process
also has the potential to adversely affect the environment and human
health in numerous ways (Hays and Shonkoff, 2016a; Kibble et al.,
2014; Martens and Zucker, 2014; Werner et al., 2015). Although both
conventional and unconventional oil and gas development can release
similar hazardous pollutants compared with conventional (Czolowski
et al., 2017), UOG development is highly intensive in water consumption (100–1000 times greater) and is characterized by higher well

2. Methods
A scoping review was conducted to identify all studies that examined direct associations between UOG development and human
2
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health outcomes as well as to identify the existing gaps in the knowledge. A scoping review allows for the inclusion of studies with different
methodological designs. Unlike systematic reviews, scoping reviews do
not assess the quality of the included studies, but rather address a
broader issue based on the current literature (Colquhoun et al., 2014).
We followed the first five stages of scoping review as defined by Arksey
and O'Malley(2005): 1) research question was identified, 2) relevant
studies for inclusion were identified, 3) studies were selected, 4) the
data was charted, and 5) results were collated, reported and summarized. For the last stage we used the enhanced definition by Levac et al.
(2010) and we discuss the findings as they relate to the study purpose
and implications for future research, practice and policy.
The framework for our approach is presented in Fig. 1. Our broad
research question was: “What is known from the existing literature
about the human health outcomes associated with living near UOG
wells?” The bibliographic search was conducted using MEDLINE (National Library of Medicine) and SCOPUS search engines with the following keywords related to unconventional oil and gas combined with
keywords related to health: (“unconventional gas” OR “unconventional
oil” OR “shale gas” OR “tight gas” OR “coal seam gas” OR “natural gas”)
AND (“Health” OR “epidemiological study” OR “physiological” OR
“psychological” OR “hospitalization” OR “Asthma” OR “Injury” OR
“mortality” OR “Cancer” OR “morbidity” OR “Adverse pregnancy outcomes” OR “Birth” OR “congenital Malformation” OR “birth defects”
OR “birth weight” OR “low birth weight” OR “preterm birth” OR
“premature birth” OR “preterm delivery” OR “small for gestational age”
OR “LBW” OR “PTB” OR “PTD” OR “SGA”). The search was limited to
the English language and to studies on humans. The country where the
study had been conducted was not an inclusion criterion. The last
search was conducted on August 15, 2019. Initial screening of the articles was conducted based on the information available in the titles and
abstracts. Each article passing this initial screening stage was reviewed
to decide whether it was eligible for inclusion. References of the relevant articles were also checked to find additional articles fitting the
inclusion criteria.

2.1. Study selection
We identified 806 articles in MEDLINE, SCOPUS and other sources
(Fig. 1). After screening the title and abstracts and checking for duplicates, 40 articles were chosen for full text evaluation. After full text
evaluation, we excluded studies with self-reported symptoms not verified by clinicians due to the subjective nature of such data, which may
cause bias (Casey et al., 2018; Elliott et al., 2018; Ferrar et al., 2013;
Rabinowitz et al., 2014; Saberi, 2013; Saberi et al., 2014; Shamasunder
et al., 2018; Steinzor et al., 2013, 2012; Tustin et al., 2016; Weinberger
et al., 2017). Furthermore, studies that evaluated car accidents without
health outcomes (Amber Brooke Trueblood and Garett Sansom, 2015)
following UOG development activity were also excluded.
The selection criteria for the studies were as follows: a) peer-reviewed and published in academic journals; b) original research articles; c) adhering to any type of epidemiological study design (ecological, time-series, cross-sectional, case-control, nested case-controls,
cohort, and panel studies – “differences in differences”); d) the exposure
to UOG development or exposure to UOG and conventional oil and gas
development combined was evaluated as a separate variable within the
analysis; and e) studies that evaluated health outcomes (psychological
and physiological) diagnosed by clinician, based on morbidity and
mortality databases, rather than self-reported symptoms assessed by
questioners with no clinical verification.
Twenty nine studies met our criteria and were eligible for inclusion
in our review (Beleche and Cintina, 2018; Blair et al., 2018; Busby and
Mangano, 2017; Casey et al., 2019, 2015; Currie et al., 2017; Denham
et al., 2019; Deziel et al., 2018; Finkel, 2016; Fryzek et al., 2013;
Graham et al., 2015; Hill, 2018; Janitz et al., 2019; Jemielita et al.,
2015; Komarek and Cseh, 2017; Ma, 2016; McKenzie et al., 2019b,
2019a; 2017, 2014; Peng et al., 2018; Rasmussen et al., 2016; Stacy
et al., 2015; Walker Whitworth et al., 2018; Werner et al., 2017, 2018;
2016; Whitworth et al., 2017; Willis et al., 2018). For these studies, we
extracted the following information: author, year of publication,
country, sample size and study population, study design, outcome
measured, approach used to evaluate the exposure, statistical approach,

Fig. 1. Flow chart of the scoping review showing inclusion and exclusion strategy.
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4
-Inverse distance-squared activity
metrics (pad development,
drilling, hydraulic fracturing,
production).
z-transformed and summed to
create a final metric of total UOG
activity sum. Without
specification of radius.

Population: 10,946 singleton
neonates in the Geisinger Health
System, born between 2009 and 2012
Outcomes: Term birth weight, PTD,
low 5-min Apgar score (< 7), SGA
and high-risk Pregnancy.
-Retrospective cohort study

The mean (SD) and median (IQR)
number of well counts within 12.4
miles of pregnant mothers:
Q1: 6 (28), 0 (0–1)
Q4: 124 (202), 8 (1–122).
The quartiles of UOG activity index
were compared to the lowest
quartile:
Q1: less than −0.44; Q2: −0.43 to
−0.15, Q3: −0.14 to 0.18, Q4:
> 0.18.

Zip code with UOG compared to zip
codes without UOG.
In addition, the trend in CM
prevalence in areas with UOG wells
was compared to zip codes without
UOG wells.
Level of exposure not reported.
A Figure of the research area, with
UOG wells as points on the map.

-Counts of UOG wells per zip
codes.
-Density of UOG wells per zip
code.

Population: 1,401,813 births born
between 2003 and 2012.
Outcomes: Structural birth defects
(anencephaly, meningomyelocele/
spina bifida, cyanotic congenital heart
disease, congenital diaphragmatic
hernia, omphalocele, gastroschisis,
limb reduction defect, cleft lip with or
without cleft palate, cleft palate alone,
or hypospadias), functional or
developmental birth defect (Down
syndrome, suspected chromosomal
disorder).
-Semi-ecological

The tertiles of exposure were
compared to the zero wells category.
T1: 1–3.62 wells/mile;
T2: 3.63–125 wells/mile;
T3: 126–1400 wells/mile

Statistical approach and Exposure
levels

Quartiles of exposure were
compared to the lowest quartile.
Q1: 0–0.86 wells/mile
Q2: 0.87–2.59 wells/mile
Q3: 2.6–5.99 wells/mile
Q4: ≥6.00 wells/mile.

- Inverse distance-weighted well
counts within 10-mile radius

Exposure evaluation approach

- Inverse distance-weighted sum
of natural gas wells within 10mile radius (not just UOG)

Population: 15,451 live births born
between 2007 and 2010.
Outcomes: Birth weight, small for
gestational age [SGA], PTD
-Retrospective cohort study

Population: 124,842 births born
between 1996 and 2009.
Outcomes: Congenital malformation
(CM) (Oral clefts, neural tube defects
[NTDs], congenital heart defects
[CHDs]), preterm delivery [PTD],
term low birth weight [TLBW], term
birth weight.
-Retrospective cohort study

Population, outcome and study design

Table 1
Main characteristics and results of the studies on adverse pregnancy outcomes.

Child sex and gestational age;
season of birth; maternal
characteristics: age at delivery,
race/ethnicity, primary care
patient status, smoking, prepregnancy BMI, parity, number of
antibiotic orders during
pregnancy, receipt of medical
assistance, delivery hospital,
drinking water source, distance to
nearest major road, mean
residential greenness during
pregnancy; and community
socioeconomic deprivation

Maternal age, education, prepregnancy weight, gestational age
(for birth weight), child gender,
prenatal visits, smoking,
gestational diabetes, WIC
assistance (Women, Infants, and
Children), race, and birth order.
Maternal age at delivery,
maternal highest education level,
self-designated race, maternal
pre-pregnancy body mass index
category, primary payer for
delivery, mother receiving WIC
assistance (Women, Infants, and
Children), maternal pre and
during pregnancy diabetes status,
maternal pre and during
pregnancy hypertension status,
smoking, and maternal infection
during pregnancy status reported
on birth registry.
Models for zip codes with vs.
without UOG include UOG
density as a confounder.

Maternal age, ethnicity, smoking,
alcohol use, education, and
elevation of residence, as well as
infant parity and sex.

Confounders

(continued on next page)

Exposure to highest tertile
compared to the reference
category:
-CHDs ↑ (OR:1.3, 95% CI: 1.2, 1.5).
-NTD ↑ (OR:2.0; 95% CI: 1.0, 3.9).
-Oral clefts ↘ (OR:0.82; 95% CI:
0.55, 1.2)
-PTD ↓ (OR:0.91; 95% CI: 0.85,
1.0)
-TLBW ↓ (OR:0.90; 95% CI: 0.80,
1.0)
- Mean term birth weight ↑ (22 gr,
95% CI:15, 29)
Exposure to highest quartile
compared to the lowest quartile:
-SGA ↑ (OR: 1.34, 95%
CI:1.10,1.63)
-Mean birth weight ↓ (−21.8 gr,
95% CI: 40.2, −3.4)
-PTD ↔
Living in zip codes with UOG
compared to zip codes without
UOG:
-Any birth defects prevalence ↑
(OR:1.22, 95% CI: 1.13, 1.32)
-Structural birth defects prevalence
↑ (OR:1.21, 95% CI: 1.11, 1.32)
-Functional or developmental birth
defects prevalence ↑ (OR:0.93,
95% CI: 0.85, 1.01)
Increase in UOG well density per
square kilometer:
-Any birth defects prevalence ↘
(OR:0.93, 95% CI: 0.85, 1.01)
-Structural birth defects prevalence
↘ (OR:0.95, 95% CI: 0.86, 1.04)
-Functional or developmental birth
defects prevalence ↘ (OR:0.90,
95% CI: 0.76, 1.07)
Exposure to the highest activity
index quartile, compared to the
lowest quartile:
-PTD ↑ (OR: 1.4,95% CI: 1.0, 1.9)
-High-risk Pregnancy ↑ (OR: 1.3,
95% CI: 1.1, 1.7).
- Mean term birth weight ↓ (−31 g,
95% CI: −57, −5)
-Low 5-min Apgar score (< 7) ↔
-SGA ↔
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5

Pennsylvania
(USA)

Pennsylvania
counties (USA)

Busby and Mangano
(2017) (Busby and
Mangano, 2017)

North Texas (USA)

Whitworth et al., (2017)
(Whitworth et al.,
2017)

Currie et al., (2017)
(Currie et al., 2017)

Location

Researchers

Table 1 (continued)

Population: 98,941 Live births and
431 infant mortalities (0–28 days),
between 2003 and 2010.
Outcome: Infant mortalities.
-Ecological study

Population: 1,125,748 live births,
born between 2004 and 2013
Outcomes: birthweight, LBW, infant
health index (combination of birth
weight and indicators for LBW, PTD,
the presence of any CM, and the
presence of any other abnormal
condition of the newborn).
-Retrospective cohort study and
differences in differences.

Population: 158,894 singleton births
or fetal death born between
November 30, 2010–November 29,
2012
Outcomes: SGA, PTD, fetal deaths
and mean birth weight.
-Retrospective cohort study

Population, outcome and study design

Rate ratio (RRs: rate for the
period 2007–2010/rate for the
period 2003–2006) for the 10
most UOG drilled counties:
combined for each county,
combined for five north eastern

“Nearest neighbor”- vector based
on nearest UOG well and if
conception occurred after the
spud date (equal to 1 for births
“near” any well sites for which
the spud date precedes
conception and is equal to 0
otherwise).

Inverse square distance-weighted
sum of active UOG wells within
three radiuses: 0.5 mile, 2 miles,
and 10 miles.

Exposure evaluation approach

Differences in differences approach
and in addition, maternal (for
sibling) and county fixed effect
models were used.
Living within 0.6 miles of a UOG site
and 0.6 to 1.8 miles was compared
to the reference group (mothers
living within 1.8–9.3 miles from a
UOG well site).
Level of exposure was not reported.
Figure of the research area, with
UOG wells as points on the map.
In Pennsylvania:
During 2003–2006: 44 UOG wells.
During 2007–2010: 2864 UOG wells.

Tertiles of exposure were calculated
and compared to zero wells
-Urban-suburban area Median (IQR)
of IDW sum:
0.5 miles: 31.4(13.4–70.1);
2 miles: 24(7.9–51.2);
10 miles: 19.2(1–63.6);
Median(IQR) of active UOG wells, by
tertiles:
0.5 miles: T1: 1(1–2); T2:4(3–5); T3:
7(5–10)
2 miles: T1: 7(3–13); T2:32 (23–42);
T3: 54(39–75)
10 miles: T1: 10(1–67);
T2:32(267–748); T3:
1190(923–148)

Statistical approach and Exposure
levels

-No adjustment

Child gender, maternal race,
maternal ethnicity, maternal age,
education marital status, and
child parity.

quartile.
Mother and community were
treated as random effects.
Maternal age at delivery, prepregnancy BMI, race/ethnicity,
education, smoking, adequacy of
prenatal care utilization, and
infant sex.
Census tract was treated as
random effect.

Confounders

(continued on next page)

Rate during 2007–2010 compared
to rate during 2003–2006:
-Infant mortalities, in the 10
fracked counties ↑ (RRs: 1.29, 95%
CI: 1.05, 1.55)
-Infant mortalities, for the five

Exposure to highest tertiles of
UOG-activity compared to zero
wells (0.5 mile):
- PTD ↑ (OR: 1.14,95% CI: 1.03,
1.25)
-SGA ↔ (OR: 1.01,95% CI: 0.96,
1.06)
- Fetal deaths ↗ (OR: 1.27,95% CI:
0.82, 1.97)
- Mean birth weight ↔ (−0.83 g,
95% CI: 12.24, 10.58)
Exposure to highest tertiles of
UOG-activity compared to zero
wells (2 miles):
- PTD ↑ (OR: 1.14,95% CI: 1.07,
1.22)
-SGA ↘ (OR: 0.95,95% CI: 0.90,
1.00)
- Fetal deaths ↗ (OR: 1.16,95% CI:
0.86, 1.58)
- Mean birth weight ↘ (−6.68 g,
95% CI: 14.38, 1.02)
Exposure to highest tertiles of
UOG-activity compared to zero
wells (10 miles):
- PTD ↑ (OR: 1.15,95% CI: 1.08,
1.22)
-SGA ↘ (OR: 0.96,95% CI: 0.92,
1.01)
- Fetal deaths ↑ (OR: 1.34,95% CI:
1.04, 1.72)
- Mean birth weight ↘ (−6.56 g,
95% CI: 13.68, 0.56)
Introduction of UOG, comparing
close (living within 0.6 mile)
versus further away (living within
1.8–9.3 miles of a UOG well):
-LBW ↑ (a significant 25% increase
in the probability)
-Mean term birth weight ↓
-Infant health index ↑

Main findings
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Pennsylvania,
(USA)

Texas (USA)

Walker Whitworth et al.,
2018 (Walker
Whitworth et al.,
2018)

Hill (2018) (Hill, 2018)

Location

Researchers

Table 1 (continued)

Population: 1,098,884 singleton
births born between 2003 and 2010.
Outcomes: LBW, PTD and term birth
weight. Gestational age, 5 min Apgar
score less than 8, CM, an infant health
index and infant mortality (during the
first year)

Population: 80,257 singleton births
born between November 30,
2010–November 29,2012. All PTD
cases (13,549) and randomly selected
term births matched by maternal age
group and race/ethnicity (67,745
controls).
Outcomes: PTD and extremely PTD,
very PTD and moderately PTD.
-Nested case-control study within
the cohort describe in Whitworth
et al. (Whitworth et al., 2017)

Population, outcome and study design

“Nearest neighbor”- vector,
similar to Currie et al. but
focused on those living within
approximately 1.5 miles, and as a
sensitivity analysis studied other
radiuses.

Inverse distance-squared activity
metrics for drilling and
production of UOG well counts
within 0.5 mile radius.
- By trimesters 1, 2, or 3, or the
entire pregnancy

counties, combined for five
south-western counties; for all
Pennsylvania.

Exposure evaluation approach

2459 natural gas wells spudded
between 2006 and 2010
Drilled UOG wells compared to UOG
wells permits.

UOG drilling and production metrics
were categorized by tertiles and
births with zero UOG drilling and
production wells within 0.5 mile of
the residence, served as the referent
group.
Level of exposure-see Whitworth
et al. (Whitworth et al., 2017).

Statistical approach and Exposure
levels

Race, education, age, marital
status, WIC status, insurance type,
previous risky pregnancy,
whether the mother smoked
during her pregnancy, month of
birth, year of birth, and gender of
the child.

Pre-pregnancy BMI, education,
smoking during pregnancy, infant
sex, previous poor pregnancy
outcome, and the adequacy of
prenatal care utilization Index.
(parity and maternal residential
distance to the nearest major
roadway were non-significant,
maternal age and race/ethnicity
were not included due to the
matching).

Confounders

6

(continued on next page)

north east counties↑ (RRs: 1.66,
95% CI: 1.05, 2.51)
-Infant mortalities, for the five
south western counties↗ (RRs:
1.18, 95% CI: 0.95, 1.46).
-Increased risk was associated with
exposure to groundwater,
expressed as the county ratio of
water wells divided by the number
of births.
Exposure to the third tertile
compared to zero of the UOG
drilling activity:
All PTD, all pregnancy ↑ (OR: 1.20,
95% CI: 1.06, 1.37)
Extremely PTD, all pregnancy↑
(OR: 2.00, 95% CI: 1.23,3.24)
Very PTD, all pregnancy↗ (OR:
0.97, 95% CI: 0.62,1.52)
Moderately PTD, all pregnancy↑
(OR: 1.18, 95% CI: 1.03,1.36)
By trimesters:
All PTD, first trimester↑ (OR: 1.24,
95% CI: 1.03,1.49)
All PTD, second trimester↑
(OR:1.21, 95% CI: 1.00,1.45)
All PTD, third trimester↗
(OR:1.19, 95% CI: 0.89,1.60)
Exposure to third tertile compared
to zero of the UOG-production
activity:
All PTD, all pregnancy ↑ (OR: 1.15,
95% CI: 1.05, 1.26)
Extremely PTD, all
pregnancy↑(OR: 1.53, 95% CI:
1.03,2.27)
Very PTD, all pregnancy↗
(OR:1.01, 95% CI: 0.74,1.39)
Moderately PTD, all pregnancy↑
(OR:1.15, 95% CI: 1.04,1.27)
By trimesters:
All PTD, first trimester ↑ (OR: 1.18,
95% CI: 1.02,1.37)
All PTD, second trimester↗ (OR:
1.14, 95% CI: 0.99,1.31)
All PTD, third trimester↘
(OR:0.89, 95% CI: 0.72,1.10)
After and before the drilling of
UOG wells, among infants born to
mothers living within 2.2 miles of
at least one well site during
pregnancy:
LBW ↑ (by 24 percent)
SGA ↑ (by 18 percent)
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Location

Oklahoma, (USA)

Researchers

Janitz et al., (2019) (Janitz
et al., 2019)

Table 1 (continued)

Population: 476,600 singleton births
born between 1997 and 2009.
Outcomes: Major CM:
NTDs (spina bifida and anencephaly)
(N = 217); Oral clefts (cleft lip and
cleft palate) (N = 603); CHD
(common truncus/truncus arteriosus,
transposition of the great arteries,
double outlet right ventricle,
Tetralogy of Fallot, single ventricle,
pulmonary valve atresia and stenosis,
tricuspid valve atresia and stenosis,
Ebstein anomaly, hypoplastic left
heart syndrome, coarctation of aorta,
interrupted aortic arch, and total
anomalous pulmonary venous
connection) (N = 874).
- Retrospective cohort study.

-Retrospective cohort and
differences in differences.

Population, outcome and study design

-Inverse distance-squared
(IDW)*(O&G) method of actively
producing wells during the
month of birth, within three
radiuses of the maternal
residence at delivery: 2 miles, 5
miles, and 10 miles. Natural gas
well was classified as actively
producing, if production was
reported during at least one
month in a given year.

Exposure evaluation approach

Modified Poisson regression with
robust error variance was used to
calculate the prevalence proportion
ratios (PPR). The IDW summed well
counts at the 2-mile buffer were
categorized to tertiles and compared
to the zero wells category:
T1: 0.25–1.88 wells;
T2: > 1.88–9.00 wells;
T3: > 9.00–47,679.13 wells.
A total of 417,110 unique producing
natural gas wells in Oklahoma over
the study time period.

Statistical approach and Exposure
levels

Using DAG, the researchers only
adjust for maternal education.

Confounders
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Mean term birth weight ↓ (by
49.6 g)
Mean birth weight ↓ (by 46.6 g)
Five minute Apgar score less than
8↑ (by 26 percent)
Infant health index ↑ (by 0.026
standard deviations)
PTD ↗
CM ↘
For each additional UOG well
drilled prior to birth within 2.5 km:
LBW ↑ (by 7 percent)
PTD ↑ (by 3 percent)
Mean term birth weight ↓ (by 5 g)
SGA ↔
Mean birth weight ↔
Five minute Apgar score less than
8↔
CM ↔
Exposure to highest tertile
compared to the zero reference
category, at the 2-mile buffer:
-NTD ↗ (PPR: 1.20, 95% CI: 0.82,
1.75).
-Oral clefts ↔ (PPR: 1.03 95%
CI:0.82, 1.29)
-CHD ↘ (PPR: 0.91 95% CI: 0.75,
1.11).
Exposure to any natural gas
activity compared to none, at the
2-mile buffer:
CHD:
Common truncus ↗ (PPR: 1.15,
95% CI: 0.64, 2.06).
Transposition of the great arteries
↗ (PPR: 1.15, 95% CI: 0.80, 1.65)
Double outlet right ventricle ↘
(PPR: 0.77, 95% CI: 0.38, 1.57)
Single ventricle↔ (PPR: 1.02, 95%
CI: 0.63, 1.66)
Pulmonary valve atresia and
stenosis↗ (PPR: 1.45, 95% CI:
0.82, 2.55)
Tricuspid valve atresia and stenosis
↗ (PPR: 1.32, 95% CI: 0.66, 2.63)
Ebstein anomaly↘ (PPR: 0.95,
95% CI: 0.45, 2.00)
Hypoplastic left heart syndrome↘
(PPR: 0.76, 95% CI: 0.51, 1.13)
Coarctation of aorta↔ (PPR:0.99,
95% CI: 0.76, 1.29)
Tetralogy of Fallot ↘ (PPR:0.85,
95% CI: 0.64, 1.12)
Interrupted aortic arch ↗

Main findings

N.C. Deziel, et al.

Environmental Research 182 (2020) 109124

Location

Colorado, (USA)
Oil and gas

Researchers

McKenzie et al.,
2019(McKenzie et al.,
2019a)

Table 1 (continued)

Population: All non-chromosomal
CHD cases (469) and randomly
selected controls, matched by race/
ethnicity, sex, maternal smoking
status use (2860 controls) from a
cohort of 175,533 singleton births
born between 2005 and 2011 to
mothers living in 34 Colorado
counties with 20 or more wells drilled
(well starts) per 10,000 births.
Outcomes: Pulmonary artery and
valve defects; aortic artery and valve
defects; Conotruncal defects;
Tricuspid valve defects.
-A nested case-control study

Population, outcome and study design

Statistical approach and Exposure
levels

All IDW were log-transformed and
IA-IDW was categorized to three
levels: Low = 0 to < 1 intensity
wells per square mile; medium = 1
to < 403 intensity wells per square
mile, high = ≥ 403 intensity wells
per square mile.

Exposure evaluation approach

-Intensity adjusted inverse
distance weighted (IA-IDW) of oil
and gas*(O&G) well site activity
within 10-mile radius of maternal
residence for each month from
three months prior to conception
through the second month of
gestation. Adjustment for phase
of well development or intensity
of operations that occur at the
well site model.
-IDW counts of oil and gas
facilities other than wells was
also calculated.

Adjusted for IDW count of oil and
gas facilities other than wells in
10-mile buffer, IA-IDW count of
air pollution sources not
associated with oil and gas
activities, maternal age, and SES
group, as well as infant parity and
sex.
Effect modification, stratified
analysis by rural urban zip codes.
Adjusted for IDW count of oil and
gas facilities other than wells in
10-mile buffer, IA-IDW count of
air pollution sources not
associated with oil and gas
activities in 10-mile buffer,
maternal age, and SES group, as
well as infant parity and sex.

Confounders
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(PPR:1.57, 95% CI: 0.85, 2.92)
Total anomalous pulmonary
venous connection ↗ (PPR:1.55,
95% CI: 0.98, 2.43)
NTD:
Spina Bifida↗ (PPR: 1.22, 95% CI:
0.91, 1.65)
Anencephaly ↘ (PPR: 0.88, 95%
CI: 0.48, 1.61)
Cleft lip or palate:
Cleft lip only ↘ (PPR: 0.85, 95%
CI: 0.64, 1.12)
Cleft palate only↗ (PPR: 1.12,
95% CI: 0.92, 1.38)
Similar results were reported using
the different buffers and further
adjustment.
Adjusted associations between
exposure during second month of
pregnancy and highest category of
IA-IDW intensity compared to the
lowest reference category:
Any CHD ↑ (OR: 1.7, 95% CI: 1.1,
2.6)
Aortic artery and valve defects ↗
(OR: 1.5, 95% CI: 0.79, 3.0)
Pulmonary artery and valve defects
↗ (OR: 1.7, 95% CI: 0.87, 3.2)
Conotruncal defects ↗ (OR: 2.0,
95% CI: 0.97, 4.3)
Tricuspid valve defects ↗ (OR: 1.1,
95% CI: 0.25, 4.8)
Rural:
Any CHD ↑ (OR: 2.47, 95% CI: 1.3,
4.4)
Aortic artery and valve defects ↗
(OR: 2.67, 95% CI: 1.1, 6.1)
Pulmonary artery and valve defects
↗ (OR: 1.57, 95% CI: 0.62, 3.9)
Conotruncal defects ↑ (OR: 4.07,
95% CI: 1.4, 12)
Tricuspid valve defects-less than 5
cases
Urban:
Any CHD ↘ (OR: 0.947, 95% CI:
0.47, 1.9)
Aortic artery and valve defects ↘
(OR: 0.737, 95% CI: 0.23, 2.3)
Pulmonary artery and valve defects
↗ (OR: 1.77, 95% CI: 0.59, 4.7)
Conotruncal defects ↘ (OR: 0.917,
95% CI: 0.30, 2.8)
Tricuspid valve defects - less than 5
cases

Main findings
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Pennsylvania,
(USA)

Casey et al., (2019) (Casey
et al., 2019)

Population: 8371 singleton births
without major CM born at Geisinger
between January 2009–January 2013,
to mothers without a diagnosis of or
medication for anxiety or depression
prior to conception.
Outcomes: PTD, term (≥37 weeks)
birth weight.
Mediators: anxiety or depression first
diagnosed during pregnancy or a
medication first order for an
anxiolytic or antidepressant.
- Retrospective cohort with stochastic
direct and indirect mediation analysis
(also called randomized
interventional effects).

Population, outcome and study design

- Exposure method as detailed in
Casey et al. (2015).

Exposure evaluation approach

- During the study period, 2980 UOG
wells were drilled across 12 of the 31
counties that the majority (99%) of
mothers resided in.
- The total effect of living in highest
quartile (exposed-Q4) of UOG
activity compared to the other
quartiles (unexposed Q1-Q3):
Exposed mothers (Q4) had, on
average, 130 wells within 20 km of
their home, compared to 10 wells for
unexposed mothers (Q1-Q3).
Exposed mothers lived a median
distance of 11.2 km (IQR: 4.0, 18.0)
from the nearest UOG well,
compared to 24.0 km (IQR: 17.0,
40.7) among unexposed.

Statistical approach and Exposure
levels

Maternal age, maternal race/
ethnicity, season of conception
and delivery, delivery hospital,
primary care patient status,
smoking status, parity, prepregnancy BMI, receipt of
Medical Assistance, antibiotic
order during pregnancy, change
in housing value, mean residential
greenness during pregnancy,
drinking water source,
community socioeconomic
deprivation quartile, and distance
to nearest major road quartile.

Confounders

Similar associations were observed
for Aortic artery and valve defects
and attenuated associations for
Conotruncal defects and Tricuspid
valve defects with exposure to oil
and gas well site activities in each
of the three months prior to
conception through the first
gestational month for Aortic artery
and valve defects. For Pulmonary
artery and valve defects, the
strongest association observed with
exposures in the two months prior
to conception.
Risk difference and 95%
confidence intervals of living in the
highest quartile of UOG activity
compared to the lowers quartiles
(Q1-Q3):
Outcomes:
-PTD ↑ [4.3(95% CI: 1.1, 7.5)
additional PTD cases per 100
women, (similar for women
receiving and not receiving
Medical Assistance)].
- Term birth weight ↔
Mediators:
-Antenatal anxiety or depression ↑
[there were 4.3 additional cases
per 100 women (95% CI: 1.5, 7.0)
Result of mediation analysis:
-Antenatal anxiety or depression
did not explained the associations
between UOG and PTD.

Main findings

UOG-unconventional oil and gas; T-tertile; IDW-Inverse distance weighted; PTD-preterm birth (< 37 weeks completed gestation); TLBW- term low birth weight (≥37 weeks completed gestation and birth weight <
2500 g); LBW- birthweight smaller than 2500 g; NTD-neural tube defects; CHD-congenital heart defects; Q- Quartile, CI- confidence interval, CM-congenital malformation; Infant health index -a measure that incorporates
a number of health outcomes in order to reduce the number of statistical tests, includes birth weight, LBW, PTD, CM; Extremely PTD - births before 28 completed weeks of gestation; Very PTD - births after 27 and before
32 completed weeks of gestation; Moderately PTD-births after 31 and before 37 completed weeks of gestation; SGA -small-for-gestational age - birth weight for gestational age and sex smaller then 10th percentile. *(O&G)
Unconventional and conventional oil and gas combined.
↑ = significant increase; ↓ = significant decrease; ↗ = non-significant increase; ↘ = non-significant decrease; ↔ = non-significant direction not reported or zero effect. Significant increase in a measurement may or
may not be an improvement.

Location

Researchers
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Table 2
Main characteristics and results of the studies on hospitalizations, asthma exacerbations and indicators of cardiovascular disease.
Researchers

Location

Population, outcomes
and study design

Exposure evaluation
approach

Statistical approach
and exposure levels

Confounders

Main findings

Jemielita et al., (2015)
(Jemielita et al.,
2015)

Pennsylvania,
Bradford,
Susquehanna,
and Wayne
counties (USA)

Population: 157,311,
and 93,000 inpatient
hospital admissions
records were
identified, from 2007
to 2011.
Outcomes: 25 medical
subcategories were
evaluated
-Ecological study

-Number of operative
wells per zip code
-Density (wells per km2)
by year for every
statistical area.

Conditional fixed
effects Poisson
regression was used, to
control for all possible
characteristics of the
zip codes, both
measured and
unmeasured, that did
not change during the
period of observation.
Bonferroni correction
was used (P-value
< 0.00096).
The density of the
exposure level was
categorized and
compared to the
reference:
Reference (66th
percentile): 0 wells/
km2.
Q1(66–80th
percentiles): 0 to 0.168
wells/km2;Q2
(80–90th percentiles):
0.168 to 0.786 wells/
km2; Q3 (more than
90th percentile): more
than 0.786 wells/km2.

No specific confounders
were evaluated.
Instead, conditional
fixed effects Poisson
regression was used,
where the fixed effects
are the zip codes.

A one-unit increase in the
number of wells
(Relative risk, RR), (Pvalue):
Inpatient total ↗
(RR:1.0003), (0.076)
Cardiology ↑
(RR:1.0007), (0.0007)
Dermatology ↗
(RR:1.0010), (0.039)
Endocrine ↗
(RR:1.0008), (0.086)
Gastroenterology ↗
(RR:1.0003), (0.338)
General medicine ↗
(RR:1.0002), (0.574)
Generals surgery ↗
(RR:1.0000), (0.849)
Gynecology ↗
(RR:1.0002), (0.708)
Hematology ↘ (RR:
0.9997), (0.657)
Neonatology ↗
(RR:1.0014), (0.018)
Nephrology ↘ (RR:
0.9998), (0.461)
Neurology ↗
(RR:1.0006), (0.037)
Normal newborns ↔
(1.0000), (0.969)
Ob/delivery ↗
(RR:1.0002), (0.411)
Oncology ↗ (RR:1.0015),
(0.004)
Ophthalmology ↗ (RR:
1.0010), (0.593)
Orthopedics ↘ (RR:
0.9993), (0.011)
Other/ob ↗ (RR:1.0003),
(0.727)
Otolaryngology ↔
(RR:1.0000), (0.982)
Psych/drug abuse ↗
(RR:1.0004), (0.073)
Pulmonary ↔
(RR:1.0000) (0.850)
Rheumatology ↗ (RR:
1.0014), (0.043) thoracic
surgery ↗ (RR:1.0011),
(0.100)
Trauma ↗ (RR:1.0008),
(0.174)
Urology ↗ (RR:1.0010),
(0.012)
Vascular surgery ↗
(RR:0.9997), (0.539)
Exposure to the highest
quantile compared to
the reference category
of the UOG density,
(Relative risk, RR), (Pvalue):
Inpatient total ↗ (RR:
1.108), (0.041)
Cardiology ↗ (RR:1.27),
(0.001)
Dermatology ↗
(RR:1.454), (0.013)
Endocrine ↗ (RR: 1.391),
(0.029)
Gastroenterology ↗ (RR:
1.105), (0.364)
General medicine ↘

(continued on next page)
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Table 2 (continued)
Researchers

Werner et al., (2016)
(Werner et al.,
2016)

Location

Queensland,
(Australia)

Population, outcomes
and study design

Population: 459,549
hospital admissions
from 1995 to 2011
across the coal seam
gas (CSG) area, coal
mining area and rural/
agricultural area.
Outcomes: 19 ICD-9
categories were
evaluated
-Ecological study

Exposure evaluation
approach

Three areas were
compared (CSG area, coal
mining area and rural/
agricultural area.)

Statistical approach
and exposure levels

Negative binomial
regression models,
offset by the log of the
population, were used
to evaluate changes in
time of rates of
hospitalization in
statistical local areas
that were aggregated
to three areas and then
compared.
Level of exposure was
not reported and only
a figure showing
Queensland's CSG gas
production over the
study time period was
presented.

Confounders

Adjusted for age, sex,
proportion indigenous,
proportion Australianborn, proportion
employed full-time,
proportion white collar,
median household
income, mean
household size.
Aggregated on
statistical area level.

Main findings
(RR:0.985), (0.872)
Generals surgery ↘ (RR:
0.944), (0.424)
Gynecology ↘ (RR:
0.967), (0.849)
Hematology ↗ (RR:
1.221), (0.429)
Neonatology ↗ (RR:
1.527), (0.100)
Nephrology ↗ (RR:
1.151), (0.211)
Neurology↗ (RR: 1.188),
(0.062)
Normal newborns ↘ (RR:
0.964), (0.731)
Ob/delivery ↗ (RR:
1.029), (0.749)
Oncology ↗ (RR: 1.815),
(0.002)
Ophthalmology ↗ (RR:
1.116), (0.836)
Orthopedics ↗ (RR:
0.875), (0.130)
Other: ↗ (RR: 1.264)
(0.502)
Otolaryngology ↗ (RR:
1.004) (0.988)
Psych/drug abuse ↗ (RR:
1.13 (0.145)
Pulmonary ↗ (RR: 1.067)
(0.572)
Rheumatology ↗ (RR:
1.866), (0.034)
Thoracic surgery 1.13
(0.654)
Trauma ↗ (RR: 1.265),
(0.222)
Urology ↗ (RR: 1.24),
(0.215)
Vascular surgery ↘ (RR:
0.966), (0.857)
Results for analysis of the
number of wells are
reported only to the
cardiology category.
Hospitalization rate ratio
(RR) for all-ages in the
CSG area compared to
the rural low-impact
area:
All-cause ↗ (RR:1.01,
95% CI: 0.99, 1.04);
Neoplasms ↑ (RR:1.09,
95% CI: 1.02,1.16);
Blood/immune ↑
(RR:1.14, 95% CI: 1.02,
1.27);
Nervous system ↗
(RR:0.99, 95% CI: 0.95,
1.04);
Eye ↗ (RR:1.03,95% CI:
0.98, 1.08);
Hospitalization rate ratio
(RR) for all-ages in the
CSG area compared to
the coal high-impact
area:
All-cause ↗ (RR: 1.02,
95% CI: 1.00–1.04)
Neoplasms ↗ (RR:1.01,
95% CI: 0.96, 1.07)
Blood/immune ↗
(RR:1.08, 95% CI: 0.97,
1.20)
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Table 2 (continued)
Researchers

Location

Population, outcomes
and study design

Exposure evaluation
approach

Statistical approach
and exposure levels

Confounders

Rasmussen et al.,
2016(Rasmussen
et al., 2016)

35 counties in
Pennsylvania
(USA)

Population: Asthma
patients aged 5–90
years (n = 35,508)
nested within a cohort
of 400,000 patients in
the Geisinger Clinic.
Cases were matched by
age, sex, and year of
event to those without
outcome.
Outcomes: mild,
moderate, and severe
asthma exacerbations
(new oral
corticosteroid
medication order),
emergency department
encounter, and
hospitalization.
-Nested case-control.

Estimated activity metrics
for four different phases
were calculated (pad
preparation, drilling,
stimulation and
production) using IDW
squared method, well
characteristics, dates/
durations of phases and
total depth and volume
metrics (surrogates for
truck traffic and fugitive
emissions/compressor
engine activity).

Between 2005 and
2012, 6253 UOG wells
were spudded on 2710
pads, 4728 were
stimulated, and 3706
were in production.
The median number of
wells per pad was 1
(IQR 1–3) and median
total depth was
3,394m (IQR
2934–3839). Most
developments
occurred after 2007.
Each UOG phase was
categorized and
compared to the
reference:
Pad activity metric:
Reference: less than
10.7; Low: 10.7 to
25.7; Medium:25.8 to
48.7; High: greater
than 48.7.
Spud activity metric:
Reference: less than
5.1; Low:5.1 to 32.3;
Medium, 32.4 to 66.8;
High: greater than
66.8.
Stimulation activity
metric: Reference: less
than 2.7; Low: 2.7 to
25.5; Medium: 25.6 to
67.4; High: greater
than 67.4.
Production activity
metric: Reference: less
than 2.3; Low: 2.3 to
133.2; Medium:133.3
to 759.7; High: greater
than 759.7.

Random intercept
models for patient and
community were used.
Models were adjusted
for age category, sex,
race/ethnicity, family
history of asthma,
smoking, season,
medical assistance,
overweight/obesity, for
children and adults,
type 2 diabetes,
community
socioeconomic
deprivation, distance to
nearest major and
minor arterial road,
squared distance to
nearest major and
minor arterial road,
maximum temperature
on the day prior to
event (degrees Celsius),
and squared maximum
temperature on the day
prior to event (degrees
Celsius)

Werner et al., 2017
(Werner et al.,
2017)

Queensland,
Australia

Population: 238,457
admissions to hospital
for the study area,
from 1995 to 2011
Outcomes: 19 ICD-9
categories were
evaluated
-Ecological and time
series study

CSG well numbers in
statistical local areas

Time series regression
models were
conducted, to
investigate the
association between
quintiles of periods of
CSG development
activity and monthly
hospitalization rates.
Level of exposure not
reported and only a
figure of monthly
number of CSG wells
and corresponding
well categories was
presented.

Adjusted for age, sex,
proportion of
indigenous population,
proportion of
Australian-born,
proportion of employed
full-time, proportion of
white collar, median
household income,
mean household size.
Aggregated on
statistical area level.

Main findings
Nervous system ↗
(RR:1.03, 95% CI: 0.99,
1.08)
Eye ↗ (RR:1.01, 95%
CI:0.95, 1.06)
Exposure to the highest
group of the UOG phases
compared to the reference
group:
Pad activity metric:
Asthma hospitalizations ↑
(OR:1.45, 95% CI: 1.21,
1.73)
Asthma emergency
department visits ↗
(OR:1.37, 95% CI: 0.94,
1.99)Oral corticosteroid
medication orders ↑
(OR:1.59, 95% CI: 1.41,
1.81)
Spud activity metric:
Asthma hospitalizations
(OR:1.64, 95% CI: 1.38,
1.97)
Asthma emergency
department visits ↑
(OR:1.57 (1.08, 2.29)
Oral corticosteroid
medication orders ↑
(OR:1.99 (1.75, 2.26)
Stimulation activity
metric
Asthma hospitalizations ↑
(OR:1.66, 95% CI: 1.38,
1.98)
Asthma emergency
department visits ↑
(OR:1.71, 95% CI: 1.16,
2.52)
Oral corticosteroid
medication orders ↑
(OR:3.00, 95% CI: 2.60,
3.45)
Production activity
metric:
Asthma hospitalizations ↑
(OR:1.74, 95% CI: 1.45,
2.09)
Asthma emergency
department visits ↑
(OR:2.19, 95% CI: 1.47,
3.25)
Oral corticosteroid
medication orders ↑
(OR:4.43, 95% CI: 3.75,
5.22)
Trends in hospitalization
rates [hospitalization
rates (per 1000 persons)
in the very low period,
and the intense period],
(P-value for trend):
Females:
All-cause ↑ [324.0
(295.3–352.8), 390.3
(355.3–425.3)], (0.0003)
Blood/immune ↑ [3.4
(0.9–5.9),7.7 (5.1–10.4)],
(0.0009)
Circulatory ↓ [28.4
(22.7–34.2), 22.3
(16.1–28.5)], (0.0443)
Respiratory ↗ [23.7
(17.8–30.0),21.2
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Table 2 (continued)
Researchers

Werner et al., 2018
(Werner et al.,
2018)

Location

Queensland,
Australia,

Population, outcomes
and study design

Population: 80,882
child and adolescent
hospital admissions
from 1995 to 2011
across the CSG area,
coal mining area and
rural/agricultural
area.
Outcomes: 19 ICD-9
categories were
evaluated.
-Ecological study

Exposure evaluation
approach

Three areas were
compared (CSG area, coal
mining area and rural/
agricultural area.)

Statistical approach
and exposure levels

Rates of
hospitalization in
statistical areas were
aggregated to the
three categories of
exposure
Level of exposure was
not reported.

Confounders

Adjusted for age, sex,
proportion indigenous,
proportion Australianborn, proportion
employed full-time,
proportion white collar,
median household
income, mean
household size.
Aggregated on
statistical area level.

Main findings
(13.8–28.6)], (0.5146)
Perinatal ↓ [3.7 (2.3–5.1),
2.5 (1.1–3.8)], (0.0207)
Congenital ↗ [0.7
(0.0–1.5), 1.0 (0.3–1.8)],
(0.4174)
Male:
All-cause ↑ [294.2
(263.6–324.8), 335.4
(297.7–373.2)], (0.0339)
Blood/immune ↗ [3.7
(1.4–5.9), 6.1 (3.8–8.3)],
(0.0679)
Circulatory ↑ [33.9
(28.7–39.1), 24.3
(18.6–29.9)], (0.0010)
Respiratory ↘ [28.4
(21.6–35.2), 26.3
(17.8–34.8)], (0.6931)
Perinatal ↓ [3.4 (1.8–5.1),
1.4 (−0.3–3.0)],
(0.0089)
Congenital ↘ [3.1
(2.2–4.1), 2.4 (1.4–3.4)],
(0.0528)
Hospitalization rate ratio
(RR) for all-ages in the
CSG area compared to
the coal high-impact
area:
All-cause
0–4 years ↔ (RR:1.00,
95% CI:0.98, 1.03)
5–9 years ↑ (RR:1.04,
95% CI:1.00, 1.09)
10–14 years ↘ (RR:0.98,
95% CI:0.94, 1.02)
15–19 years ↗ (RR:1.06,
95% CI:1.00, 1.12)
Infectious disease
0–4 years ↘ (RR:0.98,
95% CI:0.91, 1.07)
5–9 years ↗ (RR:1.08,
95% CI:0.98, 1.20)
10–14 years ↘ (RR:0.96,
95% CI:0.84, 1.09)
15–19 years ↗ (RR:1.12,
95% CI:0.99, 1.27)
Neoplasms
0–4 years ↘ (RR:0.87,
95% CI:0.67, 1.13)
5–9 years ↔ (RR:1.00,
95% CI:0.68, 1.49)
10–14 years ↘ (RR:0.89,
95% CI:0.69, 1.15)
15–19 years ↗ (RR:1.05,
95% CI:0.95, 1.17)
Blood/immune
0–4 years ↘ (RR:0.96,
95% CI:0.67, 1.37)
5–9 years ↘ (RR:0.95,
95% CI:0.33, 2.77)
15–19 years ↓ (RR:0.61,
95% CI:0.38, 0.98)
Endocrine
0–4 years ↗ (RR:1.07,
95% CI:0.88, 1.30)
5–9 years ↗ (RR:1.03,
95% CI:0.73, 1.44)
10–14 years ↓ (RR:0.75,
95% CI:0.58, 0.95)
15–19 years ↓ (RR:0.66,
95% CI:0.51, 0.86)
Mental disorders
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Table 2 (continued)
Researchers

Location

Population, outcomes
and study design

Exposure evaluation
approach

Statistical approach
and exposure levels

Confounders

Main findings
10–14 years ↘ (RR:0.87,
95% CI:0.70, 1.08)
15–19 years ↘ (RR:0.95,
95% CI:0.84, 1.07)
Nervous system
0–4 years ↗ (RR:1.08,
95% CI:0.91, 1.27)
5–9 years ↗ (RR:1.02,
95% CI:0.83, 1.25)
10–14 years ↘ (RR:0.86,
95% CI:0.69, 1.07)
15–19 years ↗ (RR:1.05,
95% CI:0.85, 1.29)
Eye
15–19 years ↗ (RR:1.17,
95% CI:0.82, 1.68)
Ear
0–4 years ↗ (RR:1.04,
95% CI:0.97, 1.11)
5–9 years ↗ (RR:1.07,
95% CI:0.97, 1.19)
10–14 years ↗ (RR:1.02,
95% CI:0.87, 1.20)
Circulatory
0–4 years ↓ (RR:0.71,
95% CI:0.51, 0.98)
5–9 years ↗ (RR:1.13,
95% CI:0.84, 1.54)
15–19 years ↗ (RR:1.02,
95% CI:0.81, 1.27)
Respiratory
0–4 years ↑ (RR:1.07,
95% CI:1.04, 1.11)
10–14 years ↑ (RR:1.09,
95% CI:1.01, 1.18)
15–19 years ↔ (RR:1.00,
95% CI:0.92, 1.08)
Digestive
0–4 years ↔ (RR:1.00,
95% CI:0.95, 1.06)
5–9 years ↗ (RR:1.04,
95% CI:0.96, 1.12)
10–14 years ↗ (RR:1.07,
95% CI:0.99, 1.17)
15–19 years↑ (RR:1.08,
95% CI:1.02, 1.14)
Skin
0–4 years ↘ (RR:0.98,
95% CI:0.88, 1.09)
5–9 years ↘ (RR:0.91,
95% CI:0.80, 1.05)
10–14 years ↘ (RR:0.97,
95% CI:0.86, 1.10)
15–19 years ↗ (RR:1.10,
95% CI:0.98, 1.22)
Musculoskeletal
0–4 years ↘ (RR:0.97,
95% CI:0.74, 1.26)
5–9 years ↗ (RR:1.13,
95% CI:0.87, 1.45)
10–14 years↗ (RR:1.05,
95% CI:0.90, 1.21)
Genitourinary
0–4 years ↘ (RR:0.99,
95% CI:0.89, 1.09)
5–9 years↗ (RR:1.10,
95% CI:0.93, 1.29)
10–14 years ↗ (RR:1.14,
95% CI:0.97, 1.34)
15–19 years ↘ (RR:0.99,
95% CI:0.91, 1.09)
Pregnancy
15–19 years ↗ (RR:1.02,
95% CI:0.96, 1.08)
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Table 2 (continued)
Researchers

Location

Population, outcomes
and study design

Exposure evaluation
approach

Statistical approach
and exposure levels

Confounders

Main findings
Perinatal
0–4 years ↘ (RR:0.89,
95% CI:0.84, 0.93)
Congenital
0–4 years ↗ (RR:1.08,
95% CI:0.99, 1.17)
5–9 years ↗ (RR:1.18,
95% CI:0.99, 1.41)
10–14 years ↗ (RR:1.07,
95% CI:0.85, 1.34)
15–19 years ↘ (RR:0.84,
95% CI:0.60, 1.16)
Symptoms necrotizing
enterocolitis
0–4 years ↘ (RR:0.93,
95% CI:0.86, 1.01)
10–14 years ↘ (RR:0.95,
95% CI:0.86, 1.05)
15–19 years↘ (RR:0.94,
95% CI:0.86, 1.04)
Injuries
0–4 years ↗ (RR:1.03,
95% CI:0.97, 1.10)
5–9 years ↗ (RR:1.01,
95% CI:0.96, 1.07)
10–14 years ↘ (RR:0.98,
95% CI:0.93, 1.04)
15–19 years ↗ (RR:1.06,
95% CI:1.00, 1.11)
Hospitalization rate ratio
(RR) for all-ages in the
CSG area compared to
the rural low-impact
area:
All-cause
0–4 years ↗ (RR:1.02,
95% CI:0.99, 1.05)
5–9 years ↑ (RR: 1.09,
95% CI:1.04, 1.14)
10–14 years ↗ (RR:1.03,
95% CI:0.98, 1.08)
15–19 years ↗ (RR:1.05,
95% CI:0.99, 1.12)
Infectious disease
0–4 years ↗ (RR:1.05,
95% CI:0.95, 1.15)
5–9 years ↑ (RR: 1.12,
95% CI:1.00, 1.25)
10–14 years ↗ (RR:1.07,
95% CI:0.93, 1.24)
15–19 years ↗ (RR:1.04,
95% CI:0.91, 1.18)
Neoplasms
0–4 years ↘ (RR: 0.85,
95% CI:0.60, 1.19)
5–9 years ↑ (RR:1.95,
95% CI:1.27, 3.00)
10–14 years↗ (RR:1.22,
95% CI:0.87, 1.71)
15–19 years ↑ (RR:1.18,
95% CI:1.04, 1.33)
Blood/immune
0–4 years ↗ (RR:1.23,
95% CI:0.82, 1.83)
5–9 years ↑ (RR:5.67,
95% CI:2.39, 13.44)
15–19 years ↘ (RR:0.86,
95% CI:0.56, 1.31)
Endocrine
0–4 years↗ (RR:1.25,
95% CI:0.99, 1.57)
5–9 years↗ (RR:1.03,
95% CI:0.71, 1.47)
10–14 years ↓ (RR:0.66,
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Table 2 (continued)
Researchers

Location

Population, outcomes
and study design

Exposure evaluation
approach

Statistical approach
and exposure levels

Confounders

Main findings
95% CI:0.51, 0.85)
15–19 years ↓ (RR:0.75,
95% CI:0.60, 0.95)
Mental disorders
10–14 years ↘ (RR:0.96,
95% CI:0.74, 1.23)
15–19 years ↑ (RR:1.17,
95% CI:1.04, 1.32)
Nervous system
0–4 years ↘ (RR: 0.91,
95% CI:0.76, 1.09)
5–9 years ↘ (RR:0.99,
95% CI:0.81, 1.21)
10–14 years ↗ (RR:1.12,
95% CI:0.89, 1.40)
15–19 years ↘ (RR:0.90,
95% CI:0.71, 1.13)
Eye
15–19 years ↗ (RR:1.09,
95% CI:0.73, 1.64)
Ear
0–4 years ↔ (RR:1.00,
95% CI:0.92, 1.09)
5–9 years ↗ (RR:1.12,
95% CI:0.99, 1.27)
10–14 years ↗ (RR:1.03,
95% CI:0.85, 1.24)
Circulatory
0–4 years ↘ (RR:0.81,
95% CI:0.55, 1.19)
5–9 years ↘ (RR: 0.91,
95% CI:0.65, 1.26)
15–19 years ↘ (RR:0.96,
95% CI:0.73, 1.27)
Respiratory
0–4 years ↑ (RR:1.06,
95% CI:1.02, 1.10)
10–14 years ↑ (RR:1.11,
95% CI:1.01, 1.21)
15–19 years ↔ (RR:1.00,
95% CI:0.92, 1.09)
Digestive
0–4 years↗ (RR:1.03,
95% CI:0.97, 1.11)
5–9 years ↘ (RR:0.99,
95% CI:0.91, 1.08)
10–14 years ↑ (RR:1.19,
95% CI:1.07, 1.31)
15–19 years ↔ (RR:1.00,
95% CI:0.94, 1.07)
Skin
0–4 years ↗ (RR:1.02,
95% CI:0.89, 1.16)
5–9 years ↗ (RR:1.10,
95% CI:0.93, 1.30)
10–14 years ↘ (RR:0.89,
95% CI:0.76, 1.04)
15–19 years ↔ (RR:1.00,
95% CI:0.88, 1.13)
Musculoskeletal
0–4 years ↘ (RR:0.78,
95% CI:0.56, 1.08)
5–9 years ↑ (RR:1.36,
95% CI:1.03, 1.81)
10–14 years ↗ (RR:1.06,
95% CI:0.90, 1.25)
Genitourinary
0–4 years ↘ (RR:0.97,
95% CI:0.85, 1.10)
5–9 years ↗ (RR:1.16,
95% CI:0.95, 1.42)
10–14 years ↗ (RR:1.18,
95% CI:0.99, 1.41)
15–19 years ↔ (RR:1.00,
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Table 2 (continued)
Researchers

Location

Population, outcomes
and study design

Exposure evaluation
approach

Statistical approach
and exposure levels

Confounders

Peng et al., 2018(Peng
et al., 2018)

Pennsylvania
(USA)

Population: All
inpatient hospital
admission records
during 2001–2013
Outcomes: acute
myocardial infarction
(AMI), chronic
obstructive pulmonary
disease (COPD),
asthma, pneumonia,
and upper respiratory
infection (URI)
hospitalization.
- Difference-indifferences panel
analysis.

The annual gas
production for each active
UOG well after its spud
date and the number of
wells per county and year
were calculated.

The county fixed
effects and year fixed
effects were used. Lag
of one was selected.
Changes in
hospitalization rates
over time in counties
with UOG wells
relative to the change
in hospitalization rates
over time in counties
without UOG wells
(with a similar number
of counties in each
group). Total well
number counties
(those with at least
one UOG well): 7438
UOG wells and 35,122
conventional gas
wells.
Range: 1–1219 UOG
wells/county.

All models include
county and year fixed
effects, variables at the
county level: average
age, the share of
different types of
insurance, the share of
female patients, the
share of different race
and ethnicity groups
the share of different
types of admission
average Charlson index,
county-level
unemployment rate,
poverty rate, annual
quartiles of median
household income, log
of population density,
log of annual coal
production, log of
number of conventional
wells, log of
conventional output,
and the entire countylevel age distribution.

Willis et al., 2018
(Willis et al., 2018)

Pennsylvania
Rural counties
fully located on
the Marcellus
shell (USA)

Population: 15,837
patients
hospitalization
admissions between
the ages 2 and 18
years, with acute
asthma exacerbations,
between 2003 and
2014
Outcomes: pediatric
asthma

The number of wells
drilled in the zip code in a
specific quarter of a
calendar year

A binary variable for a
newly spudded
(initially drilled) well,
a binary cumulative
variable for everspudded wells, and
tertiles of cumulative
count of the wells ever
drilled were studied.
In total, 5649 UOG
wells drilled in the

Age stratification (2–6,
7–12, and 13–18 years)
Multilevel mixed effects
logistic regression
models with a random
intercept for zip code
and fixed effects for
year and quarter were
used. Adjusted for sex,
race, year, quarter,
insurance status, zip

Main findings
95% CI:0.90, 1.10)
Pregnancy
15–19 years ↗ (RR:1.05,
95% CI:0.98, 1.12)
Perinatal
0–4 years ↘ (RR:0.94,
95% CI:0.89, 1.00)
Congenital
0–4 years ↑ (RR:1.12,
95% CI:1.02, 1.23)
5–9 years ↘ (RR:0.95,
95% CI:0.78, 1.16)
10–14 years ↘ (RR:0.93,
95% CI:0.73, 1.17)
15–19 years ↘ (RR:0.87,
95% CI:0.62, 1.22)
Symptoms necrotizing
enterocolitis
0–4 years ↘ (RR:0.99,
95% CI:0.90, 1.08)
10–14 years ↔ (RR:1.00,
95% CI:0.89, 1.13)
15–19 years ↗ (RR:0.91,
95% CI:0.82, 1.02)
Injuries
0–4 years ↔ (RR:1.00,
95% CI:0.93, 1.07)
5–9 years ↑ (RR:1.08,
95% CI:1.01, 1.15)
10–14 years ↗ (RR:1.02,
95% CI:0.96, 1.09)
15–19 years ↗ (RR:1.03,
95% CI:0.97, 1.10)
The increase of
pneumonia admissions
per 1000 people in the
current year and previous
year, by age category, for
UOG well development:
Current year:
All age (Age 5 and
above): ↗ (0.149)
Age 5–19: ↗ (0.098)
Age 20–44: ↗ (0.026)
Age 45–64: ↗ (0.019)
Age 65 and above: ↗
(0.506)
Last year:
All age (Age 5 and
above): ↗ (0.223)
Age 5–19: ↗ (0.061)
Age 20–44: ↗ (0.013)
Age 45–64: ↗ (0.115)
Age 65 and above: ↑
(0.995)
Results for AMI, COPD,
asthma and URI are not
reported in the main text,
and the effects were
sensitive to the method as
well as to the
specification of the
models.
Pediatric asthma-related
hospitalization OR:
For exposure to newly
spudded UOG wells
within zip code,
compared to those who
did not live in these
communities:
All children and
adolescents ↑ (OR:1.25,
95% CI: 1.07, 1.47)
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Table 2 (continued)
Researchers

Location

Population, outcomes
and study design

Exposure evaluation
approach

hospitalizations
-Difference-indifferences, panel
analysis.

Denham et al., 2019
(Denham et al.,
2019)

Pennsylvania,
(USA)

Population: the
annual county-level
total population.
(based on the
population estimates
from the Surveillance,
Epidemiology, and End
Results program.)
Outcomes: 16 major
ICD-9 categories from
all inpatient
discharged data from
2003 to 2014,
Pennsylvania.
-Ecological study

UOG wells drilled into the
Marcellus Shale with the
start drilling date between
2003 and 2014,
aggregated to county-year
level and used three
annual county-specific
exposure measures:
Contemporaneous wells
(i.e. UOG wells drilled in
a year), cumulative well
count (i.e. the total
number of UOG wells
drilled up to the end of
that year), and
cumulative
well density (i.e.
cumulative well count
divided by the county
land area in square
kilometers).

Statistical approach
and exposure levels

Confounders

Main findings

area between 2003
and 2014.
The number of UOG
sites ever drilled
within a zip code were
categorized to tertiles
and the reference
category was zip codes
with no UOG activity
in study period: Low:
1–2, Medium: 3–10,
High: more than 11.

code respiratory hazard
index, county median
household income
quartile, county
unemployment, county
poverty under 18 years
old, and county log
population density.
With conventional gas
wells co-occurring
within many zip codes
across the study period.

A county and year
fixed effects
multivariate linear
regressions was used.
First exploratory
analysis of 17 × 6
subsets of results (16
major groups and allcause for 6 subsets (3
exposure categories x
all counties and only
rural counties)

All models include
county and year fixed
effects, variables at the
county level:
distributions by age,
sex, race/ethnicity,
poverty estimates,
median income
unemployment
rates, county-level
hospital counts,
uninsured rate (proxy
variable, the number of
uninsured
hospitalizations in a
county year divided by
the total annual county
population).

2–6 years ↑ (OR: 1.44,
95% CI: 1.18, 1.75)
7–12 years ↗ (OR: 1.03,
95% CI: 0.83, 1.29)
13–18 years ↑ (OR: 1.34,
95% CI: 1.13, 1.60)
For residing in a zip code
with any current or
previous drilling
activity exposure
compared with those who
do not live in these
communities:
All children and
adolescents ↑ (OR:1.19,
95% CI: 1.04, 1.36)
2–6 years ↑ (OR:1.35,
95% CI: 1.14, 1.60)
7–12 years ↗ (OR:1.05,
95% CI: 0.88, 1.25)
13–18 years ↑ (OR:1.29,
95% CI: 1.11, 1.49)
For exposure to the
highest category of the
number of UOG sites ever
drilled within a zip code
compared with reference
category:
All children and
adolescents ↑ (OR:1.39,
95% CI: 1.14, 1.71)
2–6 years ↑ (OR:1.73,
95% CI: 1.34, 2.23)
7–12 years ↗ (OR: 1.11,
95% CI: 0.84, 1.47)
13–18 years ↑ (OR:1.35,
95% CI: 1.08, 1.70)
-For the years
2011–2014, increasing
specific air emissions
from UOG sites was
associated with increased
odds of pediatric asthma
hospitalizations (for allages models: 2,2,4trimethylpentane, carbon
dioxide, formaldehyde,
nitrous oxide, VOCs, and
x-hexane; for ages 2–6
also carbon monoxide,
methane, nitrogen oxides,
PM2.5, PM10, toluene,
and xylenes).
Associations between
increase in a well density
and hospitalization rate
ratio (RR, 95% CI) per
10,000, for), (P-value)
(significant associations
sign ↑, after correction for
multiple testing), for all
counties:
All-cause↗ (RR: 64.3,
95% CI: 178.9307.4),
(0.60)
Infectious diseases ↘
(RR: 27.7, 95% CI: 52.0,3.5), (0.03)
Neoplasms ↔ (RR: 1.1,
95% CI: 7.9,10.1), (0.81)
Endocrine/immune ↗
(RR: 13.3, 95% CI:
10.00,36.6), (0.26)
Blood ↘ (RR: 2.75, 95%

(continued on next page)
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Table 2 (continued)
Researchers

Location

Population, outcomes
and study design

Exposure evaluation
approach

Statistical approach
and exposure levels

Confounders

Main findings
CI: 6.4, 0.9), (0.14)
Mental disorders ↔ (RR:
7.8, 95% CI: 23.3, 38.8),
(0.62)
Nervous system ↗ (RR:
10.3, 95% CI: 4.7, 25.4),
(0.18)
Circulatory ↔ (RR: 26.6,
95% CI: 54.4, 107.7),
(0.51)
Respiratory ↔ (RR: 8.6,
95% CI: 41.4, 58.6),
(0.73)
Digestive ↔ (RR: 4.8,
95% CI: 23.3, 32.9),
(0.74)
Genitourinary ↑ (RR:
20.00, 95% CI: 8.2, 31.8),
(0.001)
Pregnancy ↔ (RR: 0.4,
95% CI: 10.7, 10.0),
(0.94)
Skin ↗ (RR: 7.9, 95% CI:
1.4, 17.3), (0.10)
Musculoskeletal ↘ (RR:
13.7, 95% CI: 27.1,
−0.4), (0.04)
CM ↔ (RR: 0.5, 95% CI:
1.2, 2.2), (0.55)
Perinatal ↔ (RR: 0.6,
95% CI: 2.7, 3.8), (0.74)
Injuries ↔ (RR: 7.4, 95%
CI: 22.4, 37.2), (0.62)
Associations between
increase in a well density
and hospitalization rate
ratio (RR, 95% CI) per
10,000, for), (P-value)
(significant associations
sign ↑, after correction for
multiple testing),
excluding large
metropolitan counties:
All-cause ↔ (RR: 125.5,
95% CI: 195.2, 446.3),
(0.44)
Infectious diseases ↘
(RR: 29.0, 95% CI:
58.4,0.4), (0.05)
Neoplasms ↗ (RR: 1.6,
95% CI: 9.4,12.7), (0.05)
Endocrine/immune ↔
(RR: 14.9, 95% CI: 15.3,
45.2), (0.33)
Blood ↔ (RR: 1.2, 95%
CI: 5.0, 2.5), (0.51)
Mental disorders ↔ (RR:
15.7, 95% CI: 21.3, 52.8),
(0.40)
Nervous system ↔ (RR:
10.5, 95% CI: 9.8, 30.7),
(0.31)
Circulatory ↔ (RR: 41.7,
95% CI: 63.2, 146.6),
(0.43)
Respiratory ↔ (RR: 20.1,
95% CI: 40.6, 80.9),
(0.51)
Digestive ↔ (RR: 11.5,
95% CI: 25.2, 48.2),
(0.53)
Genitourinary ↑ (RR:
23.1, 95% CI: 8.7, 37.5),
(0.002)

(continued on next page)
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exposure levels, confounders and main findings (Tables 1–5).

2017, 2018, 2015) were conducted in the United States, in particular
Pennsylvania (N = 15), Colorado (N = 5), Texas (N = 2), Oklahoma
(N = 1), Ohio (N = 1), and in multiple states (N = 2). All studies were
published after 2013 with the majority published between 2017 and
2019 (N = 19).
All epidemiological studies were observational and retrospective
(i.e., no prospective studies were identified) or cross-sectional. Of the

3. Results and discussion
3.1. Locations, publication dates, and study designs
All studies but three (from Queensland, Australia (Werner et al.,
Table 2 (continued)
Researchers

McKenzie et al. 2019
(McKenzie et al.,
2019b)

Location

Northeastern
Colorado, (USA)

Population, outcomes
and study design

Population: Between
October 2015 and
May, 2016, 97
participants(28 men
and 69 non-pregnant
women, ≥18 years
who did not smoke
tobacco or marijuana,
not taking statins or
other antiinflammatory
medication; not
occupationally
exposed to dust,
fumes, solvents, or oil
and gas development
activities; not
frequently exposed to
environmental tobacco
or marijuana smoke;
and without a history
of diabetes, chronic
obstructive pulmonary
disease, or chronic
inflammatory diseases
(such as asthma,
arthritis, or severe
allergies), and resided
full-time in the city of
Fort Collins, (n = 46),
or in the cities of
Windsor or Greeley,
(n = 51)
Outcomes:
augmentation index,
blood pressure,
systemic inflammation
(Interleukin (IL)-1β,
IL-6, IL-8 and tumor
necrosis factor alpha
(TNF-α))
-a cross-sectional
study

Exposure evaluation
approach

-Intensity adjusted inverse
distance weighted (IAIDW) of oil and gas*(O&
G) as described in
(McKenzie et al., 2019a)
within 16 km (10 miles)
of a participant's home

Statistical approach
and exposure levels

IA-IDW distribution
was divided into
tertiles, lowest tertile
as the referent group:
T1, low: (0–14.5 well
intensity/kilometer2)
T2, Medium:
(14.6–1242 well
intensity/kilometer2):
T3: High: more than
1242 well intensity/
kilometer2)

Confounders

Adjusted for age, sex,
race/ethnicity, BMI,
education, income, and
employment.
Stratification by
prescription medication
use.

Main findings
Pregnancy ↔ (RR: 1.3,
95% CI: 11.1, 13.6),
(0.84)
Skin ↑ (RR: 12.2, 95% CI:
4.5, 20.0), (0.002)
Musculoskeletal ↔ (RR:
6.9, 95% CI: 23.3, 9.6),
(0.41)
CM ↔ (RR: 0.29, 95% CI:
1.8, 2.4), (0.78)
Perinatal ↔ (RR: 0.07,
95% CI: 4.1, 4.3), (0.97)
Injuries ↔ (RR: 9.6, 95%
CI: 30.6, 49.8), (0.63)
Similar associations with
well counts.
Differences in means in
the highest tertile
compared to the lowest
tertile of IA-IDW:
Augmentation index ↑
(6.0, 95% CI: 0.6, 11.4)
Systolic blood pressure ↗
(3, 95% CI: −3, 8)
Diastolic blood pressure
↗ (2, 95% CI: −1, 6)
IL-1β (0.064, 95% CI:
−0.022, 0.149)
IL-6 ↔ (−0.062, 95% CI:
−0.256, 0.125)
IL-8 ↔ (−0.079, 95% CI:
−1.25, 1.05)
TNF-α ↗ (0.329, 95% CI:
−0.632, 1.27)
No prescription
medications:
Systolic blood pressure ↑
(6, 95% CI: 0.1, 13)
Diastolic blood pressure
↗ (4, 95% CI: −1, 8)
One or more
prescription
medications:
Systolic blood pressure ↔
(−0.6, 95% CI: 7, 5)
Diastolic blood pressure
↗ (1, 95% CI: −3, 6)

AMI -acute myocardial infarction, CSG-coal seam gas; COPD-chronic obstructive pulmonary disease; CI- confidence interval; IDW- inverse distance weighted or
inverse-distance squared weighted methods; IA-IDW - intensity adjusted inverse distance weighted; ICD-9- International Classification of Diseases, Ninth Revision; ILInterleukin; Q- Quartile; UOG-unconventional oil and gas; T-tertile; URI -upper respiratory infections; RR-Rate ratio; OR – odds ratio.
↑ = significant increase; ↓ = significant decrease; ↗ = non-significant increase; ↘ = non-significant decrease; ↔ = non-significant direction not reported or zero
effect. Significant increase in a measurement may or may not be an improvement.
20

Southwest
Pennsylvania
(USA)

Finkel (2016) (Finkel,
2016)

21
Childhood (0–24) hematological
cancers. 87 acute lymphocytic
leukemia (ALL) cases and 50 nonHodgkin lymphoma cases (NHL),
compared to 528 controls with nonhematologic cancers
-A case-control study

Incidence of urinary bladder
(57,177), thyroid (31,599), and
leukemia (27,670) cases diagnosed
during 2000–2012
-Ecological study

Childhood (under the age of 20) all
cancers (10,708), childhood leukemia
(2,568) and childhood central
nervous system cases (1,944)
diagnosed during 1990–2009.
-Ecological study

Population and study design

Childhood (0–4
and 5–24) ALL
cases and NHL
cases

Urinary bladder,
thyroid, and
leukemia cancer
incidence rates

Childhood cancer,
leukemia and
central nervous
system tumors

Outcomes
measured

For each child, IDW UOG well
counts within 10 miles radius of
residence at cancer diagnosis for
each year in a 10 year latency
period was calculated.

County counts of wells
categorized to high, moderate,
and minimal producing wells.

County counts of wells, before
and after establishment of oil and
gas (vertical and horizontal)
wells.

Approach to evaluate the
exposure

IDW well count tertiles were
calculated and zero wells was the
reference category.
Refernce:0 wells/mile
T1:1–4.9 wells/mile
T2, 4.9 to 33.6 wells/mile,
T3: > 33.6 wells/mile

SIRs for 2000–2004, 2004–2008
and 2008–2012.
Number of UOG active wells during
2015
Allegheny (63), Beaver (30),
Fayette (257), Greene (870),
Washington(1146), Westmoreland
(251)

Standardized incidence ratios
(SIRs) for pre- oil or gas well
development (1990 to year prior to
drilling) and post-development
(from year of first UOG to 2009)
Level of exposure not reported.
Counties with oil and gas wells
ranged from 0 to more than 2000
wells.

Statistical approach and exposure
levels

Age, race, gender,
income, elevation and
year of diagnosis

SIRs calculated
(indirectly standardized
for age, sex and race)
before drilling activity
and after.

SIRs calculated
(indirectly standardized
for age and sex)

Confounders

Childhood cancer SIRs by
counties after compared with
pre-horizontally drilled gas
wells (those most likely to
involve UOG):
Childhood all cancers ↘ (SIR
before: 0.99, 95% CI: 0.93,
1.09; SIR after: 0.94, 95% CI:
0.84, 1.05).
Childhood leukemia ↘ (SIR
before: 1.01, 95% CI: 0.93,
1.09; SIR after: 0.93, 95% CI:
0.73, 1.18).
Childhood central nervous
system ↗ (SIR before: 1.01,
95% CI: 0.92, 1.11; SIR after:
1.06, 95% CI: 0.82, 1.36).
SIRs during 2008–2012
compared with SIRs during
2000–2004:
Urinary bladder ↑ (SIRs
increased in both sexes in
counties with shale gas
activity)
Thyroid cancer ↔ (SIRs
increased in both sexes in all
counties)
Leukemia ↔ (mixed results for
males and females and among
the counties regardless of the
extent of UOG development
activities).
Exposure to highest tertiles of
UOG compared to zero wells
(10 mile):
All ages:
Childhood ALL ↗ (OR:
2.0,95% CI: 0.80, 5.0).
Childhood NHL ↘ (OR:
0.99,95% CI: 0.39, 2.5).
0 to 4 Years:
Childhood ALL ↘ (OR:
0.51,95% CI: 0.12, 2.2).
Childhood NHL ↔
5 to 24 Years
Childhood ALL ↑ (OR: 4.6,95%
CI: 1.2, 18.0).
Childhood NHL ↔

Main findings

UOG-unconventional oil and gas; T-tertile; IDW-Inverse distance weighted; , CI- confidence interval; ALL-acute lymphocytic leukemia; NHL -non-Hodgkin lymphoma; SIRs Standardized Incidence Ratios; OR – odds ratio
*(O&G)At Fryzek et al., 2013 (Fryzek et al., 2013) 97.5% of wells were non-horizontal wells. ↑ = significant increase; ↓ = significant decrease; ↗ = non-significant increase; ↘ = non-significant decrease; ↔ = nonsignificant direction not reported or zero effect. Significant increase in a measurement may or may not be an improvement.

Rural Colorado
(USA)

Pennsylvania
(USA)

Fryzek et al.,
2013*(O&G)
(Fryzek et al.,
2013)

McKenzie et al.,
(2017)
(McKenzie et al.,
2017)

Location

Researchers

Table 3
Main characteristics and results of the studies on cancer incidence.
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Ohio, (USA)

New York,
Pennsylvania, Ohio,
and West Virginia
(USA)

Komarek and Cseh
(2017)
(Komarek and
Cseh, 2017)

Deziel et al., (2018)
(Deziel et al.,
2018)

Location

Researchers

Population and Outcomes: cases of
chlamydia, gonorrhea, and syphilis
by county and year for the years
2000–2016 for 88 counties.
The annual cumulative incidence of
reported cases in each year and
county was estimated per 10,000
population (overall, male, female)
-Ecological study

Population and Outcomes: the
annual county-level gonorrhea
incidence rates (per 100,000
population) for the years 2003–2013
for four US states.
-Differences-in difference

Population, outcomes and study
design

All 88 counties were classified as
none, low, and high UOG activity in
each year. Locations and permit
dates of UOG wells were used.
Approximately 83% of the
permitted wells included in the
analysis advanced to drilling and
production stages. UOG activity was
quantified using a categorical
variable for the number of shale gas
wells with permits issued per county
and year: none (reference-0 wells),
low (1–10 wells), and high (> 10
wells). Cut-points indicate the
number of new well permits below

Treated counties (those
experiencing a fracking boom- 50 or
more (or in an alternative
specification 33 or more) UOG wells
drilled in a year) versus control
counties (counties without such
boom).
The cutoff point for high fracking
dummy variable was 50 and 33
UOG wells drilled per year, while
the low fracking indicator variable
is used for counties with some wells
spudded, but fewer than 50 or 33.

Exposure evaluation approach

Table 4
Main characteristics and results of the studies on sexually transmitted diseases (STD).

Mixed-effects Poisson regression
models was used to evaluate the
relationship between UOG
activity and reported annual STD
rates while adjusting for secular
trends and potential confounders.

Differences in differences
approach to compare the change
in STD in treated counties (those
experiencing a fracking boom)
versus control counties (counties
without such boom). County and
year as fixed effects. Correct the
standard errors by clustering at
the county level.

Statistical approach and exposure
levels

Population density, income, race,
ethnicity, access to health care,
educational attainment, age, and
sex.

For each county unemployment
rate, poverty rate, per capita
income, population
density, percentage of male,
percentage of black.

Confounders

22

(continued on next page)

The adjusted impact of UOG activity
on gonorrhea (log of gonorrhea
incidence per 100,000) in counties
with fracking relative to the control
counties without.
All counties
Cut off 33 UOG wells(N = 2992):
“High fracking”: ↑ 0.231; “Low
fracking” ↑ 0.188 cut off 50 UOG
wells(N = 2992):
“High fracking”: ↑ 0.248; “Low
fracking” ↑ 0.188
Counties with populations below
250,000
Cut off 33 UOG wells (N = 2562):
“High fracking”: ↑ 0.234; “Low
fracking” ↑ 0.203
Cut off 50 UOG wells(N = 2562):
“High fracking”: ↑ 0.243; “Low
fracking” ↑ 0.203
Counties above the Marcellus shale
Cut off 33 UOG wells(N = 2178):
“High fracking”: ↗ 0.2; “Low
fracking” ↑ 0.18
Cut off 50 UOG wells(N = 2178):
“High fracking”: ↗ 0.211; “Low
fracking” ↑ 0.18
Counties above the Marcellus shale
with populations below 250,000
Cut off 33 UOG wells(N = 2001):
“High fracking”: ↑ 0.203; “Low
fracking” ↑ 0.19
Cut off 50 UOG wells(N = 2001):
“High fracking”: ↗ 0.208; “Low
fracking” ↑ 0.19
Spudding an additional horizontal
well on gonorrhea IR for all above
mentioned analysis: ↔
Rate ratios (RR) and 95% confidence
intervals (95% CI) for the adjusted
associations between UOG activity
and reported rates of STD high
category compared to the none
category (N = 1496 county-years):
-Chlamydia ↑ (RR:1.21, 95% CI: 1.08,
1.36)
-Gonorrhea ↗ (RR:1.19, 95% CI: 0.98,
1.44)
-Syphilis ↘ (RR:0.71, 95% CI: 0.44,
1.16)

Main findings
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Pennsylvania, (USA)

Beleche and Cintina
(Beleche and
Cintina, 2018)

Population and Outcomes: countyyear level data from 2003 to
2012(N = 670) on gonorrhea and
chlamydia rates, also available by
ethnic, gender, and age groups
(15–24 and 25–34). Limited to
Whites
-Differences-in difference

Population, outcomes and study
design
or above the median among the
non-zero values.
In the manuscript Fig. 2 shows the
number of conventional and UOG
wells in Pennsylvania from 1994 to
2012. The number of conventional
wells increased significantly in the
late 1990s while the number of UOG
wells started to grow at the mid2000s. At 2009 the number of
conventional wells decreased, but
the number of UOG wells began to
increase at a faster pace than in the
preceding years. Measuring UOG
development activities or shale
booms with a variable that:1)
captures any type of conventional
and UOG wells, 2) the total number
of UOG wells, 3)the presence of any
conventional wells, 4) the presence
of UOG wells only, 5) the presence
of UOG wells and 6) the total
number of conventional wells.

Exposure evaluation approach

Difference-in-differences
methodology was used.

Statistical approach and exposure
levels

Adjustment for unemployment rate,
number of hospitals, and number of
mental and substance abuse
facilities in a county-year, oil and
gas production (conventional and
UOG), coal production, officers per
1000 population, county fixed
effects, year fixed effects, and
county-specific linear trends.
Standard errors clustered at the
county level. Regressions were
weighted by county-level
population.

Confounders

The estimated associations between
the STD rates in counties compared to
counties without conventional and
unconventional oil and gas wells:
-Gonorrhea rate ↑ (7.8% increase)
-Chlamydia rate ↑ (2.6% increase)

Main findings

UOG-unconventional oil and gas; STD – sexually transmitted disease; CI – confidence interval.
↑ = significant increase; ↓ = significant decrease; ↗ = non-significant increase; ↘ = non-significant decrease; ↔ = non-significant direction not reported or zero effect. Significant increase in a measurement may or
may not be an improvement.

Location

Researchers

Table 4 (continued)
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Colorado, (USA)

Pennsylvania,
(USA)

Graham et al.,
(2015)
(Graham et al.,
2015)

Blair et al. 2019
(Blair et al.,
2018)

Location

Researchers

Population: County populations
Outcomes: number of multivehicle
truck accidents with an injury from
2005 to 2013.
The incidence of truck accidents per
capita was calculated by dividing the
annual number of accidents by the
annual estimated county population.
-Ecological study

Population: the denominator was
the million vehicle-miles traveled in
the county per month per year, from
2005 to 2012).
Outcomes: the number of traffic
accidents (total vehicle accidents,
heavy truck, fatal, and major injury
accidents) per months per county.
Major-injury defined as
incapacitating injury, including
bleeding wounds and amputations or
broken bones that requires transport
of the patient from the scene of the
accident.
-Ecological study

Population, outcomes and study
design

24
Unconventional and conventional oil
and gas combined *(O&G)
Grids of various sizes were overlaid on
Colorado in 11 counties: 0.1° by 0.1°,
0.05° by 0.05°, 0.025° by 0.025°, and
0.01° by 0.01°.
The number of multivehicle accidents
including a truck and injury, homes,

The 18 counties with the most drilling
were grouped into northern counties
(n = 12) and southwestern counties
(n = 6), with the southwestern
counties having generally higher
population and traffic density due to
their proximity to the city of
Pittsburgh. As of December 2012, 18 of
67 counties in Pennsylvania had more
than 50 natural gas wells drilled, 21
counties had fewer than 50 wells, and
28 counties had none. There were
fewer than 5 UOG (northern region)
and 6 UOG (southwestern region) wells
drilled in 2005, peaking at 1421 wells
in 2011 and dropping back to 760 in
2012(northern region) and in the
southwestern group, the number of
new UOG wells drilled per year has
risen more steadily to 588 wells in
2012. For each county and month,
drilling activity was quantified: (1) as a
binary variable (yes or no) indicating
whether there were any new wells
spudded during the prior, current, or
upcoming month; and (2) as a
continuous variables counting the
number of wells spudded during that 3month time-frame

Exposure evaluation approach

Table 5
Main characteristics and results of the studies on fatal and major injury truck and traffic accidents.

The hurdle model employed a
logistic regression model for the
incidence process, and a zerotruncated negative binomial
regression model (with log link) for
the prevalence process.
The incidence model is used to show
whether more homes and/or wells
are associated with a higher

1) Generalized estimating equation
(GEE) models were used to estimate
the marginal (overall mean)
differences between county groups
within each year.
2) Both a GEE model with
exchangeable covariance structure
and a fixed-effects model with
county-level intercepts were used to
estimate the marginal (overall mean)
and conditional (within-county)
effects of drilling, respectively were
used to compare the crash rates
during months with vs. without
drilling activity (a time-varying
property of each county). Monthly
observations based on whether there
had been drilling activity or not in
that particular county during 3
months before the crash.
1) Compared rates of crash events in
drilling and non-drilling regions over
time, in each calendar year.
2) Compared the crash event rates
between months with and without
drilling activity.

Statistical approach and exposure
levels

Adjusted to home count (proxy to
population density and car density)

1) Matching counties with drilling
to non-drilling counties with
similar population size and traffic
in the pre-drilling period (average
vehicle traffic volume, heavy-truck
traffic volume, vehicle accidents
per million miles traveled, heavytruck accidents per million miles
traveled, and population size).
Adjustment for month.

Confounders

(continued on next page)

Comparison of crash Rate Ratio (RR)
between counties with and without
drilling (in 3-month period):
Northern counties:
Fatal crashes per million vehiclemiles per month
Conditional (within-county) effect ↔
(RR: 1.04, 95% CI: 0.89, 1.23)
Marginal (overall mean) effect ↔
(RR:1.03, 95% CI: 0.94, 1.13)
Major injury crashes per million
vehicle-miles per month
Conditional (within-county) effect ↔
(RR:1.04, 95% CI: 0.92,1.17)
Marginal (overall mean) effect ↔
(RR: 1.01, 95% CI: 0.88,1.15)
Southwestern counties:
Fatal crashes per million vehiclemiles per month
Conditional (within-county) effect ↔
(RR: 1.08, 95% CI: 0.90, 1.30)
Marginal (overall mean) effect ↗
(RR: 1.12, 95% CI: 0.99–1.27)
Major injury crashes per million
vehicle-miles per month
Conditional (within-county) effect ↔
(RR: 0.94, 95% CI: 0.83–1.05)
Marginal (overall mean) effect ↔
(RR: 1.01, 95% CI: 0.90–1.13)
Comparison of RR between drilling
and non-drilling counties, by year and
by Northern or Southwest region,
from 2005 to 2012: No statistically
significant increases in fatal or major
injury crashes were seen in the
northern drilling counties relative to
controls in 2009–2012. For the
southwest drilling group, significant
differences relative to controls
observed for fatal and major injury
crashes in 2012 (RR = 1.47, 1.45,
respectively, p < 0.01) and a higher
major injury crash rate in 2009
(RR = 1.28, p = 0.04).
The prevalence model shows if more
wells are associated with a change in
number of accidents with multiple
vehicles with an injury. (Estimate, SE)
0.05 by 0.05 degree grid:
Wells ↑ (9.76, 3.28)
0.1 by 0.1 degree grid:
Wells ↑ (8.18, 1.86)
The incidence model (used to show

Main findings
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probability of accidents with
multiple vehicles with an injury. The
prevalence model shows if more
homes and/or wells are associated
with a change in number of accidents
with multiple vehicles with an
injury.
and O&G wells were counted for each
grid cell.

UOG-unconventional oil and gas; GEE – generalized estimating equation; CI- confidence interval; RR-Rate ratio; *(O&G) Unconventional and conventional oil and gas combined; SE- Std. Error.
↑ = significant increase; ↓ = significant decrease; ↗ = non-significant increase; ↘ = non-significant decrease; ↔ = non-significant direction not reported or zero effect. Significant increase in a measurement may or
may not be an improvement.

whether more wells are associated
with a higher probability of accidents
with multiple vehicles with an injury.
(Estimate, SE)
0.05 by 0.05 degree grid:
Wells ↑ (18.54, 2.29)
0.1 by 0.1 degree grid:
Wells ↑ (8.85, 2.52)

Statistical approach and exposure
levels
Researchers

Table 5 (continued)

Location

Population, outcomes and study
design

Exposure evaluation approach

Confounders

Main findings
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twelve studies on pregnancy outcomes, most were registry-based cohorts (N = 8), of which two used the differences-in-differences design,
two were ecological and time series studies, and two used a nested-case
control design (Table 1). Out of the nine studies of hospitalization,
asthma exacerbations and indicator of cardiovascular disease, most
used an ecological design (N = 5), of which one additionally used a
time series design, two used the difference-in-differences design, one
used a nested case-control design, and one used a cross-sectional design
(Table 2). Of the three cancer studies, two used an ecological design
and a single study used a case-control design (Table 3). For sexually
transmitted diseases, out of the three studies, two studies used the
difference-in-differences design and a single study used ecological design (Table 4). The two fatal and major injury car and truck accident
studies used an ecological design (Table 5). While all of the above
mentioned study designs are well characterized and commonly used in
the environmental epidemiology field, the difference-in-differences
study design is more commonly used in economic studies (Meyer,
1995). The difference-in-differences research design is a quasi-experimental design that researchers often use to explore causal relationships
where randomized controlled trials are infeasible or unethical. It accounts for pre-existing time trends in health outcomes that may have
been present prior to the introduction of UOG, allowing for comparison
of changes in the outcome over the entire study period, before and after
the introduction of UOG (“intervention”) in the “treated areas” (those
experiencing a UOG development), versus the trends in the “control
areas” (those unexposed to UOG). The difference-in-difference methodology assumes that the same trends in the absence of an “intervention”
for all areas and that all determinants of the outcomes except the “intervention” evolve identically in the control and treated areas (Wing
et al., 2018).
3.2. Exposure assessment approaches
The population exposure to UOG drilling and production activities
was evaluated in the different studies using a variety of methods. The
methods used to evaluate the level of the exposures of the population in
the ecological and time series studies were: categorization of areas with
and without wells (Busby and Mangano, 2017; Finkel, 2016; Fryzek
et al., 2013; Graham et al., 2015; McKenzie et al., 2019b; Werner et al.,
2018, 2015), referring to the number of wells (Denham et al., 2019;
Deziel et al., 2018; Jemielita et al., 2015; Ma, 2016; Werner et al.,
2017), the spatial density of the wells or of the operative wells (Denham
et al., 2019; Jemielita et al., 2015; Ma, 2016) within a specific geographic unit and a specific time period (such as month, year or a few
years). Similarly, in the difference-in-differences studies the number of
wells or the cumulative gas production within a specific geographic unit
and a specific time period was used as the exposure metric (Beleche and
Cintina, 2018; Komarek and Cseh, 2017; Peng et al., 2018; Willis et al.,
2018).
In the other studies, the distance to the nearest UOG well (nearest
neighbor method combined with the spud date) was used (Currie et al.,
2017; Hill, 2018) and the inverse distance weighting (a single 10 mile
radius (McKenzie et al., 2014; Stacy et al., 2015)) or the inverse-distance squared weighting (IDW) methods (a single 10 miles radius
(McKenzie et al., 2017), 0.5 mile, 2 miles and 10 miles radii (Whitworth
et al., 2017); 2 miles, 5 miles and 10 miles radii (Janitz et al., 2019))
were used. IDW methods are based on the density of wells in an aerial
radius around residence addresses, and account for both the number of
UOG wells within this radius and for the distance of each well from the
residence address (inverse linear distance: 1/d or inverse squared distance: 1/d2). IDW provides greater weight to wells closer to the residential addresses. Recent studies also accounted for the specific phase
of UOG process (i.e. pad preparation, drilling, stimulation and production) using IDW models that incorporated distance to residence,
dates and durations of the phases and well characteristics (without
specification of radius (Casey et al., 2019, 2015; Rasmussen et al.,
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2016), within 0.5 mile radius (Walker Whitworth et al., 2018) or 10
mile radius (McKenzie et al., 2019a, 2019b)). All the studies reported
exposure levels based on the address at birth (i.e. not during pregnancy), at the hospitalization or at the time of diagnosis (not accounting
for possible changes in address). All the studies, except five studies that
could not distinguish between UOG and conventional oil and gas wells
(Blair et al., 2018; Fryzek et al., 2013; Janitz et al., 2019; McKenzie
et al., 2019a, 2019b), explicitly analyzed the associations with UOG
wells. The heterogeneity in exposure assessment methodologies limited
the comparability between the studies.

There was heterogeneity in the outcomes tested, and most studies
evaluated more than one outcome.
The seven studies on fetal growth focused on three main outcomes:
mean birth weight, low birth weight (LBW, birthweight smaller
than 2500 g), and small for gestational age (SGA, birth weight for gestational age and sex smaller then 10th percentile) (Casey et al., 2019,
2015; Currie et al., 2017; Hill, 2018; McKenzie et al., 2014; Stacy et al.,
2015; Whitworth et al., 2017). All these studies evaluated the effects on
mean birth weight and LBW in all births or in term births (births after
37 completed weeks of gestation) and four of them also evaluated SGA
(Casey et al., 2015; Hill, 2018; Stacy et al., 2015; Whitworth et al.,
2017). Stacy et al. (2015) reported that living in the highest quartile
compared to the lowest of UOG well density was associated with decreased mean birth weight (adjusted change in mean birth weight was
−21.8 g (95% CI: (−40.2) - (−3.4)). Sensitivity analysis of births
delivered only during 2010, the year in which intensive UOG drilling
started in the region, demonstrated similar results. In another study
with similar population, when the highest quartile of UOG well activity
was compared to the lower three quartiles, no significant associations
were reported (Casey et al., 2019). Stacy et al. (2015) also reported an
increase in SGA odds across quartiles, which is suggestive of a doseresponse relationship (4th quartile vs. 1st quartile OR: 1.34; 95%
CI:1.10, 1.63).
Currie et al. (2017) used difference-in-differences design. The researchers developed a metric to evaluate the effect of living near UOG
wells prior to and after the start of the drillings. A possible reason why
birth outcomes might differ in an area before and after UOG development is that the maternal population may change. To address this
problem, the researchers compared each mother to herself (sibling
comparison). The results demonstrated that the largest effects were
observed for mothers living within 0.6 mile of a UOG well. They reported a 25% increase in the probability of LBW and significant decline

3.3. Summary of the associations between UOG exposure and health
outcomes
3.3.1. UOG exposure and adverse pregnancy outcomes
A growing body of literature has attempted to address the potential
effects of UOG development on pregnancy outcomes. Focused research
on pregnancy outcomes to evaluate the health effects of exposure to
UOG have some advantages: first, there is increasing evidence that fetuses are vulnerable to a range of pollutants (Nieuwenhuijsen et al.,
2013). Secondly, since the fetus is in utero for about 9 months at most,
it is possible to pinpoint the timing of potential exposure, which is not
the case for other health outcomes, such as cancer, that have a much
longer latency period. In addition, birth data are available, reliable and
outcomes such as birth weight and gestational age measured accurately;
furthermore, precise information on maternal address enables researchers to examine the effects of proximity to UOG sites on the health
of newborns. Pregnancy outcomes were evaluated in twelve of the
studies evaluated for this review and focused on fetal growth, gestational length and congenital malformations (Table 1, Fig. 2). All the
studies were retrospective analyses of birth certificate records, with
birth address data used as a proxy of the address during pregnancy.

Fig. 2. Summary of the results (number of publications and number of tests of associations) for adverse pregnancy outcomes, the most frequently studied outcome in
the published literature.
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in the mean birth weight (39 g). The effect estimates reported for
mothers living within 0.6–1.8 miles of a UOG well were smaller than
those for mothers living within 0.6 mile of a UOG well. There is little
evidence to support health effects at farther distances, suggesting that
health impacts are local. The effect estimates for models of siblings
were very similar but non-significant, due to the smaller sample size.
Hill (2018) used a similar approach to Currie et al. (2017) and reported
effects at larger distances, with robust results up to 3.1 miles. The author (Hill, 2018) reported that living near shale gas wells (1.5 miles)
increased the incidence of LBW by 24%, and term birth weight and
birth weight were decreased by 49.6 g and 46.6 g, on average, respectively. They reported that an additional well within 1.5 miles from
maternal residence was associated with a 7% increase in LBW and 5 g
reduction in term birth weight. Hill (2018) also reported that living
near shale gas well development (1.5 miles) increased the incidence of
SGA by 18%. However, other studies did not report such robust associations. The results of Casey et al. (2015) (a decrease in term birth
weight by 31 g, 95% CI: 57, −5) were not robust when adjusted for
year and were non-significant for SGA. Whitworth et al. (2017) also
reported non-significant associations for birth weight and SGA.
McKenzie et al. (2014) reported inverse associations between living
near UOG and term birth weight and LBW, hypothesizing that the inverse results are a type 1 error. A sensitivity analysis conducted using
smaller radii, as well as inclusion of births after the year of 2000 (to
exclude births before UOG expansion) attenuated the inverse associations. According to the researchers, the inverse associations were possibly causal since stronger associations were found when more stringent
exposure estimates were used.
Seven studies evaluated the associations between UOG development
and preterm deliveries (PTD) (Casey et al., 2019, 2015; Hill, 2018;
McKenzie et al., 2014; Stacy et al., 2015; Walker Whitworth et al.,
2018; Whitworth et al., 2017) with most of the studies reporting increased odds of PTD. Casey et al. (2015) considered all active UOG
wells during pregnancy and reported increased odds for PTD among
women in all UOG activity quartiles, compared to the lowest quartile
(2nd/1st (OR 1.3, 95% CI:1.0, 1.8), 3rd/1st (OR 1.6, 95% CI:1.1, 2.4),
4th/1st (OR 1.9, 95% CI:1.2, 2.9)). Additionally, in a restricted analysis
carried only for moderate and late PTD cases, increased odds were reported (4th/1st (OR 1.5, 95% CI: 1.0, 2.4)). In addition, risk differences
were reported by Casey et al. (2019) for women living in the 4th
quartile compared to the 1st -3rd quartiles (4.3 additional PTD cases
per 100 women (95% CI: 1.1, 7.5)), Whitworth et al. (2017) reported
increased odds of PTD in the highest tertile of UOG wells density
compared to zero wells density for the half- (OR: 1.14; 95% CI: 1.03,
1.25), two- (OR 1.14; 95% CI:1.07, 1.22), and 10- (OR 1.15; 95%
CI:1.08, 1.22) miles radii. In the same population, Whitworth et al.
(Walker Whitworth et al., 2018) reported increased odds of PTD in the
3rd tertile of the UOG drilling (OR 1.20,95% CI:1.06, 1.37) and UOGproduction (OR 1.15,95% CI:1.05–1.26) metrics within a radius of half
a mile compared to the zero wells category. They found that the
strongest associations among women in the 3rd tertile of exposure to
UOG drilling metrics and production activity were during the first trimester (OR 1.24; 95% CI:1.03, 1.49; OR 1.18; 95% CI:1.02,1.37; respectively). Analysis by PTD severity (extremely, very, and moderately
preterm) (Walker Whitworth et al., 2018) revealed the strongest associations of exposure to UOG drilling metrics and production activity for
extreme PTD. Hill (2018) reported for PTD, significant associations (3%
increase) for each additional UOG well drilled prior to birth within
2.5 km, but the results were mixed and sensitive to model specifications. However, McKenzie et al. (2014) found a statistically significant
inverse association between UOG activity and PTD and Stacy et al.
(2015) reported no associations for women in the highest exposure
quartiles.
In addition to these pregnancy outcomes, five studies evaluated
associations with congenital malformation. These studies evaluated the
associations with structural birth defects, functional and developmental

malformations, congenital heart defects, neural tube defects, facial
malformations, and specific sub-categories of these outcomes. The categorizations used in these studies were different and thus the studies
could not be directly compared. McKenzie et al. (2014) reported that
exposure to the highest tertile increased the odds of congenital heart
defects (OR: 1.3, 95% CI: 1.2, 1.5) and neural tube defects (OR: 2.0;
95% CI: 1.0, 3.9, based on 59 cases) compared with the lowest tertile.
Similar associations were reported for congenital heart defects by
McKenzie et al. (2019a) for combined exposure to conventional and
unconventional oil and gas highest category compared to lowest
(OR:1.7, 95% CI:1.1,2.6) and specifically in the rural areas (OR: 2.47,
95% CI:1.3, 4.4). Ma (2016) reported 21% higher structural birth defects (95% CI: 11%–32%) and 23% higher functional or developmental
birth defects prevalence rates (95% CI: 6%–43%) in zip codes with UOG
compared to zip codes without UOG wells (results were significant also
after adjustment to UOG wells density). However, although the results
from the spatial models demonstrated significant associations, yearly
birth defects prevalence rates in both areas with and without UOG had
decreasing trends and were parallel to each other. Therefore, the authors concluded that UOG was not associated with birth defects. Hill
(2018) did not find any associations between UOG and any congenital
malformations and Janitz et al. (2019) did not find any significant associations between combined exposure to conventional and unconventional oil and gas and congenital heart defects, neural tube defects and facial malformations.
The reviewed studies also evaluated the associations for each of the
following outcomes: Apgar score and high risk pregnancy (Casey et al.,
2015; Hill, 2018), fetal deaths (Hill, 2018; Whitworth et al., 2017),
early infant mortality (0–28 days) (Busby and Mangano, 2017), antenatal anxiety or depression (Casey et al., 2019) and health index (an
index that combines the birth weight and indicators for high risk
pregnancies, LBW, PTD, the presence of any congenital malformation,
and the presence of any other abnormal condition of the newborn)
(Currie et al., 2017; Hill, 2018). Hill (2018) reported that living near
shale gas wells development (1.5 miles) increased the prevalence of
Apgar scores less than 8 by 26%, Casey et al. (2015) reported that exposure to the highest quartile of the activity index was associated with
increased odds of high-risk pregnancy (ORs 1.3,95% CI: 1.1, 1.7)
compared to the lowest quartile, and Currie et al. (2017) reported increased odds for index of infant health similar to the associations reported for LBW and birth weight. In addition, Busby & Mangano (Busby
and Mangano, 2017) reported that in the counties with UOG wells there
was a significant increase in infant mortality rates compared to counties
without UOG (Rate Ratio (RR): 1.29; 95% CI: 1.05, 1.55). Casey et al.
(2019) reported that living in the highest quartile of conventional and
unconventional oil and gas activity versus quartiles 1–3 would increase
the incidence of antenatal anxiety or depression (4.3 additional cases
per 100 women, 95% CI: 1.5, 7.0). This risk difference appeared larger
among mothers receiving Medical Assistance, an indicator of low family
income (5.6 additional cases per 100 women, 95% CI: 0.5, 10.6). This
study is the first study that evaluated psychological outcomes based on
clinical diagnosis and the results are coherent with the associations
reported for the general population in the self-reported studies.
To summarize, there is growing evidence to suggest that living near
UOG development increases the risk for adverse pregnancy outcomes.
For fetal growth, four out of seven studies reported significant robust
associations (Casey et al., 2015; Currie et al., 2017; Hill, 2018; Stacy
et al., 2015) and for PTD five out of seven studies reported statistically
significant associations (Casey et al., 2019, 2015; Hill, 2018; Walker
Whitworth et al., 2018; Whitworth et al., 2017). For other outcomes the
results are less clear and further research is needed.
3.3.2. UOG exposure, hospitalizations, asthma exacerbations, and
indicators of cardiovascular disease
Seven studies evaluated the associations between UOG development
on hospitalization rates, a single study evaluated asthma exacerbations
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and a single study evaluated indicator of cardiovascular disease
(Table 2). Jemielita et al. (2015), Denham et al. (2019) and Werner
et al. (Werner et al., 2017, 2018, 2015) were exploratory studies that
evaluated associations between UOG development and 25, 17, and 19
medical categories of hospitalization, respectively. Jemielita et al.
(2015) reported, for most of the outcomes tested, increased prevalence
rates, and significant associations (after using a Bonferroni correction)
were reported for cardiology prevalence rates and the number of wells
and wells density per zip code, and for neurology inpatient prevalence
rates and wells density. Furthermore, evidence also supported an association between well density and inpatient prevalence rates for the
medical categories of dermatology, neurology, oncology, and urology.
Most of the UOG wells started to operate in the last year of the study.
Denham et al. (2019) reported significant associations (accounting for
multiple test) between cumulative well density (per km2) and cumulative well count per county and increased genitourinary hospitalization rates. When large metropolitan counties were excluded these associations persisted, and associations with increased skin-related
hospitalization rates were also reported. In three studies conducted in
Queensland, Australia, the associations between hospitalization rates of
19 medical categories and three types of areas (coal seam gas area, coal
mining area and rural/agricultural area) were evaluated for all ages and
for children and adolescents. In addition, associations between hospitalizations rates and the number of coal seam gas wells in statistical
areas were evaluated (Werner et al., 2017, 2018, 2015). The coal seam
gas area correlated with an increase in hospitalization rates compared
to rural areas for neoplasms (RR: 1.09, 95% CI: 1.02–1.16) and blood/
immune diseases (RR: 1.14, 95% CI: 1.02–1.27) (Werner et al., 2015).
In a study of the same population, focusing on hospital admissions of
children and adolescents, evidence for associations with respiratory
diseases for children at ages 0–4 years old were found (7% increase
(95% CI: 4%–11%) for coal seam gas area relative to the coal mining,
and a 6% increase (95% CI:2%–10%) for coal seam gas area relative to
rural areas). For children between the ages 10–14 years old the results
were a 9% increase (95% CI: 1%–18%) for coal seam gas area relative
to coal mining, and an 11% increase (95% CI: 1%–21%) for coal seam
gas area relative to rural areas. The largest effect size was found for
blood/immune diseases in 5–9 years old children living in coal seam gas
areas (467% increase, 95% CI: 139%–1244%) relative to those living in
rural areas with no mining activity (Werner et al., 2018). In addition,
Werner et al. (2017) reported that “All-cause” hospitalization rates
increased monotonically with increasing gas well development activity
in females (from 324.0 to 390.3 per 1000 persons) and males (from
294.2 to 335.4 per 1000 persons). Inverse associations were found for
both sexes for “circulatory” conditions (Table 2). It is important to note
that while Jemielita et al. (2015) reported significant associations after
Bonferroni corrections, Werner et al. (Werner et al., 2017, 2018, 2015)
had not used any correction for multiple testing.
Two studies calculated changes in trends of hospitalization rates
before and after drilling at the county and the zip code levels: Willis
et al. (2018) investigated hospitalization due to pediatric asthma and
Peng et al. (2018) investigated hospitalization due to acute myocardial
infarction, chronic obstructive pulmonary disease, asthma, pneumonia,
and upper respiratory infections. Willis et al. (2018) reported significant increased odds of an asthma-related hospitalization for adolescents exposed to newly spudded UOG wells within their zip code
(OR: 1.25, 95% CI: 1.07, 1.47), compared with those who did not live in
these communities. Ages 2–6 years had the greatest odds (OR: 1.44;
95% CI: 1.18, 1.75) followed by ages 13–18 (OR: 1.34, 95% CI: 1.13,
1.60). Willis et al. (2018) reported similar results also for ever-drilled
UOG well within a zip code. The effect of exposure to the highest tertile
of additional wells was associated with increased odds for all age
groups (OR: 1.39, 95% CI: 1.14, 1.71), and in particular for ages 2–6
years (OR: 1.9, 95% CI: 1.34, 2.23). Whereas Peng et al. (2018) did not
find similar effects of UOG development on asthma among children
aged 5–19, they reported a significant increase in hospitalization rates

for pneumonia among individuals aged 65 and above. Although associations were reported between UOG development and extraction and
acute myocardial infarction, chronic obstructive pulmonary disease,
asthma, and upper respiratory infections, these associations were sensitive to the method, as well as to the specifications of the models. The
differences between Peng et al. (2018) and Willis et al. (2018) for
asthma hospitalizations of children can be partly explained by the aggregation unit size. Namely, while Willis et al. (2018) studied associations at the zip code level, Peng et al. (2018) evaluated associations at
the county unit, a much larger geographical unit, which may cause an
aggregation bias that may lead to bias in the associations towards the
null (Shafran-Nathan et al., 2017).
In addition to hospitalizations, a single study evaluated asthma
exacerbations severity (mild, moderate, and severe, see Table 2) among
asthma patients aged 5–90 (Rasmussen et al., 2016). Exposure to the
highest quartile of the activity metric for each of the different UOG
phases (pad preparation, drilling, stimulation and production) compared to the lowest increased the risk for 11 out of the 12 UOG-outcome
pairs (OR ranged from 1.5 (95% CI: 1.2, 1.7) for the association of the
pad metric with severe exacerbations to 4.4 (95% CI: 3.8, 5.2) for the
association of the production metric with mild exacerbations). Six of
the 12 UOG-outcome associations had increasing ORs across quartiles.
The findings were robust to adjustment and to sensitivity analyses that
included evaluation of some possible sources of unmeasured confounding.
Additionally, McKenzie et al. (2019b) evaluated in a cross-sectional
study the associations between participant's exposure to combined
conventional and unconventional oil and gas activity within 16 km
from home and personal measures of cardiovascular disease indicators.
Exposure to the highest and medium tertiles of the intensity of combined conventional and unconventional oil and gas activity level
compared to the lowest increased the mean augmentation index by
6.0% (95% CI: 0.6, 11.4%) and 5.1% (95%CI: −0.1, 10.4%), respectively. The greatest mean IL-1β, and α-TNF plasma concentrations were
observed for participants in the highest exposure tertile. For participants not taking prescription medications, exposure to the highest and
medium tertiles compared to the lowest increased the mean systolic
blood pressure by 6 and 1 mm Hg (95% CIs: 0.1, 13 mm Hg and −6,
8 mm Hg).
3.3.3. UOG exposure and cancer
The UOG process is known to utilize and produce numerous carcinogenic and leukemogenic compounds (Elliott et al., 2017). However,
cancer can be an elusive disease to detect and monitor due to its rarity,
relatively long etiologically relevant time periods, and latency periods.
Since UOG development has rapidly expanded only after 2005 (Fukui
et al., 2017), it is not surprising that only three epidemiological studies
examined associations between UOG development and cancer incidence, two of which applied an ecologic study design (Table 3).
Fryzek et al. (2013) calculated Standardized Incidence Ratios (SIRs)
and 95% CIs at the county levels in Pennsylvania from 1990 through
2009 for childhood cancers. The first horizontal well in this study area
in Pennsylvania was drilled only in 2005 and most of the horizontal
wells were drilled after 2009. Therefore, studying the incidences of
cancer from 1990 through 2009 is considered very unreliable, due to
the limited latency period (even for childhood cancer). Fryzek et al.
(2013) (with 97.5% of wells being non-horizontal [a proxy for nonUOG] wells) reported that for horizontal wells, the change in the SIRs
for children (under the age of 20), for all cancers, leukemia, and central
nervous system cancers, between the post-UOG period compared to the
pre-UOG period, were non-significant. A critical response to this study
highlighted its methodological shortcomings (Goldstein and Malone,
2013). Finkel, (2016) (Finkel, 2016) conducted an ecological study for
a range of cancers at all ages in southwestern Pennsylvania and reported that for all ages, the SIR of urinary bladder cancer during
2008–2012, relative to 2000–2004, increased in both sexes in counties
28

Environmental Research 182 (2020) 109124

N.C. Deziel, et al.

with UOG activity. Only a single study applied a case-control design
(McKenzie et al., 2017) and examined children diagnosed with cancer
(who lived in rural Colorado between 2001 and 2013). Childhood acute
lymphocytic leukemia cases and non-Hodgkin lymphoma (NHL) cases
were compared to controls with non-hematologic cancer participants.
For each participant, exposure was estimated in terms of the number of
conventional and UOG wells within a 10-mile radius from the residence
address at diagnosis, for each year, during a 10-year latency period. For
acute lymphocytic leukemia, cases of ages 5–24 were 4.3 times as likely
to live in the highest tertile compared to controls (95% CI: 1.1 to 16),
with a monotonic increase in risk across the tertiles. Further adjustment
for the year of diagnosis increased the associations. While this study
benefited from the ability to select cases and controls from the same
population, the use of cancer-controls, the limited number of acute
lymphocytic leukemia and NHL cases, and the aggregation of ages into
five year intervals may have biased the associations toward the null.
To summarize, the reported associations of UOG with cancer are
inconclusive, though the study with the strongest design suggested an
association between oil and gas development and childhood cancers.
Further studies accounting for longer latency periods and having strong
study designs are needed.

associations have yet to be elucidated. Casey and Schwartz (2016) used
directed acyclic graphs (DAGs) to suggest complex pathways by which
UOG development may affect birth outcomes, including social and
environmental impacts (e.g. psychosocial stress, social changes, truck
traffic, noise, air and water pollution) that operate at the individual and
community levels. Recent studies have tried to examine the suggested
pathways. While Peng et al. (2018) reported significant associations
between UOG development and air pollution emissions, Willis et al.
(2018) reported that, for the years 2011–2014, increased emissions of
specific air pollutants from UOG sites were associated with increased
odds of pediatric asthma hospitalizations (for all-ages models: 2,2,4trimethylpentane, carbon dioxide, formaldehyde, nitrous oxide, volatile
organic compounds, and x-hexane; for ages 2–6 also carbon monoxide,
methane, nitrogen oxides, PM2.5, PM10, toluene, and xylenes). In addition, Busby & Mangano (Busby and Mangano, 2017) reported that
there is some evidence that the associations observed for infant mortality at the county level were related to private water well density and/
or environmental law violations. Casey et al., (2019) conducted mediation analysis to evaluate if the effects reported previously between
UOG activity and PTD and mean term birth weight are mediated by
maternal anxiety and depression status. Although anxiety and depression were associated with UOG activity, it was not a mediator (there
were no association between PTD and the psychological outcomes).
In addition, there are a growing number of environmental monitoring studies investigating whether proximity to UOG development is
associated with increased exposure to air pollutants, drinking water
contamination, noise, and other environmental stressors (Elliott et al.,
2018, 2017; Hays et al., 2017; Hays and Shonkoff, 2016b). Future
epidemiological studies should consider the use of air and water quality
measures in the full population or a subset; however, this is a challenging proposition as exposure measurements are not generally feasible to collect in large-scale epidemiologic studies and may not be
representative of past exposures in retrospective studies. Additional
incorporation of mediation analysis may also help to better explain the
mechanisms that affect the associations reported in these studies.

3.3.4. UOG exposure and sexually transmitted diseases (STD)
Three studies evaluated the associations between UOG development
and STD (Table 4). These studies hypothesize that increases in community-level STD rates are associated with the large influx of usually
temporary young male workers needed to construct the well pad and
initiate the drilling and fracturing processes, a relationship previously
observed for other resource extraction industries. All the studies investigated gonorrhea, two studies also investigated chlamydia, and one
study also investigated syphilis (Table 4). Komarek and Cseh (2017)
compared the changes in gonorrhea incidence in counties with UOG
and without UOG and also the associations with additional horizontal
wells in parts of US states situated above the Marcellus Shale. In high
UOG counties compared to the reference counties, a 20% statistically
significant increase in gonorrhea incidence was reported. The associations were consistent across different model specifications. Deziel et al.
(2018) examined the associations between UOG activity and the annual
incidence rate of gonorrhea, chlamydia and syphilis in each year by a
county in the state of Ohio. Compared to counties with no shale gas
activity, counties with high activity had 21% (RR:1.21; 95%CI: 1.08,
1.36) increased rates of chlamydia and non-significant 19% (RR: 1.27;
95%CI: 0.98, 1.44) increased rates of gonorrhea; no associations were
observed for syphilis. Beleche and Cintina (2018) examined the associations between counties with and without conventional and unconventional oil and gas wells and reported significant 7.8% and 2.6%
increase relative to the average gonorrhea and chlamydia rate, respectively.

3.5. Other aspects to be considered
For this review we excluded qualitative studies of self-reported
symptoms, as we aimed to focus on studies that quantified the associations with UOG development using objective health outcomes.
However, it is important to recognize the existing evidence in this field
of research, which suggests that a range of adverse self-reported health
outcomes are associated with UOG development. Generally, these studies reported increased rates of symptoms by residents living near UOG
infrastructure including sleep disruption, respiratory symptoms, nose
and throat irritation, eye irritation, headaches and fatigue, among
others (Casey et al., 2018; Elliott et al., 2018; Ferrar et al., 2013;
Rabinowitz et al., 2014; Saberi, 2013; Saberi et al., 2014; Shamasunder
et al., 2018; Steinzor et al., 2013, 2012; Tustin et al., 2016; Weinberger
et al., 2017). Several of these findings are consistent with the results of
the studies we described. The self-reported studies can provide context
for the studies that do not involve participant contact and can serve to
generate research questions for future analyses. Although not within
the scope of this review, studies of self-reported health symptoms may
still be highly relevant and should be considered by policymakers when
making decisions with regard to UOG development.
Experimental studies have assessed UOG-related chemicals and
toxicity, providing evidence of biological plausibility of associations
observed in epidemiologic studies. Collectively, these studies have reported a range of effects such as endocrine disruption in yeast and
mammalian assays (Arcaro et al., 2001, 1999; Kassotis et al., 2016,
2014; Vrabie et al., 2010), adverse developmental and reproductive
effects such as suppressed pituitary hormone activity (Kassotis et al.,
2016), altered sex organ weight and function (Kassotis et al., 2016,
2015), altered behavior (Balise et al., 2019a, 2019b; Boulé et al., 2018;

3.3.5. UOG exposure and fatal and major injury truck and traffic accidents
Although three studies evaluated the associations between UOG and
traffic accidents, only two studies evaluated direct health outcomes,
namely the number of traffic accidents, fatal, and major injury accidents due to traffic and the number of multivehicle truck accidents with
an injury (Table 5). (Blair et al., 2018) reported significant associations
and that more wells are associated with an increase in number and a
higher probability of accidents with multiple vehicles with an injury.
Although heavily drilled counties experienced higher vehicle crash
rates and higher heavy truck crash rates than control counties. Graham
et al., (2015) (Graham et al., 2015) did not report any significant associations with fatal and major injury accidents.
3.4. Mediation of the observed associations between UOG exposure and
health outcomes
The

specific

exposure

pathways

underlying

the

observed
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Funding

Sapouckey et al., 2018), and immune dysregulation (Boulé et al., 2018)
in mice. Results from these laboratory studies indicate prenatal and/or
early life exposure to UOG development-related chemicals may lead to
altered health outcomes for a variety of endpoints, contributing to the
overall body of evidence.
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3.6. Policy impact
Accounting for the knowledge gaps and inevitable uncertainties as
well as the current body of evidence, some countries and US states have
decided to ban or delay UOG development until more knowledge becomes available, while other states and nations have restricted UOG
development based on concerns raised from existing data (e.g.
Maryland, Vermont, and New York in US, Quebec in Canada, Victoria in
Australia, Scotland, Ireland, Bulgaria, Holland, Germany and France)
(UNEP, 2012; Watterson and Dinan, 2018). One legislative approach to
mitigating potential risks is requiring certain setback distances (i.e., the
distance between well heads and nearby residences, hospitals and
schools). The required setback distances in the US range between 300 ft
and 800 ft (90–245 m) across 33 countries (Hill, 2018). However, the
epidemiological evidence gathered thus far shows detectable health
effects in distances of up to 10 miles away. A panel of 18 public health
experts (health care providers, public health practitioners, environmental advocates, and researchers/scientists) reached a consensus that
setbacks smaller than 0.25 mile (402 m) should not be recommended
but they did not reach a consensus on larger setback distances (Lewis
et al., 2018). In addition, they reached consensus that additional setback distances should be established for vulnerable populations (children, neonates, fetuses, embryos, pregnant women, elderly individuals,
those with pre-existing medical or psychological conditions, and those
with pre-existing respiratory conditions) or vulnerable settings
(schools, day care centers, hospitals, and long-term care facilities).
Another analysis found that setback distances may need to be used in
conjunction with pollution or engineering controls to achieve desired
public health protections (Haley et al., 2016). Additional quantitative
analysis of the rapidly evolving epidemiologic literature could inform
more evidence-based setback distances.
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4. Summary
This review found that 25 of 29 studies observed significant associations between exposure to UOG development and a range of adverse
health outcomes. This review highlights the heterogeneity among studies with respect to study design, outcome of interest, and exposure
assessment methodology. The use of exposure surrogates would generally be expected to lead to non-differential exposure misclassification,
biasing results toward the null. The most-studied outcomes were adverse birth outcomes; the number of studies for other outcomes was
limited. Though replication in other populations is important, current
research points to a growing body of evidence of health problems in
communities living near UOG sites. Many health outcomes may take
years to emerge and to be analyzed with sufficient statistical power,
partly due to latency periods. The need for more research need not be
used as a barrier to implementing policies.
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Executive Summary
Oil and gas development in the Los Angeles Basin presents unique public health and safety
concerns because some oil and gas reserves lie beneath densely populated urban areas. Future
production from these natural reserves will primarily come from existing oil fields, with some
potential for the development of undiscovered oil and gas resources using conventional or
unconventional methods. This report is intended to provide local policy-makers with an overview
of relevant public health research and investigations. It concludes with an overview of measures
to reduce potential health impacts.
There are currently 68 active oil fields in the Los Angeles Basin, with facilities operating under a
wide range of operational and environmental conditions. While some facilities have been subject
to stricter design and mitigation measures, others have not been required to conduct health risk
assessments or other environmental studies. In some neighborhoods, such as South Los Angeles,
residences are located only several feet away from the boundary of a drilling site and as close as
60 feet from an active oil well. Two smaller neighborhood facilities, which the Los Angeles County
Department of Public Health (DPH) has responded to concerns or complaints, were found in a
state of disrepair with environmental conditions that impact the health of neighboring residents.
In this report, DPH synthesized information from multiple lines of evidence, including a review of
epidemiological literature, environmental and health impact assessments, neighborhood health
investigations, and consultations with various jurisdictions regarding oil and gas ordinances. The
scope of each is described below.
Epidemiological Literature: The review of the scientific literature synthesizes information
from epidemiological studies and other published reviews on the potential health impacts
associated with living near oil and gas activities. These peer-reviewed studies examine a
variety of short-term and long-term health indicators such as birth outcomes; cancer; and
respiratory, neurological, gastrointestinal, dermatological, and psychological effects.
While epidemiological studies have found limited associations between adverse health
effects and living near oil and gas operations, high-quality exposure data measured over
long periods of time is lacking. Therefore, the epidemiological studies are not able to
conclude whether or not living near oil and gas activities is associated with long-term
health impacts.
Environmental and Health Impact Assessments: These impact assessments help to fill
data gaps in the literature by predicting potential health and safety impacts from air
emissions, odors, noise, vibration, and other environmental hazards associated with oil
and gas development projects. However, it should be noted that conventional risk
assessment tools can be limited in their ability to anticipate certain risks given the
complexity of health and quality-of-life consequences and the need for more robust,
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local-level monitoring data. The mitigation measures proposed for specific projects can
be used to inform policies and plans involving oil and gas activities and operations that do
not require such assessments to avoid or minimize potential adverse impacts.
Neighborhood Health Investigations: When DPH is notified of environmental or
operational conditions at industrial facilities that may pose a threat to public health, DPH
conducts a neighborhood health investigation and recommends action to protect and
preserve public health. In response to community health complaints, DPH conducted two
neighborhood health investigations of oil and gas facilities located in densely populated
communities. In both investigations, DPH responded to resident health complaints of
headaches, nausea, vomiting, respiratory irritation, and eye, nose and throat irritation.
Such impacts often warrant immediate action to protect health. These two neighborhood
health investigations revealed insufficient regulatory oversight and inadequate mitigation
measures to reduce exposures and associated impacts in the adjoining community.
Consultations with Other Jurisdictions: To understand oil and gas ordinances adopted by
other jurisdictions, DPH conducted one-on-one interviews with 10 jurisdictions
throughout the nation and convened one joint meeting. These jurisdictions have
established requirements, such as setback distances and/or mitigation measures, to limit
adverse health and safety impacts of oil and gas production.
DPH determined that there is sufficient evidence to provide the following guidance for oil and
gas facilities in order to protect health:
1. Los Angeles County and local jurisdictions within the County should expand the minimum
setback distance beyond 300 feet, as currently specified in local zoning code, and apply these
requirements to both the siting of new wells and to the development of sensitive land uses
near existing operations. It is important to note that a setback distance is not an absolute
measure of health protection and additional mitigation measures must also be considered.
For existing oil and gas operations, a site-specific assessment at each facility throughout the
County is necessary to identify current distances to sensitive land uses and other site
characteristics that can be used to inform whether further mitigation measures are
warranted to reduce potential public health and safety risks.
Table ES-1 below summarizes various setback distances, mitigation targets, remaining
hazards and whether additional mitigation measures could further reduce potential adverse
impacts.
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Table ES-1. Review of Key Public Health and Safety Hazards and Setback Distance Guidance
Setback
Distance

Air Quality

Noise

Odors

300 feet

600 feet

1,000 feet

1,500 feet



Additional Mitigation and Assessment Notes
Some health and safety impacts may still be
unavoidable regardless of additional mitigation.
Additional mitigation and assessment would
likely be needed to avoid most impacts. Odors
may be unavoidable, regardless of mitigation. Air
monitoring is advised.




Fires,
Explosions,
and Other
Emergencies

Additional mitigation and assessment may be
needed to avoid noise impacts during certain
operations, e.g. well advancement. Odors may be
unavoidable in loss of containment events,
regardless of additional mitigation.






Additional mitigation not likely to be needed.
Some uncertainty remains due to gaps in longterm health and exposure data.

This table is based on information compiled from scientific publications,13,37,51,52 environmental impact assessments,27-33 other
environmental studies,10,16,20,34,35,36,46 and experiences in other jurisdictions.
 Represents the distance at which the impact is likely mitigated

Public Health and Safety Risks of Oil and Gas Facilities in Los Angeles County
Page iii

Los Angeles County Department of Public Health
http://publichealth.lacounty.gov

2. In coordination with the California Air Resources Board (CARB) and the South Coast Air
Quality Management District (SCAQMD), Los Angeles County should require the operators of
facilities within urban areas of the County to implement continuous air monitoring systems
around oil and gas operations to:
•
•
•
•

Measure air pollutants released by oil and gas operations;
Ensure oil and gas sites comply with environmental regulations;
Evaluate the impact of releases from oil and gas sites on surrounding
neighborhoods; and
Monitor setbacks for these sites regularly, based on air monitoring and emerging
science, and revise setback distances and/or other mitigation requirements when
necessary to protect public health.

It should be noted that SCAQMD has imposed some requirements related to public
notification and monitoring, but only after concerns are identified at a particular oil and gas
operation, such as odor complaints. Current monitoring and enforcement activities can be
sporadic, and it is difficult to understand long-term exposure risks for people living near oil
and gas operations in the absence of continuous monitoring. To better characterize air quality
in communities near oil and gas operations, SCAQMD completed a fenceline monitoring study
and CARB launched the Study of Neighborhood Air near Petroleum Sources (SNAPS); results
from these efforts should be used to inform air monitoring policies.
3. A variety of state and federal regulations require routine inspections, maintenance, testing
and leak detection systems for oil and gas facilities; however, local oversight of these
regulations is limited. Optimal local oversight would reduce public health and safety risks
associated with aging infrastructure, and should include a local auditing and certification
process, streamlined coordination, and data sharing among agencies. A local auditing
program would confirm that operators are complying with federal, state and local
regulations.
4. Operators should prepare and make available to the public a comprehensive Community
Safety Plan, in coordination with City and County departments, including Fire, Building and
Safety, and Law Enforcement. These plans should include information on hazardous
chemicals stored onsite; air emission monitoring efforts; and health-based thresholds to
identify the need for additional mitigation. For operations to plug wells permanently or to
perform well maintenance, the responsible party should also prepare and implement a
Community Safety Plan. The Community Safety Plan should facilitate communication and
input from local stakeholders, and be submitted to DPH for review and approval. The Plan
should include protocols and procedures for immediate notification to the County Health
Officer in the event of odor or health complaints.
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5. Operators should maintain enhanced Emergency Preparedness Plans that account for
proximity to sensitive land uses. These plans must include communication procedures to
immediately notify local government agencies of any emergencies, such as spills or other
releases.
To further inform health-protective policies and regulations, DPH will collaborate with County
partners, local and state enforcement agencies, and interested stakeholders. DPH recommends
site-specific assessments at existing oil and gas operations located near sensitive land use to
determine the appropriate combination of setback distance and additional mitigation measures,
as well as the extent to which these measures are sufficient to protect public health.
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I.

Introduction
Oil and gas development in the Los Angeles Basin presents unique public health and safety
concerns because some oil and gas reserves lie beneath densely populated urban areas. Future
production from these natural reserves will primarily come from its 68 active oil fields, with some
potential for the development of undiscovered oil and gas resources using conventional or
unconventional methods.1,2 Public concern has led to recent legislation and rules to assess the
health and safety risks of oil and gas production, including California Senate Bill 4 to assess
unconventional well stimulation treatments3 and South Coast Air Quality Management District
(SCAQMD) Rule 1148.2 requiring oil and gas operators to report chemicals used in drilling,
rework, or completion processes.4
Health and safety risks of oil and gas production are particularly relevant to residents of Los
Angeles County, which is the second largest oil producing county in California.5 There are 3,468
active and 1,850 inactive oil and gas wells countywide.5 Although oil and gas production in Los
Angeles County occurs in both rural and urban areas, the potential public health impacts of oil
and gas sites located in densely populated areas are concerning, particularly to those who
experience disproportionate economic and health inequities.
Some communities within Los Angeles County have developed and adopted ordinances to
regulate oil and gas drilling within their jurisdictions. One example is the Baldwin Hills Community
Standards District that was adopted in 2008 for the Inglewood Oil Field, the largest urban oil field
in the U.S. This site has undergone extensive environmental review and operates under a set of
regulatory requirements to ensure ongoing monitoring of air quality, groundwater, noise, and
seismic activity; establish setback distances from sensitive areas and emergency response
protocols; and hold monthly meetings with a community advisory panel.6 Wells in other parts of
the county are not subject to the same level of oversight, and operate with various permit
conditions and regulations depending on the project.7
On March 29, 2016, the Board passed a motion instructing the departments of Regional Planning,
Fire, Public Health, and Public Works to convene an Oil and Gas Strike Team to assess the
conditions, regulatory compliance, and potential public health and safety risks associated with
existing oil and gas facilities in the unincorporated areas of Los Angeles County.7 DPH participated
in site assessments with regulatory agencies as an active member of the Oil and Gas Strike Team.
A key component of the motion is an assessment of the potential public health and safety risks
using a Public Health Screening Assessment (Appendix A). This is a complex task, considering (1)
the wide variety of oil and gas operations encountered across the County; (2) the proximity of
people living, working and going to school near operations; (3) the multitude of potential
chemical and physical hazards if operations and storage are not properly managed; and (4)
uncertainties with regards to a lack of long-term exposure and health data.
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The Oil and Gas Strike Team conducted site visits to 15 oil and gas facilities currently operating
in unincorporated Los Angeles County, including 68.5% of wells identified for review (557 out of
813 wells). An additional nine facilities operating in the unincorporated County were not
inspected by the Oil and Gas Strike Team because access was not granted by the operators. The
Public Health Screening Assessment based public health, safety, and environmental risks
primarily on four priority areas: the facility’s hydrogen sulfide gas content in production,
operating pressures of wells and equipment, drilling frequency, and proximity to nearby
populations.
Among the sites visited by the Oil and Gas Strike Team, the final report notes that public health
risk levels were considered “low” for risks associated with hydrogen sulfide gas, operating
pressures, and drilling frequency.8 Several facilities were ranked “high” by the Public Health
Screening Assessment for proximity to residences or sensitive receptor locations. Notably, the
Oil and Gas Strike Team found that six of the 15 facilities had wells or tanks less than 300 feet
from the nearest residence or school; two of those sites had more than 60 wells situated less
than 300 feet from occupied structures.8 The County Zoning Ordinance requires a 300-foot
setback from residences for drilling oil wells in certain land-use zones;9 however, the ordinance
does not apply to wells drilled prior to its adoption or to wells that preceded construction of
nearby structures.
The final report8 by the Oil and Gas Strike Team recommended that Los Angeles County further
evaluate the following key areas:
•
•
•
•
•
•
•
•
•

Removal of “by right” permitting (as required by the Board Motion)7
Setback distances
Well stimulation techniques (to reflect state regulations)
Air quality and odor monitoring
Transportation of chemicals in residential areas
Pipeline monitoring and leak detection
Abandonment of long idle wells
Emergency Response Plans
Communication with surrounding community

In addition to participating on the Oil and Gas Strike Team, DPH also consulted with the City of
Los Angeles’ Petroleum Administrator who is currently assessing the public health and economic
impacts of requiring a buffer distance around oil and gas facilities in its jurisdiction. This DPH
report is intended to provide local policy-makers with an overview of public health research and
investigations to inform potential revisions to local oil and gas ordinances and land use zoning
codes.
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II.

Epidemiological Literature
The epidemiological literature on public health and safety impacts of oil and gas activities has
been increasing in recent years; however, data gaps and uncertainties remain. A growth in
research over the last decade has been driven by public concern regarding potential
environmental and health impacts of specific oil and gas production techniques, such as hydraulic
fracturing (i.e. fracking), used to increase output from oil and gas reserves. It is estimated that
26% of active wells in the Los Angeles Basin have been stimulated by methods such as hydraulic
fracturing, frac-packing, or high-rate gravel packing.1
Future development of the Los Angeles Basin is expected to mainly come from conventional oil
reserves in existing fields. Unlike unconventional resources such as “shale oil,” hydraulic
fracturing is not routine practice for oil production from conventional resources.1 However, the
public health risks associated with oil and gas operations are not unique to activities that use well
stimulation such as hydraulic fracturing. For example, all oil and gas wells use hazardous
chemicals and emit toxic air emissions such as benzene, a known human carcinogen.2 A study of
chemical usage data related to oil and gas activities in Southern California found substantial
overlap between chemicals used in hydraulic fracturing and those used in routine oil and gas
activities such as well maintenance, well completion, or rework.10 Therefore, this literature
review is comprised of epidemiological studies of health impacts from both conventional and
unconventional drilling activities.
DPH compiled information from six comprehensive literature reviews11-16 of epidemiological
studies evaluating population health effects from oil and gas activities from peer-reviewed
journals and grey literature. These literature reviews focused on evaluating short-term and longterm health indicators such as birth outcomes; cancer; and respiratory, neurological,
gastrointestinal, dermatological, and psychological effects. These reviews included studies of oil
and gas activities with a wide range of operational and environmental conditions.
A summary of findings from the available literature is described below.
Birth Outcomes
Particulate matter and other toxic air pollutants, such volatile organic compounds (VOCs), have
been associated with adverse reproductive and developmental effects.17,18 A systematic review
of 45 studies found strong evidence for the disruption of human sex steroid hormone receptors;
and moderate evidence for increased risk of preterm birth, miscarriage, birth defects, decreased
semen quality, and prostate cancer.12 The majority of the studies included in the review
examined individual chemicals, complex mixtures of chemicals, and waste products related to
conventional oil and gas operations. Other epidemiological studies have evaluated whether living
near oil and gas operations during pregnancy is associated with adverse birth outcomes (e.g.
preterm birth, low birthweight, or low APGAR scores), but the findings are mixed, with some
studies showing an association and others no association.19 Many of the epidemiological studies
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have methodological limitations, but given that some of the findings suggest potentially serious
health impacts such as birth defects,17 further study is warranted.
Cancer
Oil and gas activities may expose individuals to airborne emissions of VOCs, such as benzene. Studies
have shown that exposure to elevated levels of benzene over many years may increase the risk of
developing cancer, particularly acute myelogenous leukemia.11 However, studies examining

associations between oil and gas activities and other cancers in adults and children have resulted
in mixed findings or null associations. There is insufficient evidence to quantify the contribution
of oil and gas operations to incidence of childhood cancers. Studies are limited in both the ability
to determine such an association due to methodological challenges to quantify an individual’s
exposure over time, and the ability to control for other environmental and genetic factors that
may contribute to overall risk of developing cancer. For further information on VOC air emissions
and potential cancer health risks, refer to Section III.
Respiratory Effects
Air emissions from local oil and gas wells have been shown to contribute substantially to the
pollution burden from stationary sources in Los Angeles County.20 Particulate matter and VOCs
are often associated with oil and gas extraction activities, and can lead to harmful human health
effects, including eye, nose and throat irritation; exacerbations of asthma; and other respiratory
conditions. These emissions are known to present a more significant health threat to infants and
children.14 A recent review reported mixed evidence of an association between proximity to oil
and gas operations and self-reported respiratory symptoms.16 On the other hand, acute adverse
respiratory health effects (e.g. cough, wheezing, breathlessness), have been well documented in
emergency response and disaster events, such as oil spills.21,22 Less is known about long-term
health effects after disaster events, but one study found respiratory effects among clean-up
workers of an oil spill persisted five years later.23 There is need for further study of potential
respiratory health effects of long-term exposure to air emissions during normal operations, using
study methods that do not rely solely on self-reported measures.
Neurological Effects
Inhalation of VOCs emitted during improperly regulated oil and gas activities can lead to
neurological effects such as headaches, dizziness, and other impacts to the central nervous
system. Studies examining neurological symptoms and exposure to VOCs have relied on
hospitalizations and self-reported data, with some studies finding an association and others
reporting no association. In a large survey-based study, Tustin et al. found an association
between people living near natural gas development activities and migraine headaches.24 The
likelihood of reporting migraines was 43 times greater in the area with the most natural gas
development activity compared to an area with no natural gas activity. Although there are major
limitations to this study, including bias in self-reported symptoms and other factors that
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contribute to migraines, the results suggest a potential relationship between natural gas activity
and adverse neurological effects.
Gastrointestinal Effects
A limited number of studies have examined gastrointestinal effects, such as nausea or abdominal
pain, and proximity to oil and gas activities. Studies of oil spill clean-up workers have documented
gastrointestinal symptoms (nausea and vomiting) among the acute health problems related to
duration of work and working in a highly polluted zone.21 The studies to date have not
demonstrated an association or have provided insufficient evidence to rule out an association
between proximity to oil and gas operations and gastrointestinal symptoms.
Dermatological Effects
Direct contact with petroleum product, such as crude oil, is known to cause skin irritation.25 A
limited number of studies have found associations between living near oil and gas operations and
self-reported dermal symptoms.11 Oily mist releases of crude oil from oil and gas operations26
may result in oily residue on surfaces that can lead to skin irritation if people come in direct
contact with the impacted areas.
Psychological Effects
Oil and gas activities can adversely affect the mental health, well-being, and quality of life for
nearby residents. Multiple factors, including both chemical and non-chemical stressors, may
contribute to increased risk of suffering from depression, anxiety, fatigue, and sleep deprivation.
Hays et al. reviewed health impacts of noise exposure near oil and gas activities and found a link
between noise levels from such operations and increases in reported sleep disturbance.13 Tustin
et al. found an association between living near oil and gas activities and symptoms of fatigue.24
Studies examining associations between proximity to oil and gas activities and self-reported
psychological effects have offered mixed results.
Limitations of Health Studies
Determining a link between oil and gas production and health impacts based on reviews of the
literature is challenging because of the inherent limitations of epidemiological studies. The
analyses in these studies typically cannot confirm whether past exposures to chemicals from oil
and gas activities are associated with health effects among nearby residents, because of the
limitations associated with small sample sizes, and the inability to reliably detect small increases
in risk. There is also typically a lack of information on individual levels of exposure to emissions
to establish dose-response curves and temporal relationships, as well as other factors that could
cumulatively influence health risk, including exposure to the same chemicals from other sources,
such as local vehicle traffic.
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Summary
Epidemiological studies are observational, and by themselves cannot determine causal
relationships between exposures from oil and gas production and specific health effects;
however, they provide useful information to guide future research. Studies with well-designed
exposure monitoring and measurements are needed to elucidate the actual health implications
for populations near oil and gas sites. Meanwhile, acute adverse health effects have been well
documented in emergency response and disaster events involving oil and gas operations such as
oil spills.9,21,22 The literature to date provides limited evidence to link adverse health effects to
living near oil and gas operations; however, quality exposure data that measures people’s
exposure over long periods of time is missing. Findings from existing epidemiological studies are
not able to conclude whether or not living near oil and gas activities is associated with long-term
health effects, but rather highlight the need for further research. Given the limitations of
epidemiological studies, comprehensive exposure monitoring of oil and gas activities is needed,
and precautionary measures are appropriate to minimize exposures to substances that may
adversely affect health.
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III.

Environmental and Health Impact Assessments
DPH evaluated seven Environmental Impact Reports (EIRs)27-33 and two Health Impact
Assessments (HIAs)34,35 conducted for conventional and unconventional oil and gas production
sites primarily in California from 2008 to 2017. Additionally, DPH reviewed a comprehensive
health risk assessment recently completed by the Colorado Department of Public Health and
Environment (CDPHE).16 EIRs and HIAs are particularly helpful in providing an indication of
potential public health risks until more comprehensive exposure monitoring and high-quality
health studies can be conducted.
Air pollution
The release of chemicals into the air from oil and gas activities can occur from surface operations,
wells and pipelines, operation of diesel or gas-powered equipment and vehicles, as well as
accidental releases. Primary air pollutants include nitrogen oxides, particulate matter, benzene,
toluene, ethylbenzene, xylene, hexane, and polycyclic aromatic hydrocarbons. Over 300
chemicals associated with drilling fluids present public health concerns ranging from respiratory
health effects to development of cancer, if not properly monitored and controlled.
Data on air emissions from oil and gas sites at the local level are limited. One air monitoring study
looked at particulate matter, heavy metals, and VOCs near Los Angeles’ Inglewood Oil Field,
noted a “marginal” contribution of particulate matter and “negligible” contribution of metals as
compared to air emissions monitored throughout the Los Angeles region.36 Note that the VOC
sampling duration was only two weeks, making interpretation limited for comparison with annual
averages used in regional air monitoring data. The CARB is launching a Study of Neighborhood
Air near Petroleum Sources (SNAPS) to better characterize emissions of VOCs and other air
pollutants from oil and gas wells throughout California.
Some studies indicate that oil and gas wells are substantial contributors to the local air pollution
burden from VOCs in the Los Angeles area.20,37 In the 2015 FluxSense Study, the SCAQMD
monitored air quality around 61 sites and estimated that oil and gas wells contribute to more
than half of the estimated VOC emissions from stationary sources.20 This differs from previous
estimates presented in the SCAQMD 2016 Air Quality Management Plan that utilized emission
inventory data and concluded oil and gas wells contribute to 1% of VOCs from stationary
sources.38 While the 2015 FluxSense project notes uncertainties associated with its method of
scaling data to represent the Los Angeles Basin as a whole, it suggests that emissions of VOCs
from oil and gas sites may be considerably underestimated compared to emission inventories,
and further study is warranted.
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The Colorado Department of Public Health and Environment recently conducted a
comprehensive health risk assessment using statewide air emissions data.16 Non-cancer * and
cancer † health risk estimates were calculated for 62 priority chemicals measured at distances of
500 feet or greater from oil and gas operations with a wide range of conditions and mitigation
measures. Although the Colorado study concluded that non-cancer and cancer health risks were
below regulatory thresholds, they exceeded risk management levels typically used in the state of
California. For non-cancer health effects from long-term exposures, the risk estimates exceeded
the U.S. Environmental Protection Agency (EPA) hazard index of 1.0 for three health effect
categories: neurological; eye, nose and throat; and respiratory. In addition, the combined
exposure to four cancer-causing substances (benzene, ethylbenzene, formaldehyde and
acetaldehyde) reached the EPA risk management level of 1 excess cancer per 10,000 people
exposed and exceeded the California EPA Proposition 65 risk threshold of 1 excess cancer per
100,000.39‡ The study did not calculate health risks at distances of less than 500 feet because
Colorado requires a 500-foot minimum buffer distance between oil and gas activities and
buildings. These findings suggest that mitigation controls may be needed in addition to the
existing setback distance in order to reduce the potential health risks from air emissions from
local oil and gas operations.40,41
Many of the project-specific EIRs for oil and gas development reviewed for this report predicted
significant impacts from not only the drilling of new wells but also from construction, traffic, and
other activities related to the project. The EIRs also include project-specific mitigation measures
or alternatives that could be used to reduce or eliminate toxic air emissions associated with the
project. Examples of mitigation measures included requiring emission controls for operational
equipment and vehicles, as well as air monitoring to evaluate the effectiveness of those
measures.
The Air Toxics “Hot Spots” Information and Assessment Act enacted in California in 1987
(Assembly Bill 2588) requires Health Risk Assessments for “high-priority” facilities that emit toxic
air pollutants, including prioritized oil and gas facilities. SCAQMD prioritizes facilities based on
toxicity and volume of hazardous materials released from a facility, as well as the proximity of a
facility to sensitive populations such as residences, schools, daycare centers and hospitals.42
However, not all oil and gas development projects are required to conduct a Health Risk
Assessment.

*

For non-cancer health effects, the health-based reference value is the exposure level below which health effects
are not expected to occur, even for potentially sensitive people in the general population.
†
For cancer causing substances, there are no safe levels of exposure.
‡
CDPHE reported the combined cancer risk estimate was 9.7x10-5.
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Odors
Hydrogen sulfide (H 2 S) occurs naturally in crude petroleum and natural gas and is also a byproduct of desulfurization processes in oil and gas industries. It is an odor with a “rotten-egg”
smell that may be associated with some oil fields in the Los Angeles Basin. Hydrogen sulfide has
a low odor threshold, defined as the lowest concentration perceivable by human smell, ranging
0.008 to 0.13 parts per million (ppm).43 Detection of odors due to hydrogen sulfide varies
considerably in the human population and can lead to symptoms such as headaches and nausea,
as well as eye, nose, throat and respiratory irritation, in addition to being able to adversely impact
overall quality of life and wellbeing. California Environmental Protection Agency (CalEPA) has
adopted a threshold of 0.008 ppm for long-term exposure to hydrogen sulfide.44
Odors may also be the first indication of accumulation of gases which may reach hazardous levels
in confined spaces if left unchecked. Historical case studies serve as reminders of the potential
for hydrogen sulfide gases to migrate to the surface. For example, the Edward R. Roybal Learning
Center (formerly known as the Belmont Learning Center) was developed over part of what was
once the Los Angeles City Oil Field and required extensive monitoring and mitigation for hydrogen
sulfide from gas migration.45
The Oil and Gas Strike Team reported hydrogen sulfide levels are absent or low at the 15 facilities
in unincorporated Los Angeles County, based on available data; and no odor complaints were
reported for those facilities in SCAQMD’s database. 8 The presence of hydrogen sulfide seems to
vary depending on specific oil field conditions, and more environmental data are needed to
characterize the extent of hydrogen sulfide in the Los Angeles Basin. Depending on the type of
operations and proximity of people nearby, some EIRs and HIAs reviewed for this report
concluded that odor events would lead to significant and unavoidable impacts to residents living
nearby while others provided evidence that odor mitigation plans would alleviate odor impacts
for nearby residents.
Noise
There are a number of activities associated with oil and gas that can increase noise levels. The
Los Angeles County Code (Section 12.08.390) exempts oil and gas operations from exterior noise
standards during routine maintenance work and drilling activities. The primary sources of noise
evaluated in the seven EIRs were construction machinery and drilling operations. Specifically,
workover of oil and gas wells and well pump operation could elevate noise levels above exterior
noise standards. Additionally, health impacts from noise can result from exposure to pure tones
and low frequency noise sources. §

Pure tones result when a flare burns residual gas into the atmosphere, or when metal-to-metal contact occurs in
oil equipment. Low-frequency noise is associated with power-generating plants. Processes within odorization plants
can induce pure tones.
§
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An extensive noise study conducted by Kern County estimated setback distances based on noise
of 1,550 feet during well advance and 930 feet during well workover activities.46 The majority of
the EIRs found noise to be a significant impact that could be effectively mitigated. Furthermore,
projects subject to the Los Angeles County zoning ordinance and permitted by the Department
of Regional Planning with noise impacts are required to be mitigated.
Vibration
Along with noise, drilling operations may increase vibration for nearby residents. Various
equipment used in oil and gas drilling operations have established vibration levels, which inform
the EIRs and HIAs that have been conducted. While some EIRs reported less than significant
impacts from vibrations, vibrations associated with certain oil and gas operations can have
significant environmental and structural impacts.
Hazardous Materials
Chemicals are routinely used as part of oil and gas operations for a variety of processes, including
corrosion control, wellbore cleanouts, repairs, and cementing of well casing. Hazardous
chemicals may be added to drilling fluids and drilling muds, and used for enhanced oil recovery
(e.g. hydraulic fracturing) as well as routine well maintenance activities (e.g. maintenance
acidizing, gravel packing, and well drilling). In a comprehensive assessment of the SCAQMD
database of chemicals used for routine oil and gas activities and those used for well stimulation
in the Southern California, Stringfellow et al. inventoried the most frequently used chemicals –
solvents, petroleum products, salts and strong acids.10 Notably, hydrochloric acid and
hydrofluoric acid (with concentrations of 0-15% and 0-3%, respectively) were used extensively in
large quantities for routine activities such as acid cleaning for well maintenance. For each routine
maintenance activity, the average mass of hydrochloric acid and hydrofluoric acid used was 1,791
and 161 kg, respectively. Stringfellow et al. concluded that there is substantial overlap between
chemicals used for routine oil and gas activities and those used in hydraulic fracturing in the
Southern California.
In the event of an accidental release, some of these chemicals used for routine maintenance
activities could cause immediate environmental and health impacts. For example, acute
symptoms of exposure to strong acids include irritation to the eyes, skin, nose and throat;
pulmonary edema; eye and skin burns; rhinitis; and bronchitis. There is a lack of hazard
information on the utilization of many chemicals in oil and gas operations, thus preventing
emergency personnel and regulatory agencies from understanding the full scope of potential
health and safety risks. The toxicity of known chemicals, combined with the gaps in health
information on other chemicals, underscores the importance of robust emergency management
plans to prepare for or prevent significant casualties if a large-scale incident were to occur.
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Oil and Gas Seepage
Oil and gas seepage has the potential to impact many environmental concerns, including
subsidence, seismic activity, releases and explosions, and aquifer contamination. Continued
production and leaking oil wells can result in near-surface gas accumulation, which may pose an
explosive hazard. Oil and gas seepages have been documented across Los Angeles City, including
the Fairfax area, south La Brea, Playa del Rey, Santa Fe Springs, and Echo Park. In 1985, an
explosion in the Fairfax area demolished a Ross department store as a result of subsurface gas
accumulation. One report links the gas accumulation to a nearby oil well;45 however, there is still
debate as to the root cause of the explosion.
Poor well completion and/or abandonment procedures can result in oil and gas leaks that
negatively impact air quality in residential neighborhoods (see DPH neighborhood health
investigation in Section IV). A comprehensive study of 41,000 conventional and unconventional
oil and gas wells in Pennsylvania raises the issue of compromised structural integrity of well
casing and cement as one mechanism likely leading to gas migration into the air (i.e. fugitive
emissions) or underground drinking water sources (i.e. aquafer contamination).47
Summary
Many of the EIRs and HIAs for oil and gas development projects predicted significant impacts
from air emissions, odors, noise, vibration and safety hazards; and provided site-specific
mitigation measures to try to reduce or eliminate those impacts. In particular, effective
mitigation measures were designed to substantially reduce or eliminate impacts from air
emissions and noise. Depending on operational and environmental conditions, odor impacts
from routine operations and/or emergency events may not be possible to mitigate with currently
available measures. Community Safety Plans and enhanced Emergency Response Plans should
be developed to address the significant possible safety hazards associated with oil and gas
activities and to prepare for leaks, seepage and other potential disasters. Alongside preparedness
plans and mitigation measures, environmental monitoring that is both comprehensive and
continuous will allow operators and regulatory agencies to develop evidence-based strategies to
protect public health.
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IV.

Neighborhood Health Investigations
A. AllenCo Energy Facility
On October 18, 2013, the SCAQMD asked DPH to assess whether conditions at the AllenCo Energy
Facility (AllenCo), located at 814 W. 23rd Street in the City of Los Angeles, were adversely
affecting the health of nearby residents in the University Park Community of South Los Angeles.
According to regulatory records, the AllenCo facility appeared to have operated in “general
compliance” with permit conditions; however, a comprehensive EIR or HIA was not required to
establish permit conditions. Odor and health complaints from the public persisted over several
years. Health complaints included headaches, nausea, as well as symptoms associated with
irritation to the eyes, nose, throat and airways. Symptoms were recurrent and seemed to arise
in conjunction with odor complaints.
The AllenCo facility consisted of seven operational oil production wells at 814 W. 23rd Street,
with an additional 14 wells at several other nearby locations. An active well at the facility is
located 60 feet from multi-unit housing in the adjacent community, and its property shares
borders with a local high school and a college dormitory.
The AllenCo facility was in “general compliance,” meaning that it complied with the terms of the
regulating agencies and the petroleum-based compounds emitted at the facility appeared to be
well below levels that would lead to long-term systemic health effects. However, intermittent
exposure to low level emissions can cause recurrent short-term health effects with symptoms
consistent with those reported by neighboring residents.
Conclusion
The DPH neighborhood health investigation concluded that the emissions from the AllenCo oil
operations at the facility were associated with the reported health effects by community
members and that conditions were unlikely to resolve without the company modifying or
curtailing facility operations. Recommendations were made to the regulatory agencies regarding
a facility-wide audit to identify sources of equipment and process-related emissions within the
facility. One further recommendation was that regulatory agencies should continue to explore
opportunities to further mitigate emissions using the best available technology when feasible at
oil production facilities situated in urban areas with the goal of minimizing odor emissions.
A study of households near AllenCo found that many residents were not aware of their proximity
to the oil production site (45.8%) and the majority would not know how to report a complaint to
SCAQMD or other agency (78.5%).48 Given the lack of awareness and the duration of odor
complaints, protocols to improve interagency coordination and data sharing are needed to
promptly identify potential issues and address community concerns.
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B. Firmin Street
On July 15, 2016, the California Department of Conservation, Division of Oil, Gas, and Geothermal
Resources (DOGGR) in cooperation with the City of Los Angeles, began working to permanently
plug and abandon two orphan wells located at 323 and 324 Firmin Street, in the neighborhood
of Echo Park, Los Angeles. Both orphan wells were located in the front yards of residential
properties. The permanent plugging and abandonment process required operation of large,
industrial stationary equipment (e.g. workover rigs and cement pumps) as well as mobile
equipment (e.g. power rigs and heavy trucks) within feet of residential homes.
On July 30, 2016, the City of Los Angeles referred to DPH a resident who was experiencing
acute symptoms during the plugging and abandonment operations at the two orphan wells. The
resident identified concerns regarding “rotten egg” and strong petroleum odors, as well as the
appearance of black soot-like dust inside her home and on her property during well plugging
activities. DPH officials conducted a neighborhood health investigation to observe plugging
operations at the orphan wells, to document environmental conditions, and to conduct
interviews with nearby residents.
During the DPH investigation, health and safety hazards (e.g. particulate matter and noise from
well workover activities) were observed in proximity to at least seven households, including the
complainant. Residents included young children and elderly people, as well as a high school
located two blocks away. The majority of households that reported symptoms to DPH had preexisting chronic health conditions. Additionally, residents reported that “rotten egg” odors had
been intermittent in their neighborhood for many years.
DPH was advised that outdoor air was monitored by the SCAQMD, which reported that levels of
methane and hydrogen sulfide did not pose a health threat. However, noise, odor, dust, and
diesel emissions associated with the permanent plugging and abandonment procedures taking
place in proximity to homes did pose risks to the community, including safety hazards, as well as
short-term and long-term health effects.
Short-term Health Impacts
During DPH’s neighborhood health investigation, all seven interviewed households reported
short-term health symptoms that began when work started to permanently plug and abandon
the two orphan wells on Firmin Street. In some cases, residents reported that their medical
providers prescribed new medication as a result of worsened respiratory conditions. The most
common symptoms included headaches, nausea, vomiting, eye and throat irritation, skin rashes,
and exacerbation of pre-existing respiratory conditions such as asthma. These complaints are
consistent with exposure to strong petroleum odors, increased levels of airborne particulate
matter, or direct contact with crude oil.
Additionally, DPH heard loud rig drilling noise at the front porches of nearby residential
properties. Conversations were inaudible at times during resident interviews. Some residents
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reported extended work hours on the orphan wells, such as beginning at 6:30am or ending at
9:00pm without prior public notification, or working on weekends. One resident who worked
night shifts had difficulty sleeping during the day.
Long-term Health Risks
During the neighborhood health investigation of the two orphan wells, DPH also identified the
presence of a third well (Patel 2) located at 314 Firmin Street in the backyard of two residential
properties that was considered idle, meaning that it is not currently being used for oil production
but it has yet to be determined if the operator will reactivate it or if it needs to be permanently
plugged and abandoned. DOGGR issued a notice of violation to the operator of Patel 2 on June
21, 2016 for eight violations, including lack of proper signage, unremediated spills and leaks, and
lack of fencing and floor grating to prevent trip and fall safety hazards to people and animals.
The noncompliant Patel 2 idle well poses an ongoing source of direct exposure to petroleum,
particularly to children or pets who may inadvertently come into contact with it and also presents
long-term health risks to residents from fugitive emissions, such as increased risk of nervous
system problems and reproductive system effects. Unfortunately, the violations DOGGR made to
the operator for Patel 2 a year prior were not enough to ensure public health and safety, and on
November 4, 2017 there was another hazardous release of crude oil from a pipe connecting this
well to the tank farm.49
Conclusion
DPH concluded that exposure to dust, odor, noise, and vehicle exhaust emissions from the
permanent plugging and abandonment of orphan wells led to significant symptoms in some
residents, and these symptoms persisted until the operations were complete. In order to protect
public health, DPH recommended implementing additional safety measures and offering
temporary relocation assistance to affected residents in the area. Based on DPH
recommendations, DOGGR provided timely and regular project updates to the residents through
face-to-face communications in order to disseminate pertinent information such as project
timelines, health resources, and planned changes to resident access.
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V.

Consultations with Other Jurisdictions
In California, DOGGR has jurisdiction over subsurface oil and gas activities, including drilling,
operation, maintenance, and abandonment of oil and gas wells. Los Angeles County officials may
regulate zoning and land use to reduce impacts from surface operations on the surrounding
communities. Current Los Angeles County Zoning Ordinance regulations require a Conditional
Use Permit for the drilling of oil and gas wells on certain land use zones within 300 feet from
sensitive land uses such as residential zones, public schools or parks.9 However, the requirement
does not apply to oil and gas wells operating prior to the adoption of the ordinance and it does
not establish similar requirements for the development of sensitive land uses such as residences
near existing oil and gas wells (Timothy Stapleton, Los Angeles County Department of Regional
Planning, personal communication, November 15, 2017).
Some cities within Los Angeles County have ordinances established to regulate oil and gas drilling
within their jurisdictions. For example, the City of Carson established a 750-foot setback distance
after conducting a review of other setback distances and potential environmental impacts.50
Within Los Angeles County, the Baldwin Hills Community Standard District was established to
regulate oil and gas activities in the Inglewood Oil Field.6 Wells in other parts of the county are
not subject to the same level of oversight, and operate with various permit conditions and
regulations depending on the project.7
In order to better understand oil and gas ordinances adopted by other jurisdictions, DPH
consulted with ten jurisdictions that have established requirements, such as setback distances,
in order to limit the potential negative health and safety impacts of oil and gas production. These
ten jurisdictions have various setback requirements, ranging from 210 to 1,500 feet (Table 1).
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Table 1. Summary of Setback Distances for New Wells in Other Jurisdictions**
State

Jurisdiction

Year
Adopted

Setback
Distance (feet)

Setback Target

California

City of Carson

2015

750

Housing, schools, hospitals

California

Kern County

2015

210

Housing, schools, hospitals

Colorado

State

2013

500

Housing

Maryland

State

Housing, schools, faith institutions

2,000

Private drinking water well

2016
750

New
Mexico

Santa Fe County

2008

Oklahoma

Oklahoma City

2015

Texas

1,000

City of Arlington

1,000

Housing, schools
Groundwater and surface water
resources

300

Housing, fresh water well

600

Faith institutions

200

Fresh water well

600

Housing, schools, faith institutions,
hospitals

2011

Texas

City of Dallas

2013

1,500

Housing, schools, faith institutions

Texas

City of Flower Mound

2011

1,500

Housing, schools, faith institutions,
hospitals, existing water wells

Texas

City of Fort Worth

200

Fresh water well

600

Housing, schools, faith institutions,
hospitals

2010

** The setback distances are for protected or sensitive land use areas defined as: housing, schools, faith
institutions, hospitals, and water wells (and other sources of water).
Other jurisdictions not included in the table may have differing setback distances (e.g. Huntington
Beach, Long Beach, and Signal Hill have setback distances of 300 feet).
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When DPH asked each jurisdiction about the supporting rationale and available evidence for each
of the setback distances, there were two key themes:
•

Flammability and other safety concerns (e.g. explosions) related to minimum distance
between industrial operations and structures, based on Fire Code.

•

Air quality impacts, with supporting data from both direct measurements and modeled
estimates. In a few cases, jurisdictions have established extensive monitoring networks
to estimate and enforce the air emissions released by oil and gas activities (Fort Worth
and Flower Mound, Texas).

When further asked about the approach used to develop the setback distances, jurisdictions
responded with a wide variety of different processes. Some jurisdictions formed a task force with
academic researchers, oil industry representatives and other independent experts, while others
focused on community-based participatory processes to reach a consensus. Jurisdictions
sometimes took a systematic research-based approach by conducting lengthy and
comprehensive assessments, looked to other jurisdictions for guidance, or chose distances
reflecting information gaps on chemicals utilized, air and fugitive emissions, and impacts to public
health for oil and gas sites within their purview.
Two published review studies of setback distances for oil and gas activities suggest that setback
distances alone may not be enough to protect public health from unconventional oil and gas
operations (e.g. hydraulic fracturing). One study surveyed expert scientists, public health
professionals and medical professionals regarding setback distances, and found that 89% of
participants agreed that a minimum safe distance to unconventional oil and gas operations was
a quarter of a mile (1,320 feet).51 Another study reviewed whether setback distances from
hydraulic fracturing ranging from 150 to 1,500 feet are protective from air pollution, blowouts or
other safety risks and concluded that a combination of a reasonable setback distance with
mitigation process controls is the best method for reducing the potential threats to public
health.52
The setback distances adopted by various jurisdictions apply to future development of oil and
gas sites such as drilling new wells or through land use permitting processes. The setback
requirements typically do not apply to existing oil and gas wells that are operating prior to the
adoption of the ordinance. Some jurisdictions have additionally established requirements for
mitigation measures when operations are less than the specified distance in order to reduce
public health and safety risks. For example, Kern County’s ordinance requires mitigation to
reduce potential noise impacts from certain oil and gas activities. After conducting an extensive
noise study in an environmental impact report, Kern County found that noise impacts from
certain operational activities were significant unless mitigated (e.g. 1,550 feet for well
advancement, 930 feet for well workovers).46 Another example is the City of Carson’s Oil and Gas
Ordinance that requires mitigation to reduce noise impacts from facilities within 1,000 feet of
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sensitive land use zones, and requires an odor minimization plan for facilities within 1,500 feet
of sensitive land use zones.50
Setback distances combined with appropriate mitigation measures can reduce many of the public
health and safety risks associated with oil and gas operations for new and existing oil and gas
operations in proximity to sensitive populations. An assessment of each oil and gas facility is
necessary to identify current distances from existing operations to sensitive land uses and
whether current mitigation measures sufficiently address the potential safety and environmental
hazards and are protective of public health. Expanded monitoring of oil and gas operations will
enable prudent guidance for reducing the health and safety risks from toxic air emissions, gas
migration, subsidence, soil and groundwater contamination, and aging infrastructure. In
addition, zoning requirements should restrict future development of sensitive land uses close to
existing oil and gas operations in order to further protect public health.
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VI.

Conclusion
Overall, epidemiological studies have found limited associations between certain kinds of
adverse health effects and living near oil and gas operations; however, quality exposure data to
accurately assess risk is lacking. The vast majority of studies have not assessed people’s exposure
over long periods of time and highlight the need for future research to include studies with large
sample sizes and more precise measurement of an individual’s exposure to a myriad of chemicals
that have potential to adversely affect health. The epidemiological literature is unable to
conclude at this time whether or not living, working, or going to school near oil and gas facilities
is associated with long-term negative health impacts.
In addition to epidemiological studies, this report includes evidence from EIRs and HIAs of oil and
gas operations primarily in California. Such reports and assessments help fill some information
gaps from available epidemiological studies. Evidence from numerous potential impact areas
ranging from air pollution to catastrophic releases, compels the need for public health
intervention to protect against potential negative environmental and health impacts from oil and
gas operations located in densely populated urban areas. Many EIRs proposed mitigation
measures to reduce potential risks and hazards. In the absence of such controls, or if the impacts
are unable to be mitigated (e.g. odors), potential public health risks are likely to remain, and may
be particularly heightened for vulnerable populations such as young children. Depending on land
use, some environmental and site conditions may be incompatible with oil and gas operations,
regardless of mitigation controls.
The oil and gas development projects described in the reviewed EIRs and HIAs have assessed
environmental and health hazards, and in many cases propose mitigation measures for reducing
the identified risks. However, such assessments are not required for every operating oil and gas
facility and for some facilities, health and safety risks are identified only after residents’
complaints gain the attention of regulators and other agencies. As observed during DPH’s two
neighborhood health investigations in response to health complaints from residents near oil and
gas operations (refer to Section IV for more information), health effects may occur with the
detection of odor emissions, even when those emissions are within regional air quality standards.
Routine occurrences of odor and noise emissions from operations can lead to recurrent shortterm health problems, which may negatively impact the long-term wellbeing and quality of life
of nearby residents. Conventional risk assessment methodologies can be limited in their ability
to address these factors and to anticipate other kinds of complex health and quality-of-life
consequences. In addition, the lack of monitoring data to estimate potential exposures to such
emissions from oil and gas operations creates further uncertainty regarding long-term health
impacts to nearby residents.
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DPH’s experience with health complaints from a neighborhood health investigation involving the
permanent plugging and abandonment of two orphan wells, as well as one idle well located
nearby, highlighted several issues with old, abandoned wells that are found across Los Angeles
County:
•

Orphan wells are often improperly abandoned, or left idle, which may result in
communities being impacted by hydrogen sulfide and petroleum odors.

•

Workover rig equipment and related abandonment operations produce dust, odor, and
noise that may lead to symptoms among people living nearby.

•

Mitigation measures were successfully implemented to reduce the health and safety risks
identified by DPH.

•

Residents were empowered to take health protective measures through enhanced
communication.

Aging oil and gas infrastructure in Los Angeles County, not only at abandoned wells, but also at
active wells, pipelines, and associated infrastructure, raises an important public health concern.
Regulatory agencies and operators should explore opportunities to utilize the best available
technology at oil production facilities in order to prevent public health impacts.
DPH identified a number of gaps in information, highlighting the need for further monitoring and
health research. Primarily, the following are needed to more completely estimate the potential
health risks from oil and gas operations in Los Angeles County: 1) air monitoring data to estimate
potential exposures to chemical emissions from oil and gas operations, 2) proactive odor
surveillance systems to identify hydrogen sulfide releases from active, idle, and abandoned wells,
and 3) toxicity testing of chemicals and chemical mixtures used in oil and gas operations. In the
absence of more robust exposure and health data, it is not possible to reliably quantify potential
health risks.
Based on the available scientific evidence, other local and state agencies have established
setback distances ranging from 210 to 1,500 feet in order to protect public health and safety
amidst oil and gas operations; these setbacks were based primarily on the potential for safety
concerns and air quality impacts. In addition to setback distances, particularly in cases of existing
oil and gas operations within the minimum setback, alternative measures (e.g. engineering
controls, monitoring, closure) combined with monitoring are necessary to protect the health and
safety of the surrounding communities.
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VII.

Next Steps
The potential for adverse health effects from exposure to chemicals found at oil and gas facilities,
combined with the need for more research and monitoring, warrants precautions in policymaking. The two DPH neighborhood health investigations suggest the need for immediate
actions to protect health at oil and gas facilities located immediately adjacent to sensitive
populations. Oil and gas facilities across the Los Angeles Basin would benefit from periodic review
to assess the effectiveness of existing mitigation measures, monitoring requirements, and
impacts on the surrounding community.
DPH has determined through its literature review, discussions with other jurisdictions, and
neighborhood health investigations that there is sufficient evidence to provide health-based
guidance in five areas – setback distances, air monitoring, preventative maintenance and testing,
community safety planning, and emergency response planning. DPH will collaborate with County
partners, enforcement agencies and interested stakeholders to further inform the development
of health-protective policies and regulations.
The findings in this report support the recommendations set forth by the interagency Oil and Gas
Strike Team.8 The final report by the Oil and Gas Strike Team recommended that Los Angeles
County further evaluate the following key areas:
•
•
•
•
•
•
•
•
•

Removal of “by right” permitting (as required by the Board Motion)7
Setback distances
Well stimulation techniques (to reflect state regulations)
Air quality and odor monitoring
Transportation of chemicals in residential areas
Pipeline monitoring and leak detection
Abandonment of long idle wells
Review of Emergency Response Plans
Community communication

1) Setback Distances
Los Angeles County and local jurisdictions within the County should expand the minimum
setback distance beyond 300 feet, as currently specified in local zoning code, and apply these
requirements to both the siting of new wells and to the development of sensitive land uses
near existing operations. It is important to note that a setback distance is not an absolute
measure of health protection and additional mitigation measures must also be considered.
For existing oil and gas operations, a site-specific assessment at each facility throughout the
County is necessary to identify current distances to sensitive land uses and other site
characteristics that can be used to inform whether further mitigation measures are
warranted to reduce potential public health and safety risks.
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300 feet

Setback
Distance

Additional mitigation not likely to be needed.
Some uncertainty remains due to gaps in longterm health and exposure data.

Additional mitigation and assessment may be
needed to avoid noise impacts during certain
operations, e.g. well advancement. Odors may be
unavoidable in loss of containment events,
regardless of additional mitigation.

Additional mitigation and assessment would
likely be needed to avoid most impacts. Odors
may be unavoidable, regardless of mitigation. Air
monitoring is advised.

Some health and safety impacts may still be
unavoidable regardless of additional mitigation.

Additional Mitigation and Assessment Notes

Table 2. Review of Key Public Health and Safety Hazards and Setback Distance Guidance

The table below summarizes various setback distances, mitigation targets, remaining hazards and whether additional mitigation
measures could further reduce potential adverse impacts (Table 2). This table is based on information compiled from scientific
publications,13,37,51,52 environmental impact assessments,27-33 other environmental studies,10,16,20,34,35,36,46 and experiences in other
jurisdictions.
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2) Air Monitoring
In coordination with the California Air Resources Board (CARB) and the South Coast Air
Quality Management District (SCAQMD), Los Angeles County should require the operators of
facilities within urban areas of the County to implement continuous air monitoring systems
around oil and gas operations to:
•
•
•
•

Measure air pollutants released by oil and gas operations;
Ensure oil and gas sites comply with environmental regulations;
Evaluate the impact of releases from oil and gas sites on surrounding
neighborhoods; and
Monitor setbacks for these sites regularly, based on air monitoring and emerging
science, and revise setback distances and/or other mitigation requirements when
necessary to protect public health.

It should be noted that SCAQMD has imposed some requirements related to public
notification and monitoring, but only after concerns are identified at a particular oil and gas
operation, such as odor complaints. Current monitoring and enforcement activities can be
sporadic, and it is difficult to understand long-term exposure risks for people living near oil
and gas operations in the absence of continuous monitoring. To better characterize air quality
in communities near oil and gas operations, SCAQMD completed a fenceline monitoring study
(refer to Section III for more information) and CARB launched the Study of Neighborhood Air
near Petroleum Sources (SNAPS); results from these efforts should be used to inform air
monitoring policies.
3) Preventative Testing and Monitoring
A variety of state and federal regulations require routine inspections, maintenance, testing
and leak detection systems for oil and gas facilities; however, local oversight of these
regulations is limited. Optimal local oversight would enhance monitoring for public health
and safety risks associated with aging infrastructure, and should include a local auditing and
certification process, streamlined coordination, and data sharing among agencies. A local
auditing program would confirm that operators are complying with federal, state and local
regulations.
4) Community Safety Plan
Operators should prepare and make available to the public a comprehensive Community
Safety Plan, in coordination with City and County departments, including Fire, Building and
Safety, and Law Enforcement. These plans should include information on hazardous
chemicals stored onsite; air emission monitoring efforts; and health-based exposure
thresholds to identify the need for additional mitigation. For operations to plug wells
permanently or to perform well maintenance, the responsible party should also prepare and
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implement a Community Safety Plan. The Community Safety Plan should facilitate
communication and input from local stakeholders, and be submitted to DPH for review and
approval. The Plan should include protocols and procedures for immediate notification to the
County Health Officer in the event of odor or health complaints.
5) Emergency Preparedness Plan
Operators should maintain enhanced Emergency Preparedness Plans that account for
proximity to sensitive land use. These plans must include communication procedures to
immediately notify local government agencies of any emergencies, such as spills or other
releases.
To further inform health-protective policies and regulations, DPH will collaborate with County
partners, local and state enforcement agencies, and interested stakeholders. DPH recommends
site-specific assessments at existing oil and gas operations near sensitive land use to determine
the appropriate combination of setback distance and additional mitigation measures, as well as
the extent to which these measures are sufficient to protect public health.
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Glossary of Selected Terms
Casing is a metal tube used during drilling an oil well in combination with cement to sequentially
stabilize recently drilled formation as well as providing strong upper foundation and isolating
separate zones.
Drilling is to dig or bore in the earth for the purpose of exploring for, developing, or producing
oil, gas, or other hydrocarbons, or for the purpose of injecting water, steam, or any other fluid or
substance into the earth.
Environmental Impact Report (EIR) is an informational document which provides public agencies
and the general public with detailed information about the effect that a proposed project is likely
to have on the environment. The EIR also lists the ways in which these environmental effects
might be minimized and whether there are any alternatives to such a project.
Epidemiology is the study of the distribution and determinants of health-related states or events
in specified populations, and the application of this study to the control of health problems.
Frack-pack is commonly used to re-direct the flow to prevent sand from entering a well and to
bypass damaged zones near a well. As opposed to hydraulic fracturing intended to open
permeable fracture pathways in unconventional reservoirs to enable oil or gas production, fracpacks are employed to deal with formation damage around a production well and/or sand
production into the well.
Gravel pack is a method of controlling sand production that involves installation of a cylindrical
metal screen in a production zone of a well in with the annulus between the screen and the casing
(or formation if not cased) is filled with fluid slurry containing gravel. Gravel pack pressures are
kept below fracture pressures.
Grey literature consists of materials and research produced by organizations outside of the
traditional commercial or academic publishing and distribution channels, e.g. reports, working
papers, government documents, etc.
Hazard is any biological, chemical, mechanical, environmental, or physical stressor that is
reasonably likely to cause harm or damage to humans, other organisms, the environment, and/or
engineered systems in the absence of control.
Health Risk Assessment (HRA) is a technical study that evaluates how toxic emissions are
released from a facility, how they disperse throughout the community, and the potential for
those toxic pollutants to impact human health.
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Hydraulic fracturing is a process to produce fractures in the rock formation that stimulates the
flow of natural gas or oil, increasing the volumes that can be recovered. Fractures are created
by pumping large quantities of fluids at high pressure down a wellbore and into the target rock
formation.
Idle well is any that has not been used for the production of oil and gas, the production of water
for the purposes of enhanced oil recovery or reservoir pressure management, or injection for a
period of 24 consecutive months.
Impact (or consequence) is the particular harm, loss, or damage that is experienced if the riskbased scenario occurs.
Mitigation is ongoing and sustained action to reduce the probability of, or lessen the impact of,
an adverse incident.
Orphan is a well, pipeline, facility or associated site which has been investigated and confirmed
as not having any legally responsible and/or financially able party to deal with its abandonment
and reclamation responsibilities.
Risk incorporates the likelihood that a given hazard plays out in a scenario that causes a particular
harm, loss, or damage. In quantitative risk assessments, risk is calculated as likelihood multiplied
by impact.
Unconventional oil and gas operations allow for drilling down, drilling horizontally, and/or
fracking to allow oil and gas to be explored, developed and produced. This compares to
conventional processes that use the natural pressure of the wells, or water/gas injection, and
pumping or compression operations to extract oil and gas resources.
Well is any oil or gas well or well drilled for the discovery of oil or gas; any well on lands producing
or reasonably presumed to contain oil or gas; any well drilled for the purpose of injecting fluids
or gas for stimulating oil or gas recovery, repressuring or pressure maintenance of oil or gas
reservoirs, or disposing of waste fluids from an oil or gas field; any well used to inject or withdraw
gas from an underground storage facility; or any well drilled within or adjacent to an oil or gas
pool for the purpose of obtaining water to be used in production stimulation or repressuring
operations.
Well stimulation treatment means a treatment of a well designed to enhance oil and gas
production or recovery by increasing the permeability of the formation. Examples of well
stimulation treatments include hydraulic fracturing, acid fracturing, and acid matrix stimulation.
Workover means to perform one or more of a variety of remedial operations on a producing well
to try to increase production, e.g. deepening, plugging back, pulling and resetting liners, squeeze
cementing, etc.
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Appendix A – Public Health Screening Assessment
Facility:
Issue

Checklist Code

Public Health Risk
High Priority Risk Items
Land Use and Zoning

Proximity to residential or other public
receptor locations (multiple receptors
within 300’)
High H2S levels (>500 ppm within
process systems)
High well head pressures (>250 psig)
High levels of drilling onsite (> 4/year)
contributing to noise, traffic and
accident risk

Hydrogen Sulfide
Wellhead Pressures
Historical Activities

Risk Contributing Items
Public Health
Sensitive Populations
and children

Socioeconomic Status
and health disparities

Determinations Contributing to
Higher Degree of Public Health and
Safety Impact Ranking

CalEnviroscreen

Environmental
General Facility Operations
History
Gas treatment

Proximity to residential areas or other
sensitive populations (e.g. schools,
hospitals, senior communities,
homeless)
Surrounding community faces
socioeconomic or health disparities and
challenges

Older facilities (> 25 years)
The use of gas treatment equipment
onsite
The use of steam generation onsite
High gas pipeline pressures

Steam recovery
Gas pipeline pressure

General/Other
PRV to atmosphere
Flares availability

G.2-3
G.8

Venting to atmosphere
Flares not available

Noise
Sound proofing for
drilling closer
than 500’
Pure tones
Deliveries time limits

N.2

N.4

No soundproofing for facilities within
500’
Pure tones or low frequency
No time limits on deliveries
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Facility:
Issue

Checklist Code

Determinations Contributing to
Higher Degree of Public Health and
Safety Impact Ranking

FI.2, FI.3, FW.4

Presence of older equipment

SM.4, SM.6,
SM.10, SM.11

Hazardous, no screening on top,
electrical/trip fall hazards

Aesthetics/Infrastructure
Derricks removed,
unused equipment
Sumps: hazard to
people, screening

Air Quality

Air Toxics
Monitoring systems
within 1500’
of residences

AQ.7

Part of the AQMD AB2588 program
No monitoring systems

Safety
Drilling

Drill sites 75’ from
boundary, 100’ from
buildings, 300’ of a
residence
Drill sites within 500’
of a residence

D.2

D.5, N.2, N.3

Setbacks

Critical wells
Wells 20’ highway,
75’ street, 100’
building, 300’ school,
25’ of ignition
sources?

Closer than prescribed distances

Closer than 500’ and not using sound
proofing methods

SB.3, SB.4
SB.6, SB.7, SB.8,
SB.9, SB.10

Critical well and free-flowing production
Closer than setback distances or close to
powerlines due to rig height

PL.1
PL.5 – PL.8

No internal inspection history
No procedures or systems, manual
shutdown, no 24 hr attendance
No markings or warning signs posted
along visible pipelines going through
private driveways, parking spaces, other
traffic roads

Gas Pipelines

Inspection history
Alarms and
shutdown
Pipeline signs and
labeling

Fire
Sufficient clearance
Fire water
capabilities
Hazardous Materials
ERP: Drills
Security: Fencing

F.3
F.4 – F.5
HM.8
ER.2 - ER.3
S.1-S.5

Poor fire preparation
Inadequate fire water
Transportation of highly hazardous
materials through residential areas
Inadequate ERP and drills
Inadequate fencing
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Facility:
Issue

Checklist Code

Documentation

AQMD 1173 reports:
odors, GHG, toxics
emissions
AQMD Odor Complaints
AQMD NOV/NTC
Fire: annual inspection
Public Health:
complaints
DOGGR: inspection
reports
ERP
Wells/facilities within
100’ feet of waterways
Could a release affect
nearby creeks?
Adequate secondary
containment?
Sufficient onsite spill
cleanup and control
equipment?
Crude/Emulsion
Pipelines: Inspection
Crude/Emulsion
Pipelines: Alarms and
shutdown
SPCC

Site Contamination Risk
Does the site history
indicate the potential
for site contamination?

Determinations Contributing to
Higher Degree of Public Health and
Safety Impact Ranking
High numbers of leaking components
Multiple odor complaints
Multiple NOV/NTC
Inspection report findings
Multiple complaints
Inspection report findings
ERP not available or inadequate

SB.3

Located closer than 100’ to waterways

SC.5

Could affect nearby creeks

SC.2 – SC.5

Lack of secondary containment/berms

SP.17

Lack of onsite control equipment and
personnel responsible for cleanup

PL.1

No internal inspection history

PL.5 – PL.8

No procedures or systems, manual
shutdown, no 24 hr attendance

SP.1 – SP.21

SPCC inadequate

G.12

Potential history of tank farm or other
activity indicating potential for
contamination
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Environmental Health Concerns From Unconventional
Natural Gas Development
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Subject: Environmental Health, Global Health Online Publication Date: Feb 2019
DOI: 10.1093/acrefore/9780190632366.013.44

Summary and Keywords
Unconventional natural gas development (UNGD), which includes the processes of hori
zontal drilling and hydraulic fracturing to extract natural gas from unconventional reser
voirs such as shale, has dramatically expanded since 2000. In parallel, concern over envi
ronmental and community impacts has increased along with the threats they pose for
health. Shale gas reservoirs are present on all continents, but only a small proportion of
global reserves has been extracted through 2016. Natural gas production from UNGD is
highest in the United States in Pennsylvania, Texas, Louisiana, Oklahoma, and Arkansas.
But unconventional production is also in practice elsewhere, including in eighteen other
U.S. states, Canada, and China. Given the rapid development of the industry coupled with
its likelihood of further growth and public concern about potential cumulative and longterm environmental and health impacts, it is important to review what is currently known
about these topics.
The environmental impacts from UNGD include chemical, physical, and psychosocial haz
ards as well as more general community impacts. Chemical hazards commonly include
detection of chemical odors; volatile organic compounds (including BTEX chemicals [ben
zene, toluene, ethylbenzene, and xylene], and several that have been implicated in en
docrine disruption) in air, soil, and surface and groundwater; particulate matter, ozone,
and oxides of nitrogen (NOx) in air; and inorganic compounds, including heavy metals, in
soil and water, particularly near wastewater disposal sites. Physical hazards include
noise, light, vibration, and ionizing radiation (including technologically enhanced natural
ly occurring radioactive materials [TENORMs] in air and water), which can affect health
directly or through stress pathways. Psychosocial hazards can also operate through stress
pathways and include exposure to increases in traffic accidents, heavy truck traffic, tran
sient workforces, rapid industrialization of previously rural areas, increased crime rates,
and changes in employment opportunities as well as land and home values. In addition,
the deep-well injection of wastewater from UNGD has been associated with increased
seismic activity.
These environmental and community impacts have generated considerable concern about
potential health effects and corresponding political debate over whether UNGD should be
promoted, regulated, or banned. For several years after the expansion of the industry,
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there were no well-designed, population-based studies that objectively measured UNGD
activity or associated exposures in relation to health outcomes. This delay is inherent af
ter the introduction of new industries, but hundreds of thousands of wells were drilled be
fore any health studies were completed. By 2017, there were a number of important,
peer-reviewed studies published in the scientific literature that raised concern about po
tential ongoing health impacts. These studies have reported associations between proxim
ity to UNGD and pregnancy and birth outcomes; migraine headache, chronic rhinosinusi
tis, severe fatigue, and other symptoms; asthma exacerbations; and psychological and
stress-related concerns. Beyond its direct health impacts, UNGD may be substantially
contributing to climate change (due to fugitive emissions of methane, a powerful green
house gas), which has further health impacts. Certain health outcomes, such as cancer
and neurodegenerative diseases, cannot yet be studied because insufficient time has
passed in most regions since the expansion of UNGD to allow for latency considerations.
With the potential for tens of thousands of additional wells across large geographic areas,
these early health studies should give pause about whether and how UNGD should pro
ceed. Citing health concerns, several U.S. states and nations in Europe have already de
cided to not allow UNGD.
Keywords: air pollution, asthma, birth outcomes, climate change, community-wide impacts, fossil fuels, hydraulic
fracturing, natural gas, symptom-based conditions, water pollution

Introduction
History of UNGD
While conventional drilling has been used to extract natural gas since the 1940s, uncon
ventional gas wells have only been widely used since 2004, with 18% of global gas pro
duction now coming from unconventional sources (International Energy Agency, 2016).
Conventional gas wells are drilled vertically and only access gas that has escaped from a
high permeability source rock into a reservoir. Unconventional gas wells, on the other
hand, use horizontal drilling and hydraulic fracturing to access natural gas still trapped in
low permeability source rock, resulting in generally higher yields from these wells. Al
though hydraulic fracturing has existed in different forms since an “exploding torpedo”
was first patented in 1865, the current process is much different from its early practice
commercialized by Halliburton and Stanolind in the late 1940s. The current process has
been termed “high-volume slick-water hydraulic fracturing” because the total volume of
injected water and the many chemical additives (hence “slick”) have dramatically
changed along with the conversion from vertical to horizontal drilling over the past sever
al decades (Arthur, Bohm, & Layne, 2008; Montgomery & Smith, 2010). The large inject
ed volumes and the range of chemicals used, initially not disclosed in areas of use, con
tributed to early concerns about the potential environmental and health impacts. This ar
ticle will focus on operations to extract natural gas via horizontal hydraulic fracturing,
which will henceforth be referred to collectively here as unconventional natural gas de
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velopment (UNGD); this does not include the related but distinct practices of convention
al drilling, extraction of shale oil, mining of tar sands, or “dry fracking.”

Benefits of UNGD
Natural gas, consisting of methane, is the cleanest burning of the fossil fuels, with lower
emissions of carbon dioxide per unit of derived energy and virtually no release of combus
tion toxicants. The rise of unconventional shale gas has resulted in power plants switch
ing from coal to shale gas for electricity generation resulting in lower emissions from the
electricity sector. This rise in unconventional shale gas production in the United States
has provided the country with a strong domestic energy industry and dramatically low
ered the costs of fuel while creating local and national economic benefits. In addition to
being used for electricity and residential heating and cooking, natural gas also has indus
trial uses and can be used as a fuel in transportation. Natural gas currently provides 29%
of the total U.S. energy supply and accounts for approximately 33% of the country’s elec
tricity generation (U.S. Energy Information Administration, 2017).

Growth of UNGD and Resultant Public Concerns
While the largest increases in natural gas production from UNGD have occurred to date
in the United States, and particularly in the states of Pennsylvania and Texas, shale gas
reserves are widely distributed throughout the world, with an estimated total global avail
ability of around 7,500 trillion cubic feet (Figure 1) (U.S. Energy Information Administra
tion, 2015).

Figure 1. Global shale gas reserves.
Source: U.S. Energy Information Administration (201
5).

UNGD has received a great deal of media attention in the United States, especially since
the release of the documentary Gasland in 2010. Filmmaker Josh Fox interviewed resi
dents of towns where UNGD was occurring in Pennsylvania, infamously showing these
residents lighting their tap water on fire. Gasland was widely viewed in the United States
over the following year, concomitant with a spike in public concern over UNGD. The New
York Times and National Geographic also did extensive reporting on UNGD and environ
mental, community, and public health impacts. Informally referred to as “fracking,”
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UNGD has been highly politicized and information on the benefits and consequences
highly questioned (Brantley & Meyendorff, 2013). The core of the argument in the politi
cal arena has often come down to “claimed” environmental and health consequences ver
sus “claimed” economic benefits. Proponents of UNGD have sponsored several studies
that have estimated high economic value and employment opportunities (Hoy, Kelsey, &
Shields, 2017).

The UNGD Process
To understand what people who live near UNGD operations may be exposed to, it is im
portant to understand the UNGD process (Figure 2). UNGD begins with the construction
of roads and then the clearing of three to five acres of land for the well pad. Additional in
frastructure built on or near well pads includes water holding ponds (formally termed im
poundments) to hold water for hydraulic fracturing. This pre-drilling activity typically re
quires 400 to 2,000 truck trips to and from the well pad. To create the well, a rig drills
down vertically to 7,000 to 10,000 feet before turning horizontally to drill for another
2,000 to 10,000 feet. Flexible steel is put down the hole to keep the well open and ce
mented to seal it, typically including four layers of steel pipe: conduction casing down to
around 40 feet; surface casing down to around 50 feet below groundwater; intermediate
casing down to around 1,000 feet; and production casing all the way to the end. A perfo
ration gun is then sent down into the horizontal part of the well to perforate the steel to
allow access to the shale.

Figure 2. UNGD well pad timeline.
Source: United States Environmental Protection
Agency (2016).

In the next phase, termed “hydraulic fracturing” or “stimulation,” millions of gallons of
water are pumped into the well under high pressure mixed with a proppant (usually sand)
and a number of chemical additives that vary in composition by drilling company and ge
ology. Chemical additives include many classes of chemicals including friction reducers,
gelling and foaming agents, antibacterial agents, surfactants, cross-linkers, breakers, pH
buffers, iron control chemicals, clay protection chemicals, and scale inhibitors (Board on
Chemical Sciences and Technology, 2015). Fracking with this mixture at high pressure
opens and extends the fractures so that the natural gas can leave the formation and enter
the drilling pipe. The injected frac fluid transports the proppant along the fracture length
to promote patency of the fracture and, in some cases, transports radioactive tracers
through the fractures to determine the injection profile and track the locations of frac
tures (Harper, 2008). Five to 30% of the fracking fluid injected returns to the surface as
“flowback water” (Kondash, Albright, & Vengosh, 2017; United States Environmental Pro
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tection Agency, 2016), followed by “produced water” (i.e., water that is extracted along
with gas from the shale at depth during production), which contains organic molecules as
well as several inorganic ions (e.g., sodium, barium, strontium) eroded out of the geologic
formations at depth (Vengosh, Jackson, Warner, Darrah, & Kondash, 2014). The drilling
process and fracking fluids also acquire and bring to the surface a number of naturally
occurring radioactive materials (NORMs) (Brown, 2014).
The well pad surface is prepared to receive natural gas and process (i.e., separate it from
other organics and water vapor), compress (with diesel-powered compressor engines),
store (in tanks with relief valves for off-gassing), and transport it via pipeline. Waste liq
uids from the water that returns to the surface, including the aforementioned flowback
waters and also water that returns more slowly over many months, termed “produced wa
ters,” are primarily contaminated by salts, organics, and TENORMs; this aqueous mixture
is stored in the impoundments until it can be treated, reused, or disposed. This UNGD
process from well pad to the start of natural gas production usually requires only several
months. Production drops rapidly from unconventional wells, with generally around an
80% to 90% decline in gas production from the initial peak within the first three years
(Hughes, 2018). This has important implications including that for the industry to in
crease gas production over time, many wells must be continually drilled. Wells also may
be re-stimulated to boost production, so some of the early development concerns can hap
pen later at the same well. Residents in UNGD areas typically experience development
over many years, because of the large number of drilled wells at each well pad, which are
closer to homes compared to wells for conventional gas production (Adgate, Goldstein, &
McKenzie, 2014). After development, gas production is expected to last decades, with
much less visible activity but many potential ongoing environmental and community im
pacts (Shonkoff, Hays, & Finkel, 2014), which will be discussed in the “Environmental
and Community Impacts from UNGD” section. While Pennsylvania had approximately
8,000 wells in production, some have estimated that at full development, the state could
have as many as 50,000 wells (Johnson, 2010).

Regulatory and Legal Issues
In the Energy Policy Act deliberations led by then Vice President Dick Cheney in 2005,
several long-standing exemptions of the oil and gas industry from environmental regula
tions were expanded and extended (U. S. Congress, 2005). Termed “The Halliburton Loop
hole” because of Cheney’s prior position as CEO of Halliburton, the U.S. oil and gas in
dustry was declared in this legislation to no longer be subjected to many or all provisions
of a range of important environmental legislation, including the Clean Water Act, Safe
Drinking Water Act, Superfund Act (CERCLA), and the Resource Conservation and Recov
ery Act (RCRA) (Patterson et al., 2017). This has forced the states to shoulder the bulk of
responsibility for UNGD governance risks, with some local officials disputing control over
land use, and most states are not fully equipped or motivated to adequately govern
UNGD’s risks (Davis, 2017; Wiseman, 2014). Even among the air and water standards
that apply to UNGD (mostly at the state level), there have been many violations of these
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regulations, and there is no legislation that governs inter-state waste disposal issues
(Alawattegama et al., 2015; Rabe, 2014).

Methods, Scope, and Organization
This article reviews the evidence on environmental and community impacts from UNGD
and then the associated health concerns as of mid-2017. These topics are organized into
two separate sections:
• The section “Environmental and Community Impacts from UNGD”: A literature re
view was conducted in October 2017 in PubMed with the search terms (((“natural
gas” [MeSH [“Medical Subject Heading”]]) OR “hydraulic fracturing” OR “shale gas”)
AND health AND (exposure OR toxic) AND (air OR water OR “climate change” OR en
vironment OR social). A total of 340 articles arose from this search, of which the au
thors excluded the non-relevant articles that focused on natural gas in other contexts
such as cooking, and/or they did not discuss health and/or unconventional natural gas
development. Additional articles were identified from the reference sections of these
articles in order to further explore relevant areas of environmental and community im
pacts. This section includes information from exposure studies, risk assessments,
health impact assessments, community focus groups, toxicology studies, environmen
tal hazard assessments, and other articles proposing health concerns from one or mul
tiple aspects of UNGD, further sorted into articles on:
o water quality impacts,
o air quality impacts,
o physical hazards,
o climate change implications, and
o toxicity concerns of chemicals used and produced.
• The section “Emerging Public Health Impacts of UNGD”): A literature review was
conducted in October 2017 in PubMed with the search terms ((“natural gas”[MeSH
Terms]) OR “hydraulic fracturing” OR “shale gas”) AND “environmental exposure”
AND epidemiology AND health. A total of 90 articles arose from this search, of which
the authors excluded the non-relevant studies that focused only on animal health, oc
cupational health, health concerns from conventional oil and/or gas extraction, and/or
health concerns from using natural gas for cooking. This section only includes informa
tion from original epidemiologic studies that include an assessment of UNGD exposure
and one or multiple health outcomes. After application of these additional criteria,
fourteen studies remained for detailed review, including prospective and retrospective
cohort studies, cross-sectional studies, a nested case-control study, and ecologic stud
ies, all of which will be explored in this section.
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None of the studies included have been solicited and paid for by the natural gas industry.
After summarizing the evidence for environmental and community impacts as well as
health concerns from UNGD, this article discusses implications for policy and areas for
future research.

Environmental and Community Impacts From
UNGD
A systematic review of scientific articles published between 2010 and 2015 on environ
mental and community impacts from UNGD found six main categories of impacts: water
resources, atmospheric emissions, land use, induced seismicity, occupational and public
health and safety, and other impacts (Costa, Jesus, Branco, Danko, & Fiuza, 2017). UNGD
activity can lead to human exposure to a number of hazards that can be evaluated and
measured using standard methods. Environmental sampling of air, water, and soil for
measurement of toxicants is a challenge for UNGD because there are thousands of emis
sion sources across typically large geographies consisting of thousands of square miles
(Field, Soltis, & Murphy, 2014).

Water Quality Impacts
Early concerns surrounding UNGD focused on impacts on water resources, as evidenced
by an extensive review of the subject by the U.S. Environmental Protection Agency, which
showed that despite data gaps and uncertainties, there is sufficient scientific evidence
that hydraulic fracturing activities are impacting drinking water in several ways (Figure
3). These were summarized as: (1) from water withdrawals being made in times or areas
of low water availability; (2) large volumes or high concentrations of chemicals from pro
duced water and other fluids onsite spilling; (3) hydraulic fracturing fluids being injected
into wells with inadequate mechanical integrity as well as directly into groundwater; (4)
hydraulic fracturing wastewater being inadequately treated and discharged into surface
water; and (5) hydraulic fracturing wastewater being disposed of or stored in unlined pits
and leaching into groundwater (United States Environmental Protection Agency, 2016).
Another comprehensive review found that risks to water resources from UNGD activity
also include the contamination of shallow aquifers with fugitive hydrocarbon gases and
the accumulation of toxic and radioactive elements in soil or stream sediments near dis
posal or spill sites (Vengosh et al., 2014).
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Figure 3. UNGD well pad water activities.
Source: United States Environmental Protection
Agency (2016).

Specific agents of concern that contaminate water include BTEX (butane, benzene,
toluene, ethylbenzene, and xylene) and other volatile organic compounds (VOCs) (Drol
lette et al., 2015), and salts and metals (including mercury, bromide, iodide, and ammoni
um) (Grant et al., 2015; Harkness et al., 2015). Prior to UNGD, many areas with underly
ing shale gas reservoirs already had natural background levels of methane in groundwa
ter due to upward migration of natural gas from the shale formation (Brantley et al.,
2014). A series of studies has reported that methane and ethane levels in groundwater
were higher from water wells that were closer to, particularly within 1 km, of UNGD
wells; while the methane could be from preexisting biogenic sources, ethane is only from
thermogenic sources (Jackson et al., 2013; Osborn, Vengosh, Warner, & Jackson, 2011;
Warner et al., 2012) and thus had to arise from fossil fuel deposits. Further evaluation of
seven candidate scenarios that could account for hydrocarbon gases in shallow aquifers
identified faulty production casing and gas traveling through the void between the well
casing and piping as the likely culprits (Darrah, Vengosh, Jackson, Warner, & Poreda,
2014).

Toxicity Concerns of Chemicals Used and Produced
Several reviews of the toxicity of chemicals used for UNGD have found Category 2 oral
toxicants (second highest category of toxicity out of 4) (Stringfellow, Domen, Camarillo,
Sandelin, & Borglin, 2014; Yost, Stanek, DeWoskin, & Burgoon, 2016A, 2016B) as well as
reproductive and developmental toxicity (Elliott, Ettinger, Leaderer, Bracken, & Deziel,
2017) and carcinogenicity (Yost, Stanek, & Burgoon, 2017). A series of water quality as
well as in vitro and in vivo studies have also generated concern for the potential repro
ductive health impacts (Kassotis, Bromfield, et al., 2016; Kassotis, Iwanowicz, et al., 2016;
Kassotis et al., 2015; Kassotis, Tillitt, Davis, Hormann, & Nagel, 2014). While many of
these chemicals used in and produced from hydraulic fracturing are known to be toxic,
many of them are lacking well-characterized exposure pathways to impacting human
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health, and others may be present in doses that are likely too low to cause a health re
sponse.

Physical Hazards
Physical hazards from UNGD activities include high noise from drilling, hydraulic fractur
ing, and increased truck traffic (Goodman et al., 2016); light pollution from flaring of nat
ural gas and also from large lights illuminating the well pad and far beyond at night (Kivi
at, 2013); radioactive elements from drill tailings and flowback fluids (Casey et al., 2015;
Field et al., 2014; Konkel, 2015); and induced seismicity from deep underground injection
(Carpenter, 2016). Exposure to excess noise, light, and vibration can potentially impact
health by disturbing sleep, exposure to increased earthquakes can potentially impact
health through injuries as well as through stress pathways and anxiety, and exposure to
radioactive materials can potentially impact health through various outcomes, greatly de
pending on the intensity, frequency, and duration of the exposure (Hays, McCawley, &
Shonkoff, 2017; Zhang, Hammack, & Vidic, 2015).

Community/Social Impacts
UNGD in a community has many potential impacts on its built and social environments,
including changing roads and inhabitants, decreasing green space, and increasing traffic
that lead to changes in social capital, social support, crime, civic engagement, employ
ment opportunities, and land and home values (Adgate, Goldstein, & McKenzie, 2014).
The increased truck traffic is often a major change and has the potential to lead to more
motor vehicle accidents (Goodman et al., 2016). Home value changes can also be major,
with one study showing that the price of a house using groundwater and within 2 km of a
spudded well lost, on average, $16,059 of value, but the price of a house with public wa
ter and within 2 km of a well gained $5,070 on average (Muehlenbachs, Spiller, & Tim
mins, 2015). Focus groups conducted with residents of UNGD-impacted communities of
West Virginia found that UNGD contributed to a disruption in these residents’ sense of
place and social identity, generating widespread social stress (Sangaramoorthy et al.,
2016). Another study analyzed 215 letters to the editor in the newspaper from the most
heavily drilled county in Pennsylvania and found that these letters showed that citizens
were facing discord and stress in four major areas: socioeconomic impacts, perceived
threats to water, population growth and implications, and changes to the rural landscape
(Powers et al., 2015).

Air Quality Impacts
A comprehensive literature review conducted by the Natural Resources Defense Council
found that fifteen different UNGD processes and sources—including the drilling process,
wastewater, and condensate tanks—release air contaminants including
• particulate matter (diesel PM and PM10), which is emitted during all stages of UNGD
operations from well site preparation through drilling, production, processing, trans
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mission, and well abandonment from sources including trucks and heavy machinery, as
well as the drill rig and compressor stations;
• VOCs (including BTEX, polycyclic aromatic hydrocarbons, formaldehyde, ethylene
glycol, and methanol), which are also emitted during all stages of UNGD operations
from similar sources as PM as well as from produced water and gas venting (Paulik et
al., 2016);
• hydrogen sulfide (H2S, a toxic and explosive gas), which is emitted during hydraulic
fracturing, well completion, production, and processing from flowback and produced
waters as well as from gas venting;
• respirable crystalline silica (from sand), which reemerges from the well during hy
draulic fracturing;
• nitrogen oxides (NOx), which are emitted during all stages of UNGD from trucks,
heavy machinery, and compressor stations as well as from the processes of drilling, hy
draulic fracturing, and gas venting (Moore, Zielinska, Petron, & Jackson, 2014); and
• greenhouse gases (including methane and carbon dioxide), which are emitted during
all stages from the same sources as NOX as well as from separators, condensate tanks,
and pipelines (Natural Resources Defense Council, 2014).
These air quality impacts are of concern because, in studies from related industries, expo
sure to these elevated levels of diesel PM, H2S, and VOCs has been linked to eye, nose,
and throat irritation, respiratory illnesses, cardiovascular problems, central nervous sys
tem damage, birth defects, cancer, or premature death (Macey et al., 2014). While some
of these air contaminants mainly have negative impacts in communities close to well
pads, significant amounts are emitted from natural gas infrastructure located offsite
(Litovitz, Curtright, Abramzon, Burger, & Samaras, 2013), as well as from several thou
sand truck trips per well pad. These truck trips create diesel PM, VOC, CO2, and NOx
emissions over wide areas away from the pad causing regional air quality impacts includ
ing ground-level ozone (McCawley, 2015). Ozone exposure is associated with a variety of
respiratory and cardiovascular effects, and its formation is highest from UNGD activity in
the winter (Edwards et al., 2014). Regulations on air quality continue to evolve including
the USEPA issuing performance standards for VOCs emitted from new wells in 2015
(United States Environmental Protection Agency, 2012). However, air quality is still a con
cern for health, especially since EPA monitoring relies heavily on self-reported emissions
data, the rules only apply to new gas wells, and protocols used for assessing compliance
with air standards generally do not adequately determine the intensity, frequency, or du
rations of actual human exposures to the mixtures of toxic materials released regularly at
UNGD sites (Brown, Weinberger, Lewis, & Bonaparte, 2014).

Climate Change Implications
Natural gas is a fossil fuel that can contribute to climate change in several ways including
from (1) clearing of land (i.e., the loss of carbon dioxide sinks from forests); (2) fugitive
emissions (i.e., emissions of methane from pressurized UNGD equipment due to leaks
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during drilling, storage, and transport operations); and (3) combustion during use. Direct
measurements of methane emissions at 190 onshore natural gas sites in the United States
found 957 Gg (gigagrams) in emissions for completion flowbacks, pneumatics, and equip
ment leaks; coupled with EPA national inventory estimates for other categories, the au
thors estimated natural gas production contributed 2,300 Gg of methane emissions per
year (Allen et al., 2013). Subsequent investigation expressed concern about the substan
tial amount of methane (which has ~20x the global warming potential as carbon dioxide
over 100 years [Howarth, 2015]) that leaks from UNGD operations and how there is a
clear need to help obtain better fugitive emissions data and to increase efforts on reduc
ing methane leakage in order to minimize the climate footprint of natural gas (Jiang et al.,
2011). Estimates for fugitive emissions from UNGD (coal and petroleum do not have fugi
tive emissions) range from 1% to 6% and some estimate that if fugitive emissions exceed
3% or so then UNGD and subsequent natural gas use are worse for climate than is coal
use (Howard, 2015).
Researchers compared the cumulative radiative forcing (defined as the difference be
tween sunlight energy absorbed by the Earth and energy radiated back to space, mea
sured in watts per square meter over the planet’s surface) created by alternative tech
nologies fueled by UNGD compared to other fossil fuels using the best available estimates
of greenhouse gas emissions from production, transportation, and use of each. They
found that while using natural gas instead of coal for electric power plants can reduce ra
diative forcing immediately, a shift to compressed natural gas vehicles from gasoline or
diesel vehicles leads to greater radiative forcing of the climate for 80 or 280 years, re
spectively, before beginning to produce benefits but that compressed natural gas vehicles
could produce climate benefits sooner if fugitive emissions were prevented (Alvarez,
Pacala, Winebrake, Chameides, & Hamburg, 2012). The impacts of climate change on
health have been the subject of public health research for decades and include heat-relat
ed illness and death, increased respiratory diseases, increases in vector-borne diseases,
increased mental health impacts from forced migration and civil conflict, and health im
pacts from severe weather events (Frumkin & McMichael, 2008; Haines, Kovats, Camp
bell-Lendrum, & Corvalán, 2006; Luber & Lemery, 2015; Patz et al., 2000).

Emerging Public Health Impacts of UNGD
There have been many review articles on the health impacts of hydraulic fracturing which
have found that most original research studies relevant to UNGD and public health indi
cate public health hazards, elevated risks, or adverse public health outcomes (Figure 4)
(Adgate et al., 2014; Hays & Shonkoff, 2016; Health Effects Institute, 2015; McKenzie,
Witter, Newman, & Adgate, 2012; Milton et al., 2014; Saunders, McCoy, Goldstein, Saun
ders, & Munroe, 2016; The League of Women Voters of Pennsylvania, 2016).
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Figure 4. Pathways from UNGD exposure to discov
ering health outcomes.

This section will explore the 14 original epidemiologic studies published in the scientific
literature as of 2017 that have reported associations between proximity to UNGD and
health outcomes. Table 1 includes details about each of the study designs, study popula
tion, sample size, health outcomes and how they were measured, the metric used to as
sess UNGD activity or exposure, confounding variables that were adjusted for, what
method of data analysis was used, limitations of the study, and the authors’ conclusions.
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the Vi
tal
Statis
tics Na
tality
records
from
2003-20
10

1,069,6
99
births

Low
birth
weight,
prema
ture
birth, 5minute

Dis
tance
be
tween
mother’
s resi
dence

Mother’
s educa
tion,
age,
race/
ethnici
ty; re

Differ
ence-indiffer
ences
estima
tor of
the im

Not yet
peer-re
viewed

UNGD
wells
close to
preg
nant
moth
ers' res

Apgar
score,
and
small
for ges
tational
age de
ter
mined
from Vi
tal
Statis

and
closest
existing
Marcel
lus
Shale
gas well
or per
mits
that had
not yet
been

ceived
Women,
Infants,
and
Chil
dren
(WIC);
her
method
of pay
ment
for med

pact of
a UNGD
well
comple
tion us
ing a
linear
proba
bility
model

tics Na
tality

drilled;
linked

ical
care,

preva
lence by

records

to tim
ing

mother'
s mari

17%
and re

tal sta
tus, sex

duced
5-

of the
child,
and

minute
Apgar
scores,

idences
in
creased
LBW
preva
lence by
25%, in
creased
small
for ges
tational
age
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whether
mother
smoked
during
preg
nancy

when
com
pared to
preg
nant
moth
ers' res
idences
that
were
close to
a future
well
(permit
ted on
ly)
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Environmental Health Concerns From Unconventional Natural Gas Development
(McKen
zie et
al.,
2014)

Retrospective
cohort

CO
births
1996-20
09

124,842
births

Congen
ital
heart
defects,
neural
tube de
fects,

Inverse
dis
tance to
spud
ded
well, in
cluded

Mater
nal age,
educa
tion, to
bacco
use,
ethnici

oral
clefts,
preterm
birth,
and
term
low
birth
weight
identi
fied
from

conven
tional
and unconven
tional

ty, alco
hol use,
parity,
and in
fant
sex.

CO Vi
tal Birth

Linear
and lo
gistic
regres
sion
models

Activity
assess
ment
tempo
rally
vague
(matche

UNGD
associ
ated
with
30% in
creased
odds of

d wells
& births
by
year);
dataset
includ
ed con
vention
al & un
conventional
natural

congen
ital
heart
defect;
statisti
cally
signifi
cant
small
magni
tude
nega

gas
wells.

tive as
socia

Statis
tics; al

tion
with

so had
ICD-9

preterm
birth,

(Inter
national
Classifi

positive
associa
tion
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cation
of Dis
eases)
diag
nostic
codes
and
matche
d birth
certifi
cates
with
registry
of birth
defects

with fe
tal
growth,
and
positive
associa
tion
with
neural
tube de
fects
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Environmental Health Concerns From Unconventional Natural Gas Development
(Stacy
et al.,
2015)

Retrospective
cohort

PA
mothers
and
their
neonate
s born
in But
ler,
Wash
ington
and
West
more
land
coun
ties
2007-20
10

15,451
births

Birth
weight,
small
for ges
tational
age,
and pre

Inverse
dis
tance to
spud
ded
well;
well da

Adjust
ed for
mother’
s age,
educa
tion,
pre-

maturi
ty iden
tified
from
birth
records
ob
tained
from PA
Depart
ment of
Health

ta from
PA De
part
ment of
Envi
ronmen
tal Pro
tection
(DEP)

preg
nancy
weight,
gesta
tional
age,
child
gender,
prena
tal vis
its,
smok

Bureau
of Vital

ing,
gesta

Statis
tics

tional
dia

which
were

betes,
WIC,

geocod
ed to

race/
ethnici
ty, and

Linear
and lo
gistic
regres
sion
models

Likely
biased
towards
null be
cause
activity
indica

UNGD
was as
sociated
with
lower
birth
weight

tors de
ter
mined
by
UNGD
well site
only, not
by
phase of
devel
opment

and
34%
higher
odds of
small
for ges
tational
age
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Environmental Health Concerns From Unconventional Natural Gas Development
resi
dence
(Rabi
nowitz
et al.,
2015)

Crosssection
al

birth or
der.

PA resi
dents of
Wash
ington
County
(select
ed be
cause of
high
density
of
drilling;

180 sur
vey re
spon
ders in
Wash
ington
County,
PA re
porting
on the
health
status

Symp
toms
self-re
ported
on a
ques
tion
naire
from
past
year
(broad

Proximi
ty to ac
tive
UNGD
wells
from PA
DEP,
classi
fied res
idences
in dis
tance

Adjust
ed for
individ
ual age,
sex, av
erage
adult
house
hold ed
ucation,
smoker
present

38 rural
town
ships
selected
within

of 492
house
hold
mem
bers in

ques
tions on
healthrelated
symp

cate
gories
of < 1
km, 1–2
km, or

in
house
hold,
aware
ness of

symp
toms
(e.g.,
for skin
condi

the cen
ter of

2012

toms
were

> 2 km
from

environ
mental

tions,
was 4-

classi
fied into

the
nearest

hazard
nearby,

fold in
creased

cate
gories
of: der
mal, up

active
well

employ
ment
type,
and

odds)

the
county)

Gener
alized
linear
mixed
model

Poten
tial for
individ
ual bias
in selfreport
ed
health
out
comes

Proximi
ty to
UNGD
wells
was as
sociated
with in
creased
odds of
dermal
and res
piratory
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per res
pirato
ry, low
er respi
ratory,
gas
troin
testinal,
neuro
logical,
and car
diovas
cular)

pres
ence of
animals
in the
back
yard or
home
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Environmental Health Concerns From Unconventional Natural Gas Development
(Casey
et al.,
2016)

Retrospective
cohort

PA
mothers
and
their
neonate
s born
2009-20
13 in
the
Geising
er
Health
System

9384
mothers
who de
livered
10496
neonate
s

Term
birth
weight,
preterm
birth,
low 5minute

Inverse
dis
tance
squared
UNGD
activity
metric

Neonat
e sex,
gesta
tional
age,
season
and

Multi
level
linear
and lo
gistic
regres
sion

Like all
other
studies
here,
did not
make
any

UNGD
was as
sociated
with
41%
higher
odds of

Apgar
score,
and
small
for ges
tational
age de
ter
mined
from
elec
tronic

incorpo
rating
four
phases
of well
develop
ment

year of
birth,
mater
nal age,
race/
ethnici
ty,
Geising
er pri
mary
care
provide

models

mea
sure
ments
of envi
ronmen
tal ex
posure
levels

preterm
birth
and also
highrisk
preg
nancy

health
record

r status,
smok

(EHR)
ICD-9

ing sta
tus dur

codes

ing
preg
nancy,
prepreg
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nancy
body
mass in
dex
(BMI),
parity,
antibiot
ic or
ders
during
preg
nancy,
Medical
Assis
tance,
dis
tance to
nearest
major
road,
commu
nity so
cioeco
nomic
depriva
tion,
residen
tial
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green
ness,
and
house
hold
water
source
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Environmental Health Concerns From Unconventional Natural Gas Development
(Ras
mussen
et al.,
2016)

Nested
casecontrol

PA pa
tients
with
asthma
with
and
without
exacer
bations
from
2005
through
2012
treated
at the
Geising
er Clin
ic

35,508
patients
with
asthma

Mild,
moder
ate, and
severe
asthma
exacer
bations

Inverse
dis
tance
squared
UNGD
activity
metric

Adjust
ed for
age,
sex,
race/
ethnici
ty, fami

identi
fied
from
ICD-9
codes in
EHRs
for new
oral
corti
cos
teroid
medica

incorpo
rating
four
phases
of well
develop
ment
and size
of wells

ly histo
ry of
asthma,
smok
ing sta
tus, sea
son,
Medical
Assis
tance,
and
over

Multi
level lo
gistic
regres
sion
model

Like all
other
studies
here,
did not
make
any

Asthma
patients
in the
highest
quartile
of resi
dential

mea
sure
ments
of envi
ronmen
tal ex
posure
levels

UNGD
activity
had sig
nificant
ly high
er odds
of all 3
types of
asthma
exacer
bations
than

tion or
ders,

weight/
obesity

those in
the low

emer
gency

status

est
quartile

depart
ment
visits,
and
hospi
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taliza
tion, for
mild,
moder
ate, and
severe,
respec
tively.
Subject
residen
tial ad
dresses
geocod
ed.
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Environmental Health Concerns From Unconventional Natural Gas Development
(Tustin
et al.,
2017)

Crosssection
al

Geising
er pri
mary
care pa
tients
with
EHR da

Low
partici
pation
rates;
and
symp
toms

UNGD
was as
sociated
with in
creased
odds of
CRS

of Med
ical As
sis
tance,
and
smok
ing sta
tus; al
so eval
uated
addi
tional

were
self-re
ported.
Analysis
was
weight
ed to re
fer back
to
source
popula
tion,

and fa
tigue to
gether,
mi
graine
and fa
tigue to
gether,
and all
three
out
comes

and
without

con
found

mitigat
ing pos

togeth
er (for

UNGD

ing by
BMI

sible
partici

exam
ple,

and
commu

pation
bias

84% in
creased

ta living
in 39
coun
ties in
central
and
north
eastern
PA in
2014, in
regions
with

7785
ques
tion
naire
respon
ders

Chronic
rhinosi
nusitis
(CRS),
mi
graine
headach

Inverse
dis
tance
squared
UNGD
activity
metric

Adjust
ed for
sex,
race/
ethnici
ty, age,
receipt

e, and
fatigue
symp
toms
self-re
ported
on a
ques
tion
naire

incorpo
rating
four
phases
of well
develop
ment
and size
of wells

nity so
cioeco
nomic

Surveyweight
ed logis
tic re
gres
sion

odds of
all three
condi
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depriva
tion

tions in
highest
quartile
of
UNGD)
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Environmental Health Concerns From Unconventional Natural Gas Development
(Whit
worth,
Mar
shall, &
Symans
ki, 2017)

Retrospective
cohort

TX
women
with
births
or fetal
deaths
Novem
ber
2010Novem
ber
2012 in
the Bar
nett
shale, in
North
Texas

158,894
women
with a
birth or
fetal
death

Preterm
birth,
smallfor ges
tational
age, fe
tal

Three
UNGDactivity
metrics
by cal
culating
the in

Mater
nal age,
race/
ethnici
ty, edu
cation,
pre-

Linear
and lo
gistic
regres
sion
models

Like all
other
studies
here,
did not
make
any

In
creased
adjust
ed odds
of
preterm
birth as

death,
and
birth
weight
deter
mined
from
govern
mental
registry

verse
dis
tanceweight
ed sum
of ac
tive
wells
within
three
sepa
rate ge

preg
nancy
BMI,
parity,
smok
ing, ad
equacy
of pre
natal
care,
previ
ous

mea
sure
ments
of envi
ronmen
tal ex
posure
levels

sociated
with
UNGDactivity
in the
highest
tertiles
of the
½(14%),
2(14%),

ograph
ic

poor
preg

and 10mile

buffers
sur

nancy
out

(15%)
metrics;

round
ing the

come,
and/or

in
creased

mater
nal resi
dence:

infant
sex

adjust
ed odds
of fetal
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<½, 2,
or 10miles.

death
were
found in
the sec
ond ter
tile of
the 2mile
metric
(56%)
and the
highest
tertile
of the
10-mile
metric
(34%)
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Environmental Health Concerns From Unconventional Natural Gas Development
(Currie,
Green
stone,
and
Meckel,
2017)

Retrospective
cohort

Infants
born in
PA dur
ing the
period
2004–
2013

1,125,7
48 in
fants
from
single
ton
births

Birth
weight,
low
birth
weight,
and
health

Tested
various
dis
tances
of ma
ternal
resi

Mater
nal mar
riage,
mater
nal race
and eth
nicity,

Linear
and lo
gistic
regres
sion
models;
and dif

Like all
other
studies
here,
did not
make
any

Intro
duction
of frack
ing re
duces
health
among

index
deter
mined
from PA
certifi
cates of
live
births

dence
from
UNGD
sites

mater
nal edu
cation,
mater
nal age,
child
sex, and
child
parity

ferencein-dif
fer
ences
ap
proach

mea
sure
ments
of envi
ronmen
tal ex
posure
levels;
and ef
fective
sample
size lim

infants
born to
mothers
living
within 3
km of a
well site
during
preg
nancy.
Found a
25% in

its abili
ty to ex

crease
in the

amine
the

proba
bility of

shape of
the dis

a low–
birth

tanceexpo
sure re

weight
birth for
moth
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lation
ship

ers liv
ing
within 1
km of a
UNGD
site and
signifi
cant de
clines in
average
birth
weight,
as well
as in an
index of
infant
health
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Environmental Health Concerns From Unconventional Natural Gas Development
(Whit
worth,
Mar
shall, &
Symans
ki, 2018)

Nested
casecontrol

TX
women
with
births
Novem
ber
2010Novem
ber
2012 in
the 24
coun
ties cov
ering
the Bar
nett
Shale
area,
Texas

166,966
women
with a
single
ton
birth

Preterm
birth
deter
mined
from
govern
mental

Inverse
dis
tance
squared
UNGD
activity
metric

Mater
nal edu
cation,
parity,
smok
ing dur
ing

registry

incorpo
rating
four
phases
of well
develop
ment
and size
of wells

preg
nancy,
prepreg
nancy
BMI, in
fant
sex, and
previ
ous
poor
preg

Condi
tional
logistic
regres
sion
model

Like all
other
studies
here,
did not
make
any

In
creased
adjust
ed odds
of
preterm
birth in

mea
sure
ments
of envi
ronmen
tal ex
posure
levels

the
third
tertile
of
UNGD,
with
stronge
st asso
ciations
be
tween
UNGD

nancy
out

in the
produc

come

tion
phase
and
women
in
trimeste
rs one
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and two
of preg
nancy
Exposure and Health Outcome Both Assessed from the Same Source
e

Prospective
longi-tu
dinal
cohort

Conve
nience
sample
of com
munity
mem
bers liv
ing near
UNGD
activi
ties in
PA

Base
line
n=33;
Follow
up
n=20

Phone
inter
view
collect
ed selfreport
ed
symp
toms at
baseline
and fol
low-up

Phone
inter
view of
self-re
ported
stres
sors at
baseline
and fol
low-up

None

Descrip
tive sta
tistics

UNGD
activity
& out
come
both as
sessed
by selfreport
(samesource

Partici
pants
attrib
uted 59
unique
health
impacts
and 13
stres
sors to

bias);
small
sample

UNGD.

size
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(Saberi,
Propert,
Powers,
Em
mett, &
GreenMcKen
zie,
2014)

Crosssection
al

PA adult
volun
teers
with
medical
com
plaints
in a pri
marycare
medical
office in
a coun
ty
where
UNGD
was
present

72 re
spon
ders

Symp
toms
self-re
ported
on a
ques
tion

Ques
tion
naire
asked
whether
respon
der at

naire

tributed
symp
toms to
UNGD

None

Descrip
tive sta
tistics

UNGD
activity
and out
come
both as
sessed
by self-

13% of
respon
ders at
tributed
a symp
tom to
UNGD

report
(samesource
bias);
con
ducted
over a
oneweek
period
during
the
summer

Exposure and Health Outcome Both Assessed on Population Level (Ecologic Studies)
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(Fryzek,
Pastula,
Jiang, &
Garabra
nt, 2013)

Ecolog
ic

PA chil
dren
with
cancer
1990-20
09

10,708
child
hood
cancer
cases

New
cases of
cancer
(all can
cers,
central
nervous
system
tumors,
and
leukemi
a) by
county
identi
fied
through
the PA
DOH
Child

Before
vs. after
drilling
by
county

Strati
fied by
5-year
age
groups,
race/
ethnici

Stan
dard
ized in
cidence
ratios
(SIR) at
county

Lack of
individ
ual-lev
el
health
data;
does

Null
findings
except
coun
ties af
ter
drilling

ty, and
sex

level

not take
into ac
count
long la
tency
period
of can
cer

had
13%
higher
rate of
central
nervous
system
tumors
com
pared to
before
drilling

hood
Cancer
Registry
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Environmental Health Concerns From Unconventional Natural Gas Development
(Jemieli
ta et al.,
2015)

Ecolog
ic

PA resi
dents
who
were
hospi
talized
2007-20
11

92805
hospi
taliza
tions

Inpa
tient
preva
lence
rates by
medical
catego
ry per
zip code
identi
fied
through
a gov
ern
ment
data
base

Wells
per zip
code;
wells
per km2

Sex and
age

Poisson
regres
sion
models

Lack of
individ
ual-lev
el
health
data

Cardiol
ogy in
patient
rates
were as
sociated
with
number
of
UNDG
wells
per zip
code
and per
km2;
neurolo
gy inpa
tient
rates
associ
ated
with
UNDG
wells/
km2.

Page 36 of 56

PRINTED FROM the OXFORD RESEARCH ENCYCLOPEDIA, GLOBAL PUBLIC HEALTH (oxfordre.com/publichealth). (c) Oxford University Press USA, 2020. All Rights Reserved. Personal use
only; commercial use is strictly prohibited (for details see Privacy Policy and Legal Notice).
date: 16 September 2020

Environmental Health Concerns From Unconventional Natural Gas Development
(Gra
ham et
al.,
2015)

Ecolog
ic

PA resi
dents
experi
encing
a car
crash
2005-20
12

6,432
car
crashes

Car
crashes
identi
fied
through
a gov
ern
ment
data
base

County
level
high vs.
low
drilling
activity

Not
speci
fied

Linear
general
ized es
timat
ing
equa
tion
models

Lack of
individ
ual-lev
el
health
data

Coun
ties
with
high
drilling
were as
sociated
with
higher
vehicle
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(up to
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urinary
bladder
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6,222
thyroid

New
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urinary
bladder
cancer,
thyroid
cancer,
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count of
produc
ing
UNGD
wells
(high

cancer
cases,
and
5,061
leukemi
a cases

and
leukemi
a identi
fied
through
the PA
Cancer
Registry

vs. low)
in six
counties

Sex,
age,
race/
ethnici
ty,
poverty

Stan
dard
ized in
cidence
ratios
(SIR) at
county

Lack of
individ
ual-lev
el
health
data;
does

Coun
ties
with
higher
well
counts
had

level

not take
into ac
count
long la
tency
period
of can
cer

higher
rates of
urinary
bladder
cancer
com
pared to
those
without
UNGD
(e.g. in
Wash
ington
county
from
2008-12
, 31%
in
creased
SIR for
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by
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tained
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ment
data
base

No vs.
low vs.
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UNGD
activity
by
county

Median
house
hold in
come,
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popula
tion
with
health
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models

Lack of
individ
ual-lev
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health
data;
STIs not

Com
pared to
coun
ties
with no
UNGD
activity,

inher
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UNGD
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Study Designs
The study designs employed are mostly retrospective cohorts (n = 6), followed by ecolog
ic (n = 5), cross-sectional (n = 3), prospective longitudinal cohort (n = 1), and nested
case-control (n = 2). Most were conducted with study populations in Pennsylvania (n =
13) plus one each in Colorado and Ohio, and two in Texas. Unfortunately, several of these
studies had limitations, including three that only analyzed population-level data allowing
inferences about predictors of population rates and not individual-level causes (Graham
et al., 2015; Jemielita et al., 2015; Deziel et al., 2018); two that evaluated cancer that did
not allow a sufficient latency period (time from first exposure to development of clinical
disease) to pass before evaluating associations with cancer outcomes that can require
many decades to appear after an exposure (Finkel, 2016; Fryzek et al., 2013); one that in
cluded primarily conventional wells in their well metric (McKenzie et al., 2014); and two
which assessed both UNGD activity or exposure and the health outcome by self-report
leading to same-source bias (Ferrar et al., 2013; Saberi, Propert, Powers, Emmett, &
Green-McKenzie, 2014).

Measurement of the Outcome
The remaining nine studies categorized study participants by UNGD, identified a health
outcome, and evaluated associations between UNGD and the health outcome. All of these
studies necessarily focused on health outcomes that had a biologically plausible way in
which UNGD could affect the outcome with a short latency period; the studies also fo
cused on health outcomes that had a relatively high prevalence, since these are the ones
that should first appear and also be amenable to study. The measurement of the health
outcome varied: two used self-reported information from questionnaires and found posi
tive associations for various symptoms including dermal and respiratory symptoms (Rabi
nowitz et al., 2015) as well as chronic rhinosinusitis, migraine, and fatigue symptoms
(Tustin et al., 2017); five used birth records from governmental registries and found posi
tive associations with various pregnancy and birth outcomes (Currie, Greenstone, &
Meckel, 2017; Hill, 2012; Stacy et al., 2015; Whitworth, Marshall, & Symanski, 2017;
Whitworth, Marshall, & Symanski, 2018); and three applied analytics to electronic health
records (EHR) data to find these associations including with preterm birth and high-risk
pregnancy (Casey et al., 2016) and asthma exacerbations (Rasmussen et al., 2016). One of
the studies that used questionnaires had a limited sample size (n = 180), while the other
was a large sample size (n = 7,785); for both studies, the assessment of the health out
come was not clinician verified. Using EHR data as well as governmental databases to
identify cases allowed researchers to objectively obtain large sample sizes (n = 15,451 to
1,125,748), but using these strategies necessarily focused the studies on health condi
tions that were severe enough for patients to seek health care.
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Measurement of UNGD Activity or Exposure
A key requirement of environmental epidemiology is the need to rank subjects along a
gradient of exposure or dose. Exposure is defined as hazardous agents that are external
to the human body and can be measured, for example, as concentrations of toxicants in
air or sound levels for noise. Hazardous agents must have an exposure pathway to the hu
man body and then are internalized through inhalation, ingestion, or dermal absorption.
Exposure is considered in terms of the intensity (i.e., concentration), frequency, and dura
tion of the exposure. Dose is defined after the exposure becomes internalized, and can be
measured, for example, as blood or urine levels of toxicants or their metabolites. These
measurements can be expensive, especially in large-scale studies, and current measure
ments are difficult to make relevant retrospectively for health outcomes that occurred
many years in the past. Environmental epidemiology studies attempt to assign measures
of recent or cumulative exposure or dose, depending on how the health outcome is hy
pothesized to occur, to individuals, and then perform analysis to evaluate whether risk of
illness is higher or severity of illness is worse as exposure or dose is estimated to be high
er.
A complexity of research on the potential health impacts of UNGD is that UNGD could af
fect health through several different hazardous exposures and through behavioral or
stress pathways. As discussed in the “Environmental and Community Impacts from
UNGD” section, a variety of chemical and physical hazards are introduced to communi
ties during development, and community impacts (e.g., industrialization, truck traffic,
transient workforces) can influence behaviors or stress pathways. These in turn can af
fect health alone or especially in combination. Methods are available to estimate expo
sure or dose in individuals from each of these pathways, but studies that considered them
all would be prohibitively expensive and could not be done retrospectively.
Most existing studies have thus used surrogates of exposure, in two primary categories.
In the first, subjects were asked about what they saw and experienced around their resi
dences and communities and this self-reported information was used to estimate proximi
ty, intensity, frequency, and duration of exposure. Studies that used self-reported informa
tion about exposure and health outcomes are subject to same source bias, in that associa
tions between exposure and health can be observed but are spurious due to biased re
porting in persons concerned about what they are seeing in their communities and link
ing it to perceived health impacts. The second major approach was to use publicly avail
able information on well locations, phase of development (e.g., well pad, drilling, stimula
tion, production), dates of development, well depth (a surrogate for volume of injected
fluids and number of truck trips to site), and gas production (a surrogate for compressor
engine activity and possibly VOC off-gassing), impoundment size and locations (a surro
gate for VOC off-gassing from ponds), and compressor stations (locations, dates, number
of compressor engines, estimated emissions from compressor engines). This information
was available in space and time and geographic information systems (GIS) were used to
link this UNGD activity to the residential address of study subjects. GIS-based approach
es to UNGD activity characterization usually were based on proximity models, in which
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the inverse of distance or distance-squared is used to weight the information about the
UNGD wells and infrastructure surrounding the residential address.

Health Impacts With the Most Evidence of Concern: Pregnancy and
Birth Outcomes and Asthma Exacerbations
As of mid-2018, there have been six primary health studies investigating the potential im
pact of UNGD on pregnancy and birth outcomes (McKenzie et al., 2014 is not included
here because most wells in Colorado at the time of the study were conventional and the
information available at the time could not distinguish conventional from unconventional
[McKenzie et al., 2014]). Hill used the gradual introduction of UNGD wells in Pennsylva
nia as a natural experiment to identify the potential impacts on infant health (Hill, 2012).
The study examined the natality records of 2,437 singleton births to mothers residing
within 2.5 km of a UNGD well in the state from 2003 to 2010. The authors compared
birth outcomes (including low birth weight, premature birth, small for gestational age,
and five-minute Apgar scores) before and after a gas well was completed for these moth
ers. Their results suggested that prenatal proximity to UNGD increased the overall preva
lence of low birth weight by 25%, increased overall prevalence of small for gestational
age by 17%, reduced five-minute Apgar scores, and was not associated with premature
birth.
Stacy and colleagues investigated records for 15,451 live births in southwest Pennsylva
nia from 2007 to 2010 to examine the association of proximity to UNGD (mothers catego
rized into exposure quartiles based on inverse distance weighted well count) and perina
tal outcomes (birth weight, small for gestational age, and prematurity, accounting for dif
ferences in maternal and child risk factors) (Stacy et al., 2015). The study found no signif
icant association of UNGD activity with prematurity, but the authors found a positive as
sociation of UNGD activity with lower birth weight and a higher prevalence of small for
gestational age (highest quartile had 34% increased odds over the lowest quartile).
Casey and colleagues conducted a retrospective cohort study examining the association
between exposure to UNGD activity (cumulative exposure estimated with an inverse-dis
tance squared model incorporating distance to the mother’s home; dates and durations of
well pad development, drilling, and hydraulic fracturing; and production volume during
the pregnancy) and birth outcomes (term birth weight, preterm birth, low five-minute Ap
gar score, small size for gestational age birth, and physician-recorded high-risk pregnan
cy, controlling for potential confounding variables) (Casey et al., 2016). The researchers
analyzed EHR data on 9,384 mothers and their 10,946 neonates in Pennsylvania from
2009 to 2013 and found an association between UNGD activity and preterm birth that in
creased across quartiles (highest quartile had 40% increased odds over the lowest), an
association with physician-recorded high-risk pregnancy (highest quartile had 30% in
creased odds over the lowest), and no associations with Apgar score, small for gestational
age birth, or term birth weight.
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Whitworth, Marshall, and Symanski have conducted both a retrospective cohort study
(2017) and a nested case control study (2018) in Texas, using the same exposure method
as Casey et al. (2016). The research team analyzed the association between UNGD and
birth outcomes using birth certificates from the Texas Department of State Health Ser
vices for over 150,000 singleton babies born between November 2010 and November
2012 and adjusting for confounders including maternal age, race/ethnicity, pre-pregnancy
BMI, and adequacy of prenatal care. In their retrospective cohort study, they found 14%
to 15% increased adjusted odds of preterm birth associated with UNGD activity in the
highest tertiles of the half, two, and ten-mile metrics; 56% increased adjusted odds of fe
tal death in the second tertile of the two-mile metric and 34% increased adjusted odds in
the highest tertile of the 10-mile metric. In their nested case-control study, they found in
creased adjusted odds of preterm birth in the third tertile of UNGD activity, with
strongest associations between UNGD in the production phase and women in trimesters
one and two of pregnancy.
Currie, Greenstone, and Meckel conducted a retrospective cohort study (2017) with a co
hort of 1,125,748 infants from singleton births in Pennsylvania during the period from
2004 to 2013. Testing various distances of maternal residence from UNGD sites, analyz
ing data from Pennsylvania birth certificates, and adjusting for confounders including ma
ternal marriage, maternal education, maternal age, and child sex in a difference-in-differ
ences approach, they found that the introduction of UNGD reduces health among infants
born to mothers living within three kilometers of a well site during pregnancy. They also
found a 25% increase in the probability of a low-birth-weight birth for mothers living
within one kilometer of a UNGD site and significant declines in average birth weight, as
well as in an index of infant health. Overall, the three birth outcome studies have consis
tently revealed associations of UNGD activity with adverse birth outcomes. There were
some methodologic differences between the studies that could explain the contrasting as
sociations, but these health outcomes are the only ones for which multiple independent
studies can be evaluated as a body of evidence. The findings, while not conclusive, are
strong preliminary evidence that UNGD is associated with adverse birth outcomes from
pregnancies in UNGD areas.
Asthma is a suitable health outcome to study in relation to UNGD because it is well
known that air pollution and stress can both exacerbate asthma. This happens with short
latency after the increase in air pollution or activities that promote stress, and exacerba
tions often end up bringing patients to see a health professional which provides a record
in EHRs with dates, diagnoses, and treatments. To evaluate the association between
UNGD and asthma exacerbations, Rasmussen and colleagues conducted a nested casecontrol study comparing 35,508 asthma patients treated at the Geisinger Clinic from
2005 to 2012 (Rasmussen et al., 2016). Patients were identified in EHRs and cases (asth
ma patients with exacerbations) were frequency matched with controls (asthma patients
without exacerbations) on age, sex, and year of event. Cases were categorized into three
groups based on mild exacerbation (new oral corticosteroid medication order), moderate
(emergency department encounter), or severe (hospitalization). UNGD activity was as
sessed based on the distance from the patient’s home to each well and the well’s estimat
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ed activity metrics for four UNGD phases (well pad preparation, drilling, hydraulic frac
turing, and production) on the day before each patient’s index date (date of exacerbation
for cases, contact date for controls). The UNGD metrics also accounted for number of
wells, for all wells in the state, and the size of the well. The analysis adjusted for several
confounders and found associations between the highest quartile of the activity metric for
each UNGD phase versus the lowest group for 11 of 12 UNGD-outcome pairs, with in
creased odds of 50% to 440% (the highest for the association of the production metric
with mild exacerbations); several of the associations evidenced exposure-effect trends,
with increasing odds along increasing quartiles of UNGD activity. They concluded that
residential UNGD activity metrics were statistically associated with increased risk of
mild, moderate, and severe asthma exacerbations.

UNGD and Policy
The world is now in an era here conventional oil reserves are declining and hence oil
companies are being driven to engage in riskier, more expensive, and more environmen
tally damaging practices to access energy reserves with lower returns of energy on the
amount of energy invested in extraction and production, at the same time that the effects
of climate change and there is a need for integrated policy to tackle these competing, in
tertwined issues. The Lancet described climate change as “the greatest global health
threat of the 21st century,” in 2009, and there has since been outcry for action from many
public health leaders including Dr. Margaret Chan, WHO Director-General, who in 2015
said, “The evidence is overwhelming: climate change endangers human health. Solutions
exist and we need to act decisively to change this trajectory” (The Lancet, 2009; World
Health Organization, 2015). While natural gas has been promoted as a “bridge fuel” to
“bridge” the transition from fossil fuels to renewable energy sources, this term does not
give full consideration to the use of natural gas. Natural gas is still a fossil fuel contribut
ing to climate change, renewable energy sources are becoming more economically viable
every year, and there continues to be heavy investment in UNGD infrastructure that will
not be temporary during a “bridge” period. If countries allow extensive development, the
industry will likely produce unconventional natural gas for as long as it is economically vi
able and not in consideration of continuing and possibly worsening climate change.
UNGD has had some positive impacts, including fuel switching of electricity generation
from coal to natural gas. However, if the world is to keep all cumulative emissions below
765 gigatons of carbon dioxide equivalents through 2050 (Peters, Andrew, Solomon, &
Friedlingstein, 2015) in order to prevent dangerous climate change, governments will
likely find it difficult to meet targets while investing in another fossil fuel. UNGD is also
likely slowing the development of renewables for the same reason it is closing coal pro
duction (low natural gas prices). Integrated energy and climate policy would suggest that
policymakers should end the externalities by putting a price on carbon emissions; if a
price were to be set on carbon emissions, unconventional natural gas would have fewer
competitive advantages compared to renewables.
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Several other policy options have been proposed to provide protective measures for
health concerns from UNGD activity including regulating the industry, implementing a
moratorium on operations, and banning it altogether. Regulations proposed and imple
mented include mandates on thickness of well casing, engineering controls to reduce the
amount of methane leaking from the well, and fines for spilling wastewater off of the well
pad. The argument for regulations centers on a compromise to allow the industry to oper
ate while offering restrictions to prevent environmental contamination; however, all of the
environmental exposures and health concerns explained in this article were evaluated de
spite regulations in place. A moratorium entails not allowing UNGD for a specified time
period. This solution is also promoted as a compromise, with the argument often includ
ing that the jurisdiction should wait to make a more permanent decision on allowing
UNGD until the evidence on the environmental health impacts “is better established.” Fi
nally, a complete ban of UNGD has also been proposed as a solution to prevent all related
exposures coming from within the jurisdiction and hence offer the best protection for
health; this proposal has passed as of mid-2017 in the U.S. states of Maryland, Vermont,
Massachusetts, and New York (Brydon, 2012).

Conclusion
The body of research to date on UNGD and health would allow several conclusions.
UNGD activity metrics have been found to be associated with preterm birth, high-risk
pregnancy, and possibly low birth weight; three types of asthma exacerbations; and nasal
and sinus, migraine headache, fatigue, dermatologic, and other symptoms. In these stud
ies, associations were robust to increasing covariate control; the associations were robust
in several sensitivity analyses, in which researchers evaluated whether observed associa
tions decline or disappear under certain varying assumptions; and the associations were
biologically plausible. Because of the approach to UNGD activity measurement in these
studies, in which no hazardous exposures in air, water, soil, or communities was directly
measured, the current evidence does not allow inferences about responsible pathways or
mechanisms, such as air pollution versus stress for asthma exacerbations.
This emerging evidence is of concern, and it is somewhat surprising that any health im
pacts have been reported given the relatively limited funding, to date, that has been de
voted to finding them. Nearly every author of these studies suggests larger, longer-term
quantitative epidemiology studies with more detailed, direct exposure assessments of
UNGD (e.g., measurement of specific air and water contaminants). Finally, given that this
article was written less than a decade after the expansion of UNGD, the studies in these
sections have been limited to investigation of short-latency health outcomes in the con
text of UNGD. Other health outcomes such as cancer and neurodegenerative disease
await future studies.
In the history of public health, industrial development has always gotten ahead of public
health protections. The UNGD industry has developed particularly rapidly. When is there
enough evidence to regulate UNGD on the basis of health? At what point does society re
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quire evidence of benefits to proceed with development as opposed to evidence of nega
tive impacts to slow development? Given the limited resources devoted to these investiga
tions, along with the difficulty of obtaining information on the industry early on, and that
in environmental epidemiology there are often many biases that result in difficulty uncov
ering evidence (called bias toward the null), what has been reported to date offers no re
assurance that UNGD is likely to be safe for public health. Some have suggested that reg
ulations will prevent health impacts, but no health studies provide guidance on what reg
ulations, if any, will get the health effects to go away. In an era of climate change, and
with emerging evidence that UNGD not only continues to contribute to climate change
but also has local and regional direct health impacts, this is further scientific basis to put
a robust price on carbon emissions and stop subsidies for fossil fuels.
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Abstract
The body of science evaluating the potential impacts of unconventional natural gas development (UNGD) has grown significantly in recent years, although many data gaps remain.
Still, a broad empirical understanding of the impacts is beginning to emerge amidst a swell
of research. The present categorical assessment provides an overview of the peerreviewed scientific literature from 2009–2015 as it relates to the potential impacts of UNGD
on public health, water quality, and air quality. We have categorized all available original
research during this time period in an attempt to understand the weight and direction of the
scientific literature. Our results indicate that at least 685 papers have been published in
peer-reviewed scientific journals that are relevant to assessing the impacts of UNGD. 84%
of public health studies contain findings that indicate public health hazards, elevated risks,
or adverse health outcomes; 69% of water quality studies contain findings that indicate
potential, positive association, or actual incidence of water contamination; and 87% of air
quality studies contain findings that indicate elevated air pollutant emissions and/or atmospheric concentrations. This paper demonstrates that the weight of the findings in the scientific literature indicates hazards and elevated risks to human health as well as possible
adverse health outcomes associated with UNGD. There are limitations to this type of
assessment and it is only intended to provide a snapshot of the scientific knowledge based
on the available literature. However, this work can be used to identify themes that lie in or
across studies, to prioritize future research, and to provide an empirical foundation for policy
decisions.
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Introduction
Shale and tight gas development (known to nontechnical stakeholders as “fracking” and
referred to herein as unconventional natural gas development, UNGD) continues to be the
focus of controversy. Amidst economic and geopolitical considerations, the potential environmental and public health impacts of UNGD have received substantial attention in policy,
media, and public debates. Claims of ground water contamination and adverse health outcomes have been widely cited and disputed, but what does the science actually show?
While research continues to lag behind the rapid scaling of UNGD, there has been a surge
of peer-reviewed scientific papers published in the past several years (Fig 1). By the end of
2015, over 80% of the peer reviewed scientific literature on shale and tight gas development has
been published since January 1, 2013 and over 60% since January 1, 2014. This suggests an
emerging understanding of the environmental and public health implications of UNGD in the
scientific community. Yet, although numerous hazards and risks have been identified in studies
to date, many data gaps remain. Notably, while there is now a far more substantive body of science than there was several years ago, there is still only a limited amount of epidemiology that
explores associations between risk factors and health outcomes in human populations [1].
In this assessment we provide an overview, a current snapshot, of the scientific knowledge
on potential environmental public health hazards, elevated risks, and outcomes associated with
the development of shale and tight gas. We include only published, peer-reviewed literature
available on the subject. More nuanced and systematic peer-reviewed public health review articles that provide greater levels of appraisal and analysis with in-depth narrative are available
[2–4]. This particular assessment is intended to provide a broad understanding of the scientific
literature in order to support the following goals:

Fig 1. Number of publications that assess the impacts of UNGD per year, 2009–2015. At least 685 papers have been published in peer-reviewed
scientific journals that are relevant to assessing the impacts of UNGD. The number of papers published per year has continually risen and at least 226 were
published in 2015 alone.
doi:10.1371/journal.pone.0154164.g001
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• To understand the weight and direction of the scientific literature
• To provide comprehensive lists of studies in a field
• To identify themes that lie in or across individual studies
• To map and categorize existing literature for further review
• To prioritize future research and investigations
As activities continue to expand, counties, states, and nations are in a unique position to
learn from experiences and scientific assessments conducted where UNGD is already underway [5,6]. While responsible energy policies require more than empirical data inputs [7,8], legislative and regulatory activities will benefit from the emerging body of science on the
environmental and public health implications of UNGD. This assessment can be viewed as a
summary of the peer-reviewed literature in order to help facilitate research efforts and inform
policy discussions at the federal, state, and local levels.

Methods
Database assemblage and review
This assessment was conducted using the PSE Database on Shale and Tight Gas Development
(available at: http://psehealthyenergy.org/site/view/1180 and referred to herein as the PSE
Database). This near exhaustive collection of peer-reviewed scientific literature on the impacts
of UNGD is divided into 12 topics: air quality, climate, community, ecology, economics, general, health, regulation, seismicity, waste/fluids, water quality, and water usage. We assembled
this database over three years using a number of search strategies, including the following:
• Systematic searches in scientific databases across multiple disciplines:
 PubMed (http://www.ncbi.nlm.nih.gov/pubmed/)
 Web of Science (http://www.webofknowledge.com)
 ScienceDirect (http://www.sciencedirect.com)
• Searches in existing collections of scientific literature on unconventional natural gas development, such as the Marcellus Shale Initiative Publications Database at Bucknell University
(http://www.bucknell.edu/script/environmentalcenter/marcellus), complemented by Google
(http://www.google.com) and Google Scholar (http://scholar.google.com)
• Manual searches (hand-searches) of references included in peer-reviewed studies and government reports that directly pertain to unconventional natural gas development.
For scientific literature search engines we used a combination of Medical Subject Headings
(MeSH)-based and keyword strategies, which included the following terms as well as relevant
combinations thereof:
shale gas, shale, hydraulic fracturing, fracking, drilling, natural gas, air pollution, methane,
water pollution, health, public health, water contamination, fugitive emissions, air quality,
climate, seismicity, waste, fluids, economics, ecology, water usage, regulation, community,
epidemiology, Marcellus, Barnett, Fayetteville, Haynesville, Denver-Julesberg Basin, unconventional gas development, and environmental pathways.
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Our database and this assessment excluded technical papers on UNGD not applicable to
determining its potential impacts. Examples of literature that we excluded are engineering
papers on optimal drilling strategies, petroleum reservoir evaluations, estimation algorithms of
absorption capacity, patent efficacy assessments, and fracture models designed to inform stimulation techniques. Because our assessment is limited to papers subjected to external peerreview, it did not include government reports, environmental impact statements, policy briefs,
white papers, law review articles, or other grey literature. Our assessment also excluded studies
on some forms of UNGD, such as coalbed methane/coal seam gas as well as other forms of fossil fuel extraction that specifically exclude shale and/or tight gas development (e.g., tarsands, oil
shale, etc.). While we are sure that we include the vast majority and certainly the most seminal
studies on the environmental public health dimensions of UNGD in leading scientific journals,
it is possible that a small number of publications are missing. As such, we refer to the literature
database as near exhaustive.
The PSE Database has been used and reviewed by academics, experts, and government officials throughout the United States and internationally and has been subjected to public and
professional scrutiny before and after this assessment. It represents the most comprehensive
public collection of peer-reviewed scientific literature on shale and tight gas development available. Again, many of the publications in this database are discussed in greater detail in published review articles [2–4] and government reports [9,10].

Scope of assessment
Definitions. There has been significant confusion about the environmental dimensions of
UNGD (often termed “fracking”) because of the lack of uniform, well-defined terminology and
boundaries of analysis [11]. The public and the media often use the term “fracking” as an
umbrella term to refer to the entirety of UNGD (and often other forms of oil and gas development), including processes such as land clearing, well stimulation, hydrocarbon production,
storage and transportation, and waste disposal. On the other hand, the oil and gas industry and
many in the scientific community generally use the term as shorthand for one particular type
of well stimulation method used to enhance the production of oil and natural gas: hydraulic
fracturing.
The PSE Database and this assessment are focused on UNGD in its entirety, and not only
the method of well stimulation. Environmental and public health assessments that include only
the latter should have a limited role in policy discussions. In order to understand the environmental and public health dimensions of UNGD any reasonable approach must engage beyond
a narrow view of only the well stimulation process of hydraulic fracturing, especially when the
scientific literature indicates that other UNGD processes warrant greater concern. As such, the
boundaries of our assessment include scientific literature on hydraulic fracturing and the associated operations and ancillary infrastructure required to develop and distribute unconventional natural gas. Although we use the term UNGD to refer to shale and tight gas
development, some of the studies included in this report may either include data from, or be
applicable to, other forms of UNGD enabled by hydraulic fracturing. Again, those focused
solely on coal seam gas are beyond the scope of this assessment.
Inclusion and exclusion criteria. The temporal focus of this assessment was between 1 January 2009 and 31 December 2015 in order to capture what we believe to be the entirety of the
published peer reviewed science on environmental public health dimensions of UNGD for this
time period. We did not include papers released in 2015 ahead of print that will be published in
2016. We included original studies that evaluate environmental and public health hazards, risks,
and impacts of UNGD, narrowly defined as shale or tight gas development (Table 1).
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Table 1. Inclusion and Exclusion Criteria.
Included

Excluded

Type of unconventional fossil
fuel development

shale gas, tight gas

coal bed methane (coal seam gas), tar sands (oil sands), shale oil, shale
(tight) oil*

Type of publication

scientiﬁc, peer-reviewed, original
research

review articles, commentaries, government reports, environmental impact
statements, white papers, law review articles, and other grey literature

Date of publication

published between 2009 and 2015

published prior to 2009 or since January 1, 2016

Type of original research

re: hazards, risks, and/or impacts to
public health, water quality, and air
quality

re: hazards, risks, and/or impacts to climate, community, ecology,
economics, regulation, seismicity, water usage; baseline data; research
methodology; technical papers (optimal drilling strategies, estimation
algorithms of absorption capacity, etc.)

* Some of the air quality studies in Western oil and gas ﬁelds included unconventional fossil fuel development types other than shale and tight gas.
doi:10.1371/journal.pone.0154164.t001

The majority of publications in the PSE Database are not considered in this assessment and
we excluded the following topics: climate, community, ecology, economics, regulation, seismicity, waste/fluids, and water usage. Although many of these topics also have public health implications (e.g., climate change, economics, water usage, etc.), we have focused this assessment on
original research that directly pertains to 1) public health, 2) water quality, and 3) air quality.
We excluded some studies that may be located in the three topics used in this assessment, such
as those that only provide baseline data or address research methods but fail to assess hazards,
risks, or associated impacts.
As previously mentioned, we restricted the studies included in this assessment to those published from 1 January 2009 through 31 December 2015. There are studies on conventional forms of
oil and natural gas development that are relevant to the public health dimensions of UNGD, but to
maintain greater consistency we excluded those prior to 2009 from the assessment. For example,
we did not include a study published in The Lancet that examined the association between testicular
cancer and employment in agriculture and oil and gas development published in 1984 [12].
Relatedly, the scope of some of the studies we included in this assessment may go beyond
shale and tight gas and could potentially include other forms of both conventional and unconventional oil and gas development. For instance, some of the top-down, field-based air pollution studies that gauge leakage rates and emission factors in Western oil and gas fields [13,14].
We included studies not exclusively related to UNGD only when the focus of the studies is relevant and they were published within our specified timeframe. For instance, studies that measured VOC emissions in a region with shale gas development as well as other forms of
conventional and unconventional oil and gas development were included in this assessment.
Lastly, we only included original research in our assessment. We considered research original if it measured potential or actual health outcomes or complaints and air quality and water
quality assessments related to UNGD. We excluded literature that attempted to determine public opinion or that considered methods for future research agendas.

Categorical framework
We have created binary categories for each topic in an attempt to identify and group studies in
an intuitive way that focuses on the indication of what might be considered to be a relevant or
significant impact. Some of the studies categorized belong in more than one topic. For instance,
studies that contain data that are relevant to both air quality and public health are included in
both of these topics [15–17].
As with any scientific analysis there is also a qualitative component in our operational definitions and methods of categorization (Table 2). It is possible that some may disagree as to
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Table 2. Categorical Framework.
Topics

Categories
A

B

Public
Health

Findings that indicate public health hazards,
elevated risks, or adverse health outcomes

Findings that indicate no signiﬁcant public
health hazards, elevated risks, or adverse
health outcomes

Water
Quality

Findings that indicate potential, positive
association, or actual incidence of water
contamination

Findings that indicate minimal potential, no
association, or rare incidence of water
contamination

Air
Quality

Findings that indicate elevated air pollutant
emissions and/or atmospheric
concentrations

Findings that indicate no signiﬁcantly elevated
air pollutant emissions and/or atmospheric
concentrations

doi:10.1371/journal.pone.0154164.t002

what constitute findings that indicate a public health hazard or elevated risk. To address this
concern we have listed specific criteria of what would qualify a study for inclusion in a particular category within each relevant section below. Examples include statistically significant positive associations between UNGD or a particular health outcome or measurements documented
above recommended air quality standards. In some cases, the relative significance of an impact
related to UNGD is based on the interpretation of the evidence by the authors of the study.
Readers may also refer to the tables included in the appendix for citations and categorization of
the studies, which are listed alphabetically by author in each topic (S1 Appendix).
Our approach often does not account for various nuances in the results of particular studies.
For instance, some studies may contain findings of both positive associations and no associations between UNGD and particular health outcomes. In our assessment we chose to include a
study with any positive finding or indication of a particular impact in Category A. As such, a
study that found an association between UNGD and health endpoint X, but no association
with health endpoints Y and Z, would still be included in Category A.
Public Health. Studies that assess public health risks and endpoints, including epidemiologic investigations, continue to be particularly limited compared to studies of public health hazards. To date, most of the peer-reviewed health oriented publications are commentaries and
literature reviews. In this topic we included original research that considers the question of public
health in the context of UNGD. Of course, empirical findings in other categories such as air quality and water quality are relevant to public health. However, in this topic we only include those
studies that directly consider the health of human populations and individuals as well as studies
that examine animal health as they can provide sentinel information for human health risks.
In this topic we consider research “original” if it measures potential or actual health outcomes or complaints (i.e., not health research that only attempts to determine public opinion
or consider methods for future research agendas). In addition to epidemiology, we included
studies in this topic that focus primarily on environmental monitoring, but which also contain
significant discussion about public health risks or outcomes [15,18,19]. In some of these cases,
we have cross-listed the study within the water or air quality topic.
For the public health topic, we placed a study in category A or B based on whether or not it
provided evidence, documentation, or acknowledgment of any of the following that are attributed to UNGD:
• A positive association with at least one adverse health outcome (e.g., birth defects,
hospitalization)
• A positive association with a known human health risk (e.g., elevated benzene
concentrations)
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• Increased health risks from exposure to pollutant emissions
• A positive association with reported health symptoms in randomized survey proximity
analysis
• Self-reported health symptoms or complaints in humans or animals;
• Toxicological concerns in the context of protective limitations (e.g, monitoring
impediments)
• Explicit health concerns based on documented environmental contamination (e.g., endocrine
disruption chemicals, high PAH levels in ambient air, etc.)
Water Quality. The allocation of water quality studies to binary categories is more complex than those focused on human health in that some rely on empirical field measurements,
while others explore mechanisms for contamination or use modeled data to assess or predict
water quality risks. Some of these studies explored only one aspect of UNGD, such as waste disposal or the well stimulation process enabled by hydraulic fracturing. These studies did not
always indicate whether or not UNGD as a whole is associated with water contamination and
are therefore limited in their utility for gauging water quality impacts. Nonetheless, we
included all original research, including modeling studies as well as those that consider contamination mechanisms and/or exposure pathways. We excluded studies that explored only
evaluative methodology or baseline assessments prior to UNGD as well as papers that only
comment on or review previous studies. Here we were only concerned with actual findings in
the field or modeling studies that specifically address the risk or potential occurrence of water
contamination.
For this topic, we placed a study in category A or B based on whether or not it provided evidence, documentation, or acknowledgment of any of the following that are attributed to
UNGD:
• A positive association with water contamination (e.g., proximity analysis showing increased
concentrations of methane, heavy metals, salinity, etc.)
• Elevated surface or groundwater pollutant concentrations resulting from fluid releases or
wastewater treatment/disposal
• Plausible contamination pathways and potential for water quality impacts from risk assessment/analysis of failure mechanism (e.g., casing and cement impairment)
• Plausible contamination pathways and potential for water quality impacts from modeling or
geochemical evidence
• Water quality impacts based on analysis of microbial communities
• A significant quantity of reported incidents of water contamination relative to development
activity
Air Quality. The papers included in the air quality assessment are those that specifically
address air pollutant emissions and atmospheric concentrations from UNGD at either a local
or regional scales. These papers primarily include measurements of local and regional emissions and atmospheric concentrations of non-methane volatile organic compounds, hazardous
air pollutants, and tropospheric ozone attributable to upstream natural gas, and sometimes oil,
activities since atmospheric measurements usually account for both.
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Although methane is a precursor to global background tropospheric ozone concentrations
we excluded studies that focus exclusively on methane emissions from this topic. We do, however, include studies that measure emissions of methane and non-methane volatile organic
compounds (VOC), given the known health-damaging dimensions of a number of VOCs (i.e.,
benzene, toluene, ethylbenzene, xylene, 1,3 butadiene, acetaldehyde, etc.) and the role of light
alkane VOCs in the production of the respiratory irritant, tropospheric (ground-level) ozone.
We included a few studies that explore the public health risks associated with air pollutant
emissions in both the air and the public health categories.
For this topic, we placed a study in category A or B based on whether or not it provided evidence, documentation, or acknowledgment of any of the following that are attributed to UNGD:
• Measurement(s) or estimation(s) of emissions or atmospheric concentration in excess of recommended air quality standards (e.g., NAAQS, federal ozone standards, etc.)
• Emission estimates that are significantly elevated above state emission inventory estimates
• Public health risks due to toxic air emissions or ambient air concentrations
• Measurement of emissions and/or atmospheric concentrations highly elevated over regional
background

Results
Public Health
Based on our criteria, we included 31 original research studies relevant to UNGD and public
health hazards, risks, and health outcomes. Of these 31 studies, 26 (84%) contain findings that
indicate public health hazards, elevated risks, or adverse public health outcomes and 5 (16%)
contain findings that indicate no significant public health hazards, elevated risks, or adverse
health outcomes associated with UNGD (Fig 2). The vast majority of all papers on this topic indicate the need for additional study, particularly large-scale, quantitative epidemiologic research.

Water Quality
Based on our criteria, we included 58 original research studies relevant to shale gas development and
water quality. Of these 58 studies, 40 (69%) have findings that indicate potential, positive association,
or actual incidence of water contamination associated with UNGD, while 18 (31%) have findings
that indicate minimal potential, no association, or rare incidence of water contamination (Fig 2).

Air Quality
Based on our criteria, we included 46 original research studies relevant to questions involving
associations between UNGD and air pollutant emissions and atmospheric air pollutant concentrations. Of these 46 studies, 40 (87%) have findings that indicate that UNGD increased air
pollutant emissions and/or atmospheric concentrations, while 6 (12%) of the studies contain
findings that provide no indication of significantly elevated air pollutant emissions and/or
atmospheric concentrations (Fig 2).

Discussion
In this assessment, we reviewed the findings of original peer-reviewed research that evaluates
associations between UNGD and air quality, water quality, and public health to determine the
direction of the scientific literature. For each topic we found that the majority of original
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Fig 2. Selection Process and Results. This assessment draws from the peer-reviewed literature for three topics in the PSE Database: Air Quality, Health,
and Water Quality. Of the 61 publications in air quality, 46 met our criteria; of the 78 publications in health, 31 met our criteria; and of the 114 publications in
water quality, 58 met our criteria. From here we placed the original research that met our criteria into one of two categories (see Table 2). Our results indicate
that 84% of public health studies contain findings that that indicate public health hazards, elevated risks, or adverse health outcomes, 69% of water quality
studies contain findings that indicate potential, positive association, or actual incidence of water contamination, and 87% of air quality studies contain findings
that indicate elevated air pollutant emissions and/or atmospheric concentrations.
doi:10.1371/journal.pone.0154164.g002

research indicate hazards, elevated risks, or potential impacts from UNGD on the outcome of
interest. These results suggest that UNGD may contribute to an environmental public health
burden, which is consistent with numerous scientific review articles and government reports.
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A review of the research included in this assessment can help identify themes that emerge in
study design, methodology, hypotheses, scope, findings, and recommendations. With regard to
the latter, one one theme that continually emerged was a recommendation for additional
empirical investigations to better understand the risks to water, air, and public health presented
by UNGD. Other themes included the recognized need among researchers for baseline studies
to allow for before and after comparative assessments and longitudinal data to determine
potential short- and long-term impacts.
Numerous data gaps on the environmental and public health impacts of UNGD exist, many
of which have already been recognized in the scientific literature. Several notable data gaps are
worth mentioning, however, and the following remain largely unknown: the extent to which
the presence of stray-gas in aquifers indicates the potential for chemical contamination from
hydraulic fracturing fluids; changes in well integrity failure rates over time; the legacy effects
and relative contribution of air pollutants emissions from aging and abandoned wells; exposure
data to characterize the frequency, duration, and degree of exposure to various stressors; community health risks from physical hazards (e.g., light and noise); and the overall magnitude of
human-health risks.
The need for quantitative epidemiological research on this subject is widely recognized in
the scientific community, but it is difficult to conduct until exposure parameters are better
determined and reported cases of health outcomes are analyzed. Many epidemiological studies
are expensive, time consuming, and often rely on data that are difficult to obtain. The fact that
potential exposures would have taken place before background data could be collected only
complicates the issue. Although there is quite a bit of evidence of hazards and elevated risks,
drawing conclusions about the magnitude of health burdens attributable to UNGD remains
difficult from an epidemiological perspective.

Limitations
There are limitations to this assessment that relate to both its methods and the interpretation
of its findings. As previously mentioned, the type of binary categorization we used may not
account for the nuances of findings in many of these studies. Relatedly, this type of categorization effectively ranks the quality of the studies included in this article equally, despite clear differences in the weight and merit that should be ascribed to each study, based on either its
design or interpretation of the evidence. Our work, however, was not intended to provide commentary on the quality of each study since here we are primarily concerned with the overall
weight of the evidence. The quality and subsequent weight that should be given to a particular
study are influenced by a number of factors, such as its design, methodology, and execution.
We have only broadly surveyed original research across three different topics, including, but
not limited to, qualitative epidemiology, risk analysis, in situ measurements, and modeling
studies. There are strengths and weaknesses with each empirical method and it was not our
aim to consider these attributes on an individual basis. Ultimately, this assessment relied on
the peer-reviewed process itself in its consideration of the quality of the work. While not all
peer-reviewed studies are of equal merit, this appeared to be the most simple, useful, and
appropriate standard for quality control and consideration given our purposes.
Our selection criteria influence the categorization process and certain data inputs are gained
or lost by our decisions to include or exclude particular type of studies. By only including original research on air quality, water quality, and public health, we are not accounting for all of the
studies that may be pertinent to each topic (e.g., the existence or absence of elevated public
health hazards, etc.). For instance, climate change, water usage, and economic gains may all
influence environmental and public health outcomes. We have excluded these topics from our
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analysis and have chosen to focus only on the three that have consistently received the most attention among environmental public health researchers. Additionally, by not including government
reports that do not appear in peer-reviewed journals we may be missing useful data and analysis
that can inform UNGD public health implications as well as air and water quality concerns.
The majority of studies included in this assessment were conducted to determine whether
or not adverse effects from UNGD exist. These types of investigations may, by their very
nature, produce reporting or design bias. This is an inherent limitation of the scientific discipline; scientists are not immune from value judgments that shape research and scientific reasoning, including hypotheses to be tested, boundaries of analysis, and interpretation of
evidence. Biases are difficult to account for in this context and we have chosen to rely on the
peer-review process in this determination.
Furthermore, while the PSE Database is–to our best knowledge–exhaustive, our literature
search may not have captured every relevant peer-reviewed scientific paper. Some journal articles are not always available in electronic databases or may be captured at a later time. As
UNGD continues to gain the attention of the scientific community in other parts of the world,
more and more research on the subject has been published in relatively obscure journals that
may not be readily available. While we are confident that our MeSH-terms account for nearly
all of the research on this topic, there is a possibility that some studies that use different or less
traditional terminology may have been missed. We did our best to account for what may not
have been initially discovered in an online database with manual searches of the scientific literature over a several year period.
Differences in geography, geology, petroleum reservoir type, and regulatory regime may
also render some studies less relevant when interpreted across geographic space. Our assessment is only concerned with current empirical evidence in the peer-reviewed literature and we
do not consider different regulatory regimes that could potentially influence environmental
and public health outcomes in positive or negative ways. For instance, technological improvements such as universal deployment of reduced emission completions may mitigate some existing air pollutant emission issues.
Despite its limitations, our assessment provides a general understanding of the weight of the
scientific evidence of possible impacts arising from UNGD that are relevant to environmental
public health. It demonstrates that the weight of the scientific literature indicates that there are
hazards and elevated risks to human health as well as possible adverse health outcomes.
Finally, it must be understood that all forms of energy production and industrial processing
have environmental impacts. Our assessment is only focused on assessing the available science
on the environmental and public health dimensions of the development of natural gas from
shale and tight formations. We make no claims about the level of impact that should be tolerated by society–these are ultimately value judgments that incorporate more than empirical
findings.
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a b s t r a c t
This research exploits the introduction of shale gas wells in Pennsylvania in response to growing controversy around the drilling method of hydraulic fracturing. Using detailed location data on maternal
addresses and GIS coordinates of gas wells, this study examines singleton births to mothers residing
close to a shale gas well from 2003 to 2010 in Pennsylvania. The introduction of drilling increased low
birth weight and decreased term birth weight on average among mothers living within 2.5 km of a well
compared to mothers living within 2.5 km of a permitted well. Adverse effects were also detected using
measures such as small for gestational age and APGAR scores, while no effects on gestation periods were
found. In the intensive margin, an additional well is associated with a 7 percent increase in low birth
weight, a 5 g reduction in term birth weight and a 3 percent increase in premature birth. These results
are robust to other measures of infant health, many changes in speciﬁcation and falsiﬁcation tests. These
ﬁndings suggest that shale gas development poses signiﬁcant risks to human health.
© 2018 Elsevier B.V. All rights reserved.

The United States (US) holds large unconventional gas reserves
in relatively impermeable media such as coal beds, shale, and tight
gas sands, which together with Canada account for virtually all
commercial shale gas produced in the world (IEA, 2012).1 New
technologies, such as hydraulic fracturing and directional drilling,
have made it economically and practically feasible to extract nat-
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1
The International Energy Agency (IEA) deﬁnes unconventional gas as sources of
gas trapped in impermeable rock deep underground.
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ural gas from these previously inaccessible geological formations.2
In 2010, unconventional gas production was nearly 60% of total
gas production in the US (IEA, 2012). Natural gas from the Marcellus formation, particularly in Pennsylvania, currently accounts
for the majority of this production (Rahm et al., 2013).3 A recent
assessment by The Wall Street Journal estimates that over 15 million Americans live within 1 mile of an oil or gas well drilled since
2000 in 11 of the 33 states where drilling is taking place (Gold and
McGinty, 2013). With this expansion, it is becoming increasingly
common for shale gas development to take place in close proximity
to where people live, work and play.
The expansion of shale gas development (SGD) in the US has
brought with it a national debate that seemingly lacks a consensus
over its economic, environmental, health and social implications.
There is growing evidence that shale gas development creates jobs
and generates income for local residents in the short run (Allcott

2
Hydraulic fracturing (popularly known as “fracking” or “fracing”) stimulates the
well using a combination of large quantities of water (“high-volume”), fracturing
chemicals (“slick water”) and sand that are injected underground at high pressure.
This process fractures the rock and causes the resource to be released.
3
Pennsylvania experienced very rapid development of shale gas, with 4272 shale
gas wells drilled from 2007 to 2010 (PADEP, 2010a).
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and Keniston, 2014; Bartik et al., 2016; Feyrer et al., 2017; Hausman
and Kellogg, 2015; Mason et al., 2015). In addition to its economic
beneﬁts, many claim that a move to natural gas (and away from
petroleum- or coal-based energy) will support U.S. energy independence and national security. Shale gas provides an attractive
source of energy because it emits fewer pollutants (e.g., carbon
dioxide, sulfur dioxide, nitrogen oxides, carbon monoxide and particulate matter) when burned than coal and other fossil-fuel energy
sources per unit of heat produced (Chen et al., 2017). Globally,
the shale boom has improved ambient air quality and displaced
coal-based electricity, especially for areas with coal-ﬁred power
plants (Johnsen et al., 2016). However, these beneﬁts may come
with local costs associated with drilling activity in communities
where it takes place. These costs may include reduced environmental quality through local air pollution (Colborn et al., 2012; Litovitz
et al., 2013; Witter et al., 2013), water contamination (Warner et al.,
2012; Olmstead et al., 2013; Hill and Ma, 2017), increased truck
trafﬁc (Graham et al., 2015) and health. Concerns over perceived
ground water contamination have caused a discount of housing
prices to compensate for the risk and an approximately $19 million
increase in bottled water purchases in 2010 in response to SGD in
Pennsylvania (Muehlenbachs et al., 2015; Wrenn et al., 2016). This
is further supported by a recent cost–beneﬁt analysis that found
substantial environmental costs associated with health damages
from air pollution emitted by SGD totaling $27.2 billion (Loomis
and Haefele, 2017).
In utero exposure to air pollution has been linked to adverse
birth outcomes, lower educational attainment, labor market outcomes and future health problems (see Currie and Schmieder, 2009;
Currie, 2009; Currie et al., 2014 for summaries of this research). In
particular, a large literature has linked air pollution (e.g. particulate
matter (PM), carbon monoxide (CO), sulfur dioxide (S02 ), nitrogen
oxide (NOx )) from coal-ﬁred power plants with low birth weight,
premature birth and infant mortality both within the US and in
the developing world.4 With natural gas touted as a transition
fuel between coal-based electricity and renewable options, infant
health is one way to compare costs across alternative options. While
coal is undeniably worse than natural gas with respect to resource
extraction and energy generation, concerns regarding emissions
associated with shale gas should be studied (Chen et al., 2017).
The impact of shale gas development on health has become
the focus of a growing body of literature. To my knowledge, Hill
(2012) is the ﬁrst study to assess the impact of shale gas development on infant health. Concurrent health studies include case
studies (Bamberger and Oswald, 2012), health impact assessments
(McKenzie et al., 2012), toxicological assessments of speciﬁc chemicals (Colborn et al., 2011), self-reported health symptoms (Ferrar
et al., 2013) and studies exploiting administrative records such as
birth certiﬁcates, hospital records or electronic medical records
(EMR) to study asthma, pneumonia, fatigue, migraine, sinus effects,
and birth outcomes (Hill, 2013; McKenzie et al., 2014; Stacy et al.,
2015a; Rasmussen et al., 2016; Casey et al., 2016; Tustin et al., 2017;
Currie et al., 2017; Whitworth et al., 2017; Peng et al., 2018).5 All but
one of the infant health studies ﬁnd a positive association between

4
See Chay and Greenstone (2003a), Currie and Neidell (2005), Jayachandran
(2009), Tanaka (2015), Knittel et al. (2015), Sanders and Stoecker (2015), Clay et al.
(2016), Eva et al. (2016), Yang et al. (2017), Yang and Chou (2017), Severnini (2017),
Jha and Muller (2017). For example, Yang et al. (2017) found that after a power plant
in PA closed down, low birth weight declined by 15 percent and premature birth
decline by 28 percent due to reductions in PM2.5 and S02 .
5
See Colborn et al. (2011) regarding health effects of fracturing chemicals; see
McKenzie et al. (2012) for a review of studies investigating the effects of inhalation
exposure; see Vengosh et al. (2014) for a review of the likely effects of water contamination from SGD; see Werner et al. (2015), Stacy (2017), and Balise et al. (2016)
for recent reviews of SGD and health related studies.
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drilling and poor birth outcomes measured by premature/preterm
birth (PTB) or low birth weight (LBW). Due to a lack of consistency in
outcomes, proximity, and exposure metrics used, it is challenging
to compare ﬁndings across these studies.
To assess the impact of shale gas development on infant health, I
build a unique database that contains the longitude and latitude of
all shale gas wells, the street address (geocoded) of all new mothers,
and data on whether the mother’s address falls within public water
service areas. To deﬁne a treatment variable, I exploit both the timing of drilling activity (using the “spud date,” or the date the drilling
rig begins to drill a well) and the exact locations of well heads relative to residences. I then use as a comparison group mothers who
live in proximity to future wells, as designated by well permits. The
exact locations of both wells and mothers’ residences allow me to
exploit variation in the effect of shale gas drilling within small, relatively homogeneous socio-economic groups, and the timing of the
start of drilling allows me to conﬁrm the absence of substantive
pre-existing differences. Through this method, I am able to provide
robust estimates of the impact of maternal exposure to shale gas
development during pregnancy on birth outcomes.
The main results suggest both statistically and economically
signiﬁcant effects on infant health. I ﬁnd that shale gas development increased the incidence of low birth weight and small for
gestational age in the vicinity of a shale gas well by 24 percent
and 18 percent, respectively. Furthermore, term birth weight and
birth weight were decreased by 49.6 g (1.5 percent) and 46.6 g (1.4
percent), on average, respectively and the prevalence of APGAR
scores less than 8 increased by 26 percent. Results for premature
birth were mixed and sensitive to speciﬁcation. The difference-indifferences research design, which relies on the common trends
assumption, is tested by examining the observable characteristics
of the mothers in these two groups before and after development,
testing for pretrends in the outcome variables using the sample
before drilling, permit dates only, and future wells only, and using
a random date to deﬁne treatment. The research design is robust to
these tests as well as a range of speciﬁcations. I examine mobility
using the group of mothers with more than one birth and ﬁnd that
there is little evidence of moms moving in response to drilling.
This paper contributes to the literature using a quasiexperimental design and is a combination of the strengths of
both the epidemiologic and economic literature described above.
First, I improve upon the epidemiologic literature by employing
a difference-in-differences design. In particular, I exploit the exogeneity of drilling conditional on leasing and permitting, which
results in statistically homogenous treated and comparison groups.
This provides a more stable comparison group than in Currie et al.
(2017) that compares to those living within 3–15 km. Second, I
improve upon the economics literature by using the strengths of
the epidemiologic literature by looking at multiple measures of
adverse infant health outcomes which may be indicative of different aspects of drilling exposure. Preterm birth is indicative of
preterm premature rupture of membranes, which can result from
genetics, stress or low socio-economic status (SES) (Goldenberg
et al., 2008). Low birth weight and small for gestational age (SGA)
are more related to intrauterine growth restriction (IUGR), which
is more consistently related to air pollution (Stieb et al., 2012b; Sun
et al., 2015; WHO, 2005). Congenital abnormalities indicate exposure to a teratogen during pregnancy. Given the inconsistency in
measured outcomes in existing studies, I simultaneously estimate
impacts for all outcomes within the same sample and identiﬁcation
strategy. This is particularly useful for policy given the mixed ﬁndings in the existing studies and that none of these studies directly
test exposure mechanisms. Third, I improve upon the economics literature by thoroughly controlling for predictors of infant health and
estimating the extensive and intensive margins of drilling. I include
controls for insurance status, WIC, previous risky pregnancy, parity,
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and smoking status. I also measure heterogeneity across SES subgroups and test whether moms are moving in response to drilling.
Importantly, I contribute to the literature by measuring the effect
of an additional well on birth outcomes, which is perhaps more
relevant to policy-making than simple binary measurements of
exposure.
The rest of the paper proceeds as follows: Section 1 presents
background and context and Section 2 describes the data. Section 3
presents graphical evidence and Section 4 describes the estimation
strategy. Sections 5 and 6 presents results and robustness checks.
Section 7 provides interpretation and discussion of the results. Section 8 concludes.
1. Background

info with the strata of shale depth from EIA. For counties where
we have lease data, the extent of leasing is densest along the deepest contours and more sparse along the shallower contours, except
in the northeastern part of the state such as Bradford County. To
examine this further, I linked the lease and depth data to the wells
and permits used in these analyses to test whether there are substantial differences.7 There are no differences in leasing deﬁned by
the proportion of acres leased within Census block groups between
permitted and drilled wells. The average Census block group in the
data is 40 percent leased for both permitted and drilled locations. In
the top 10 drilled counties, this jumps to 60 percent, but is again the
same across permitted and drilled locations. Permits that are drilled
seem to be explained by shale depth as opposed to some difference
in community preference as proxied for by leasing activity.

1.1. A brief shale gas overview for Pennsylvania

1.2. Shale gas development as a potential pollution source

In Pennsylvania, shale gas development involves primarily highvolume hydraulically fractured horizontal wells drilled into the
Marcellus Shale and more recently, the Utica Shale. Hydraulic fracturing is a process to stimulate a well that uses water to fracture
the rock or shale beneath the ground. On average, in Pennsylvania, it involves injecting approximately 4–8 million gallons of water
mixed with sand and fracturing chemicals into the well and using
pressure to fracture the shale about 6500–7500 ft below the surface
(Chen and Carter, 2016). Shale plays are heterogeneous and so the
distance drilled and quantity of water required differ across varied
geological formations.
The entire process of completing a natural gas well takes, on
average, 3–9 months to ﬁnish: access road and well pad construction occurs for a month (0–4 weeks) prior to the spud date, drilling
the well takes about 30 days (vertical drilling for 0–2 weeks and
horizontal drilling for 4–8 weeks), preparation for hydraulic fracturing takes 1–2 months, hydraulic fracturing takes about 7 days,
ﬂowback occurs for 2–8 weeks and clean up and testing takes
about a month before the well goes into production (Casey et al.,
2015; Graham et al., 2015). During the ﬁrst few months, diesel
trucks bring in materials required for the drilling process, averaging 1500–2000 truck trips per well completion in Pennsylvania.
During the ﬁrst 30 days after well stimulation, it is estimated that
approximately 30–70% of the water used during the drilling process
returns to the surface (called ﬂowback) and is collected in ground
level water impoundments and then taken to be treated at a waste
water facility (Kondash et al., 2017).
Most wells are drilled on private property that has been leased
to oil and gas companies.6 After the land is leased by the mineral
owner, a company applies for a permit to drill on that property.
The state government approves permits and once a company has a
permit, the drilling often commences quickly thereafter. There are
many layers of decision-making independent of the mineral owner
that determine exactly which leases become permits and which
permits become a well. This research uses only those locations that
are permitted by the state to reduce selection bias in the estimates
that follow.
The identiﬁcation strategy used in this paper depends on the
assumption that drilling is exogenous relative to locations that are
permitted but not yet drilled. However, areas that are permitted
but not drilled may be different from areas that experience active
drilling. For example, areas without active drilling may not have as
many property owners willing to lease mineral rights or the industry may prioritize leasing in areas with the most productive shale.
Appendix Fig. A1 overlays the parcels with leases from Drilling-

Preliminary evidence indicates that shale gas development may
produce waste that could contaminate the air, aquifers, waterways,
and ecosystems that surround drilling sites or areas where water
treatment facilities treat the waste water from the drilling process.
Below I review the current state of the scientiﬁc evidence.

6
To date, there are no estimates in Pennsylvania of how many properties are
“split estate” – the condition where surface owners do not own the mineral rights.

1.2.1. Water pollution
There are a number of mechanisms by which shale gas development might contaminate ground and surface water sources and
thereby impact either public or private drinking water. According
to a recent assessment by EPA, these mechanisms include: spills of
hydraulic fracturing (HF) ﬂuids prior to mixing with large quantities of water or produced water after hydraulic fracturing has
taken place, injection of hydraulic fracturing ﬂuids into wells with
inadequate mechanical integrity (e.g. faulty well casings), injection of HF ﬂuids directly into groundwater sources, discharge of
inadequately treated hydraulic fracturing wastewater to surface
water, and disposal or storage of hydraulic fracturing wastewater
in unlined pits (EPA, 2016; Osborn et al., 2011; Jackson et al., 2013;
Olmstead et al., 2013; Warner et al., 2013).8 The EPA report identiﬁed 1084 chemicals reported to be used in hydraulic fracturing
ﬂuids and 599 chemicals detected in produced water (EPA, 2016).
Of the 599 chemicals detected in produced water, only 77 were
also reported to be used in hydraulic fracturing ﬂuid – which is not
a great match. The report found that chemicals used in HF ﬂuid
varied greatly across regions, which limits external validity (EPA,
2016).9 Elliott et al. (2017) provides a review of these chemicals for
reproductive and developmental toxicity.10
The lack of reliable information about what chemicals are used
leaves the scientiﬁc community testing many different chemicals across regions, with little overlap among detected chemicals.
Studies of groundwater contamination have primarily used private drinking water wells and assessed proximity to shale gas
wells to assess contamination (e.g. within 5 km of gas wells
versus larger distances) (Hildenbr et al., 2016; Osborn et al., 2011;
Jackson et al., 2013). Studies have found increases in organics

7

Available upon request.
Scientists face challenges in assessing the potential for contamination due to
limited baseline data on water quality, lack of publicly available data regarding the
chemicals used in fracturing ﬂuid, the sheer number of chemicals use and naturally occurring contaminants returning to the surface in the process of drilling and
hydraulic fracturing.
9
See Chen et al. (2017) for more information about speciﬁc chemicals of concern.
The EPA Report has a large appendix characterizing each chemical with citations.
10
Toxicity information was lacking for 781 (76%) chemicals. Of the remaining
240 substances, toxicological studies suggested reproductive toxicity for 103 (43%),
developmental toxicity for 95 (40%), and both for 41 (17%). Of these 157 chemicals,
67 had or were proposed for a federal water quality standard or guideline.
8
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(many naturally occurring such as chloride, bromide and iodide,
arsenic, selenium, manganese, strontium, barium, heavy metals, beryllium), volatile and semivolatile organic compounds (e.g.
BTEX, 2-Butanone), diesel range organic compounds, solvents (e.g.
methanol, dichloromethane), and methane (Drollette et al., 2015;
Hildenbr et al., 2015, 2016; Yan et al., 2016; Alawattegama et al.,
2015; Burton et al., 2016). Some studies have not found any
evidence of contamination, leaving whether SGD impacts water
quality a hotly debated question (Li et al., 2016). One study assessing groundwater-sourced public water systems’ water quality
found that SGD wells were associated with an increase in SGDrelated chemicals for wells drilled within 1 km of the groundwater
source (Hill and Ma, 2017).
Surface water impacts are more likely to be associated with
the handling of shale gas waste. Waste water treatment and discharge is associated with elevated levels of barium, strontium,
bromide, chloride, benzene, and total dissolved solids exceeding
the maximum contaminant level for drinking water (Olmstead
et al., 2013; Vengosh et al., 2014; Hladik et al., 2014; Lester et al.,
2015; Ferrar et al., 2013). Treated produced water (containing naturally occurring bromide and iodide) are potential sources of toxic
disinfection byproducts (DBPs): iodinated trihalomethanes (THMs)
and brominated haloacetonitriles (HANs) in surface water (Parker
et al., 2014).11 Endocrine disrupting chemicals measured in surface water near waste efﬂuent in Colorado and West Virginia are of
concern for reproductive health (Kassotis et al., 2015).
1.2.2. Air pollution
Despite less attention in the media, air pollution is gaining more
recent attention by researchers. All stages of shale gas development
have the potential to produce hazardous air pollution emissions
(Kargbo et al., 2010; Schmidt, 2011). Air pollution has become a
more immediate concern following studies in Colorado that discovered higher levels of volatile organic compounds (VOCs), methane
and other hydrocarbons near drilling sites (Colborn et al., 2012;
Pétron et al., 2012). Other emissions associated with combustion
include particulate matter, poly-cyclic aromatic hydrocarbons, sulfur oxides and nitrogen oxides (Colborn et al., 2012). More recent
studies have also assessed the air pollution contribution of the
many truck trips necessary to build and fracture a well (McCawley,
2017; Goodman et al., 2016).
Studies of air pollution in Pennsylvania are suggestive of
increased emissions associated with shale gas development, but
have produced inconsistent results. For example, the Pennsylvania
Department of Environmental Protection (PA DEP) has conducted
three short-term (1 week) air pollution studies in three regions
of the state but found little evidence of air pollution concentrations that would likely trigger air-related health issues associated
with Marcellus Shale drilling activities (PADEP, 2010b, 2011a,b).
But the air emissions inventory for the unconventional natural gas
industry, starting in 2011, indicates modest emissions of CO, NOx ,
PM10 , SOx and VOCs (PADEP, 2013a).12 These results were veriﬁed by a recent RAND study that used the PA DEP data and other
sources to estimate the emissions from shale gas in Pennsylvania
(Litovitz et al., 2013). The most signiﬁcant pollutants, according to
the authors, were NOx and VOCs, which were equivalent to or larger
than some of the largest single emitters in the state and the lowend estimates of nitrogen oxide emissions were 20-40 times higher

11
This is also true for groundwater public drinking water systems that treat their
water prior to distribution.
12
According to this emissions inventory, shale gas wells emit carbon monoxide,
NOx , PM10, PM2.5, SOx , volatile organic compounds (VOCs), Benzene, ethylbenzene, formaldehyde, hexane, toulene, xylene, trimethylbenzene, CO2 , and Methane
(Author’s calculations of wells drilled 2011–2016).
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than the level that would be deﬁned as a “major” emissions source.
During the same time period, due to the conversion of electricity
from coal to natural gas in the state, the overall pollution for all
the criteria pollutants measured decreased substantially and more
than outweighed the new pollution related to shale gas development. These data, however, indicate a more nuanced picture of air
emissions from drilling activities and show that shale gas development is now a signiﬁcant source of air pollution in rural counties
with few other point-sources of pollution. For example, the 2600
tons and 2440 tons of shale-related NOx emitted in Bradford County
and Susquehanna County, respectively in 2011 make up one-third
of the statewide shale-related NOx of 16,500 tons (PADEP, 2013b).
These levels surpass the single-largest industrial source of NOx pollution in the 11-county northeast region, a coal-ﬁred power plant
in Northampton County that emitted 2000 tons in 2011 (Legere,
2013).
As mentioned above, Pennsylvania DEP began requiring companies drilling Marcellus shale gas wells to report annual estimates
of air emission to an inventory starting in 2011. In Table 1, I estimate the intensive margin of the number of wells in a zip code on
the annual tons of each pollutant aggregated to that zip code from
2011 to 2015. I also estimate tertiles of wells to capture intensity.
Each additional well contributes an average of 0.5 tons of CO, 2
tons of NOx , 0.07 tons of PM2.5 , 0.03 tons of SOx , and 0.17 tons of
VOCs per year. The average zip code in 2011 experienced 14 tons
of CO, 41 tons of NOx , 1.4 tons of PM2.5 , 0.5 tons of SOx , and 8 tons
of VOCs. In the subset of wells that were spudded prior to 2011,
the average well produced 2 tons of CO, 4.7 tons of NOx , 0.14 tons
of PM2.5 , 0.04 tons of SOx , and 0.63 tons of VOCs in 2011. The top
tertile (14–213 wells) of zip codes experience an average of 28 tons
of carbon monoxide (CO), 90 tons of NOx , 2.6 tons of PM2.5 , 1.8
tons of SOx , and 9 tons of volatile organic compounds (VOC) per
year. Babies exposed to shale gas development within 10 km face
an average of 24 wells (max of 240) in 2010 and is fairly similar
to the tertiles used in Table 1. Although there isn’t a direct way to
measure the contribution of these emissions to ambient air quality,
they do represent a modest and potentially signiﬁcant amount of
emissions for these rural areas.
Of interest is whether wells continue to produce emissions after
drilling and entering into production. To test this, I estimate the
amount of reported emissions per year per pollutant using years
since spud date as the regressors for all wells reported in the emissions inventory from 2011 to 2015 (Appendix Table A1). For the
most part, emissions are largest for the year of the spud date and
the ﬁrst year after drilling occurred, but emissions continue for
most pollutants out to years 4 or 5. Due to this evidence, I estimate models using wells drilled from 2006 to 2010 and determine
exposure by wells drilled prior to birth as opposed to restricting
just to drilling activity during gestation.
1.3. Pollution and health literature
Stillerman et al. (2008) review the epidemiological literature
and ﬁnd associations between low birth weight and maternal exposures to PM, SO2 , CO, NOx , VOCs and ozone. Most of the studies
cited looked at these pollutants in isolation, but with shale gas
development mothers are likely exposed to many at the same
time and there is little research that examines any compounding
effects.13 All of the air pollutants emitted by shale gas development described above have been associated with adverse birth
outcomes (see Online Appendix for more detail). Unfortunately,

13
See Currie et al. (2009), Shah and Balkhair (2011), Stieb et al. (2012a), Glinianaia
et al. (2004), Sram et al. (2005) for other reviews of past literature related to air
pollution and birth outcomes.
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Table 1
Pollution per well and tertiles aggregated to zip code 2011–2015.
(1)
CO
# wells

(2)
CO

0.526***
(0.0567)

3–5 wells

log prod

0.552***
(0.193)

Observations
R-squared
Dep. var mean

1172
0.697
15.35

1172
0.688
15.35

14–213 wells

(4)
NOx

2.048***
(0.171)
3.271
(2.928)
13.30***
(3.305)
27.47***
(3.934)
0.443**
(0.202)

6–13 wells

(3)
NOx

(5)
PM2 . 5

(6)
PM2 . 5

0.0639***
(0.00543)

1.806***
(0.580)

13.28
(9.060)
45.02***
(10.23)
89.83***
(12.17)
1.627***
(0.626)

1172
0.730
45.85

1172
0.707
45.85

(7)
SOx

(8)
SOx

0.0325***
(0.00500)

0.0633***
(0.0185)

0.395
(0.289)
1.472***
(0.326)
2.630***
(0.388)
0.0598***
(0.0200)

1172
0.724
1.482

1172
0.699
1.482

(9)
VOC

(10)
VOC

0.172***
(0.0597)

0.0336**
(0.0170)

0.514**
(0.256)
1.271***
(0.289)
1.777***
(0.344)
0.0241
(0.0177)

0.281
(0.203)

1.074
(3.042)
3.835
(3.434)
9.023**
(4.087)
0.247
(0.210)

1172
0.500
0.507

1172
0.494
0.507

1172
0.651
8.742

1172
0.650
8.742

Notes: Data are from the PA DEP Air Emissions Inventory for Unconventional Natural Gas Operations 2011-2015. Units are tons/year. Emissions are aggregated to zip codeyear. Regressions include year and zip code ﬁxed effects. First column for each pollutant is number of reported wells in that zip code-year. Second column provides tertile
estimates. Signiﬁcance: *p< 0.10.
**
p< 0.05.
***
p < 0.01.

many of the epidemiological studies do not take into account socioeconomic status and so the observed relationships could reﬂect
unobserved factors that may be correlated with pollution and infant
health outcomes (i.e. urban areas). The epidemiological literature
relating water pollution to reproductive health is more limited
(see Quansah et al., 2015; Nieuwenhuijsen et al., 2013 for recent
reviews).
There is a growing literature within health economics that
addresses the most common air pollutants associated with SGD
described above utilizing quasi-experimental designs and rich controls for potential confounders to identify the infant health effects
of ambient air pollution. See Currie et al. (2014) for a review of
the economics literature on short and long term impacts of early
life exposure to pollution. For example, Currie and Walker (2011)
estimate that reductions in air pollution from E to Z Pass result in
reductions of low birth weight (LBW) between 8.5 and 11.3 percent
and Zahran et al. (2012) utilize the natural experiment of benzene
content in gasoline from 1996 to 1999 in the US and found exposure to benzene reduces birth weight by 16.5 g and increases the
odds of a very low birth weight event by a multiplicative factor.
LLavaine and Neidell (2017) use the natural experiment of a strike
that affected oil reﬁneries in France to explore the temporary reductions in SO2 and ﬁnd that the reductions increased birth weight
by 75 g, on average (2.3 percent increase) and reduced low birth
weight by 2 percentage points for residences within 8 km of the air
pollution monitor.
With natural gas touted as a transition fuel between coal-based
electricity and renewable options, infant health is one way to compare costs across alternative options. To date, even within the
epidemiological literature, studies of the effects of living near coal
mining (underground or mountain top) on birth outcomes are
extremely limited. All three studies focus on WV: one found an
increased risk of low birth weight (16 percent increase in most
intensive areas) and one study found an increased risk of congenital anomalies with mountain top removal mining associated with
worse outcomes, but was later refuted by the third study when
the authors controlled for hospital of birth (Ahern et al., 2011a,b;
Lamm et al., 2015). See Hendryx (2015) and Boyles et al. (2017) for
systematic reviews of the public health literature. However, recent
papers in the economics literature have exploited plant openings
and closings or being downwind from a plant to identify the causal
impact of coal-ﬁred power plants on infant health and have found
adverse birth outcomes: a 5 percent reduction in continuous birth
weight as the grid transitioned from nuclear to coal in Tennessee

(Severnini, 2017), a 6 percent increase in low birth weight for
infants 20 miles downwind of a power plant (Yang et al., 2017), 15
percent decreased risk for low birth weight once the plant closed
(Yang and Chou, 2017), and 3500 infant deaths per year as of 1962
associated with the expansion of the power grid between 1938 and
1962 (Clay et al., 2016). A recent paper focused on storage of coal
at power plant locations found that a 10 percent increase in PM2.5
from coal storage increased infant mortality rates by 6.6 percent
(Jha and Muller, 2017).

1.3.1. SGD and health literature
Most of the studies to date that address potential health impacts
of shale gas development measure pollutants at drilling sites or in
drilling ﬂuids and then identify the health implications based upon
expected exposure to these chemicals (e.g. toxicological assessment). For example, Colborn et al. (2011) ﬁnd that more than 75% of
the chemicals could affect the skin, eyes, and other sensory organs,
and the respiratory and gastrointestinal systems. Chronic exposure
is particularly concerning because approximately 40–50% could
affect the brain/nervous system, immune and cardiovascular systems, and the kidneys; 37% could affect the endocrine system; and
25% could cause cancer and mutations. These may have long-term
health effects that are not immediately expressed after a well is
completed. Recent studies have found increased hospitalizations
for cardiac conditions (Jemielita et al., 2015), increased risk of three
types of asthma measures (Rasmussen et al., 2016), increased risk
of hospitalization for pneumonia (Peng et al., 2018), and increased
prevalence of fatigue, migraine and sinus effects for residents living
near development (Tustin et al., 2017).
A growing body of literature has attempted to address the
potential reproductive health effects of shale gas development.
All of these studies are retrospective analyses of birth certiﬁcate
records or electronic medical record data and focus on proximity
to maternal residences as the deﬁnition of “exposure.” In Colorado,
McKenzie et al. (2014) ﬁnd an increased risk of congenital heart
defects with the highest quartile of exposure compared with the
absence of any gas wells within a 10-mile radius of the maternal residence. They also found a reduction in premature birth and
low birth weight for the highest quartile of exposure. Using a
difference-in-differences approach, Hill (2013) ﬁnds an increase in
the latter two measures of around 30 percent for oil, natural gas
and coalbed methane wells in Colorado. Using a similar research
design to Mckenzie et al. (2014) in Texas, Whitworth et al. (2017)
ﬁnds an increase in premature birth of 14 percent and an increase
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Fig. 1. Map of shale gas development and permitting through 2010.

in fetal death upwards of 50 percent. Using a case-control analysis,
Whitworth et al. (2018) ﬁnd a 20 percent increase and 15 percent
increase in preterm birth for any wells and producing wells within
0.5 miles of the maternal residence, respectively.
Focusing on the three studies in Pennsylvania, Stacy et al.
(2015a) study three counties in Southwestern Pennsylvania from
2007 to 2010, Casey et al. (2016) study two hospitals in the
Geisinger Health System from 2009 to 2013, and Currie et al. (2017)
study birth records from Pennsylvania from 2004 to 2013. Stacy
et al. (2015a) use inverse distance weighted number of wells within
10 miles of the maternal residence and create quartiles to deﬁne
exposure (compare 4th to 1st quartiles; omitting mothers with
no wells within 10 miles). Casey et al. (2016) create an “activity
index” and use quartiles of the index (compare 4th (average 124
wells, median 8) to 1st quartile (average 6 wells, median 0), but
include those with no wells within 20 km). 14 Currie et al. (2017) utilize a difference-in-differences study design comparing close (e.g.
0–1, 1–2, 2–3 km) versus further away (e.g. all PA or 3–15 km) in
Pennsylvania using county ﬁxed effects. Stacy et al. (2015a) ﬁnd a
reduction in birth weight and an increase in small for gestational
age (SGA) of 34 percent. Casey et al. (2016) ﬁnd an increase in premature birth that ranges from 40 to 90 percent and an increase
in the prevalence of risky pregnancies. Currie et al. (2017) ﬁnd a
25 percent increase in low birth weight for the 0–1 km group. The
2–3 km buffer suggests a 16 percent increase in low birth weight.
The 1–2 km buffer is not as consistent or statistically precise as the
0–1 or 2–3 km buffers. Other measures studied include continuous
birth weight and a health index.
In the discussion section (Section 7), I compare and contrast
my results with those cited above and also provide discussion of
interpretation.

14
According to the authors, the index does not distinguish between pregnant
women living near several producing wells versus well pads under development.

2. Data
My analysis is based upon a data set acquired from the Pennsylvania Department of Environmental Protection (PA DEP) that
contains GIS information for all of the wells drilled in the state of
Pennsylvania since 2000 and deﬁne whether it is a Marcellus shale
well. For the analysis that follows, the spud date (date when the
drilling rig begins drilling the well) is used as the temporal identiﬁcation of treatment. In total, the analysis uses 2459 natural gas
wells spudded between 2006 and 2010. In addition to the existing
gas well data, this study also makes use of the permit data on the
PA DEP website. This allows for the identiﬁcation of permits that do
not become a well during the sample time frame; approximately
40 percent of permits do not become a well (author calculation
from PA DEP data). This information is used to deﬁne a potential
control group for those infants born to residences close to existing
gas wells. The assumption is that these residences are a potential
counterfactual group: those who have the potential to live close to
a gas well in the future, but have not yet had a well drilled as of
the timing of the data collection. Fig. 1 shows drilled and permitted
wells through 2010 along the strata of shale depth. For the most
part, wells that are drilled are clustered along the deepest shale
strata and permitting is more random.
My second source of data comes from restricted-access vital
statistics natality and mortality data from Pennsylvania for the
years 2003–2010. The restricted-access version of these birth certiﬁcate records contain residential addresses geocoded to latitude
and longitude and unique identiﬁers for the mother, father and
infant. This precision is essential to my identiﬁcation strategy
because the consequences of drilling are highly localized. To construct the analysis data set, I combine the spatially identiﬁed wells
and maternal residences and calculate proximity to the nearest
wells.
The vital statistics contain important maternal characteristics
such as race, education, age, marital status, WIC status, insurance
type, previous risky pregnancy and whether the mother smoked
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Table 2
Summary statistics by sample.
All births

Residences within 2.5 km of well

T-Stat for difference

Total

Before

After

3321
3407
38.77
0.08
0.07
0.11
8.81
0.49

3340
3415
38.76
0.08
0.06
0.10
8.89
0.49

3343.23
3418.39
38.76
0.076
0.055
0.098
8.886
0.485

3310.30
3383.15
38.71
0.077
0.063
0.106
8.885
0.495

2.70**
3.30***
1.33
−0.09
−1.52
−1.25
0.07
−0.95

Mother’s characteristics
Drop out
High school
Some college
College plus
Teen mom
Mom aged 19−24
Mom aged 25−34
Mom aged 35 and older
Mom black
Mom Hispanic
Married at time of birth
Mom smoked while pregnant
Received WIC
Medicaid
Private insurance

0.164
0.270
0.260
0.298
0.057
0.265
0.527
0.150
0.156
0.092
0.575
0.227
0.385
0.272
0.576

0.113
0.296
0.299
0.290
0.048
0.268
0.547
0.137
0.025
0.011
0.632
0.299
0.398
0.326
0.567

0.112
0.297
0.299
0.289
0.047
0.267
0.545
0.140
0.025
0.011
0.633
0.299
0.395
0.320
0.569

0.118
0.288
0.293
0.299
0.049
0.274
0.559
0.117
0.024
0.010
0.626
0.300
0.427
0.376
0.549

−0.88
0.93
0.64
−1.07
−0.34
−0.65
−1.31
3.03**
0.15
0.57
0.71
−0.13
−2.94**
−5.45***
1.84

Wells within 2.5 km
# of wells before birth
# of wells during gestation
Observations

0.000
0.000
1098884

0.333
0.188
21610

0.000
0.000
19246

2.89
1.714
2364

−19.30***
−93.13***

Characteristics of birth
Birth weight (grams)
Term birth weight (grams)
Gestation in weeks
Premature
Low birth weight (LBW)
Small for gestational age (SGA)
APGAR 5 min
Female

Notes: The samples described here include only singleton births.
Signiﬁcance: *p< 0.10.
**
p< 0.05.
***
p < 0.01.

during her pregnancy. In the empirical analyses that follow, I control explicitly for these, as well as month of birth, year of birth,
the interaction, and gender of the child.15 I exclude multiple births
in all analyses because plural births are more likely to have poor
reproductive health independent of exposures to environmental
pollution.
I focus on low birth weight (LBW), premature birth and term
birth weight (TBW) as the primary outcomes of interest. Low birth
weight, deﬁned as birth weight less than 2500 g, and premature
birth, deﬁned as gestation length less than 37 weeks, are commonly
used as key indicators of infant health and have been shown to predict adult health and well-being.16 I also present the continuous
measure of term birth weight, deﬁned as birth weight for infants
who reach full term at 37 weeks gestation, to study whether there
is an average effect on the birth weight distribution as opposed to
these more extreme health outcomes. Other birth outcomes that
I examine include the continuous measure of birth weight, gestation (measured in weeks), small for gestational age (SGA; deﬁned
as 10th percentile of weight distribution for the gestational week
of birth), an indicator for whether the APGAR score is less than
8 to predict an increased need for respiratory support, congenital

15
I also test whether drilling activity has affected these characteristics directly by
changing fertility and/or the composition of families living near shale gas development and I ﬁnd no economically nor statistically signiﬁcant changes (See Table 3).
16
Johnson and Schoeni (2011) use national data from the US and ﬁnd that low
birth weight increases the probability of dropping out of high school by one-third,
lowers labor force participation by 5 percentage points, and reduces earnings by
almost 15 percent. More recently, Figlio et al. (2014) use linked birth and schooling
records in Florida and ﬁnd that birth weight has a signiﬁcant impact on schooling
outcomes for twin births.

anomalies, an infant health index and infant mortality (death in the
ﬁrst year).17
Table 2 provides summary statistics for the universe of births in
Pennsylvania from 2003 to 2010. The ﬁrst column reports characteristics of all births and the second column reports average
characteristics of births for mothers’ residences within 2.5 km of
where a shale gas well has been drilled or will be drilled. The
localized data I use in this analysis is actually quite similar to the
characteristics of the rest of the state. Mothers who live close to
shale gas development are less likely to be African American and
Hispanic, slightly better off in terms of health outcomes, younger,
better educated and more likely to be married at the time of birth
compared with the state average. The mothers in the analysis
sample are also more likely to smoke than the average for the
state. Columns (3) and (4) provide summary statistics for the pri-

17
Small for gestational age (SGA) is used to determine the immediate health care
needs of the infant and is used increasingly to predict long-term adverse health
outcomes and potential exposure to environmental pollution (Callaghan and Dietz,
2010). This paper uses the World Health Organization weight percentiles calculator (WHO, 2011). Another potential measure of reproductive health is the 5 min
American Pediatric Gross Assessment Record (APGAR) score. The physician rates
the infant a 0, 1, or 2 on each of 5 dimensions (heart rate, breathing effort, muscle
tone, reﬂex initiability, and color), and then sum the scores, giving an APGAR score
of 0–10, where 10 is best. This discrete measure is highly correlated (when the score
is low) with the need for respiration support at birth (Almond et al., 2005). Most of
these outcomes have been previously examined in both the epidemiological and
economics literature (e.g., Currie and Walker, 2011). Following Currie et al. (2015),
I also construct a single standardized measure to address examining multiple outcomes and multiple hypothesis tests. I ﬁrst convert each birth measure so that an
increase is “adverse” and then standardize the measure to a mean of zero and standard deviation of 1. I then construct the summary measure by taking the mean over
the standardized outcomes, weighting them equally.
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Table 3
Post-drilling differences in average characteristics of mothers close to wells.
(1)
Teen Mom

(2)
Dropout

(3)
Black

(4)
Smoked

(5)
WIC

(6)
Medicaid

(7)
Born PA

(8)
Moved

−0.00501
(0.0246)
21469
0.061
0.404

−0.0204
(0.0282)
21646
0.078
0.323

−0.0222
(0.0163)
21646
0.020
0.815

0.0191
(0.0131)
21511
0.042
0.0756

Differences in characteristics for analysis sample using DD estimator
Within 2.5 km * post-drilling
Observations
R2
Pre-drilling mean

0.000550
(0.00666)
21646
0.012
0.0496

−0.0132
(0.0118)
21646
0.039
0.117

0.00343
(0.00308)
21646
0.016
0.0243

0.00277
(0.0196)
21646
0.026
0.307

Notes: Each coefﬁcient is from a different regression. Pre-drilling (post-drilling) refers to births that occur before (after) the spud date of the closest well. Robust standard
errors are clustered at the mother’s residence county. All regressions include indicators for month and year of birth, birth*year and residence county ﬁxed effects. Signiﬁcance:
* p<0.10, ** p<0.05, *** p<0.01.

mary difference-in-differences (DD) analysis sample; the sample is
restricted to those mothers’ residences within 2.5 km of a gas well
or permit and I compare residences before and after drilling. Mothers with infants born after drilling are less likely to be over the age
of 35, more likely to receive WIC, and more likely to receive Medicaid, on average, likely to do with the shale gas boom coinciding
with the Great Recession. However, Table 3 suggests no changes in
these economic variables after shale gas development.18
3. Graphical evidence
If living close to a drilled well has a negative impact on infant
health, we should see average prevalence of low birth weight for
mother’s residences in close proximity to wells increase subsequent to when drilling begins. Moreover, we should observe larger
impacts for homes closest to drilling activity (e.g. dose response).
Fig. 2 shows the low birth weight (LBW) and premature birth gradients of distance to closest well before and after drilling. LBW
prevalence is on average higher for those residences close to drilled
wells, compared with those who are close to permitted wells. The
primary effect appears to be within 2.5 km but persists out to almost
5 km (consistent with regression results). In contrast, we do not see
a clear trend in premature birth over distance (regression results
are mixed depending on extensive or intensive measures).
In Fig. 3, I explore pre-trends in these two outcomes across treatment (e.g. drilled wells) and control (e.g. permitted wells) groups,
which addresses the validity of my difference-in-differences
design. Prior to drilling in 2008, trends appear parallel and indicate
a diverging trend once drilling begins.
A primary threat to my identiﬁcation strategy is that the population of mothers may change in response to drilling. One way to
test this is to graph the gradient in observable maternal characteristics. In Fig. 4, I graph this gradient out to 20 km.19 The gradient
is very similar within 5 km of the nearest gas well before and after
drilling. If anything, moms after drilling may be more college educated, which is consistent with my regression results. However,
the characteristics change meaningfully beyond 5 km, and moms
who live more than 5 km from a gas well before or after drilling
are more likely to be college educated, less likely to have their
birth paid for by Medicaid, less likely to participate in WIC and
less likely to smoke. This suggests selection into living very close
to drilling/future drilling and that those who live closer may have
lower SES than those who live 15–20 km away. This could drive
adverse outcomes related to living very close to drilling, which is

18

An examination of fertility over time suggests a consistent number of births
within 2.5 km of the well head. Muehlenbachs et al. (2015) do not ﬁnd any changes
in neighborhood composition using Census data at the tract level from 2000 to 2012
in Pennsylvania.
19
This is the largest distance used as a treated group in related studies. McKenzie
et al. (2014) use 10 miles, Stacy et al. (2015b) use 10 miles, Casey et al. (2016) uses
20km, Whitworth et al. (2017) use 10 miles and Currie et al. (2017) use 15 km.

why I use permitted locations that are similarly close to mothers’
residences since these groups are more homogeneous and statistically similar.
4. Empirical strategy
I exploit the variation over time and across space in the introduction of shale gas wells in Pennsylvania during 2003–2010.
Combining gas well data and vital statistics allows the comparison of infant health outcomes of those living near a gas well and
those living there before drilling began. Rather than compare aggregated areas, I know speciﬁc locations where shale gas drilling has
taken place and the dates of when drilling began. The speciﬁc location data allow me to compare reproductive health within very
small areas in which mothers are likely to be more homogeneous
in observable and unobservable characteristics than in aggregate
comparisons.
Relying on cross-sectional variation alone, however, would be
problematic if mother characteristics vary within the small radius
of interest that are unobservable to the researcher. If, for example, the location of gas drilling occurs where the neighborhoods
are already economically distressed, then the variation in health
outcomes may reﬂect socio-economic status, as opposed to living
in close proximity to shale gas development. I therefore examine
localized reproductive health outcomes before and after shale gas
development exploiting permitted but not-yet-drilled wells as a
comparison. I use 2.5 km (approximately 1.5 miles) as the primary
distance of interest for the main speciﬁcations that follow due to
my graphical analyses as well as due to the precision of the effect
at this distance for robustness checks.20
My primary model is a difference-in-differences model – in
which mothers living within 2.5 km from a shale gas well or permit before drilling are used as a control for those exposed after
drilling began – to estimate the impact of exposure to shale gas
development on birth outcomes. Thus, the counterfactual change
in infant health for mother’s residences close to a shale gas well is
estimated using births prior to drilling at the same distance from
the well bore location or permitted location (e.g. those permits that
become a well by 2011 are treated differently than those permits
that are not drilled by 2011). These models take the following form:
Outcomeit = ˇ1 [Well ≤ X]it + ˇ2 [Post]it + ˇ3 [Well ≤ X]it
∗[Post]it + ˇ4 Xit + t + c + it

(1)

where Outcomeit is either low birth weight, prematurity and other
measures of reproductive health for each infant i born in month-

20
In Appendix Tables A3 and A4, I report different proximities to gas wells for the
deﬁnition of treatment and show that for distances up to 5 km, the results are fairly
robust.
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Fig. 2. Distance gradients of infant health by nearest well.

Fig. 3. Time trends of infant health within 2.5 km of drilled and permitted wells.

year t. [Well ≤ X]it is either an indicator for any gas well or the
number of gas wells within X km of the mother’s residence. [Post]it
is an indicator for whether the birth occurs after the spud date of
the nearest well of the maternal residence. The estimated impact of
shale gas development on infant health is given by the coefﬁcient
ˇ3 and is the difference-in-differences estimator comparing before
and after drilling holding the distance X km ﬁxed for wells, future
wells and permits.21 The vector Xict contains mother and child characteristics including indicators for whether the mother is African
American, Hispanic, four mother education categories (less than
high school (left out category), high school, some college, and college or more), mother age categories (teen mom (left out category),
19–24, 25–34 and 35+), indicators for smoking during pregnancy,
an indicator for receipt of Women, Infants, and Children (WIC),
three health care payment method categories (Medicaid, private

21
By including permitted wells not drilled, this estimation strategy becomes more
than just a pre-post analysis. This identiﬁcation strategy assumes that infants born
within a similar distance to a permit that is a potential future well would face similar
ex ante conditions as those born close to a permit that did become a well during the period I have gas well data for (2003–2011). Infants born to mothers who
reside close to potential wells are likely to be the most similar comparison group
when it comes to family, geological formation and community characteristics. The
decision for which permits become a well is arguably exogenous to the families in
these locations. This should account for both observable characteristics, as well as
unobservable characteristics, such as economic factors that promote gas drilling in
a community and the unobserved geology of the shale underneath these communities. I test these assumptions and do not ﬁnd any observable differences in the
characteristics of mothers who live close to a future well versus a permitted and not
yet drilled well.

insurance, and self-pay), mother’s marital status, parity, previous
risky pregnancy and an indicator for sex of the child. Indicators for
missing data for each of these variables were also included.  t are
indicators for the year, month and year*month to allow for systematic trends. c are indicators for each mother’s county of residence.
Standard errors are clustered at the county.22
5. Results
5.1. Differences in characteristics of mothers close to a well
To test the validity of my research design, I estimate Eq. (1) and
use the difference-in-differences estimator to see if there are any
changes in mother characteristics after drilling began (e.g. replace
birth outcomes with indicators for maternal characteristics). In
Table 3, I do not ﬁnd any indication that maternal characteristics
are changing in response to shale gas development.23 In Appendix

22
Due to the localized nature of this estimation strategy, there is little variation
within zip codes to allow for zip code ﬁxed effects. Models with zip code ﬁxed effects
are qualitatively similar but less precisely estimated. Results available upon request.
23
Only one maternal characteristic shows a signiﬁcant change with drilling: mothers observed after drilling are more educated than those observed prior to drilling
(results not shown). Increased college completions among mothers would potentially improve observed infant health in these communities. However, this does
suggest some selection and so I include these and other controls in all the subsequent results. The time frame of interest is during the onset of the Great Recession.
It may indicate that the opportunity cost of going to college, or becoming a mother,
has reduced and so more educated mothers are having children. Other research
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Fig. 4. Distance gradients of maternal characteristics by nearest well.

Table A2, I show that there are no statistically signiﬁcant differences in maternal characteristics for any potential proximities (e.g.
2–3.5 km).
5.2. The impact of shale gas development on birth outcomes
Table 4 shows the results from estimating Eq. (1) on low birth
weight, term birth weight and premature birth. Distance to a
well, including future and permitted, is held ﬁxed at 2.5 km for
these models. Each coefﬁcient represents an estimate of ˇ3 – the
difference-in-differences estimator – from a separate regression.
Columns (1), (3) and (5) show a model that controls only for
month and year of birth, month*year and county ﬁxed effects.
Adding controls for observable characteristics of the mother should
only reduce the sampling variance while leaving the coefﬁcient
estimates qualitatively unchanged. Columns (2), (4) and (6) add
maternal characteristics and show that controlling for maternal
characteristics has little effect on the estimated coefﬁcients for low
birth weight and term birth weight. I ﬁnd a statistically signiﬁcant
increase in low birth weight of 1.36 percentage points and a reduction in term birth weight of 49.58 g, on average. I do not ﬁnd any
statistically signiﬁcant effect for premature birth. Thus, mothers
who give birth after drilling are more likely to have reduced weight
babies, but they come to term. This difference indicates an overall
increase in low birth weight of 24 percent (base of 5.7 percent) and
a decrease in term birth weight of 1.5 percent (base of 3416 g), on
average.24

has linked recessions to improved infant health outcomes, so it is unlikely to be the
driver of impacts reported in the next section (Chay and Greenstone, 2003b; Dehejia
and Lleras-Muney, 2004).
24
Overall prevalence is calculated as follows: 0.0136/0.057 = 23.9 percent low birth
weight and 49.6/3416 = 1.5 percent reduction in term birth weight.

The results are qualitatively similar when I estimate Eq. (1)
for other distances up to 5 km from a gas well or permit (see
Appendix Table A3). As the buffer of exposure expands, the point
estimates become smaller, indicating a dose response relationship,
with effects dissipating beyond 3.5 km. The advantage of using permits as the counterfactual is that I can look at only residences that
are going to be very close to gas wells at some point in the observable future, which should account for the economic beneﬁts for
households receiving lease royalties from the industry.25
Table 5 presents estimates of Eq. (1) for changes in birth weight,
5 min APGAR scores less than 8, gestation (weeks), small for gestational age (SGA), congenital anomaly, and an index for infant
health due to having multiple outcomes of interest.26 As before,
each column presents estimates from a separate regression, comparing outcomes before and after drilling at 2.5 km from a well head
or permit. I present results with maternal controls due to there
being little appreciable difference for the models without these
controls (results available upon request). Looking across all reproductive health measures, these estimates are consistent with shale

25
Permitted wells must have already gone through the leasing process and households that lease their mineral rights will have received signing bonuses previously.
These beneﬁts can only reach an approximate 3 km buffer where horizontal drilling
can reach minerals and would result in royalties. At very close proximities (e.g.
<1 km), I see some indication that birth outcomes are improved by drilling. There
is a large and growing literature that suggests positive income shocks can have a
positive effect on birth outcomes (Almond et al., 2011; Hoynes et al., 2015) and so
this ﬁnding would be consistent with that hypothesis. Royalties may mitigate the
risks of close exposure.
26
Following Currie et al. (2015), I address the issue of precision using a summary
index measure of infant health. I ﬁrst convert each birth measure so that an increase
is “adverse” and then standardize the measure to a mean of zero and standard deviation of 1. I then construct the summary measure by taking the mean over the
standardized outcomes, weighting them equally.
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Table 4
Impact of well location on birth outcomes.
(1)

(2)

(3)

Low birth weight

(4)

Term birth weight

(5)

(6)

Premature

Observations
R-squared
Pre-drilling mean

0.0144**
(0.00537)
21610
0.008
0.057

0.0136**
(0.00511)
21610
0.021
0.057

−47.82***
(15.12)
19978
0.013
3416

−49.58***
(14.04)
19978
0.075
3416

0.00118
(0.00597)
21,189
0.008
0.079

0.000354
(0.00664)
21,189
0.012
0.079

Maternal characteristics

No

Yes

No

Yes

No

Yes

Within 2.5 km * post-drilling

Notes: Each coefﬁcient is from a different regression. The sample is limited to singleton births and to the sample with a well/permit within 2.5 km. All regressions include
indicators for month and year of birth, month*year, residence county indicators, an indicator for drilling before birth (deﬁned by closest well), an indicator for residence
within 2.5 km of a well or future well and the interaction of interest of Within 2.5km*post-drilling. Maternal characteristics include mother black, mother Hispanic, mother
education (hs, some college, college), mother age (19–24, 25–34, 35+), female child, WIC, smoking during pregnancy, marital status, parity, previous risky pregnancy, and
payment type (private insurance, medicaid, self-pay, other). Indicators for missing data for these variables are also included. Standard errors are in parentheses and clustered
at the mother’s residence county.
Signiﬁcance: * p<0.10.
**
p< 0.05.
***
p< 0.01.
Table 5
Difference-in-differences estimates of the effect of drilling on alternative health measures.

Within 2.5 km * post-drilling
Observations
R-squared
Pre-drilling mean

(1)
Birth weight

(2)
APGAR <8

(3)
Gestation

(4)
SGA

(5)
Congenital anomaly

(6)
Summary index

−47.02***
(12.16)
21,583
0.061
3340

0.0251**
(0.0101)
21,646
0.029
0.104

−0.0143
(0.0664)
21,631
0.020
38.74

0.0181**
(0.00764)
21,524
0.040
0.0993

−0.00193
(0.00189)
21,646
0.008
0.00562

0.0264**
(0.0101)
21,646
0.045
−0.0372

(7)

Notes: Each coefﬁcient is from a different regression. See Table 4 for details about included covariates.
Signiﬁcance: * p< 0.10.
**
p<0.05.
***
p<0.01.

gas development being detrimental to infant health. The introduction of shale gas development reduced birth weight by 46.6 g
(1.4 percent reduction), which is consistent with the ﬁndings for
term birth weight. Five minute APGAR scores were also affected
by drilling; drilling increased scores less than 8 by 2.51 percentage
points or an overall increase of 26 percent. Small for gestational age
(SGA), a strong indicator of intrauterine growth restriction (IUGR),
increased by 1.81 percentage points or an increase of 18 percent
from the mean. Perhaps surprisingly, given that low birth weight
is often correlated with premature birth, gestation shows no difference with the introduction of SGD (similar to the ﬁndings for
premature birth). I do not ﬁnd any impact on congenital anomaly,
despite McKenzie et al. (2014) ﬁnding an increase in Colorado. A
drilled shale gas well has a small and statistically signiﬁcant effect
on the summary index, increasing the probability of an adverse
reproductive health outcome by 0.026 standard deviations. This
result is consistent with the ﬁnding that living within 1 mile of
an operating toxic plant increased the probability of a poor health
outcome by 0.016–0.017 standard deviations (Currie et al., 2015).
5.3. Well density
Given the ﬁnding that the introduction of shale gas development
adversely affects birth outcomes in a binary or extensive margin
framework, it follows to consider how the density of well development might impact the main outcomes of interest. For the primary
sample used in Table 4, the average number of wells drilled at
2.5 km prior to birth is 0.6 wells (s.d. 2.12) with a range of 0–35.
When limited to those who have at least one well drilled within
2.5 km prior to birth (the “treatment group”) the average increases
to 2.98 wells (s.d. 2.62). In Table 6, I present ﬁndings that regress
infant health on well density. I ﬁnd that for each additional shale gas
well drilled prior to birth within 2.5 km, low birth weight increases

by 0.3 percentage points and term birth weight is reduced by 5 g.
Unlike the previous speciﬁcation, I also ﬁnd that each additional
well increases premature birth by a similar 0.3 percentage points.27
As before, these ﬁndings are consistent across proximity buffers
from 2 to 5 km, as shown in Appendix Table A4, and also show some
degree of dose response for low birth weight and premature birth.
At 2 km, estimates for LBW and preterm birth are about 0.4 percentage points and drop to about 0.02 percentage points at 5 km. The
relationship for term birth weight shows less of a dose response,
but peaks at 2.5 km with 5 g and drops to <1 g at 5 km.
6. Robustness checks and heterogeneity of impacts
6.1. Heterogeneity by maternal characteristics
The economics literature measuring health effects of pollution
considers avoidance behavior to be an important factor to explore
(Currie, 2009; Neidell, 2004; Currie et al., 2014). If families engage
in avoidance behavior (e.g. move, use water puriﬁcation or purchase bottled water (Wrenn et al., 2016), avoid going outside during
drilling), then the health effects measured could be a lower bound.
To assess this, the literature tests heterogeneity across characteristics to determine whether there are differential impacts by SES
(Currie et al., 2013b; Sanders and Stoecker, 2015). This would not
reﬂect a biological difference, but would provide evidence for or
against maternal behavioral responses to shale gas. Table 7 contains
estimates of heterogeneity for three primary measures of infant

27
I also estimate models using tertiles of wells and ﬁnd that the top tertile (>3
wells) has a similar sized effect as the extensive margin results for low birth weight
and term birth weight, however, the top tertile increases premature birth by 2
percentage points, in contrast to the null ﬁnding in the extensive margin results.
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Table 6
Impact of well density on birth outcomes.
(1)

(2)

Low birth weight

(3)

(4)

Term birth weight

(5)

(6)

Premature

Observations
R2
Pre-drilling mean

0.00308***
(0.000868)
21610
0.009
0.057

0.00306***
(0.000931)
21610
0.021
0.057

−4.864***
(1.783)
19978
0.013
3416

−5.386***
(1.632)
19978
0.076
3416

0.00266**
(0.00121)
21,189
0.008
0.079

0.00257**
(0.00123)
21,189
0.011
0.079

Maternal characteristics

No

Yes

No

Yes

No

Yes

Wells within 2.5 km * post

Notes: Each coefﬁcient is from a different regression. The sample is limited to singleton births and to having a well or permit within 2.5 km. All regressions include an
indicator for drilling before birth (deﬁned by closest well), number of wells within 2.5km (including future wells) and the interaction of interest: number of wells within
2.5km *post-drilling. See Table 4 for details about other included covariates.
Signiﬁcance: * p<0.10.
**
p<0.05.
***
p<0.01.
Table 7
Shale gas development on maternal subgroups.

Panel A: Low birth weight
Within 2.5 km * post

Observations
R-squared
Pre-drilling mean
Panel B: Term birth weight
Within 2.5 km * post

Observations
R-squared
Pre-drilling mean
Panel C: Premature
Within 2.5 km * post

Observations
R-squared
Pre-drilling mean

(1)
High school dropout

(2)
Smoker

(3)
Nonsmoker

(4)
Medicaid

(5)
WIC

(6)
College

0.0432
(0.0268)

0.0186
(0.0132)

0.0122**
(0.00470)

0.0413***
(0.0120)

0.0138**
(0.00645)

0.0105
(0.00995)

2434
0.072
0.0847

6465
0.034
0.0830

15,145
0.018
0.0456

7047
0.029
0.0747

8541
0.024
0.064

6260
0.029
0.0414

−42.09
(41.26)

−56.15
(37.10)

−51.36**
(19.04)

−62.97*
(36.70)

−38.30
(29.02)

−49.61*
(28.45)

2191
0.131
3305

5773
0.064
3272

13,763
0.042
3479

6375
0.077
3325

7748
0.076
3349

5699
0.055
3494

0.0181
(0.0233)

−0.00393
(0.00950)

−0.000441
(0.00753)

−0.00579
(0.0136)

−0.00160
(0.0142)

0.000744
(0.0134)

2409
0.070
0.0896

6338
0.026
0.0867

14,851
0.015
0.0749

6973
0.027
0.0859

8418
0.021
0.0782

6122
0.030
0.0713

Notes: Each coefﬁcient is from a different regression. See Table 4 for details about included covariates.
Signiﬁcance:
*
p<0.10.
**
p<0.05.
***
p<0.01.

health: low birth weight, term birth weight, and premature birth
(each reported as a separate panel). Each column and coefﬁcient
represents an estimate of ˇ3 in Eq. (1) from a separate regression to
explore whether the effects of exposure to shale gas drilling are the
same for different subgroups of the population. For the most part,
the results for low birth weight and term birth weight indicate that
there is not much heterogeneity of impacts across demographic
groups– shale gas development has detrimental impacts on all subgroups. However, high school dropouts and moms on Medicaid
do experience larger impacts with increases in low birth weight
of about 4 percentage points and college educated mothers have
slightly smaller impacts of about 1 percentage point.28 No subgroups have statistically signiﬁcant impacts for prematurity and

similar to before, the signs of the coefﬁcients are not consistently
positive or negative.
In Hill (2012), I also report estimates of maternal mobility for the
sample of mothers who have multiple singleton births and those
who have ever resided within 2.5 km of a well or future well during 2003–2010. I found that moms may be moving in response to
shale gas development (an increase of 2.2. percentage points), but
it was not statistically signiﬁcant. Despite some potential increased
mobility of these mothers, I found that the results are qualitatively
similar for those who stay as those who move and indicate that the
main results are not driven by maternal mobility.

6.2. Sensitivity analyses

28

The pre-drilling mean for these three groups are substantially different from the
overall average. The percent changes relative to the mean for both HS dropouts and
Medicaid reﬂect a 50 percent increase, while the effect for college educated moms
reﬂects a 25 percent increase, which is the same as the main effect. I tested the
differences between these and the main results and only the results for Medicaid
are statistically different [pvalue=0.01]

Additional robustness checks were performed to make sure the
main speciﬁcations are robust to different counterfactual groups,
additional controls and subsets of counties associated with production and drilling. These results are reported in Appendix Table A6.
First, I limit the sample to mothers who were born in Pennsylvania to test whether migration from out of state is driving the main
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ﬁndings. The results are very similar for the 83 percent of moms
who were born in PA.29 Next, I report the estimates using the 10
most drilled counties and the 10 most producing counties (these
are not the same) and ﬁnd similar results indicating that it is not
just drilling or production driving these ﬁndings.30
Another difference-in-differences model commonly used in the
environmental health literature is to compare observed health
close to a pollution source versus slightly further away. For example, (Currie and Walker, 2011) compared mothers within 2 km of
a toll plaza to mothers who are 2–10 km from a toll plaza, before
and after the adoption of E-Z Pass in Pennsylvania and New Jersey.
In Hill (2012), I compared residences close to a well (a range of
proximities as before of 2–3.5 km) and residences a little further
away (5, 10 and 15 km), before and after drilling.31 The results are
consistent with the main ﬁndings for low birth weight and term
birth weight, but as described in the graphical evidence section,
there may be selection into proximity and so this in not a preferred
speciﬁcation.
6.3. Falsiﬁcation tests
My analysis shows little evidence of any preexisting differences
in communities located close to drilled wells relative to communities close to permits or future wells. It is theoretically possible that
the increase in low birth weight after drilling is driven by differential trends in fertility or migration post-drilling among mothers
who do not have multiple births during the sample. I investigate
this possibility by estimating Eq. (1) using permit dates to deﬁne
exposure, instead of spud dates. I also create a placebo test using a
random date for the closest well. In these speciﬁcations, I ﬁnd no
evidence of a spurious effect (Table 8). I also run models on future
wells and repeat the well density models using number of future
wells. These models are also consistent with no impact and are
consistent with the conclusion that shale gas development has an
adverse impact on birth outcomes.
7. Discussion
My results suggest that shale gas development can have adverse
effects on the health of people living nearby, namely that of prenatal infants. For the extensive margin, babies born of mothers who
lived within 2.5 km of at least one gas well during pregnancy experienced adverse birth outcomes. I ﬁnd supportive evidence that these

29
This does not perfectly address this question since migration can also occur
within PA.
30
Other robustness checks were reported in Hill (2012). First, I showed the results
for restricting the sample to infants born within 2 years (before and after) of the
spud date for the closest well. This speciﬁcation is designed to address any possible
concerns about unequal prior and post observation periods for each location or concerns about unobserved and differential sorting in the mothers living close to drilled
versus permitted wells. The point estimates are somewhat smaller, but qualitatively
similar to the estimates in Tables 4 and 5. Next I showed the results using the sample
of births from 2008 to 2010, when most of the shale gas development took place
during the sample frame. This point estimate is slightly larger for low birth weight
(LBW) indicating a 1.89 percentage point increase. Finally, I reported the results
from adding the continuous distance to the closest well, as well as the number of
wells drilled within 5 km of the maternal residence. Again, the point estimates are
very similar to those reported in Tables 4 and 5.
31
In Hill (2012), I used up to 15 km as the comparison group and reported it as
a lower-bound estimate; shale gas development increases the overall prevalence
of low birth weight by 12.5 percent and reduces term birth weight by 0.6 percent,
on average. Depending on the scale of shale gas development, it is possible that
other aspects of drilling activity will inﬂuence infant health within 15 km of a well
and could explain these smaller estimates. For example, communities with shale
gas development are exposed to increased truck trafﬁc, pipelines, water storage,
compressor stations and general increased localized economic activity. These community level effects are less likely to inﬂuence the estimates in the main results of
the paper that use permitted/future wells as the comparison group.

effects persist out to 3.5 km of a mother’s address and are consistent
across multiple speciﬁcations. For the intensive margin, or estimating the impact of well density, I ﬁnd that each additional well drilled
within 2.5 km of the mother’s residence increases low birth weight
and premature birth by 0.3 percentage points and reduces term
birth weight by 5 g.
These results are reasonable for three reasons. First, most areas
with shale gas development in Pennsylvania are rural areas with
relatively low prevalence of low birth weight (5.7 percent) compared to the state average of 7 percent (for singleton births only).32
The studies cited in this paper that assess low birth weight impacts
of air emissions from other sources (e.g. EZ-Pass, mountain-top coal
mining) report baseline average prevalence of low birth weight of
9 or more percent (Currie and Walker, 2011; Ahern et al., 2011a)
and therefore mechanically lower relative effect sizes. However,
the average birth weight in this population is almost identical to
the state average. My estimated effect of SGD on birth weight is
1.5 percent relative to the mean, which is not large, and is very
similar or smaller than the average impact on birth weight of exposure to air emissions in other studies (Severnini, 2017; Lavaine and
Neidell, 2017; Yang and Chou, 2017). Second, most of the existing
literature has studied the effects of air pollution on infant health
on a pollutant-by-pollutant basis. In this case, I am identifying the
health effects of exposure to the disamenity itself, which according
to the air emissions inventory emits a wide variety of pollutants.
Some, such as NOx , are much higher than the largest pre-drilling
emitter in the region.33 Each of these contaminants have been separately associated with the birth outcomes measured in this paper,
while SGD increases exposure to all of these during active drilling
and production. Thus, it is not surprising that my estimates are
larger than some of those found in the literature, especially those
that are studying one pollutant. Finally, these results are smaller
than or similar in magnitude to the existing literature studying the
infant health impacts of shale gas development (Stacy et al., 2015b;
Casey et al., 2016; Currie et al., 2017; Whitworth et al., 2017, 2018).
My study builds upon the existing literature measuring the
infant health impacts of shale gas development. Due to inconsistency in measures used across existing studies, it is challenging to
compare and interpret measured impacts. My results are consistent
with Currie et al. (2017) for low birth weight and Stacy et al. (2015a)
for small for gestational age. While I do not ﬁnd an impact on premature birth in the extensive margin, my intensive margin results
indicate that premature birth may be impacted, especially at the
highest tertile of exposure. This most closely relates to the inverse
distance weighted quartile measures used in the epidemiologic literature and my results are consistent with Casey et al. (2016) and
Whitworth et al. (2017). Although exact mechanisms are difﬁcult to
ascertain with the data currently available, the increase in small for
gestational age and low birth weight in the extensive margin without a symmetric increase in premature birth indicates that infants
born to mothers exposed to any drilling are coming to full term, but
are small, as would be the case where drilling persistently increases
local air or water pollution. Whereas, preterm labor may be induced
by air pollution or stress at higher intensities of drilling and therefore explain the symmetric intensive margin impacts on preterm
birth and low birth weight (Dole et al., 2003; Stieb et al., 2012b;
Sun et al., 2015).

32
Using the pre-drilling mean of low birth weight for the analysis sample, the
effect size is 24 percent relative to the mean, whereas the effect size is 19 percent
relative to the state average.
33
As mentioned in the background section of the paper, the largest industrial
source of NOx in the 11-county region is a power plant that produces 2000 tons
per year. Shale wells in 2011 produced 16,000 tons of NOx in aggregate.
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Table 8
Falsiﬁcation tests on impact of well location.
(1)

(2)

(3)

(4)

Permit date

Within 2.5 km * post
Sample size
R2

(5)

(6)

Random date

Low birth weight

Term birth weight

Premature

Low birth weight

Term birth weight

Premature

−0.000106
(0.00682)
19246
0.009

−5.03
(12.382)
17795
0.013

−0.00149
(0.00897)
18854
0.009

0.00103
(0.00303)
21610
0.021

−1.152
(11.5)
19978
0.075

−0.00654
(.00789)
21204
0.012

Notes: See Table 4 for included covariates. Each panel is a separate regression. All regressions include controls for maternal characteristics and time trends and county ﬁxed
effects. Columns (1)–(3) use permit date to deﬁne “treatment” and the coefﬁcient reported is the interaction between an indicator for whether the permit was within 2.5 km
from the mother’s residence and whether the birth occurred after (post) the permit date. Columns (4)–(6) use a random date to deﬁne post birth. Signiﬁcance: * p<0.10, **
p<0.05, *** p<0.01.

These results suggest that requiring air and water pollution
monitoring of drilling sites could assist researchers and public
health ofﬁcials in efforts to ascertain exposure pathways for residents living nearby and inform policies to mitigate any risks that
are likely to be very localized. In 2011, PA DEP began requiring the
shale gas industry to report emissions of these pollutants into an
emissions inventory so that policy makers can better address these
exposures in the future.
The effects of gas drilling are larger for lower SES children. There
is prior evidence that in some cases this is explained by the fact that
lower SES women take fewer measures to avoid pollution. I do not,
however, detect heterogeneous responses as measured by mothers
moving. As previously mentioned, early shocks to a child’s health
can persist for many years, hence if poorer families are unable
to mitigate the risks of drilling activity their children’s health is
likely to suffer, which is reﬂected in literature that ﬁnds pollution to be one potential mechanism by which SES affects health
(Neidell, 2004). Given the wealth of studies that identify a causal
link between birth weight and long-run outcomes, these impacts
are likely to persist throughout these children’s lives.

7.1. Cost estimates
While the economic beneﬁts and costs of shale gas development are quantiﬁable, the public health beneﬁts and costs might be
more difﬁcult to assess. This paper provides evidence that maternal exposure within at least 1.5 miles of SGD is detrimental to
fetal development. Due to shale gas development occurring only
recently in Pennsylvania, the number of infants observed close to
existing wells is quite small relative to other more populated areas
with SGD. This translates to a cost of $4.1 million.34 As a back-ofthe envelope estimate, there are more than 2.8 million American
women of reproductive age with a well within a mile of their homes
(Gold and McGinty, 2013; Howden and Meyer, 2010).35 Using the
current fertility rate of 64 per 1000 women in this age group nationally (Martin et al., 2012), there are over 170,000 pregnant women
living within 1 mile of a well in these states. Using the estimates in
this paper as a benchmark, oil and gas development in these communities could amount to over 2000 additional low birth weight

34
Combining hospital costs attributable to low birth weight ($15,100 in additional hospital costs)(Russell et al., 2007), estimates for special education services
($5200) (Chaikind and Corman, 1991; Augenblick et al., 2007) and decreased earnings ($76,800) (Currie et al., 2013a), an arguably conservative estimate is $96,500 in
added cost for each low birth weight child. This ﬁgure excludes medical bills after
the ﬁrst year, parental lost earnings and other costs and is, hence, a lower bound
estimate of costs.
35
Using The Wall Street Journal estimate that over 15 million Americans live
within 1 mile of an oil or gas well drilled since 2000, and using a rough estimate that
half of those people are women and forty percent of them are ages 18–44.

infants each year which amounts to a cost of more than $230 million
per year in these 11 states.

8. Conclusions
My study seeks to understand and quantify the impacts of shale
gas development on infant health. As a ﬁrst step, I assembled a
unique data set with the latitude and longitude of new mothers’
residences and the locations of shale gas wells and permits in Pennsylvania. I examine the impacts of living in close proximity to shale
gas development on low birth weight, term birth weight and other
measures of infant health.
These results suggest that shale gas wells are associated with
reduced average birth weight among infants born to mothers living
within a 2.5 km radius from a shale gas well. The impacts associated
with shale gas studied in this paper are large but not implausible
given the estimates found in the literature for air pollution impacts
on low birth weight and term birth weight. The strength of this
approach is in exploiting a natural experiment that controls for
unobservable characteristics and the results are robust across a
variety of speciﬁcations, providing evidence on the credibility of
the research design.
It is clear from these results that policies intended to mitigate
the risks of shale gas development can have signiﬁcant health beneﬁts. I ﬁnd detectable effects of shale gas development on low birth
weight and term birth weight more than 3.5 km from the well head
(more than 2 miles or over 11,000 ft). This ﬁnding is of signiﬁcant
independent interest and an important contribution of this paper.
Current required set back distances (distance between well head
and nearby residences, hospitals and schools) range from 300 ft to
800 ft across the 33 states where shale gas development is taking
place. With detectable infant health effects up to 2 miles away,
these set back distances may be deemed insufﬁcient to protect
human health. These ﬁndings add impetus for regulators to increase
regulations that reduce air pollution emissions from drilling operations and for industry actors to increase voluntary action to reduce
air pollution emissions.
Since I have focused on only the infant health effects of shale gas
development, the total health effects of drilling exposure are likely
to be much greater. Further research on the longer term health
impacts of shale gas development on all members of our society –
as well as the probable mechanisms and how best to mitigate them
– is warranted.

Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at https://doi.org/10.1016/j.jhealeco.2018.07.
004.

148

E.L. Hill / Journal of Health Economics 61 (2018) 134–150

References
Ahern, M., Mullett, M., MacKay, K., Hamilton, C., 2011a. Residence in coal-mining
areas and low-birth-weight outcomes. Maternal Child Health J. 15 (7),
974–979, http://dx.doi.org/10.1007/s10995-009-0555-1.
Ahern, M.M., Hendryx, M., Conley, J., Fedorko, E., Ducatman, A., Zullig, K.J., 2011b.
The association between mountaintop mining and birth defects among live
births in central Appalachia, 1996–2003. Environ. Res. 111 (6), 838–846.
Alawattegama, S.K., Kondratyuk, T., Krynock, R., Bricker, M., Rutter, J.K., Bain, D.J.,
Stolz, J.F., 2015. Well water contamination in a rural community in
southwestern Pennsylvania near unconventional shale gas extraction. J.
Environ. Sci. Health A 50 (5), 516–528.
Allcott, H., Keniston, D., 2014. Dutch disease or agglomeration? The local economic
effects of natural resource booms in modern America. Technical report.
National Bureau of Economic Research.
Almond, D., Chay, K.Y., Lee, D.S., 2005. The costs of low birth weight. Q. J. Econ. 120
(3), 1031–1083.
Almond, D., Hoynes, H.W., Schanzenbach, D.W., 2011. Inside the war on poverty:
the impact of food stamps on birth outcomes. Rev. Econ. Stat. 93 (2), 387–403.
Augenblick, P., Van de Water, G., Myer, J.L., Augenblick, P., Van de Water, G., Myer,
J.L., 2007. Costing Out the Resources Needed to Meet Pennsylvania’s Public
Education Goals. Pennsylvania State Board of Education. http://ridley.
schoolwires.net/cms/lib2/PA01001042/Centricity/Domain/5/CostingOutStudyRevisedFinalReport12-10-07.pdf.
Balise, V.D., Meng, C.-X., Cornelius-Green, J.N., Kassotis, C.D., Kennedy, R., Nagel,
S.C., 2016. Systematic review of the association between oil and natural gas
extraction processes and human reproduction. Fertil. Steril. 106 (4), 795–819.
Bamberger, M., Oswald, R.E., 2012. Impacts of gas drilling on human and animal
health. New Solut., 51–77.
Bartik, A.W., Currie, J., Greenstone, M., Knittel, C.R., 2016. The Local Economic and
Welfare Consequences of Hydraulic Fracturing.
Boyles, A.L., Blain, R.B., Rochester, J.R., Avanasi, R., Goldhaber, S.B., McComb, S.,
Holmgren, S.D., Masten, S.A., Thayer, K.A., 2017. Systematic review of
community health impacts of mountaintop removal mining. Environ. Int. 107,
163–172, http://dx.doi.org/10.1016/j.envint.2017.07.002.
Burton, T.G., Rifai, H.S., Hildenbrand, Z.L., Carlton, D.D., Fontenot, B.E., Schug, K.A.,
2016. Elucidating hydraulic fracturing impacts on groundwater quality using a
regional geospatial statistical modeling approach. Sci. Total Environ. 545,
114–126.
Callaghan, W.M., Dietz, P.M., 2010. Differences in birth weight for gestational age
distributions according to the measures used to assign gestational age. Am. J.
Epidemiol. 171 (7), 826–836.
Casey, J.A., Savitz, D.A., Rasmussen, S.G., Ogburn, E.L., Pollak, J., Mercer, D.G.,
Schwartz, B.S., 2015. Unconventional natural gas development and birth
outcomes in Pennsylvania, USA. Epidemiology (Cambridge, MA).
Casey, J.A., Savitz, D.A., Rasmussen, S.G., Ogburn, E.L., Pollak, J., Mercer, D.G.,
Schwartz, B.S., 2016. Unconventional natural gas development and birth
outcomes in Pennsylvania, USA. Epidemiology (Cambridge, MA) 27 (2),
163–172, http://dx.doi.org/10.1097/EDE.0000000000000387 https://www.
ncbi.nlm.nih.gov/pmc/articles/PMC4738074/.
Chaikind, S., Corman, H., 1991. The impact of low birthweight on special education
costs. J. Health Econ. 10 (3), 291–311.
Chay, K.Y., Greenstone, M., 2003a. Air quality, infant mortality, and the Clean Air
Act of 1970. Technical report, National Bureau of Economic Research.
Chay, K.Y., Greenstone, M., 2003b. The impact of air pollution on infant mortality:
evidence from geographic variation in pollution shocks induced by a recession.
Q. J. Econ. 118 (3), 1121–1167.
Chen, H., Carter, K.E., 2016. Water usage for natural gas production through
hydraulic fracturing in the United States from 2008 to 2014. J. Environ.
Manage. 170, 152–159.
Chen, L., Miller, S.A., Ellis, B.R., 2017. Comparative human toxicity impact of
electricity produced from shale gas and coal. Environ. Sci. Technol. 51 (21),
13018–13027, http://dx.doi.org/10.1021/acs.est.7b03546.
Clay, K., Lewis, J., Severnini, E., 2016. Canary in a Coal Mine: Infant Mortality,
Property Values, and Tradeoffs Associated with Mid-20th Century Air
Pollution. Technical Report w22155, National Bureau of Economic Research.
Colborn, T., Kwiatkowski, C., Schultz, K., Bachran, M., 2011. Natural gas operations
from a public health perspective. Hum. Ecol. Risk Assess. 17 (5), 1039–1056.
Colborn, T., Schultz, K., Herrick, L., Kwiatkowski, C., 2012. An exploratory study of
air quality near natural gas operations. Hum. Ecol. Risk Assess.
Currie, J., Neidell, M., 2005. Air pollution and infant health: what can we learn from
california’s recent experience? Q. J. Econ. 120 (3), 1003–1030.
Currie, J., Schmieder, J.F., 2009. Fetal exposures to toxic releases and infant health.
Am. Econ. Rev. 99 (2), 177–183.
Currie, J., Walker, R., 2011. Trafﬁc congestion and infant health: evidence from
E-ZPass. Am. Econ. J.: Appl. Econ. 3 (1), 65–90.
Currie, J., Neidell, M., Schmieder, J.F., 2009. Air pollution and infant health: lessons
from New Jersey. J. Health Econ. 28 (3), 688–703.
Currie, J., Davis, L., Greenstone, M., Walker, R., 2013a. Do Housing Prices Reﬂect
Environmental Health Risks? Evidence from More than 1600 Toxic Plant
Openings and Closings. Technical report. National Bureau of Economic
Research.
Currie, J., Graff Zivin, J.S., Meckel, K., Neidell, M.J., Schlenker, W., 2013b. Something
in the Water: Contaminated Drinking Water and Infant Health.

Currie, J., Davis, L., Greenstone, M., Walker, R., 2015. Environmental health risks
and housing values: evidence from 1,600 toxic plant openings and closings.
Am. Econ. Rev. 105 (2), 678–709.
Currie, J., Zivin, J.G., Mullins, J., Neidell, M., 2014. What do we know about shortand long-term effects of early-life exposure to pollution? Annu. Rev. Resour.
Econ. 6 (1), 217–247, http://dx.doi.org/10.1146/annurev-resource-100913012610.
Currie, J., Greenstone, M., Meckel, K., 2017. Hydraulic fracturing and infant health:
New evidence from Pennsylvania. Sci. Adv. 3 (12), e1603021, http://dx.doi.org/
10.1126/sciadv.1603021 http://advances.sciencemag.org/content/3/12/
e1603021.
Currie, J., 2009. Healthy, wealthy, and wise: Socioeconomic status, poor health in
childhood, and human capital development. J. Econ. Lit. 47 (1), 87–122.
Dehejia, R., Lleras-Muney, A., 2004. Booms, busts, and babies’ health. Q. J. Econ. 119
(3), 1091–1130.
Dole, N., Savitz abd Irva Hertz-Picciotto, D.A., Siega-Riz, A.M., McMahon, M.J.,
Buekens, P., 2003. Maternal stress and preterm birth. Am. J. Epidemiol. 157 (1),
14–24.
Drollette, B.D., Hoelzer, K., Warner, N.R., Darrah, T.H., Karatum, O., O’Connor, M.P.,
Nelson, R.K., Fernandez, L.A., Reddy, C.M., Vengosh, A., et al., 2015. Elevated
levels of diesel range organic compounds in groundwater near Marcellus gas
operations are derived from surface activities. Proc. Natl. Acad. Sci. U. S. A.,
201511474.
Elliott, E.G., Ettinger, A.S., Leaderer, B.P., Bracken, M.B., Deziel, N.C., 2017. A
systematic evaluation of chemicals in hydraulic-fracturing ﬂuids and
wastewater for reproductive and developmental toxicity. J. Exposure Sci.
Environ. Epidemiol. 27 (1), 90–99.
EPA, 2016. Hydraulic Fracturing for Oil and Gas: Impacts from the Hydraulic
Fracturing Water Cycle on Drinking Water Resources in the United States
(Final Report) (accessed January 2016) https://www.epa.gov/hfstudy.
Eva, A., Rema, H., Paulina, O., 2016. Does the effect of pollution on infant mortality
differ between developing and developed countries? Evidence from Mexico
city. Econ. J. 126 (591), 257–280, http://dx.doi.org/10.1111/ecoj.12273.
Ferrar, K.J., Kriesky, J., Christen, C.L., Marshall, L.P., Malone, S.L., Sharma, R.K.,
Michanowicz, D.R., Goldstein, B.D., 2013. Assessment and longitudinal analysis
of health impacts and stressors perceived to result from unconventional shale
gas development in the Marcellus Shale region. Int. J. Occup. Environ. Health
19 (2), 104–112.
Feyrer, J., Mansur, E.T., Sacerdote, B., 2017. Geographic dispersion of economic
shocks: evidence from the fracking revolution. Am. Econ. Rev.
Figlio, D., Guryan, J., Karbownik, K., Roth, J., 2014. The effects of poor neonatal
health on children’s cognitive development. Am. Econ. Rev. 104 (12),
3921–3955.
Glinianaia, S.V., Rankin, J., Bell, R., Pless-Mulloli, T., Howel, D., 2004. Particulate air
pollution and fetal health: a systematic review of the epidemiologic evidence.
Epidemiology 15, 36.
Gold, R., McGinty, T., 2013. Energy Boom Puts Wells in America’s Backyards
(accessed October 2013) http://online.wsj.com/news/articles/
SB10001424052702303672404579149432365326304.
Goldenberg, R.L., Culhane, J.F., Iams, J.D., Romero, R., 2008. Epidemiology and
causes of preterm birth. The Lancet 371 (9606), 75–84, http://dx.doi.org/10.
1016/S0140-6736(08)60074-4 http://www.sciencedirect.com/science/article/
pii/S0140673608600744.
Goodman, P.S., Galatioto, F., Thorpe, N., Namdeo, A.K., Davies, R.J., Bird, R.N., 2016.
Investigating the trafﬁc-related environmental impacts of hydraulic-fracturing
(fracking) operations. Environ. Int. 89-90, 248–260, http://dx.doi.org/10.1016/
j.envint.2016.02.002 http://www.sciencedirect.com/science/article/pii/
S0160412016300277.
Graham, J., Irving, J., Tang, X., Sellers, S., Crisp, J., Horwitz, D., Muehlenbachs, L.,
Krupnick, A., Carey, D., 2015. Increased trafﬁc accident rates associated with
shale gas drilling in Pennsylvania. Accid. Anal. Prevent. 74, 203–209.
Hausman, C., Kellogg, R., 2015. Welfare and distributional implications of shale gas.
Brook. Pap. Econ. Activ.
Hendryx, M., 2015. The public health impacts of surface coal mining. Extract. Ind.
Soc. 2 (4), 820–826.
Hildenbrand, Z.L., Doug Jr., D.C., Fontenot, B.E., Meik, J.M., Walton, J.L., Taylor, J.T.,
Thacker, J.B., Korlie, S., Shelor, C.P., Henderson, D., et al., 2015. A
comprehensive analysis of groundwater quality in the Barnett Shale region.
Environ. Sci. Technol. 49 (13), 8254–8262.
Hildenbrand, Z.L., Carlton, D.D., Fontenot, B.E., Meik, J.M., Walton, J.L., Thacker, J.B.,
Korlie, S., Phillip Shelor, C., Kadjo, A.F., Clark, A., et al., 2016. Temporal variation
in groundwater quality in the Permian Basin of Texas, a region of increasing
unconventional oil and gas development. Sci. Total Environ. 562, 906–913.
Hill, E., Ma, L., 2017. Shale gas development and drinking water quality. Am. Econ.
Rev. 107 (5), 522–525, http://dx.doi.org/10.1257/aer.p20171133.
Hill, E., 2012. Unconventional Natural Gas Development and Infant Health:
Evidence from Pennsylvania. Cornell Dyson School Working Paper.
Hill, E., 2013. The Impact of Oil and Gas Development on Infant Health in Colorado.
Working Paper.
Hladik, M.L., Focazio, M.J., Engle, M., 2014. Discharges of produced waters from oil
and gas extraction via wastewater treatment plants are sources of disinfection
by-products to receiving streams. Sci. Total Environ. 466, 1085–1093.
Howden, L.M., Meyer, J.A., 2010. Age and sex composition: 2010. US CENSUS
BUREAU.
Hoynes, H., Miller, D., Simon, D., 2015. Income, the earned income tax credit, and
infant health. Am. Econ. J.: Econ. Policy 7 (1), 172–211.

E.L. Hill / Journal of Health Economics 61 (2018) 134–150
IEA, 2012. Golden Rules for a Golden Age of Natural Gas. Technical report.
International Energy Agency.
Jackson, R.B., Vengosh, A., Darrah, T.H., Warner, N.R., Down, A., Poreda, R.J., Osborn,
S.G., Zhao, K., Karr, J.D., 2013. Increased stray gas abundance in a subset of
drinking water wells near Marcellus shale gas extraction. Proc. Natl. Acad. Sci.
USA.
Jayachandran, S., 2009. Air quality and early-life mortality. J. Hum. Resour. 44 (4),
916–954.
Jemielita, T., Gerton, G.L., Neidell, M., Chillrud, S., Yan, B., Stute, M., Howarth, M.,
Saberi, P., Fausti, N., Penning, T.M., et al., 2015. Unconventional gas and oil
drilling is associated with increased hospital utilization rates. PLOS ONE 10 (7),
e0131093.
Jha, A., Muller, N.Z., 2017. Handle with Care: The Local Air Pollution Costs of Coal
Storage. Working Paper 23417, National Bureau of Economic Research., http://
dx.doi.org/10.3386/w23417.
Johnsen, R., LaRiviere, J.S., Wolff, H., 2016. Estimating Indirect Beneﬁts: Fracking,
Coal and Air Pollution.” SSRN Scholarly Paper ID 2834220, Social Science
Research Network, Rochester, NY.
Johnson, R.C., Schoeni, R.F., 2011. The inﬂuence of early-life events on human
capital, health status, and labor market outcomes over the life course. BE J.
Econ. Anal. Policy 11 (3).
Kargbo, D.M., Wilhelm, R.G., Campbell, D.J., 2010. Natural gas plays in the
marcellus shale: challenges and potential opportunities. Environ. Sci. Technol.
44 (15), 5679–5684.
Kassotis, C.D., Tillitt, D.E., Lin, C.-H., McElroy, J.A., Nagel, S.C., 2015.
Endocrine-disrupting chemicals and oil and natural gas operations: potential
environmental contamination and recommendations to assess complex
environmental mixtures. Environ. Health Perspect.
Knittel, C.R., Miller, D.L., Sanders, N.J., 2015. Caution, drivers! Children present:
trafﬁc, pollution, and infant health. Rev. Econ. Stat. 98 (2), 350–366, http://dx.
doi.org/10.1162/REST a 00548.
Kondash, A.J., Albright, E., Vengosh, A., 2017. Quantity of ﬂowback and produced
waters from unconventional oil and gas exploration. Sci. Total Environ. 574,
314–321.
Lamm, S.H., Li, J., Robbins, S.A., Dissen, E., Chen, R., Feinleib, M., 2015. Are residents
of mountain-top mining counties more likely to have infants with birth
defects? The west virginia experience. Birth Defects Res. A: Clin. Molec.
Teratol. 103 (2), 76–84, http://dx.doi.org/10.1002/bdra.23322.
Lavaine, E., Neidell, M., 2017. Energy production and health externalities: Evidence
from oil reﬁnery strikes in France. J. Assoc. Environ. Res. Econ. 4 (2), 447–477.
Legere, L., 2013. Northern Tier counties top state list of Marcellus air pollution
(accessed March 2013) http://stateimpact.npr.org/pennsylvania/jp/northerntier-counties-top-state-list-of-marcellus-air-pollution/.
Lester, Y., Ferrer, I., Michael Thurman, E., Sitterley, K.A., Korak, J.A., Aiken, G.,
Linden, K.G., 2015. Characterization of hydraulic fracturing ﬂowback water in
Colorado: Implications for water treatment. Sci. Total Environ. 512, 637–644.
Li, H., Son, J.-H., Carlson, K.H., 2016. Concurrence of aqueous and gas phase
contamination of groundwater in the Wattenberg oil and gas ﬁeld of northern
Colorado. Water Res. 88, 458–466.
Litovitz, A., Curtright, A., Abramzon, S., Burger, N., Samaras, C., 2013. Estimation of
regional air-quality damages from Marcellus Shale natural gas extraction in
Pennsylvania. Environ. Res. Lett. 8 (1), 014017.
Loomis, J., Haefele, M., 2017. Quantifying market and non-market beneﬁts and
costs of hydraulic fracturing in the United States: a summary of the literature.
Ecol. Econ. 138, 160–167, http://dx.doi.org/10.1016/j.ecolecon.2017.03.036
http://www.sciencedirect.com/science/article/pii/S092180091631285X.
Martin, J., Hamilton, B., Ventura, S., Osterman, M., Wilson, E., Mathew, T.J., 2012.
Births: Final Data for 2010. National Vital Statistics Report.
Mason, C.F., Muehlenbachs, L., Olmstead, S.M., 2015. The economics of shale gas
development. Resources for the Future Discussion Paper 14-42.
McCawley, M.A., 2017. Does increased trafﬁc ﬂow around unconventional resource
development activities represent the major respiratory hazard to neighboring
communities? Knowns and unknowns. Curr. Opin. Pulm. Med. 23 (2), 161–166,
http://dx.doi.org/10.1097/MCP.0000000000000361 http://content.wkhealth.
com/linkback/openurl?sid=WKPTLP:landingpage&an=00063198-90000000099324.
McKenzie, L.M., Witter, R.Z., Newman, L.S., Adgate, J.L., 2012. Human health risk
assessment of air emissions from development of unconventional natural gas
resources. Sci. Total Environ.
McKenzie, L.M., Guo, R., Witter, R.Z., Savitz, D.A., Newman, L.S., Adgate, J.L., 2014.
Birth outcomes and maternal residential proximity to natural gas development
in rural Colorado. Environ. Health Perspect.
Muehlenbachs, L., Spiller, E., Timmins, C., 2015. The housing market impacts of
shale gas development. Am. Econ. Rev. 105 (12), 3633–3659.
Neidell, M.J., 2004. Air pollution, health, and socio-economic status: the effect of
outdoor air quality on childhood asthma. J. Health Econ. 23 (6), 1209–1236.
Nieuwenhuijsen, M.J., Dadvand, P., Grellier, J., Martinez, D., Vrijheid, M., 2013.
Environmental risk factors of pregnancy outcomes: a summary of recent
meta-analyses of epidemiological studies. Environ. Health 12, 6, http://dx.doi.
org/10.1186/1476-069X-12-6 https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC3582445/.
Olmstead, S., Muehlenbachs, L., Shih, J.-S., Chu, Z., Krupnick, A., 2013. Shale gas
development impacts on surface water quality in Pennsylvania. Proc. Natl.
Acad. Sci. USA.

149

Osborn, S., Vengosh, A., Warner, N., Jackson, R., 2011. Methane contamination of
drinking water accompanying gas well drilling and hydraulic fracturing. Proc.
Natl. Acad. Sci. USA 108 (20), 8172–8176.
Pétron, G., Frost, G., Miller, B.R., Hirsch, A.I., Montzka, S.A., Karion, A., Trainer, M.,
Sweeney, C., Andrews, A.E., Miller, L., et al., 2012. Hydrocarbon emissions
characterization in the Colorado Front Range: A pilot study. J. Geophys. Res.:
Atmos. (1984–2012) 117 (D4).
PADEP, 2010a. Marcellus Permits Issued and Wells Drilled. http://www.dep.state.
pa.us/dep/deputate/minres/oilgas/2010PermitDrilledmaps.htm.
PADEP, 2010b. Southwestern Pennsylvania Marcellus Shale Short-TermAmbientAir
Sampling Report (accessed January 2012) http://www.dep.state.pa.us/dep/
deputate/airwaste/aq/aqm/docs/Marcellus SW 11-01-10.pdf.
PADEP, 2011a. Northcentral Pennsylvania Marcellus Shale Short-Term Ambient Air
Sampling Report (accessed January 2012) http://www.dep.state.pa.us/dep/
deputate/airwaste/aq/aqm/docs/Marcellus NC 05-06-11.pdf.
PADEP, 2011b. Northeastern Pennsylvania Marcellus Shale Short-Term Ambient
Air Sampling Report (accessed January 2012) http://www.dep.state.pa.us/dep/
deputate/airwaste/aq/aqm/docs/Marcellus NE 01-12-11.pdf.
PADEP, 2013a. Air Emissions Inventory Data for the Unconventional Natural Gas
Industry (accessed June 2013) http://ﬁles.dep.state.pa.us/Air/AirQuality/
AQPortalFiles/Unconventional Natural Gas Emissions Well-Station-All.xlsx.
PADEP, 2013b. Summary of Unconventional Natural Gas Emissions by County
(accessed June 2013) http://ﬁles.dep.state.pa.us/Air/AirQuality/AQPortalFiles/
Unconventional Natural Gas Emissions-County.xlsx.
Parker, K.M., Zeng, T., Harkness, J., Vengosh, A., Mitch, W.A., 2014. Enhanced
formation of disinfection byproducts in shale gas wastewater-impacted
drinking water supplies. Environ. Sci. Technol. 48 (19), 11161–11169.
Peng, L., Meyerhoefer, C., Chou, S., 2018. The health implications of unconventional
natural gas development in Pennsylvania. Health Econ., http://dx.doi.org/10.
1002/hec.3649.
Quansah, R., Armah, F.A., Essumang, D.K., Luginaah, I., Clarke, E., Marfoh, K.,
Cobbina, S.J., Nketiah-Amponsah, E., Namujju, P.B., Obiri, S., Dzodzomenyo, M.,
2015. Association of arsenic with adverse pregnancy outcomes/infant
mortality: a systematic review and meta-analysis. Environ. Health Perspect.
123 (5), 412–421, http://dx.doi.org/10.1289/ehp.1307894 https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC4421764/.
Rahm, B.G., Bates, J.T., Bertoia, L.R., Galford, A.E., Yoxtheimer, D.A., Riha, S.J., 2013.
Wastewater management and Marcellus Shale gas development: trends,
drivers, and planning implications. J. Environ. Manage. 120, 105–113.
Rasmussen, S.G., Ogburn, E.L., McCormack, M., Casey, J.A., Bandeen-Roche, K.,
Mercer, D.G., Schwartz, B.S., 2016. Association between unconventional
natural gas development in the Marcellus Shale and asthma exacerbations.
JAMA Internal Med. 176 (9), 1334–1343.
Russell, R.B., Green, N.S., Steiner, C.A., Meikle, S., Howse, J.L., Poschman, K., Dias, T.,
et al., 2007. Cost of hospitalization for preterm and low birth weight infants in
the United States. Pediatrics 120 (1).
Sanders, N.J., Stoecker, C., 2015. Where have all the young men gone? Using sex
ratios to measure fetal death rates. J. Health Econ. 41, 30–45, http://dx.doi.org/
10.1016/j.jhealeco.2014.12.005 http://www.sciencedirect.com/science/article/
pii/S0167629614001520.
Schmidt, C.W., 2011. Blind rush? Shale gas boom proceeds amid human health
questions. Environ. Health Perspect. 119 (8).
Severnini, E., 2017. Impacts of nuclear plant shutdown on coal-ﬁred power
generation and infant health in the Tennessee Valley in the 1980s. Nat. Energy
2 (4), 17051, http://dx.doi.org/10.1038/nenergy.2017.51 https://www.nature.
com/articles/nenergy201751.
Shah, P.S., Balkhair, T., 2011. Air pollution and birth outcomes: a systematic
review. Environ. Int. 37 (2).
Sram, R.J., Binkova, B., Dejmek, J., Bobak, M., 2005. Ambient air pollution and
pregnancy outcomes: a review of the literature. Environ. Health Perspect. 113
(4).
Stacy, S.L., Brink, L.L., Larkin, J.C., Sadovsky, Y., Goldstein, B.D., Pitt, B.R., Talbott,
E.O., 2015a. Perinatal outcomes and unconventional natural gas operations in
Southwest Pennsylvania. PLOS ONE 10 (6), e0126425.
Stacy, S.L., Brink, L.L., Larkin, J.C., Sadovsky, Y., Goldstein, B.D., Pitt, B.R., Talbott,
E.O., 2015b. Perinatal outcomes and unconventional natural gas operations in
southwest Pennsylvania. PLOS ONE 10 (6), e0126425, http://dx.doi.org/10.
1371/journal.pone.0126425.
Stacy, S.L., 2017. A review of the human health impacts of unconventional natural
gas development. Curr. Epidemiol. Rep. 4 (1), 38–45.
Stieb, D.M., Chen, L., Eshoul, M., Judek, S., 2012a. Ambient air pollution, birth
weight and preterm birth: a systematic review and meta-analysis. Environ. Res.
Stieb, D.M., Chen, L., Eshoul, M., Judek, S., 2012b. Ambient air pollution, birth
weight and preterm birth: a systematic review and meta-analysis. Environ.
Res. 117, 100–111, http://dx.doi.org/10.1016/j.envres.2012.05.007 https://
www.sciencedirect.com/science/article/pii/S0013935112001764.
Stillerman, K.P., Mattison, D.R., Giudice, L.C., Woodruff, T.J., 2008. Environmental
exposures and adverse pregnancy outcomes: a review of the science. Reprod.
Sci. 15 (7), 631–650.
Sun, X., Luo, X., Zhao, C., Ng, R.W.C., Lim, C.E.D., Zhang, B., Liu, T., 2015. The
association between ﬁne particulate matter exposure during pregnancy and
preterm birth: a meta-analysis. BMC Pregnancy Childbirth 15, 300, http://dx.
doi.org/10.1186/s12884-015-0738-2.
Tanaka, S., 2015. Environmental regulations on air pollution in China and their
impact on infant mortality. J. Health Econ. 42, 90–103, http://dx.doi.org/10.

150

E.L. Hill / Journal of Health Economics 61 (2018) 134–150

1016/j.jhealeco.2015.02.004 http://www.sciencedirect.com/science/article/pii/
S0167629615000284.
Tustin, A.W., Hirsch, A.G., Rasmussen, S.G., Casey, J.A., Bandeen-Roche, K.,
Schwartz, B.S., 2017. Associations between unconventional natural gas
development and nasal and sinus, migraine headache, and fatigue symptoms
in Pennsylvania. Environ. Health Perspect. 125 (2), 189.
Vengosh, A., Jackson, R.B., Warner, N., Darrah, T.H., Kondash, A., 2014. A critical
review of the risks to water resources from unconventional shale gas
development and hydraulic fracturing in the United States. Environ. Sci.
Technol.
Warner, N., Jackson, R., Darrah, T., Osborn, S., Down, A., Zhao, K., White, A.,
Vengosh, A., 2012. Geochemical evidence for possible natural migration of
marcellus formation brine to shallow aquifers in Pennsylvania. Proc. Natl.
Acad. Sci. USA 109 (30), 11961–11966.
Warner, N.R., Christie, C.A., Jackson, R.B., Vengosh, A., 2013. Impacts of shale gas
wastewater disposal on water quality in Western Pennsylvania. Environ. Sci.
Technol. 47 (20), 11849–11857.
Werner, A.K., Vink, S., Watt, K., Jagals, P., 2015. Environmental health impacts of
unconventional natural gas development: a review of the current strength of
evidence. Sci. Total Environ. 505, 1127–1141.
Whitworth, K.W., Marshall, A.K., Symanski, E., 2017. Maternal residential
proximity to unconventional gas development and perinatal outcomes among
a diverse urban population in Texas. PLOS ONE 12 (7), e0180966, http://dx.doi.
org/10.1371/journal.pone.0180966.
Whitworth, K.W., Marshall, A.K., Symanski, E., 2018. Drilling and production
activity related to unconventional gas development and severity of preterm
birth. Environ. Health Perspect. 37006, 1.

WHO, 2005. Effects of air pollution on children’s health and development: a review
of the evidence.
WHO, 2011. WHO Weight Percentages Calculator. http://www.who.int/entity/
reproductivehealth/topics/best practices/weight percentiles calculator.xls.
Witter, R., McKenzie, L., Stinson, K., Scott, K., Newman, L., Adgate, J., 2013. The use
of health impact assessment for a community undergoing natural gas
development. Am. J. Public Health.
Wrenn, D.H., Klaiber, H.A., Jaenicke, E.C., 2016. Unconventional shale gas
development, risk perceptions, and averting behavior: evidence from bottled
water purchases. J. Assoc. Environ. Resour. Econ. 3 (4), 779–817.
Yan, B., Stute, M., Panettieri, R.A., Ross, J., Mailloux, B., Neidell, M.J., Soares, L.,
Howarth, M., Liu, X., Saberi, P., et al., 2016. Association of groundwater
constituents with topography and distance to unconventional gas wells in NE
Pennsylvania. Sci. Total Environ.
Yang, M., Chou, S.-Y., 2017. The impact of environmental regulation on fetal
health: evidence from the shutdown of a coal-ﬁred power plant located
upwind of New Jersey. J. Environ. Econ. Manage.
Yang, M., Bhatta, R.A., Chou, S.-Y., Hsieh, C.-I., 2017. The impact of prenatal
exposure to power plant emissions on birth weight: evidence from a
pennsylvania power plant located upwind of New Jersey. J. Policy Anal.
Manage. [the Journal of the Association for Public Policy Analysis and
Management] 36 (3), 557–583.
Zahran, S., Weiler, S., Mielke, H.W., Pena, A.A., 2012. Maternal benzene exposure
and low birth weight risk in the United States: a natural experiment in
gasoline reformulation. Environ. Res. 112, 139–146.

Environment International 132 (2019) 104949

Contents lists available at ScienceDirect

Environment International
journal homepage: www.elsevier.com/locate/envint

Congenital heart defects and intensity of oil and gas well site activities in
early pregnancy

T

⁎

Lisa M. McKenziea, , William Allshousea, Stephen Danielsb
a
b

Department of Environmental and Occupational Health, Colorado School of Public Health, University of Colorado Anschutz Campus, Aurora, CO, USA
Department of Pediatrics, University of Colorado School of Medicine, University of Colorado Anschutz Campus, Aurora, CO, USA

A R T I C LE I N FO

A B S T R A C T

Handling Editor: Hanna Boogaard

Background: Preliminary studies suggest that oﬀspring to mothers living near oil and natural gas (O&G) well
sites are at higher risk of congenital heart defects (CHDs).
Objectives: Our objective was to address the limitations of previous studies in a new and more robust evaluation
of the relationship between maternal proximity to O&G well site activities and births with CHDs.
Methods: We employed a nested case-control study of 3324 infants born in Colorado between 2005 and 2011.
187, 179, 132, and 38 singleton births with an aortic artery and valve (AAVD), pulmonary artery and valve
(PAVD), conotruncal (CTD), or tricuspid valve (TVD) defect, respectively, were frequency matched 1:5 to
controls on sex, maternal smoking, and race and ethnicity yielding 2860 controls. We estimated monthly intensities of O&G activity at maternal residences from three months prior to conception through the second
gestational month with our intensity adjusted inverse distance weighted model. We used logistic regression
models adjusted for O&G facilities other than wells, intensity of air pollution sources not associated with O&G
activities, maternal age and socioeconomic status index, and infant sex and parity, to evaluate associations
between CHDs and O&G activity intensity groups (low, medium, and high).
Results: Overall, CHDs were 1.4 (1.0, 2.0) and 1.7 (1.1, 2.6) times more likely than controls in the medium and
high intensity groups, respectively, compared to the low intensity group. PAVDs were 1.7 (0.93, 3.0) and 2.5
(1.1, 5.3) times more likely in the medium and high intensity groups for mothers with an address found in the
second gestational month. In rural areas, AAVDs, CTDs, and TVDs were 1.8 (0.97, 3.3) and 2.6 (1.1, 6.1); 2.1
(0.96, 4.5) and 4.0 (1.4, 12); and 3.4 (0.95, 12) and 4.6 (0.81, 26) times more likely than controls in the medium
and high intensity groups.
Conclusions: This study provides further evidence of a positive association between maternal proximity to O&G
well site activities and several types of CHDs, particularly in rural areas.

Keywords:
Congenital heart defects
Birth outcomes
Oil and natural gas development
Case control study
Environmental exposure
Hydraulic fracturing

1. Introduction
Congenital heart defects (CHDs) are the most common type of birth
defect in the United States (US) (Zoghbi and Jenkins, 2012). With an
infant mortality rate of 41.46 per 100,000 live births, CHDs are the
leading cause of death due to birth defects (Gilboa et al., 2010). Infants
with a CHD are less likely to thrive, more likely to have developmental
problems, and more vulnerable to brain injury (Gidding, 2012;
Martinez-Biarge et al., 2013). Adults with a CHD are at increased risk of

pulmonary hypertension, arrhythmias, infective endocarditis, anticoagulation, and congestive heart failure (Bhatt et al., 2015). Of the 1.5
million US adults living with a CHD, at least 500,000 need lifelong
specialized care, with death and disability rates rising dramatically
after 30 years of age (Zoghbi and Jenkins, 2012). Colorado's rate of 18.9
CHDs per 1000 births is more than twice the national rate of 8.1 CHDs
per 1000 births (Brook et al., 2004).
Polygenic inherited disease, noninherited risk factors, or gene-environment interactions can result in congenital heart defects during the

Abbreviations: AAVD, aortic artery and valve defect; CDPHE, Colorado Department of Public Health and Environment; CHDs, congenital heart defect; CRCSN,
Colorado Responds to Children with Special Needs; CTD, conotruncal defect; IA-IDW, intensity adjusted inverse distance weighted; IDW, inverse distance weighted;
NO2, nitrogen dioxide; O&G, oil and natural gas; OR, odds ratio; PAVD, pulmonary artery and valve defect; PM2.5, particulate matter ≤2.5 μm; ppbv, parts per billion
by volume; SES, socioeconomic status; TVD, tricuspid valve defect
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ﬁrst 20–60 days of embryonic development (Jenkins et al., 2007). Less
than 20% of CHDs are attributed to a genetic etiology and the contribution of non-inherited risk factors and gene-environment interactions to CHD etiology is not well understood (Fung et al., 2013; Kuehl
and Loﬀredo, 2006). Animal models demonstrate that CHDs can occur
with a single environmental exposure during early gestation (Linask,
2013). Many environmental risk factors have been associated with
CHDs including maternal exposures (Jenkins et al., 2007) to hazardous
air pollutants, such as benzene (Desrosiers et al., 2012; McMartin et al.,
1998; Wennborg et al., 2005) diesel exhaust (Dadvand et al., 2011;
Vrijheid et al., 2010) and stress (Adams et al., 1989; Carmichael and
Shaw, 2000; Zhu et al., 2013).
One source of environmental exposures to hazardous air pollutants,
diesel exhaust, and non-chemical stressors is the close proximity of oil
and natural gas (O&G) wells to maternal residences (Adgate et al.,
2014). Numerous studies have attributed increased hazardous air pollutant levels to O&G activities and have observed that emissions increase signiﬁcantly during speciﬁc activities, such as well completions
and during maintenance (Allen et al., 2013; Gilman et al., 2013;
Halliday et al., 2016; Helmig et al., 2014; McKenzie et al., 2012; Pétron
et al., 2012; Pétron et al., 2014). Some of the most common hazardous
air pollutants (e.g., benzene, toluene and xylenes) emitted from O&G
well sites are suspected teratogens (Colborn et al., 2011) that are known
to cross the placenta (Shepard, 1995). In the summer of 2014, continuous ambient benzene sampling in Colorado's Denver Julesburg
Basin indicated that mean benzene concentrations at night, when
people are most likely to be at home, were on average twice the daytime mean (Halliday et al., 2016). Daytime benzene concentrations
reached 120 parts per billion by volume (ppbv) in grab samples collected within 500 ft of O&G sites (McKenzie et al., 2018). Additionally,
O&G operators use trucks with diesel engines to transport supplies,
water, and waste to and from O&G wells, with 40 to 280 truck trips per
day per well pad during development (Allshouse et al., 2019; Witter
et al., 2013). Generators equipped with diesel engines are used both to
drill wells and for hydraulic fracturing (King, 2012). Air pollutants in
the diesel exhaust emitted from these trucks and generators include
nitrogen dioxide (NO2) and particulate matter ≤2.5 μm (PM2.5) (Birch
and Cary, 1996; Sydbom et al., 2001). Reactions between NO2 and
volatile organic compounds produce lead to ground level ozone production (US Environmental Protection Agency, 2018). Finally, nonchemical stressors, such as traﬃc, noise, light, and psychological stress,
associated with O&G development may increase maternal stress levels
and the risk of CHDs (Allshouse et al., 2019; Blair et al., 2018a,b; Malin
et al., 2018; Witter et al., 2013).
In our previous retrospective cohort study of 124,842 births in rural
Colorado between 1996 and 2009, we observed that the birth prevalence of CHDs increased with increasing density of O&G wells around
the maternal residence, with an odds ratio of 1.3 for the highest exposure group compared to the referent group (95% CI: 1.2, 1.5)
(McKenzie et al., 2014). A second retrospective study of 476,000 births
in Oklahoma observed positive, but imprecise, associations between
density of natural gas wells and several speciﬁc CHDs (conotruncal,
pulmonary valve and artery, aortic arch, and tricuspid valve defects)
(Janitz et al., 2018). These previous studies had three major limitations.
First, they were not able to provide suﬃcient spatial and temporal
granularity to assign exposures to the three months prior to conception
and the ﬁrst two months of gestation – the critical period of development for the fetal heart. Second, they were not able to distinguish between well development and production phases or account for varying
activities on O&G well sites. Third, they did not conﬁrm speciﬁc types
of CHDs by a medical record review.
Our objective in this study was to address the limitations of these
previous studies in a new and more robust evaluation of the relationship between maternal proximity to O&G well site activities and births
with CHDs.

2. Methods
We conducted a nested case-control study of 3324 mother-infant
pairs born in Colorado between 2005 and 2011 using de-identiﬁed data
provided by the Colorado Department of Public Health and
Environment's (CDPHE) Center for Health and Environmental Data.
CDPHE de-identiﬁed the data to maintain the conﬁdentiality of registry
records.
2.1. Study population
Our population includes all live singleton births occurring between
2005 and 2011 to mothers living in 34 Colorado counties with 20 or
more wells drilled (well starts) from 2004 to 2011 per 10,000 births
(Supplemental Table 1). The cut-point of 20 or more well starts best
captures counties in areas of intense O&G activity. We selected these
inclusion criteria to focus our analysis on growth of unconventional O&
G development, characterized by the use of hydraulic fracturing and/or
directional drilling (Haynes et al., 2017). It was necessary to restrict the
cohort to Colorado counties with active O&G development because
most Coloradoans do not live near O&G wells: 6% of Coloradoans live
with one mile of a well that was drilled after the year 2000 (McKenzie
et al., 2016). Restricting the cohort to births in counties with 20 or
more well starts per 10,000 births reduces skewing the distribution of
births towards unexposed mothers. We excluded siblings of cases and
controls. From this cohort, CDPHE staﬀ selected cases and controls as
described in the next section and shown in Fig. 1.
2.2. Case and control selection
CDPHE staﬀ used the Colorado Responds to Children with Special
Needs (CRCSN) birth defects registry to select cases from the cohort
described above and in Fig. 1. The CRCSN includes children with birth
defects identiﬁed from hospital records, the Newborn Genetics
Screening Program, the Newborn Hearing Screening Program, laboratories, physicians, and genetic, developmental and other specialty
clinics up to age 3 years. Children in our cohort that also were in the
CRCSN birth defects registry and conﬁrmed via a medical record review
to have one of the following four speciﬁc types of CHDs, without a
chromosomal anomaly, were selected as cases. The four speciﬁc types
of CHDs are: (1) pulmonary artery and valve defects (PAVDs) deﬁned as
pulmonary valve atresia and stenosis and pulmonary artery anomalies
with and without ventricular defects (ICD-9-CM 746.01, 746.02, 747.3,
747.31, 747.32, 747.39); (2) aortic artery and valve defects (AAVD)
deﬁned as aortic valve stenosis and coarctation of aorta with and
without ventricular defects (746.3, 747.10); (3) conotruncal defects
(CTDs) deﬁned as Tetralogy of Fallot and transposition of great vessels
with and without ventricular defects (745.2, 745.10, 745.11, 745.12,
745.19); and (4) tricuspid valve defects (TVDs) deﬁned as tricuspid
valve atresia and stenosis and Ebstein's anomaly with and without other
CHDs (746.1, 746.2). Based on previous studies, we grouped CHDs into
these speciﬁc clinical diagnostic groupings to increase statistical power
and to enable comparisons with previous studies (Gilboa et al., 2005;
Janitz et al., 2018; McKenzie et al., 2014; Ritz et al., 2002). Children
with multiple types of CHDs were selected as cases for each speciﬁc
type of CHD present. For example, a child diagnosed with both a CTD
and PAVD, would be selected as both a CTD and PAVD case. Based on
these criteria and deﬁnitions, 187, 179, 132, and 38 children with an
AAVD, PAVD, CTD, or TVD, respectively, were selected as cases.
For each case, CDPHE staﬀ selected ﬁve controls from the birth
certiﬁcate data in Colorado Vital Statistics Program frequency matching
1 to 5 on sex (Vereczkey et al., 2013), maternal cigarette use during
pregnancy (yes or no) (Malik et al., 2008), and combined race and
ethnicity (Jenkins et al., 2007). For children with multiple ICD-9-CM
codes for the same type of CHD described above, ﬁve controls were
selected for each ICD-9-CM code. Thus, 2860 children were selected as
2
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Fig. 1. Selection of cases and controls born between 2005 and 2011 in Colorado Countries with 20 or more active O&G wells.
AAVD: arterial artery or valve defect, CRCSN: Colorado Responds to Children with Special Needs, CTD: conotruncal defect: PAVD: pulmonary artery or valve defect;
TVD: tricuspid valve defect.

Mines Information Center; and the CDPHE's Concentrated Animal
Feeding Operations, and Composting, Solid Waste, and Wastewater
Treatment Facility data. The ﬁnal data set was then parsed into months
(84 months from 2004 to 2011) and provided to CDPHE staﬀ.
For each case and control, CDPHE staﬀ identiﬁed all O&G wells, O&
G facilities other than wells, and air pollution sources not associated
with O&G activities within 10 miles of the maternal residence provided
on the birth certiﬁcate for each month in the three months prior to
conception through the second month of gestation (ﬁve months). Based
on associations observed with adverse health outcomes in previous
studies, a 10-mile buﬀer represents a conservative geographic area of
interest that could plausibly aﬀect exposure (McKenzie et al., 2014,
2017; Stacy et al., 2015). We included the 3-months prior to conception
in our exposure assessment because of the possibly mutation generation
during ovum cell formation (Shi and Chia, 2001) or epigenetic modiﬁcations transmitted through sperm DNA, histones, and RNA (Braun
et al., 2017). CDPHE staﬀ determined the three months prior to conception through the second month of gestation period from the birth

controls. We compared each speciﬁc type of CHD to the entire control
population.
2.3. Intensity of O&G well activity
Using information available in the publically accessible Colorado
Oil and Gas Information System, we built a geocoded data set that
contains the American Petroleum Institute well identiﬁcation number,
latitude, longitude, and status (development, producing, shut-in, and
abandoned) of all O&G wells in Colorado between 2004 and 2011
(Colorado Oil and Gas Information System, 2015). To this data set, we
added the latitude and longitude coordinates for O&G facilities other
than wells (e.g. compressor stations, tank farms, and gathering lines) in
the Colorado Oil and Gas Information System. We also added air pollution sources not associated with O&G activities in the US Environmental Protection Agency's Toxic Release Inventory program and Enforcement and Compliance History on-line data database (https://echo.
epa.gov/facilities/facility-search); the US Geological Survey National
3
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2.6. Maternal residence in three months prior to conception through second
week of gestation

date and gestational age recorded on the birth certiﬁcate. CDPHE staﬀ
also computed distances between the maternal residence and each O&G
well, O&G facility other than a well, and air pollution source not associated with O&G activities using spherically-adjusted straight line
distances and returned to us a de-identiﬁed data set.
Next, we applied our intensity adjusted inverse distance weighted
(IA-IDW) model, as described in Allshouse et al. (2017), to estimate the
monthly relative intensity of O&G well site activity around the maternal
residence of each case and control for each month from three months
prior to conception through the second month of gestation. Because the
O&G wells included in our IA-IDW exposure metric are weighted by
distance between the well and the residence, a well that is closer to the
individual will contribute more to that individual's metric than a well
with the same intensity that is further away. Our IA-IDW metric diﬀers
from other methods that deﬁne an individual as exposed if they have a
well within a given buﬀer without adjustment for phase of well development or intensity of operations that occur at the well site (Currie
et al., 2017; Hill, 2018).

We conducted all residential history searches on the CDPHE campus
under the supervision of CDPHE staﬀ. CDPHE released no personal
identiﬁers to our research team. We used the mother's and father's (if
available) name and birth date recorded on the birth certiﬁcate to
perform a maternal residential history search for the year preceding the
child's birth date in the LexisNexis® Accurint® for Government data
system (LexisNexis®) and provided the results of the search to CDPHE
staﬀ. LexisNexis® uses data linking technologies that enable searches of
current comprehensive and authoritative public records information. If
the residential history search found the maternal address did not
change between three months prior to the pregnancy to the birth date
or if we could not determine the maternal residence in this time-period,
CDPHE staﬀ used the address on the birth certiﬁcate to calculate the
IDW-metrics. If the residential history search found the maternal address diﬀered from the address on the birth certiﬁcate at any point
during the three months prior to conception through the second month
of gestation, the address(es) found in the residential history search were
used to calculate IDW-metrics.

2.4. O&G facilities other than wells
For O&G facilities other than wells, we used an inverse distance
weighted (IDW) approach, commonly used to estimate individual air
pollutant exposures from multiple ﬁxed locations (Brauer et al., 2008;
Ghosh et al., 2012; McKenzie et al., 2014, 2017) to estimate maternal
exposure. We separately calculated the IDW count of all existing O&G
facilities that were not on a well site for each month between three
months prior to conception through the second month of gestation
within a 10-mile radius of each maternal residence:
n

IDW count =

2.7. Statistical analysis
We log-transformed All IDW-metrics because the distribution of
each of our IDW metrics were highly skewed with long tails towards
large values. Based on multi-modal log transformed distributions for IAIDW and IDW counts of O&G facilities other than wells, we divided the
distributions of these IDW-metrics into low, medium, and high exposure
groups based on modal cut points for subsequent statistical analysis. We
divided the ﬁnal IA-IDW well distribution into low, medium, and high
exposure groups using cut points of 1 and 403 intensity well counts per
square mile (mile2) (Supplemental Fig. 1). We divided the ﬁnal IDW
count for O&G facilities other than wells into low, medium, and high
groups using cut points of 1 and 6 IDW counts/mile2 (Supplemental
Fig. 2). We used the continuous log-transformed data for IA-IDW count
of air pollution sources not associated with O&G activities for subsequent statistical analysis because the log-transformed data approximated a Gaussian distribution (Supplemental Fig. 3).
We used data from the 2007–2011 American Community Survey 5year estimates to calculate a composite socioeconomic status (SES)
index at the zip-code level, based on a principal component analyses
method presented in Yost et al., 2001 and applied in other studies
(Cheng et al., 2010; Ghosh et al., 2012, 2013; Yost et al., 2001). We
included seven indicator variables in the principle component analysis:
percent in food stamps or Supplemental Nutrition Assistance Program,
percent below poverty level, percent on public cash assistance, percent
unemployed, median household income, median house value, and
educational attainment for adults > 25 years. We divided educational
attainment into three groups: no high school degree, high school degree
and some college, and bachelor degree or higher. The ﬁrst two components captured 60% of the variability with eigenvalues > 1. Because
the ﬁrst component best reﬂected SES disadvantage, we used the ﬁrst
component to create our SES index. The ﬁrst component captured 42%
of the variability with each indicator loading as follows (correlation
coeﬃcient of each indicator with the SES index in parentheses): percent
on food stamps or Supplemental Nutrition Assistance Program (0.48);
percent below poverty (0.41); percent public cash assistance (0.34);
percent unemployed (0.30); median household income (−0.44);
median household value (−0.37); and educational attainment (−0.28).
Therefore, a larger SES index represents a lower SES level. Lastly, we
grouped the SES indices into quantiles (Yost et al., 2001).
For each of the ﬁve months between three months prior to conception through the second month of gestation, we used unconditional
logistic regression (Jewell, 2004; Mansournia et al., 2018) to evaluate
associations between each dichotomous outcome (combined CHDs,

1

∑ d2
i=1

(1)

i

where
di = distance of the ith individual well from maternal residence.
n = number of O&G facilities other than well sites within a 10-mile
radius.

2.5. Air pollution sources not associated with O&G activities
For air pollution sources not associated with O&G activities, we
calculated an intensity adjusted inverse distance weight (IA-IDW) count
for each month between three months prior to conception through the
second month of gestation within a 10-mile radius of each maternal
residence:
n

IA − IDW count =

I

∑ d2
i=1

i

where:
di = distance of the ith individual well from maternal residence.
n = number of air pollution sources not associated with O&G activities within a 10-mile radius.
I = relative intensity of emissions or activities.
We assigned concentrated animal feeding operations an intensity of
1–5 based on the percentile of animal units; mining sources an intensity
of 1–4 based on the type of mine (Supplemental Table 2); and Toxic
Release Inventory and Solid Waste, and Wastewater Treatment Facility
sources an intensity of 1–5 based on the percentile of annual air
emissions and waste ﬂow, respectively. We assigned Composting and
Enforcement and Compliance History sources an intensity of 1 due lack
of information on emissions and activity.
4
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AAVD, PAVD, CVD, and TVD) and IA-IDW group with the low group as
the referent. First, we estimated the crude odds ratio (OR) associated
with IA-IDW exposure group for each binary outcome. We further used
logistic regression to investigate for associations by adjusting for potential confounders, as well as child covariates, based on a priori
knowledge of their association with both exposure and/or outcome.
Speciﬁcally, we considered the following co-variates: maternal age
(continuous) (Reefhuis and Honein, 2004), parity (0, 1, 2, > 2)
(Vereczkey et al., 2013), SES index (quantile), sex (Vereczkey et al.,
2013), IDW count of O&G facilities other than wells (low, medium,
high), and IA-IDW count for air pollution sources not associated with O
&G activities (continuous). Because our previous study excluded urban
populations (McKenzie et al., 2014), we tested for eﬀect modiﬁcation of
residence in a rural zip code. Additionally, we tested for eﬀect modiﬁcation by infant sex, evaluated a 2-mile buﬀer, evaluated an analysis
of IA-IDW > 0 divided into tertiles with a referent group with no O&G
wells in the 10-mile buﬀer, and evaluated year of birth as a confounder.
We performed sensitivity analyses on two subsets of our study population: mother's address in the second gestational month found in
LexisNexis® and exclusion of births to mothers in the O&G facilities
other than wells high group. We conducted tests to evaluate linear
trends in binominal proportions with increasing IA-IDW by treating the
categorical IA-IDW variable as ordinal and used the Wald Chi-Square
parameter to test for statistical signiﬁcance (Carlton et al., 2015). With
the exception of eﬀect modiﬁcation, we considered the statistical signiﬁcance of the association, as well as the trend, in evaluating results, at
an alpha of 0.05. We evaluated eﬀect modiﬁcation based on diﬀerences
in eﬀect size in stratiﬁed analyses. The Colorado Multi-Institutional
Review Board approved our study protocol (Protocol Number: 141343).

Table 1
Study population characteristics for cases and controls born between 2005 and
2011 in Colorado counties with 20 or more O&G well starts per 10,000 births.
Maternal or infant
characteristic

AAVD
casesc

PAVD
casesc

CTD
casesc

TVD
casesc

Controls

Total N

187

179

132

38

2860

Maternal age (years)
Median
25th Percentile
75th Percentile

29
23
34

27
23
32

27
22
32

28
24
33

27
23
32

Maternal combined race
White – Non-Hispanic
White – Hispanic
Other
Missing
Male (%)

and ethnicity (%)b
63
57
28
34
5.4
7.3
3.2
1.7
59
48

58
31
10
1.5
56

58
32
11
0
47

59
32
7.7
1.2
54

Maternal smoking (%)
No
Missing

91
0

86
0

92
0

89
<1

91
0

Change in maternal address between 3 months prior to conception to birth of child (%)
No
74
69
70
71
67
Yes
8.0
5.6
9.1
7.9
9.0
Unknown
18
25
21
21
24
Parity (%)
0
1
2
>2
Rural (%)

37
29
21
13
60

41
32
16
10
60

46
27
13
13
55

34
34
16
16
68

39
33
18
10
62

17
13
21
28
21
<1

17
13
18
27
25
0

21
24
13
13
29
0

20
20
21
20
20
<1

IDW Group of O&G Facilities other than wells (%)a
Low
36
39
42
Medium
27
27
23
High
36
35
36

42
21
37

36
28
37

SES Index Percentile (%)
20
23
40
21
60
21
80
19
100
16
Missing
0

3. Results
Table 1 summarizes the characteristics of our population by case
and control status. A higher proportion of infants with an AAVD were
male, had a white non-Hispanic mother, or had a mother living in a
more advantaged SES group than controls. A higher proportion of infants with a PAVD were female, ﬁrst born, had a mother living in a less
advantaged SES group, or had fewer O&G facilities other than wells in
the 10-mile buﬀer than controls. A higher proportion of infants with a
CTD were ﬁrst born, had a mother living in a less advantaged SES
group, and a higher density of O&G facilities other than wells in the 10mile buﬀer around the mother's residence than controls. A higher
proportion of infants with a TVD were female, had older siblings, had
mothers living in a rural area, had less intensity of air pollution sources
not associated with O&G activity, or less density of O&G facilities other
than wells in the 10-mile buﬀer around the mother's residence than
controls. Additionally, we were more likely to ﬁnd a residential history
for mothers of infants with a CHD than controls.
Table 2 summarizes our study population's characteristics by exposure status (IA-IDW well count within a ten mile buﬀer of the mother's residence in the second gestational month). Most infant-mother
pairs (59%) were in the medium exposure group, followed by the low
(25%) and high (15%) exposure groups. Estimated exposures, as represented by IA-IDW well counts, tended to be lower for male infants
and mothers in a higher SES group, in a rural area, or with lower
densities of O&G facilities other than wells or air pollution sources not
associated with O&G activities in the 10-mile buﬀer around their residence. Additionally, we were less likely to ﬁnd a residential history
for mothers in the low exposure group.

IA-IDW count of air pollution sources not associated with O&G activities
mile2)
Median
5.1
6.7
6.2
5.4
25th Percentile
3.2
3.6
3.3
3.6
75th Percentile
11
12
11
7.9

5.9
3.3
11

IA-IDW group (%)b
Low
Medium
High

26
58
15

21
64
14

25
59
16

26
56
18

29
58
13

(intensity/

AAVD = Aortic artery and valve defects, CTD = conotruncal defects, IAIDW = intensity adjusted inverse distance weighted well count, IDW = inverse
distance weighted count, N = number, O&G = oil and natural gas,
PAVD = Pulmonary artery and valve defects, TVD = tricuspid valve defects.
a
Low = < 1 O&G facilities per square mile, medium = 1 to 6 other types of
O&G facilities per square mile, high = > 6 other types of O&G facilities per
square mile.
b
Low = < 1 intensity wells per square mile, medium = 1 to 403 intensity
wells per square mile, high = > 403 intensity wells per mile.
c
The sum of AAVD, PAVD, CTD, and TVD cases is > 469 because a few
infants had multiple CHDs.

(Table 3). Congenital heart defects were 1.4 (95% CI: 1.0, 2.0) and 1.7
(95% CI: 1.1, 2.6) times more likely than controls in the medium and
high exposure groups, respectively, compared to the least exposed
group after adjustment (p for trend = 0.0230). Similarly, both crude
and adjusted estimates indicate an increase in odds of maternal exposure to O&G well site activities in the second gestational month, as
represented by IA-IDW well counts, in births with a CTD or PAVD.
Births with a CTD were 1.5 (95% CI: 0.87, 2.6) and 2.0 (95% CI: 0.97,

3.1. Overall results
Both crude and adjusted estimates indicate an increase in odds of
maternal exposure to O&G well site activities in the second gestational
month, as represented by IA-IDW well counts, in births with any CHD
5
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gestational month for AAVDs (Supplemental Tables 3–6). For PAVDs,
we observed the strongest association with exposures in the two months
prior to conception (Supplemental Table 4).
In our evaluation of a 2-mile buﬀer zone around the maternal residence in the second month of gestation, we observed similar results
for AAVDs, stronger associations for CTDs and TVDs, and attenuation
towards the null for PAVDs (Supplemental Table 7). In our evaluation
of IA-IDW well count > 0 divided into tertiles with a referent group as
no O&G wells in the 10-mile buﬀer, we observed some bias towards the
null for the AAVD and TVD outcomes and potentially some bias away
from the null for the CTD and PAVD outcomes (Supplemental Table 8).
Further adjustment of our models for year of birth did not change our
results (Supplemental Table 9).

Table 2
Study population characteristics for cases and controls born between 2005 and
2011 in Colorado counties with 20 or more O&G well starts per 10,000 births by
IA-IDW group.
IA-IDW group
Lowa

Mediuma

Higha

Total (N)

864

1945

515

Maternal age (years)
Median
25th Percentile
75th Percentile

26
22
31

28
23
32

27
23
32

Maternal combined race and ethnicity (%)
White – Non-Hispanic
57
White – Hispanic
34
Other
7.4
Missing
1.3
Male (%)
52

61
30
8.1
1.4
55

56
37
6.2
1.4
55

Maternal smoking (%)
No
Missing

90
<1

89
<1

88
0

3.2. Eﬀect modiﬁcation and stratiﬁed results
Our ﬁnding of stronger associations between odds of a birth with a
CHD and maternal exposure to O&G well site activities for mothers with
a residence in a rural zip code compared to an urban zip code indicates
eﬀect modiﬁcation (Table 4). In rural zip codes, CHDs, AAVDs, CTDs,
and TVDs in the medium and high exposure groups were 1.6 (95% CI:
1.0, 2.4) and 2.4 (95% CI: 1.3, 4.4, p for trend = 0.0033); 1.8 (95% CI:
0.97, 3.3) and 2.6 (95% CI: 1.1, 6.1, p for trend = 0.0.0276); 2.1 (95%
CI: 0.96, 4.5) and 4.0 (95% CI: 1.4, 12, p for trend = 0.0108); and 3.4
(95% CI: 0.95, 12) and 4.6 (95% CI: 0.81, 26, p for trend = 0.0846)
times more likely, respectively, than controls compared to the least
exposed group after adjustment for co-variates. With the exception of
PAVDs, we observed no associations between O&G exposure and CHDs
in births to mothers residing in an urban zip code. While we did not
observe eﬀect modiﬁcation between exposure and infant sex, we did
observe stronger associations between maternal exposure to O&G well
activity and AAVDs, PAVDs, and CTDs in female infants (Supplemental
Table 10).

Change in maternal address between 3 months prior to conception to birth of child (%)
No
57
72
69
Yes
14
7.0
8.4
Unknown
29
21
22
Parity (%)
0
1
2
>2
Rural (%)

36
33
20
11
75

41
33
16
8.8
61

38
30
19
13
42

SES Index Percentile (%)
20
40
60
80
100
Missing

17
13
18
22
31
<1

21
22
21
22
14
0

18
23
26
10
24
0

IDW group of O&G facilities other than wells (%)b
Low
94
20
Medium
5.6
38
High
<1
42

3.3. Sensitivity analyses
In our sensitivity analyses of births to mother's for whom we found a
residential address in the second gestational month and exclusion of
births to mother's in the O&G facilities other than wells high group, we
observed results similar to the whole population, with the following
exception (Supplemental Tables 11 and 12). With exclusion of births for
which we could not ﬁnd the mother's address in the second gestational
month, the association between exposure to O&G well activities and
PAVDs increased. Compared to controls, births to mothers in the
medium and high exposure groups had a 1.7 (95% CI: 0.93, 3.0) and 2.5
(95% CI: 1.1, 5.3, p for trend =0.0243) times higher prevalence of
PAVDs, respectively, for mothers with a found address in the second
gestational month after adjusting for co-variates.

<1
22
78

IA-IDW Count of Air Pollution Sources not associated with O&G activities (source/
mile2)
Median
4.5
6.1
7.8
25th Percentile
1.4
3.3
4.9
75th Percentile
8.2
10
14

IA-IDW = intensity adjusted inverse distance weighted well count,
IDW = inverse distance weighted count, N = number, O&G = oil and natural
gas, SES = social-economic status.
a
Low = < 1 intensity wells per square mile, medium = 1 to 403 intensity
wells per square mile, high = > 403 intensity wells per mile.
b
Low = < 1 O&G facilities per square mile, medium = 1 to 6 other types of
O&G facilities per square mile, high = > 6 other types of O&G facilities per
square mile.

4. Discussion
We observed positive associations between odds of a birth with a
CHD and maternal exposure to O&G well activities, as represented by
IA-IDW well counts, in the second gestational month. The odds of a
birth with any type of CHD increased from the low to high exposure
group. In rural areas, odds of a birth with an AAVD, CTD, or TVD were
2.6–4.6 times more likely than controls in the high exposure group
compared to the low exposure group. In urban areas, we did not observe associations between odds of a birth with an AAVD, CTD, or TVD.
In the subset of births for which we were able to ﬁnd the maternal
address in the second gestational month, odds of a birth with a PAVD
were 2.5 times more likely than controls in the high exposure group.
Interestingly, we observed associations between maternal exposures
to O&G well site activities and AAVDs, CTDs, and TVDs in rural areas
and not in urban areas. The 62% of mothers in our study living in a
rural area diﬀered from mothers living in urban areas in several ways.

4.3) times more likely than controls in the medium and high exposure
groups, respectively, compared to the least exposed group (p for
trend = 0.0599). Births with a PAVD were 1.4 (95% CI: 0.87, 2.3) and
1.7 (95% CI: 0.87, 3.2) times more likely than controls in the medium
and high exposure groups, respectively, compared to the least exposed
group (p for trend = 0.1234). While both crude and adjusted estimates
indicate increased odds of births with AAVDs and TVDs with increasing
maternal exposure to O&G well site activities in the second gestational
month, we did not observe a trend from low to high exposure.
We observed similar associations for AAVDs and attenuated associations for CTDs and TVDs with exposure to O&G well site activities in
each of the three months prior to conception through the ﬁrst
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Table 3
Association between intensity adjusted O&G well site activity within ten-mile radius of maternal residence in second month of pregnancy and congenital heart defects
for cases and controls born between 2005 and 2011 in Colorado counties with 20 or more O&G well starts per 10,000 births.
IA-IDW groupa

Low

Medium

High

Trend test p-valuec

Controls (N)

751

1669

438

Any CHD
Cases (N)
Crude OR
Adjusted OR (95% CI)b

110
Referent
Referent

276
1.1 (0.89, 1.4)
1.4 (1.0, 2.0)

77
1.2 (0.88, 1.6)
1.7 (1.1, 2.6)

0.0230

AAVDs
Cases (N)
Crude OR
Adjusted OR (95% CI)b

40
Referent
Referent

120
1.4 (0.93, 2.0)
1.6 (1.0, 2.6)

27
1.2 (0.70, 1.9)
1.5 (0.79, 3.0)

0.2373

PAVD
Cases (N)
Crude OR
Adjusted OR (95% CI)b

43
Referent
Referent

106
1.1 (0.77, 1.6)
1.4 (0.87, 2.3)

29
1.2 (0.71, 1.9)
1.7 (0.87, 3.2)

0.1234

CTD
Cases (N)
Crude OR
Adjusted OR (95% CI)b

34
Referent
Referent

74
0.98 (0.65, 1.5)
1.5 (0.87, 2.6)

24
1.2 (0.71, 2.1)
2.0 (0.97, 4.3)

0.0599

TVD
Cases (N)
Crude OR
Adjusted OR (95% CI)b

11
Referent
Referent

22
0.90 (0.43, 1.9)
1.4 (0.49, 4.1)

5
0.78 (0.27, 2.3)
1.1 (0.25, 4.8)

0.9478

AAVD = Aortic artery and valve defects, CHD = congenital heart defects, CTD = conotruncal defects, IA-IDW = intensity adjusted inverse distance weighted well
count, N = number, O&G = oil and natural gas, PAVD = Pulmonary artery and valve defects, TVD = tricuspid valve defects.
a
Low = 0 to < 1 intensity wells per square mile; medium = 1 to < 403 intensity wells per square mile, high = ≥ 403 intensity wells per square mile.
b
Adjusted for IDW count of oil and gas facilities other than wells in 10-mile buﬀer, IA-IDW count of air pollution sources not associated with O&G activities,
maternal age, and SES group, as well as infant parity and sex.
c
Trend tests performed by treating categorical inverse-distance well count as an ordinal.

were conﬁrmed by medical record review and did not include CHDs
with a known genetic origin, thus reducing the potential for outcome
misclassiﬁcation. Finally, we adjusted our results for SES using an SES
index for the mother's zip code. While an SES index is a more robust
approach than use of maternal education as a proxy for SES, there is
likely some misclassiﬁcation due to aggregation to the zip code level.
O&G well site activities are a known source of PM2.5, NO2, and
hazardous air pollutants (Allshouse et al., 2019; Collett et al., 2016;
Duncan et al., 2016; Evanoski-Cole et al., 2017; Helmig et al., 2014;
Hildenbrand et al., 2016; McCawley, 2015; Roy et al., 2013) and are
known to have short periods of high emissions (Allen et al., 2017;
Halliday et al., 2016). Our results are in general agreement with epidemiological studies suggesting associations between maternal exposures to these air pollutants and CHDs (Stingone et al., 2017;
Dadvand et al., 2011; McMartin et al., 1998; Wennborg et al., 2005).
Studies evaluating speciﬁc types of CHDs suggest relationships between
maternal NO2 exposures with AAVDs (coarctation of the aorta), PAVDs
(pulmonary valve stenosis) and CTDs (tetralogy of Fallot) (Schembari
et al., 2014; Stingone et al., 2014; Vrijheid et al., 2010). Studies also
indicate and association between maternal PM2.5 exposures and AAVDs,
PAVDs, and CTDs (Tanner et al., 2015; Warren et al., 2016; Padula
et al., 2013; Zhang et al., 2016). Other studies suggest an association
between maternal occupational exposures to Stoddard solvents and
CTDs (transposition of the great arteries), AAVDs (aortic valve stenosis), and PAVDs (pulmonary valve stenosis) (Gilboa et al., 2012).
While the biological mechanism between maternal exposures to
environmental stressors such as air pollutants and CHDs is not entirely
understood, the available evidence indicates that environmental stressors may create oxidative stress in embryonic cells during formation of
the cardiac neural crest in the second gestational month, ultimately
resulting in teratogenesis (Badham et al., 2010; Hansen, 2006; Wu
et al., 2016). Most non-genetic CTDs are a direct result and most nongenetic PAVDs and AAVDs are an indirect result of perturbations in
cardiac neural crest formation (Rosenquist, 2013). Because of rapid

In rural areas, mothers were younger and a higher proportion were
white non-Hispanic, in a less advantaged SES group, and had less
density of O&G facilities other than wells and less intensive O&G well
site activities around their home (Tables 1 and 2). Additionally, the
median IA-IDW count of air pollution sources not associated with O&G
activities within 10 miles of the mother's home was lower in rural areas,
even though we observed the maximum IA-IDW count for these air
pollution sources in a rural zip code. Because we would expect more air
pollution sources in urban areas than rural areas, we performed an
exploratory analysis for eﬀect modiﬁcation of IA-IDW counts of air
pollution sources not associated with O&G activities on IA-IDW well
count. Our exploratory analysis indicates that the intensity of air pollution sources not associated with O&G activities modiﬁes the eﬀect of
the intensity of O&G well site activity on CHD prevalence. Stratifying
our population by tertile of IA-IDW count of air pollution sources not
associated with O&G activities indicates a possible additive eﬀect: the
association between CHDs and intensity of O&G well site activities
strengthens in areas with higher densities of other air pollution sources
(Table 5). Therefore, we suspect that both residual confounding and
confounding from air pollution sources not considered in our study (e.g.
traﬃc related pollution and gasoline stations) may have obscured associations particularly in urban areas. We did not observe eﬀect modiﬁcation between IA-IDW exposures groups and other covariates (ethnicity, SES group, and O&G facilities other than wells).
Previous retrospective cohort studies of mother-infant pairs in
Oklahoma and rural Colorado also indicated positive associations between CHDs and maternal proximity to O&G well sites (Janitz et al.,
2018; McKenzie et al., 2014) albeit the associations were smaller than
observed in our study. Our ability to conﬁrm the maternal residence,
estimate the intensity of O&G well activities, and conﬁrm contributions
from other O&G facilities and sources of air pollution, around the maternal residence during the critical period for CHD development likely
reduced exposure misclassiﬁcation that may have attenuated these
previous study results towards the null. Additionally, our CHD cases
7

8

73
Referent
Referent

30
Referent
Referent

30
Referent
Referent

18
Referent
Referent

6
Referent
Referent

Any CHD
Cases (N)
Crude OR
Adjusted OR (95% CI)b

AAVDs
Cases (N)
Crude OR
Adjusted OR (95% CI)b

PAVD
Cases (N)
Crude OR
Adjusted OR (95% CI)b

CTD
Cases (N)
Crude OR
Adjusted OR (95% CI)b

TVD
Cases (N)
Crude OR
Adjusted OR (95% CI)b

16
1.5 (0.57, 3.8)
3.4 (0.95, 12)

43
1.3 (0.76, 2.3)
2.1 (0.96, 4.5)

63
1.2 (0.74, 1.8)
1.2 (0.61, 2.2)

66
1.2 (0.80, 1.9)
1.8 (0.97, 3.3)

160
1.2 (0.90, 1.6)
1.6 (1.0, 2.4)

1032

Medium

<5
2.1 (0.59, 7.7)
4.6 (0.81, 27)

11
2.0 (0.91, 4.2)
4.0 (1.4, 12)

13
1.4 (0.71, 2.7)
1.5 (0.62, 3.9)

16
1.7 (0.91, 3.2)
2.6 (1.1, 6.1)

39
1.7 (1.1, 2.6)
2.4 (1.3, 4.4)

178

High

0.0846

0.0108

0.3650

0.0276

0.0033

Trend test p-valuec

<5
Referent
Referent

16
Referent
Referent

13
Referent
Referent

10
Referent
Referent

37
Referent
Referent

180

Low

<5
NC
NC

31
0.55 (0.29, 1.0)
1.0 (0.41, 2.5)

43
0.94 (0.49, 1.8)
1.8 (0.76. 4.2)

54
1.5 (0.76, 3.1)
1.3 (0.52, 3.4)

116
0.89 (0.59, 1.3)
1.2 (0.68, 2.1)

637

Medium

Urban zip codes

<5
NC
NC

13
0.56 (0.26, 1.2)
0.91 (0.30, 2.8)

16
0.85 (0.4, 1.8)
1.7 (0.59, 4.7)

11
0.76 (0.32, 1.8)
0.73 (0.23, 2.3)

38
0.71 (0.44, 1.2)
0.94 (0.47, 1.9)

260

High

NC
NC

0.8555

0.3562

0.4547

0.7582

Trend test p-valuec

0.0437

0.0238

0.3958

0.1592

0.0119

Eﬀect modiﬁcation between rural and IA-IDW group p-value

AAVD = Aortic artery and valve defects, CHD = congenital heart defects, CTD = conotruncal defects, IA-IDW = intensity adjusted inverse distance weighted well count, N = number, O&G = oil and natural gas,
NC = Not calculated because low counts result in unstable estimates, PAVD = Pulmonary artery and valve defects, TVD = tricuspid valve defects.
a
Low = 0 to < 1 intensity wells per square mile; medium = 1 to < 403 intensity wells per square mile, high = ≥403 intensity wells per square mile.
b
Adjusted for IDW count of oil and gas facilities other than wells in 10-mile buﬀer, IA-IDW count of air pollution sources not associated with O&G activities in 10-mile buﬀer, maternal age, and SES group, as well as
infant parity and sex.
c
Trend tests performed by treating categorical inverse-distance well count as an ordinal.

571

Low

Rural zip codes

Controls (N)

IA-IDWa

Table 4
Association between intensity adjusted O&G well site activity within ten-mile radius of maternal residence in second month of pregnancy and congenital heart defects for cases and controls born between 2005 and 2011 in
Colorado counties with 20 or more O&G well starts per 10,000 births stratiﬁed by rural and urban zip codes.
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Table 5
Association between intensity adjusted O&G well site activity within ten-mile radius of maternal residence in second month of pregnancy and congenital heart defects
for cases and controls born between 2005 and 2011 in Colorado counties with 20 or more O&G well starts per 10,000: births stratiﬁed by tertile of IA-IDW count for
air pollution sources not associated with O&G activities.
Low other air pollution sourcesa

Medium other air pollution sourcesa

High other air pollution sourcesa

Lowb

Mediumb

Highb

Lowb

Mediumb

Highb

Lowb

Mediumb

Highb

Controls (N)

346

530

76

213

588

147

197

546

215

Any CHD
Cases (N)
Crude OR
Adjusted OR (95% CI)c

56
Ref
Ref

84
0.99 (0.69, 1.4)
1.2 (0.69, 2.1)

14
1.2 (0.61, 2.2)
1.8 (0.73, 4.3)

35
Ref
Ref

95
0.98 (0.65, 1.5)
1.3 (0.69, 2.4)

27
1.1 (0.65, 1.9)
1.7 (0.73, 3.8)

20
Ref
Ref

99
1.8 (1.1, 3.0)
2.4 (1.3, 4.5)

36
1.6 (0.92, 2.9)
2.5 (1.2, 5.4)

AAVDs
Cases (N)
Crude OR
Adjusted OR (95% CI)c

23
Ref
Ref

38
1.1 (0.63, 1.8)
1.1 (0.48, 2.3)

7
1.4 (0.57, 3.3)
1.6 (0.46, 5.3)

11
Ref
Ref

40
1.3 (0.66, 2.6)
1.2 (0.43, 3.4)

9
1.2 (0.48, 2.9)
1.3 (0.33, 4.8)

6
Ref
Ref

42
2.5 (1.1, 6.0)
4.4 (1.6, 12)

11
1.7 (0.61, 4.6)
3.5 (1.0, 12)

PAVD
Cases (N)
Crude OR
Adjusted OR (95% CI)c

20
Ref
Ref

27
0.92 (0.51, 1.7)
1.4 (0.55, 3.6)

<5
0.72 (0.21, 2.5)
1.6 (0.31, 8.2)

14
Ref
Ref

39
1.0 (0.54, 1.9)
1.4 (0.56, 3.6)

10
1.0 (0.45, 2.4)
1.9 (0.55, 6.4)

10
Ref
Ref

41
1.5 (0.73, 3.0)
2.1 (0.91, 5.0)

16
1.5 (0.65, 3.3)
2.4 (0.84, 6.8)

CTD
Cases (N)
Crude OR
Adjusted OR (95% CI)c

14
Ref
Ref

23
1.0 (0.53, 2.1)
1.5 (0.55, 4.2)

<5
1.3 (0.41, 4.0)
2.7 (0.54, 13)

14
Ref
Ref

23
0.60 (0.30, 1.2)
1.1 (0.40, 3.2)

8
0.83 (0.34, 2.0)
2.0 (0.48, 8.0)

6
Ref
Ref

28
1.7 (0.69, 4.1)
2.5 (0.88, 7.1)

12
1.8 (0.68, 5.0)
3.5 (0.97, 13)

AAVD = Aortic artery and valve defects, CHD = congenital heart defects, CTD = conotruncal defects, IA-IDW = intensity adjusted inverse distance weighted well
count, IDW = inverse distance weighted count, N = number, O&G = oil and natural gas, PAVD = Pulmonary artery and valve defects, Ref = referent,
TVD = tricuspid valve defects.
a
Low = 0 to < 4.14 intensity air pollution sources per square mile; medium = 4.14 to < 8.18 intensity air pollution sources per square mile, high = ≥ 8.18 air
pollution sources wells per square mile.
b
Low = 0 to < 1 intensity wells per square mile; medium = 1 to < 403 intensity wells per square mile, high = ≥ 403 intensity wells per square mile.
c
Adjusted for IDW count of oil and gas facilities other than wells in 10-mile buﬀer, IA-IDW count of air pollution sources not associated with O&G activities in 10mile buﬀer, maternal age, and SES group, as well as infant parity and sex.

urban areas, such as Greeley CO, where these air pollution sources are
more prevalent than in rural areas.
Our evaluation with zero wells in the 10-mile buﬀer as the referent
and grouped IA-IDW > 0 into tertiles (see Supplemental Table 8) indicates that our choice of cut-points based on the multi-modal distribution of the IA-IDW well may have introduced some bias. However,
we note that deﬁning the referent group as IA-IDW equal to zero, results
in a smaller referent group and loss of precision. Additionally, assigning
cut-points based tertiles rather than the multi-modal distribution masks
the eﬀects of the highly exposed group indicated in Supplemental
Fig. 1.
There also are limitations inherent to our study design and nature of
the available data. CHDs remain undercounted, because data on nonlive births, terminated pregnancies, and later life diagnoses (after age
3 years) is not available. Data on covariates were limited to information
on the birth certiﬁcates and thus we were not able to adjust for maternal health and nutrition that may have resulted in residual confounding of unknown bias. A recent study suggests that methionine
intake may modify the eﬀect of maternal NO2 exposures during pregnancy and CHD outcomes in oﬀspring (Stingone et al., 2017) and oﬀspring of mothers with pre-pregnancy diabetes are at a higher risk for
CHDs (Correa et al., 2008). We were not able to account for the mother's time away from her residence, such as work and recreation,
which may have led to exposure misclassiﬁcation. This potential exposure error likely does not diﬀer by cases/control status and thus has
the potential to attenuate the reported results towards the null.
Our IA-IDW model estimated the average monthly intensities of O&
G well site activities around the maternal residence, which may have
obscured acute events on a shorter time scale (e.g. one-day). A recent
study indicates that the developmental exposure window of concern
could be as short as one day (Warren et al., 2016). Our inability to
capture and evaluate short-time scale acute exposures may have attenuated the reported results towards the null. The small number of CTD

cellular division during cardiac neural crest formation, an acute environmental exposure during cardiac neural crest formation could induce teratogenesis (Linask, 2013; ). The air pollutants emitted from O&
G operations have been associated with increased oxidative stress in
animal models and humans (Amin et al., 2018; Ferguson et al., 2017;
Sun et al., 2012, 2018). While it is plausible that an acute maternal
exposure to one or more these stressors during embryonic cardiac
neural crest formation could initiate a CHD, further study will be necessary to elucidate this biological mechanism.
Our study beneﬁted from our selection of cases and controls from
the same population. Because our cohort included all births in Colorado
counties with O&G activities, it is representative of Colorado's population in these areas. Using our IA-IDW model, we were able to estimate
the individual level of relative O&G well activity around the mother of
each case and control. In addition to SES, density of O&G facilities other
than wells, and intensity of air pollution sources not associated with O&
G activities, we considered other potentially important confounders
(maternal age, smoking, ethnicity, and residence in a rural area as well
as infant sex and infant parity) in our study design. Because adjustment
for birth year did not change our results, it is unlikely that changes in
Colorado's population during the study period would aﬀect our results.
The use of the LexisNexis® database to determine maternal residence during critical periods for development of CHDs is an improvement on previous studies, but it is not without limitations. Young,
non-married, and Hispanic mothers were less likely to be found in the
LexisNexis® database. The sensitivity analysis of births to mother's with
an address found in the second gestational month indicates that this had
minimal eﬀect on our results. Similarly, accounting for the density of
other O&G facilities and intensity of air pollution sources not associated
with O&G activities is an improvement on previous studies, but limitations remain. Small scale ﬁxed air pollution sources, such as gasoline
stations, and mobile air pollution sources were not included in our
analysis. This may be obscuring our ability to observe associations in
9
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and TVD cases and in the stratiﬁed analyses for all CHD types led to
wide conﬁdence intervals and further attenuation towards the null.
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Abstract
This paper explores the impact of shale gas and oil fracking wells on infants’ health at birth across Oklahoma counties. The
empirical analysis makes use of the Dumitrescu-Hurlin causality test, as well as the (long-run) Pooled Mean Group method. The
results clearly document that there is a unidirectional relationship between fracking activities and three alternative indexes of
infants’ health at birth, as well as a significant impact of fracking on infants’ health indicators. In addition, the results illustrate the
substantial role of fracking through the drinking water quality channel.
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Introduction
Hydraulic fracturing (fracking) has been an important innovation
in the energy sector, especially after 2006 in the case of the
Oklahoma state. U.S. production of oil and natural gas has increased dramatically, leading to abruptly lower electricity prices,
stronger energy security, lower carbon emissions, and better air
pollution. As a result, thousands of fracking wells have been
drilled from Pennsylvania to Colorado to Texas and to
Oklahoma. Nevertheless, this innovative drilling activity has
raised serious concerns about a number of negative impacts. In
particular, many communities have reached very different conclusions about the benefits and costs. On the benefit side, there
have been recent studies which find that fracking increases ecoResponsible editor: Philippe Garrigues
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nomic activity, employment, income, and housing prices (Bartik
et al. 2018; Apergis 2019). However, these activities are characterized by the presence of certain costs; at the same time, a rising
concern is whether fracking wells can contaminate water resources while negatively impacting the public health of exposed
populations (Finkel and Hays 2016); other studies have also
highlighted elevated levels of contaminants in drinking wells
located near fracking wells (Hildenbrand et al. 2015).
Health impacts have been ignored in previous studies;
therefore, this work will attempt to explore whether taking
explicitly into consideration the health factor could likely alter
the net benefits associated with fracking. In particular, the
empirical analysis will investigate how fracking across
Oklahoma counties affects infants’ health conditions born to
mothers living up to certain distances from a fracking well.
Such fracking activities could affect public health through the
channels of water quality and air pollution. Our study focuses
on infants’ health at birth across Oklahoma’s counties while
also considering the mechanism of drinking water as a potential driver of such association. Currie et al. (2017) explored a
sample of 1.1 million births in Pennsylvania, spanning the
period 2004 to 2013, to investigate how infants born to
mothers living at different distances from active fracking sites
are affected from such fracking activities; the empirical findings illustrate that such activities have a substantial effect on
the fetus, which is vulnerable to certain pollution exposures,
leading to low birth weight. Similar results were also received
by Hill (2013). McKenzie et al. (2014) also find an escalated
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risk of birth defects for babies born near fracking wells. Their
study investigates potential links between maternal residential
proximity to active fracking wells and birth outcomes by considering 124,842 births between 1996 and 2009 in rural
Colorado. The scarcity of more studies on the nexus between
infants’ health problems and fracking activities, as well as the
absence of any relevant study for the state of Oklahoma (a
significant producer of fracking oil and natural gas), signifies
the novelty of this work.
The novelties of this work are as follows: first, this work was
never performed for the case of Oklahoma counties. Second, the
analysis examines not only the impact on infants’ low birth
weight status but also on their general health picture. Third, the
analysis is implemented for various distances of maternal residents from the fracking wells. Finally, it explicitly considers the
mechanism of drinking water as a potential driver of the association between fracking and infants’ health at birth.
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birth is. These data are measured as the mean over the standardized outcomes and were obtained from Oklahoma State
Department of Health. The literature has also used the infants’
mortality rate as an independent variable, but this type of data
could not be obtained by the authors.
To match births to fracking wells, the analysis uses the
zipcode of the mother’s residence along with the distance from
the fracking well. The distances were determined through the
Resource for the Future’s Center for Energy Economics and
Policy that uses geographic information system (GIS) technology. In that sense, the analysis divided the drilling wells that
are within 1 km, 5 km, 10 km, and 20 km from mothers’
residence. As a result, we got 121,862 births within 1 km;
148,783 within 5 km; 157,664 within 10 km; and 128,485
within 20 km from the wells.

Modeling methodology
Data
Birth data are available on mothers’ residential locations. The
empirical analysis is based on 590,780 births across all 76
Oklahoma counties, spanning the period 2006–2017, given
that the fracking boom occurred in the year 2006, which characterizes the starting point of our sample. Birth certificates
were obtained from the Oklahoma Health Department. They
inform on birth weight, weight below normal figures (i.e., <
2500 g), the mother’s race (D = 1 for White; D = 2 for AfroAmerican; D = 3 for Asian; D = 4 for Hispanic; and 0 otherwise), mother’s education (D = 1 < high school; D = 2 high
school; D = 3 college; D = 4 higher than college; and 0 otherwise), mother’s age (D = 1, < 20; D = 2, 20–30; D = 3, 30–
40; and 0 otherwise), child parity (D = 1 first; D = 2 second; D
= 3 third; D = 4 higher; and 0 otherwise), and mother’s residence location which is useful for estimating the distance from
the fracking well. After filtering with missing information, we
end up with 556,794 birth observations. In addition, the active
drilled oil and natural gas wells in which fracking is applied
measures shale gas and oil (fracking) activities, which provide
a complete (active) set of shale gas and oil (fracking) drilling
process. The data were collected from the Oil and Gas
Division of The Oklahoma Corporation Commission. For
each well, we got information on its location in the country.
The dependent variable was tested through three alternative
definitions: infant’s total weight, low weight (< 2500 g), and a
composite health index that explicitly informs on multiple
idiosyncratic characteristics of the infant (Kling et al. 2007;
Anderson 2008). It has been generated as a combination of
birth weight and other indicators in relevance to low birth
weight, prematurity (gestation < 37 weeks), any congenital
anomalies, plus any other abnormal condition. The higher
the index, the more positive picture of the infant’s health at

The model specification yields:
bit ¼ αi þ c1 X it þ c2 Distanceit þ eit
where bit is the maternal birth i at time t, αi indicates county
fixed effects, Xit shows a vector of maternal idiosyncratic
characteristics, and eit is the error term. The control variable
vector contains information on the mother’s race, mother’s
education background, mother’s age, and children’s parity.
Distance is defined as the number of (fracking) wells within
1 km from the mother’s residence, or 1–5 km, or 5–10 km, and
10–20 km. One of the referees has recommended that additional variables that could be considered are the mother’s
drinking and smoking habits, substance abuse, obesity, and a
variable that dictates for how long has the mother lived in
proximity to the drilling site. In addition, the literature has
put forward other (mostly social determinants) factors that
have an impact on infants’ birth rates, such as the material
living and working conditions, as well as the social conditions
in which people are born, live, and work, certain structural
drivers, i.e., residential segregation, social capital/cohesion,
and behavioral factors, such as biological and psychosocial
factors, e.g., social support (Boerma and Bicego 1993;
Sullivan et al. 1994; Crémieux et al. 1999; Gokhale et al.
2002; Hanmer et al. 2003; Nixon and Ulmann 2006;
Pradhan and Arokiasamy 2010; Mathew 2012; Chalasani
and Rutstein 2014; among others). However, the authors have
been unable to track and obtain this type of variables from the
data sources the paper has employed.
Estimates are drawn on Pooled Mean Group (PMG) estimators, developed by Pesaran et al. (1999) and with reference
to long-run estimates. These PMG estimates presume that the
long-run coefficients are equal across groups, while the constants can be different. In addition, the direction of causality
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Table 1

Estimates of fracturing on infants’ health (2006–2017)

Variables
Dependent variable: total birth weight
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted
Dependent variable: low birth weight
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted
Dependent variable: health index
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted
Comparison results: driver = distance

Total birth weight
Low birth weight
Health index

0–1 km

1–5 km

5–10 km

10–20 km

− 0.084***
[0.00]
− 0.279**
[0.03]
0.349***
[0.00]
0.062
[0.25]
0.344***
[0.00]
0.62

− 0.078*
[0.07]
− 0.256**
[0.03]
0.388***
[0.00]
0.059
[0.27]
0.677***
[0.01]
0.57

− 0.048
[0.14]
− 0.298**
[0.02]
0.402***
[0.00]
0.060
[0.26]
0.058**
[0.04]
0.38

− 0.025
[0.29]
− 0.247**
[0.03]
0.375***
[0.00]
0.064
[0.24]
0.651*
[0.07]
0.34

0.056***
[0.00]
0.224**
[0.03]
− 0.914***
[0.00]
0.047
[0.29]
− 0.409***
[0.00]
0.59

0.046***
[0.01]
0.218**
[0.04]
− 0.866***
[0.00]
0.051
[0.28]
− 0.136**
[0.03]
0.56

0.039*
[0.10]
0.229**
[0.03]
− 0.914***
[0.00]
0.048
[0.29]
− 0.125*
[0.06]
0.42

0.014
[0.18]
0.234**
[0.02]
− 0.862***
[0.00]
0.046
[0.30]
− 0.113*
[0.08]
0.38

− 0.067***
[0.00]
− 0.910***
[0.01]
0.967***
[0.01]
0.078
[0.22]
0.509***
[0.00]
0.73

− 0.062***
[0.00]
− 0.677***
[0.01]
0.836***
[0.01]
0.073
[0.25]
0.337***
[0.01]
0.68

− 0.053**
[0.03]
− 0.846**
[0.02]
0.955***
[0.00]
0.077
[0.22]
0.148**
[0.05]
0.61

− 0.022*
[0.08]
− 0.405***
[0.01]
0.841***
[0.01]
0.069
[0.29]
0.046
[0.18]
0.57

Distance
0–1 km
− 0.084***
[0.00]
0.056***
[0.00]
− 0.067***
[0.00]

1–5 km
− 0.078*
[0.07]
0.046***
[0.01]
− 0.062***
[0.00]

5–10 km
− 0.048
[0.14]
0.039*
[0.10]
− 0.053**
[0.03]

10–20 km
− 0.025
[0.29]
0.014
[0.18]
− 0.022*
[0.08]

Figures in brackets denote p values. Standard errors are clustered on ZIP levels
***p ≤ 0.01
**p ≤ 0.05
*p ≤ 0.10
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Estimates of fracturing on infants’ health (1996–2005)

Variables
Dependent variable: total birth weight
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted
Dependent variable: low birth weight
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted
Dependent variable: health index
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted

0–1 km

1–5 km

5–10 km

10–20 km

− 0.021
[0.11]
− 0.214**
[0.04]
0.320***
[0.00]
0.049
[0.31]
0.315***
[0.00]
0.44

− 0.016
[0.13]
− 0.227**
[0.04]
0.334***
[0.00]
0.056
[0.30]
0.369***
[0.00]
0.41

− 0.011
[0.17]
− 0.251**
[0.03]
0.329***
[0.00]
0.053
[0.29]
0.091**
[0.02]
0.39

− 0.008
[0.19]
− 0.244**
[0.03]
0.358***
[0.00]
0.062
[0.25]
0.259**
[0.05]
0.32

0.020
[0.16]
0.186**
[0.04]

0.015
[0.21]
0.195**
[0.05]

0.008
[0.26]
0.199**
[0.04]

0.000
[0.46]
0.205**
[0.03]

− 0.852***
[0.00]
0.041
[0.32]
− 0.374***
[0.00]
0.50

− 0.859***
[0.00]
0.046
[0.30]
− 0.188**
[0.02]
0.49

− 0.883***
[0.00]
0.039
[0.37]
− 0.151**
[0.05]
0.38

− 0.828***
[0.00]
0.040
[0.32]
− 0.132*
[0.06]
0.34

− 0.053***
[0.01]
− 0.877***

− 0.058***
[0.01]

− 0.028
[0.12]

− 0.019
[0.16]

− 0.714***
[0.00]
0.867***
[0.00]
0.069
[0.23]
0.416***
[0.00]
0.63

− 0.768***
[0.00]
0.852***
[0.00]
0.071
[0.22]
0.377***
[0.01]
0.62

− 0.586***
[0.00]
0.825***
[0.00]
0.062
[0.28]
0.162*
[0.07]
0.55

[0.00]
0.884***
[0.00]
0.064
[0.27]
0.492***
[0.00]
0.68

Figures in brackets denote p values. Standard errors are clustered on ZIP levels
***p ≤ 0.01
**p ≤ 0.05
*p ≤ 0.10

between fracking wells and infants’ health at birth is investigated with the assistance of the Dumitrescu-Hurlin test
(Dumitrescu and Hurlin 2012). This test investigates the homogenous non-causality hypothesis by considering both the
heterogeneity of the estimates and their causal association.
Testing the null hypothesis, the authors use the average of
all individual Wald statistics.

Empirical analysis
Before presenting the primary results, the analysis reports a
second-generation panel unit root test so as to determine the
degree of integration of the respective variables. The Pesaran
(2007) panel unit root test does not require the estimation of
factor loading to eliminate cross-sectional dependence. The
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Table 3

Estimates of conventional drilling on infants’ health (2006–2017)

Variables
Dependent variable: total birth weight
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted
Dependent variable: low birth weight
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted
Dependent variable: health index
Distance
Mother’s age
Mother’s education
Mother’s ethnicity/race
Child parity
R-squared adjusted

0–1 km

1–5 km

5–10 km

10–20 km

− 0.012
[0.20]
− 0.196**
[0.05]
0.286***
[0.00]
0.038
[0.40]
0.302***
[0.00]
0.32

− 0.005
[0.34]
− 0.201**
[0.05]
0.309***
[0.00]
0.044
[0.32]
0.319***
[0.00]
0.28

− 0.001
[0.46]
− 0.224**
[0.04]
0.311***
[0.00]
0.049
[0.28]
0.166***
[0.01]
0.23

− 0.000
[0.68]
− 0.230**
[0.03]
0.307***
[0.00]
0.053
[0.24]
0.225***
[0.00]
0.18

0.011
[0.29]
0.162**
[0.05]

0.006
[0.40]
0.174**
[0.05]

0.000
[0.57]
0.183**
[0.04]

0.000
[0.72]
0.179**
[0.04]

− 0.629***
[0.00]
0.036
[0.39]
− 0.329***
[0.00]
0.41

− 0.691***
[0.00]
0.041
[0.34]
− 0.286***
[0.01]
0.37

− 0.654***
[0.00]
0.033
[0.42]
− 0.198**
[0.03]
0.39

− 0.680***
[0.00]
0.038
[0.37]
− 0.126*
[0.06]
0.31

− 0.032**
[0.05]
− 0.658***

− 0.017
[0.12]

− 0.013
[0.20]

− 0.008
[0.29]

− 0.642***
[0.00]
0.674***
[0.00]
0.034
[0.50]
0.368***
[0.00]
0.44

− 0.589***
[0.00]
0.627***
[0.00]
0.023
[0.63]
0.311***
[0.00]
0.39

− 0.542***
[0.00]
0.591***
[0.00]
0.014
[0.81]
0.204**
[0.04]
0.32

[0.00]
0.705***
[0.00]
0.047
[0.39]
0.427***
[0.00]
0.50

Figures in brackets denote p values. Standard errors are clustered on ZIP levels
***p ≤ 0.01
**p ≤ 0.05
*p ≤ 0.10

null hypothesis supports the presence of a unit root. The results are shown in Table 5 in the Appendix and reject the
presence of a unit root across all panel variables that contain
a continuous presence. Table 1 reports the PMG results. There
are three model specifications associated with alternative definitions of infants’ health at birth; column (1) reports the results in relevance to the distance of the well < 1 km, column

(2) to the distance between 1 and 5 km, column (3) to the
distance between 5 and 10 km, and column (4) to the distance
between 10 and 20 km.
The results document that the effect of fracking wells on
infants’ health at birth is negative in the cases where the health
indicator is expressed through the infant’s total birth weight
and the health index, while it turns out to be positive in the
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case where the health indicator is shown through the definition
of low birth weight. Moreover, in relevance to the total birth
weight, the results turn out to be significant only in the cases
up to 5 km, with the stronger impact coming in the case where
the distance is within 1 km. In relevance to the definition of
total health index, the findings are significant across all distances, with the strongest impact occurring within the 1-km
distance. For example, the coefficient − 0.067 within 1 km
clearly indicates that births near a well site have a − 0.067
standard deviation decline in the health index. In relevance
to the low birth weight, the findings highlight that the effect
remains significant up to the 10-km distance, with the strongest value coming from the 1-km distance.
The lowest part of Table 1 reports some comparison results
with respect to the primary control driver, which is the distance
from the fracking well. The findings seem to provide consistent
documentation to the adverse effect of fracking activities on
infant mortality through the 5- to 10-km distance. However, it
is only the overall health index for infants that explicitly illustrates that this adverse effect is statistically significant even in
higher distances (10 to 20 km), indicating that fracking activities tend to have a more overall impact on infants’ health and
not just on their weights. This raises important concerns about
the implications for infants’ mortality rate in terms of how
public health authorities respond to such adverse impacts. In
particular, although records have explicitly shown that low birth
weight figures clearly display a substantial risk factor for many
negative outcomes in individuals’ lifetime, such as deficit hyperactivity disorders, asthma, lower test scores, lower schooling
attainment, lower earnings, and higher rates of social welfare
program participation (Black et al. 2007; Oreopoulos et al.
2008; Currie et al. 2017), others indicate that such hazardous
activities can affect water and air quality, with further effects on
mothers and subsequent impacts on infants (Vidic et al. 2013;
Olmstead et al. 2013). As a result, there is an urgent need for
tighter regulation not just from public health authorities, but
also from environmental stakeholders so as to mitigate any
potential threats to water and air quality. Finally, mothers should
also receive support from mineral rights, which can confer a
health benefit, partially offsetting any potential negative effects
of fracking-related activities.
Table 2 repeats the analysis reported in Table 1, but this
time, the examination period runs from 1996 to 2005. This
analysis seems imperative so as to explore whether oil and gas
drilling activities (based on regular/standard extracting
methods) had any statistical impact on infants’ mortality rates.
The regression considers the number of active wells that do
not adopt any fracking technology, which was the majority of
the cases (92.7%) prior to 2006. All other variables included
remain the same. The new findings clearly indicate that drilling well activity has a very small impact on infants’ mortality
which is statistically significant only at 10%, only with respect
to the overall health index and in distances up to 5 km.
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Finally, after a referee’s recommendation, Table 3 repeats
the empirical analysis, but this time, drilling activities are only
associated with conventional (not fracking) methods. It is
worth mentioning here that, on average, the conventional drilling activities accounted for the 28.9% over the period 2006–
2017. The results document the very minor impact of such
activities on infants’ birth rates and only with respect to the
overall health index and in relevance to the 1-km distance
from the (conventional) well. These findings provide supportive evidence to the substantial (negative) role of fracking drilling activities for infants’ health status.

Causality tests
Table 4 and 5 shows the results of the Dumitrescu-Hurlin test.
The results in panel A (with respect to the period 2006–2017)
highlight that fracking wells Granger cause infants’ health at
birth, while there is no reverse causality. In other words, there
exist unidirectional causal relationship between fracking and
infant’s health, with the direction of this relationship being
only unilateral and only from the fracking side. Table 3 also
reports the results (panel B) prior to the 2006 period,

Table 4

Dumitrescu-Hurlin Granger causality results

Tested hypothesis
Panel A: 2006–2017
Total birth weight
H0: Fracking does not cause infants’ health at birth
H0: Infants’ health at birth does not cause fracking
Low birth weight
H0: Fracking does not cause infants’ health at birth
H0: Infants’ health at birth does not cause fracking
Health index
H0: Fracking does not cause infants’ health at birth
H0: Infants’ health at birth does not cause fracking
Panel B: 1996–2005
Total birth weight
H0: Fracking does not cause infants’ health at birth
H0: Infants’ health at birth does not cause fracking
Low birth weight
H0: Fracking does not cause infants’ health at birth
H0: Infants’ health at birth does not cause fracking
Health index
H0: Fracking does not cause infants’ health at birth
H0: Infants’ health at birth does not cause fracking
Figures in brackets denote p values
***p ≤ 0.01
*p ≤ 0.10

Z-bar test

9.864*** [0.00]
0.751 [0.24]
10.639*** [0.00]
0.682 [0.29]
8.843*** [0.00]
0.661 [0.32]

1.074 [0.18]
0.496 [0.49]
0.981 [0.22]
0.453 [0.60]
1.372* [0.10]
0.482 [0.56]
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indicating the absence of any causality running from drilling
activity to infants’ mortality and only in the case of the total
health index and this at the 10% significance level.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

Conclusion
This study explored the impact of the fracking wells on infants’ birth health across Oklahoma counties. The findings
indicated that the closer the mother’s residence at birth to
fracking wells, the more negative are the effects on the infants’
birth health. The findings also documented the minor role of
regular drilling activities in infants’ mortality prior to 2006,
the threshold year that signified the importance of fracking
activities in the case of the Oklahoma state. The results could
be also explained through the impact of the fracking activities
on the drinking quality index. These findings can motivate the
rise of efficient regulatory actions with respect to both drinking water quality and to the shale gas industry.
State as well as federal policymakers need to seriously and
considerable evaluate such significant public health costs associated with fracking activities. In other words, priority
should be the prevention of public health costs, before considering any potential benefits associated with other dimensions
of the economy. Overall, regulatory mechanisms are not that
strong to effectively monitor potential negative effects on the
population. Therefore, policymakers must cope with the potential risk to underscore the production of unconventional
natural shale gas and oil, which does not seem to receive
strong support today, or to develop it without considering
any potential harms on the population’s health quality. A
stronger regulatory environment is a high priority.

Appendix

Table 5 Panel unit root
tests

H0: contains a unit root (CIPS test)
Variables

Levels

Maternal births
Total birth weight
Low birth weight
Health index

− 4.996***
− 5.109***
− 5.652***

Distance
Mother’s age

− 5.728***
− 6.637***

***p ≤ 0.01
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A B S T R A C T
Background: Northeastern British Columbia (Canada) is an area of intense hydraulic fracturing for unconventional natural gas exploitation. There have been multiple reports of air and water contamination by volatile
organic compounds in the vicinity of gas wells. Although these chemicals are known developmental toxicants, no
biomonitoring eﬀort has been carried out in the region.
Objective: To evaluate gestational exposure to benzene and toluene in the Peace River Valley, Northeastern
British Columbia (Canada).
Methods: Urine samples were collected over ﬁve consecutive days from 29 pregnant women. Metabolites of
benzene (s-phenylmercapturic acid (S-PMA) and trans, trans-muconic acid (t,t-MA)) and toluene (s-benzylmercapturic acid (S-BMA)) were measured in pooled urine samples from each participant. Levels of benzene
metabolites were compared to those from the general Canadian population and from a biomonitoring study of
residents from an area of active gas exploitation in Pavillion, Wyoming (USA). Levels measured in participants
from the two recruitment sites, and self-identifying as Indigenous or non-Indigenous, were also compared.
Results: Whereas the median S-PMA level (0.18 μg/g creatinine) in our study was similar to that in the general
Canadian population, the median t,t-MA level (180 μg/g creatinine) was approximately 3.5 times higher. Five
women had t,t-MA levels above the biological exposure index® proposed by the American Conference of
Governmental Industrial Hygienists. The median urinary S-BMA level in our pilot study was 7.00 μg/g creatinine. Urinary metabolite levels were slightly higher in self-identifying Indigenous women, but this diﬀerence
was only statistically signiﬁcant for S-PMA.
Discussion: Urinary t,t-MA levels, but not S-PMA levels, measured in our study are suggestive of a higher benzene
exposure in participating pregnant women from the Peace River Valley than in the general Canadian population.
Given the small sample size and limitations of t,t-MA measurements (e.g., non-speciﬁcity), more extensive
monitoring is warranted.

1. Introduction
Northeastern British Columbia (Canada) sits on the Montney
Formation, a major source of natural gas. The Peace River Valley,
⁎
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located in Northeastern British Columbia, is an area of intense hydraulic fracturing (fracking) for unconventional natural gas exploitation. Indeed, > 28,000 wells of unconventional natural gas have been
drilled so far in this region (Adams et al., 2016). Some communities like
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Eligible participants (> 18 years of age, English-Speaking) were met
privately, given information on the research project, and had the opportunity to ask questions. Women who agreed to participate signed a
consent form and ﬁlled out a questionnaire on sociodemographic and
physiologic parameters, diet, smoking habits and drinking water
source. This study was approved by the Northern Health Research Review Committee and by the Université de Montréal Institutional Review
Board.

Fort St-John are surrounded by > 400 active wells (Northern Health,
2007).
Communities living in the vicinity of such development have raised
concerns regarding the environmental impacts and potential health
eﬀects of unconventional natural gas exploitation. Water contamination
in communities near unconventional natural gas exploitation has been
previously described (Alawattegama et al., 2015; Llewellyn et al., 2015;
Osborn et al., 2011). In the Peace River Valley, surface and groundwater quality has steadily decreased since the natural gas boom
(GWSolutions, 2016). Moreover, studies have shown that air quality
can be aﬀected by intense fracking activities (Colborn et al., 2014;
Rahm, 2011; Vinciguerra et al., 2015).
A myriad of contaminants are released during fracking operations,
including volatile organic compounds such as benzene (Crowe et al.,
2016; Gilman et al., 2013; Macey et al., 2014; Vengosh et al., 2014), a
known human carcinogen (IARC, 2012). Eﬀects of benzene on human
health, including on fetal development, have been widely studied.
Prenatal exposure to low environmental levels of benzene or a mixture
of organic solvents has been associated with reduced birth weight
(Aguilera et al., 2009; Chen et al., 2000; Ha et al., 2002; Slama et al.,
2009; Zahran et al., 2012), increased risk of childhood leukemia
(Carlos-Wallace et al., 2016; Whitworth et al., 2008; Zhou et al., 2014)
and birth defects such as cleft palate and spina biﬁda (Lupo et al., 2011;
Tanner et al., 2015). In utero exposure to high concentrations of toluene
was also associated with growth retardation, preterm birth (Wilkinshaug and Gabow, 1991), spontaneous abortion and reduced fertility
(Bukowski, 2001). In other regions of unconventional natural gas exploitation, recent studies found associations between density and
proximity of hydraulic fracturing wells and prevalence of birth defects
as well as low birth weights (Hill, 2012; McKenzie et al., 2014). Finally,
a recent study determined that 95 out of 240 chemicals (with toxicity
information) present in hydraulic fracturing ﬂuids are developmental
toxicants (Elliott et al., 2016).
Because of their particular physiological state and the ongoing development of several physiological systems, pregnant women and their
developing fetuses are particularly vulnerable to toxic insults.
Furthermore, Indigenous communities which represent 12% of the
Northeast British Columbia population (Foster et al., 2011), experience
health and social inequities due to land dispossession and inadequate
provision of health, social and education services (Frohlich et al., 2006;
Reading and Wien, 2009). It has been suggested that exposure to environmental chemicals in socioeconomically disadvantaged children
contributes to health inequities (Miranda et al., 2009).
In this pilot study we aimed to evaluate exposure to volatile organic
compounds in 30 pregnant women from the Peace River Valley,
Northeastern British Columbia (Canada) and to compare exposure levels with those measured in: 1) women from the general Canadian
population (Canadian Health Measures Survey (CHMS)) and; 2) residents of an area of active gas exploitation in Pavillion, Wyoming
(USA).

2.2. Sampling and chemical analyses
Participants were asked to collect 12 mL urine samples over ﬁve
consecutive days. This sampling method accounts for variability in dayto-day exposure and diet. The samples were retrieved directly at the
participants' home, and were kept in the freezer at −20 °C until
transported on dry ice to the Université de Montréal. For each participant, 1 mL of each of the ﬁve urine samples were pooled into a single
5 mL sample that was subsequently analyzed for two benzene metabolites (s-phenylmercapturic acid (S-PMA) and trans,trans muconic
acid (t,t-MA)) and one toluene metabolite (s-benzylmercapturic acid (SBMA)). Metabolites were extracted from urine on a solid phase extraction plate using a Perkin Elmer Janus Automated Workstation.
Extracts were dried, taken up in mobile phase and analyzed by Ultra
Performance Liquid Chromatography (UPLC) coupled to tandem mass
spectrometry at the Centre de toxicologie du Québec laboratory in
Quebec City, Canada (INSPQ, 2009). Limits of detection were 0.08 μg/L
for S-PMA, 0.8 μg/L for t,t-MA and 0.07 μg/L for S-BMA. Creatinine was
measured using the colorimetric end-point Jaﬀe method (INSPQ, 2008).
2.3. Statistical analyses
Urinary levels of volatile organic compound metabolites measured
in participants from the regions of Dawson Creek and Chetwynd, and
self-identifying as Indigenous or non-Indigenous, were compared using
the non-parametric Mann-Whitney U test. The relationship between the
levels of the two benzene metabolites (S-PMA and t,t-MA) was evaluated using Spearman's rank correlation analyses. All analyses were
performed using IBM SPSS Statistics for Windows, Version 22.0 (IBM
Corp., Armonk, NY).
3. Results
A total of 30 pregnant women were recruited for this pilot study,
and 29 participants completed the sampling process (one participant
had a miscarriage). The median sampling time was 9:00 PM, and
ranged from 2:00 PM (10th percentile) to 11:00 PM (95th percentile).
50% of the participants were recruited at the Chetwynd medical clinic,
and 50% at the Dawson Creek clinic. 43.3% of participants self-identiﬁed as Indigenous. 93.3% of participants had at least a high school
diploma, and 20% of them worked in the industrial sector. Two participants reported smoking at the time of recruitment, and four reported
being exposed to second-hand smoke during their pregnancy. Tap water
was the main drinking water source for 70% of the participants
(Table 1).
Participants that reported exposure to cigarette smoke (n = 12;
smoking at least 100 cigarettes in their whole life (n = 7), being active
smokers at the time of recruitment (n = 2) or exposed to second-hand
smoke (n = 4) had median urinary S-PMA, t,t-MA and S-BMA levels of
0.21, 202 and 6.88 μg/g creatinine, respectively. Participants that reported working in an industrial ﬁeld (n = 6) such as mining industry,
natural gas, construction, forestry, pipeline maintenance or at hydroelectric dams, had median urinary S-PMA, t,t-MA and S-BMA levels of
0.23, 347 and 4.31 μg/g creatinine, respectively. Maximum urinary
levels of S-PMA, t,t-MA and S-BMA were 1.92, 1182 and 100 μg/g
creatinine, respectively.
Median urinary levels of S-PMA, t,t-MA and S-BMA in participants

2. Material and methods
2.1. Study area and recruitment
We developed partnerships with two medical clinics located in
Chetwynd and Dawson Creek (British Columbia, Canada), and pregnant
women were recruited from September to November 2016 during their
prenatal follow-up following approval from the physician or nurse
practitioner. Chetwynd and Dawson Creek are located at 100 km from
each other in the Peace River Valley, a region of intense unconventional
natural gas extraction. Both communities are surrounded by between
10 and 150 active natural gas wells, at least (Northern Health, 2007)
(Fig. 1). While Chetwynd is surrounded by less active wells, it is located
near the Pine River Gas Plant. Medical clinics located in these cities are
among the few clinics oﬀering pregnancy follow-ups in this region.
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Fig. 1. Map of Chetwynd and Dawson Creek areas with hydraulic fracturing wells (circles) in 2007 (Open Data from BC Oil and Gas Commission).

(271 μg/g creatinine) was 1.6 fold higher than in pregnant women recruited in Dawson Creek (171 μg/g creatinine), but this diﬀerence did
not reach statistical signiﬁcance (p = 0.09). Respectively, pregnant
women from Chetwynd and Dawson had median t,t-MA levels 5.3 and
3.4 times higher than women from the general Canadian population.
Moreover, 5 women out of 29 had t,t-MA levels higher than the biological exposure index (BEI®) of 500 μg/g creatinine proposed by the
American Conference of Governmental Industrial Hygienists (ACGIH)
(ACGIH, 2012) (Fig. 4).
The median t,t-MA level in Indigenous women (319 μg/g creatinine)
was higher than in Non-Indigenous women (142 μg/g creatinine), although this diﬀerence was not statistically signiﬁcant (p = 0.07)
(Fig. 5). This diﬀerence was more striking when comparing the median
t,t,-MA levels by ethnicity and region of residence. Indigenous women
living in the Chetwynd and Dawson Creek areas had median t,t-MA
levels of 319 μg/g creatinine and 251 μg/g creatinine, respectively.
Median t,t-MA levels were approximately 4 and 2 times lower in NonIndigenous women from Chetwynd (85.7 μg/g creatinine) and Dawson
Creek (146 μg/g creatinine).

with a household income less than $20,000/year were of 0.41, 319 and
7.21 μg/g creatinine, respectively. Participants reporting a household
income between $50,000 and $100,000/year had median urinary levels
of S-PMA, t,t-MA and S-BMA of 0.19, 182 and 5.60 μg/g creatinine,
respectively, while median levels in participants with annual household
income over $100,000/year were 0.17, 171 and 9.7 μg/g creatinine. SPMA median urinary levels were statistically higher in participants with
annual income less than $20,000 (p = 0.036).
All metabolite levels were above the limits of detection.
Sociodemographic characteristics were similar across regions and
Indigenous/non-Indigenous status. Overall, median S-PMA concentrations in our pilot study were similar to those found in the general
Canadian population (Table 2), and median S-PMA levels in pregnant
women recruited in Chetwynd (0.20 μg/g creatinine) and Dawson
Creek (0.18 μg/g creatinine) were not statistically diﬀerent (Fig. 2).
The median S-PMA level in Indigenous women (0.24 μg/g creatinine) was higher than in Non-Indigenous women (0.14 μg/g creatinine)
(p = 0.017) (Fig. 3). More precisely, Indigenous (n = 9) and Non-Indigenous women (n = 5) living in the Chetwynd area had median urinary S-PMA levels of 0.24 and 0.10 μg/g creatinine, respectively. Indigenous (n = 4) and Non-Indigenous participants (n = 11) from the
Dawson Creek area had median urinary S-PMA levels of 0.50 and
0.15 μg/g creatinine, respectively.
The median t,t-MA levels in pregnant women recruited in Chetwynd

Fig. 2. Individual and median urinary levels of S-phenylmercapturic acid (S-PMA) (μg/g creatinine) in our
pilot study, by region. Five urine samples were obtained
from each participant over ﬁve consecutive days. These
urine samples were pooled prior to chemical analysis. The
dotted line represents the S-PMA median level in the
general Canadian population (as measured in the CHMS
cycle 3).
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Fig. 3. Individual and median urinary levels of S-phenylmercapturic acid (S-PMA) (μg/g creatinine) in our pilot study,
by ethnicity. Five urine samples were obtained from each participant over ﬁve consecutive days. These urine samples were
pooled prior to chemical analysis. The dotted line represents the
S-PMA median level in the general Canadian population (as
measured in the CHMS cycle 3).

4. Discussion

(28%) showed t,t,-MA levels above the 95th percentile measured in the
CHMS (460 μg/g creatinine) (Health Canada, 2015). In Pavillion
(Wyoming, USA), a region of intense hydraulic fracturing activity,
Crowe et al. (2016) also reported elevated benzene concentrations in
ambient air near residences located close to well pads (between 8.7 and
780 ppb) and higher median urinary t,t-MA level in residents close to
hydraulic fracturing wells (369 μg/g creatinine), compared to the
general American population (76.9 μg/g creatinine).

4.1. Comparison with the general Canadian population
In this pilot study we analyzed two benzene metabolites (S-PMA and
t,t,-MA) and one toluene metabolite (S-BMA) in urine samples of
pregnant women living in Northeastern British Columbia. In 2012, the
median urinary level of S-BMA in females from the general American
population that participated in the National Health and Nutrition
Examination Survey (NHANES) was 7.2 μg/g creatinine (CDC, 2015). A
study conducted by Schettgen et al. (2008) measured toluene metabolite S-BMA in urine of 30 participants from the German general population. In non-smokers and smokers, median urinary S-BMA levels were
8.2 μg/L and 11.5 μg/L, respectively. We reported a similar median
urinary S-BMA level of 8.6 μg/L in this pilot study. Urinary S-PMA levels were similar to those from women who participated in the Canadian Health Measure Survey (CHMS). However, the median urinary t,t,MA level (180 μg/g creatinine) was approximately 3.5 times higher in
our pilot study compared to that from CHMS (51 μg/g creatinine)
(Health Canada, 2015). Moreover, 8 participating women out of 29

4.2. Sources of benzene in Northeastern British Columbia
Benzene exposure can occur from active and passive smoking, ﬁlling
gas tanks and automobile driving (Wallace, 1990). Benzene in products
such as paints and adhesives can contribute to exposure, but concentrations in these materials are relatively low (Wallace, 1990). A
potential benzene exposure source in our group of pregnant women
might include the intense fracking activity in the region. In Northeastern British Columbia around 28,000 wells were drilled to extract
natural gas (Adams et al., 2016). Natural gas' main constituent is methane, but it also contains other chemicals including benzene (Hendler
Fig. 4. Individual and median urinary levels of trans,trans muconic
acid (t,t-MA) (μg/g creatinine) in our pilot study, by region. Five
urine samples were obtained from each participant over ﬁve consecutive days. These urine samples were pooled prior to chemical
analysis. The dotted line represents the median t,t,-MA level in the
general Canadian population (as measured in the CHMS cycle 3). The
bold black line represents the biological exposure index (BEI®) of
500 μg/g creatinine for urinary t,t-MA levels adopted by the ACGIH.
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Fig. 5. Individual and median urinary levels of trans,trans
muconic acid (t,t-MA) (μg/g creatinine) in our pilot study, by
ethnicity. Five urine samples were obtained from each participant over ﬁve consecutive days. These urine samples were
pooled prior to chemical analysis. The dotted line represents the
median t,t,-MA level in the general Canadian population (as
measured in the CHMS cycle 3). The bold black line represents
the biological exposure index (BEI®) of 500 μg/g creatinine for
urinary t,t-MA levels adopted by the ACGIH.

system (Gross et al., 2013). In Pennsylvania, inadequate disposal of
hydraulic fracturing wastewater contaminated surface waters with
benzene, barium and radium (Ferrar et al., 2013; Warner et al., 2013).
In Northeastern British Columbia, the recent approval of the
Liqueﬁed Natural Gas Plants could lead to the drilling of 50,000 new
hydraulic fracturing wells in the region (Hughes, 2014). Therefore,
monitoring initiatives in human populations, air and water are needed.

Table 1
Characteristics of pregnant women from Dawson Creek and Chetwynd, BC (n = 30).
Characteristic
Age (years)
Region of residence
Chetwynd
Dawson Creek
Self-identify as Indigenous
Yes
No
Highest education degree obtained
High school unﬁnished
High school diploma
Certiﬁcate, diploma or associate degree
University degree (Bachelor, Master, Doctorate)
Participants working in industrial ﬁeld
Yes
No
Smoker at time of recruitment
Yes
No
Second-hand smoke during pregnancy
Yes
No
Gestational age (weeks)
Drinking water source
Tap water
Bottled water
Other
Pre-pregnancy BMI
< 24.9
25.0–29.9
30.0–34.9
35.0–39.9

n (%)

Median (range)
31 (21–41)

15 (50.0)
15 (50.0)

4.3. Environmental justice

13 (43.3)
17 (56.7)

In our pilot study, the median urinary t,t-MA level in Indigenous
women was 2.3 times higher than in Non-Indigenous women, although
this diﬀerence was non statistically signiﬁcant (p = 0.07) (Fig. 5). This
diﬀerence in t,t-MA levels would need to be conﬁrmed in a subsequent
study with a larger sample size. Nonetheless, these preliminary results
raise concerns regarding environmental racism which is “the intentional or unintentional racial discrimination in the enforcement of environmental rules and regulations, which leads to the singling-out of
minority and low-income communities for the siting of noxious facilities” (Bullard, 2000). For instance, it has been demonstrated that hazardous waste facilities are disproportionately located in low income
areas and communities of color (Bullard, 1983; Chavis and Lee, 1987;
Gould, 1986; Mohai and Bryant, 1992; Norton et al., 2007; White,
1992). In Texas, Johnston et al. (2016) showed that the proportion of
people of color living in the vicinity of hydraulic fracturing disposal
wells was signiﬁcantly higher than the proportion of non-Hispanic
Whites. In Pennsylvania, a recent study showed that farmers with small
operations face increased environmental risks from hydraulic fracturing
activities (Malin and DeMaster, 2015). Environmental injustice is a
great concern, especially for Indigenous communities already facing
health inequalities. Close contact between Indigenous people and their
environment through spiritual practices and traditional lifestyle may
increase their exposure to contaminants from industrial activities
(Hoover et al., 2012), and such disproportionate environmental burden
has already been demonstrated in Canada (Mackenzie et al., 2005; Van
Larebeke et al., 2008).

2 (6.7)
8 (26.7)
10 (33.3)
10 (33.3)
6 (20)
24 (80)
2 (6.7)
28 (93.3)
4 (13.3)
26 (86.7)
18.5 (6.0–39.0)
21 (70.0)
8 (26.7)
1 (3.3)
23.9 (19.1–36.3)
17 (56.7)
4 (13.3)
3 (10.0)
2 (6.7)

et al., 2009). It has been demonstrated that workers from the natural
gas industry are exposed to volatile organic compounds such as benzene
and toluene during well development and production (Hendler et al.,
2009). Several studies conducted in the United States found that the oil
and gas industry is an important source of benzene exposure, and systematically reported higher levels of organic volatile compounds in
ambient air from these regions compared to regional samples (Adgate
et al., 2014; Colborn et al., 2014; Gilman et al., 2013; Pétron et al.,
2012; Zielinska et al., 2011). Moreover, fracking activities are a risk for
water resources (Vengosh et al., 2014), and water contamination may
be a potential pathway for benzene exposure. Indeed, it has been demonstrated that following surface spills from natural gas facilities in
Colorado, elevated levels of benzene were detected in the groundwater

4.4. Limitations
Our pilot study has limitations, and therefore, caution should be
exerted when interpreting biomarker levels in participating pregnant
women from Northeastern British Columbia. First, the small number of
participants prevents us from drawing conclusions on the sources of
benzene and the potential need for exposure mitigation strategies.
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Table 2
Urinary levels of benzene and toluene metabolites in Dawson Creek and Chetwynd (BC), in the general Canadian population (CHMS), and in the Pavillion Wyoming Study.
Benzene metabolites

Dawson Creek and Chetwynd, BC (this study)

CHMS cycle 3a

Pavillion, Wyoming studyb

a
b

Toluene metabolite

S-PMA (μg/g creatinine)

t,t-MA (μg/g creatinine)

S-BMA (μg/g creatinine)

Median: 0.18
10th percentile: 0.09
95th percentile: 0.74
n = 29
Median: 0.14
10th percentile: < LOD
95th percentile: 5.10
n = 1248
Median: < LOD
Maximum: 0.80
n = 11

Median: 180
10th percentile: 53.3
95th percentile: 899
n = 29
Median: 51.0
10th percentile: 19.0
95th percentile: 460
n = 1260
Median: 369
Maximum: 2050
n = 11

Median: 7.00
10th percentile: 3.1
95th percentile: 106.8
n = 29
Not measured

Not measured

Measured levels in females aged from 3 to 79 years old (Health Canada, 2015).
Only the median and maximum levels were available for the Pavillion, Wyoming study (Crowe et al., 2016).

4.5. Correlation between S-PMA and t,t-MA

Metabolic polymorphism could be a factor inﬂuencing urinary levels of
benzene and toluene metabolites. A study conducted by Verdina et al.
(2001) suggests that metabolic polymorphism aﬀect the urinary levels
of t,t-MA and S-PMA to a limited extent. Other factors to consider include the inﬂuence of sorbic acid on t,t-MA levels, exposure to cigarette
smoke, and variations in urinary creatinine during pregnancy.

To ensure that the use of t,t-MA as an indicator of potentially higher
benzene exposure is adequate, we tested the strength of the correlation
between urinary S-PMA and t,t-MA levels (μg/L) using Spearman rank
correlation. A moderate, statistically-signiﬁcant correlation was found
(r = 0.47). Other studies also reported similar correlation coeﬃcients
between the same urinary metabolites in environmentally exposed
adults (Melikian et al., 1999) and in children (Fang et al., 2000). A
number of studies also positively evaluated the accuracy of using urinary t,t-MA as a biomarker of benzene exposure at environmental and
mostly occupational levels (Cocco et al., 2003; Hoet et al., 2009;
Scherer et al., 1998). Finally, studies of occupational and environmental exposures showed correlations between benzene concentration
in air and urinary t,t-MA levels (Ducos et al., 1992; Inoue et al., 1989;
Kang et al., 2005; Lovreglio et al., 2010). Urinary levels of benzene and
other volatile organic compounds have proven to be excellent markers
for environmental exposure (Fustinoni et al., 2010; Tsangari et al.,
2017; Waidyanatha et al., 2001) and should be considered in future
research eﬀorts.

4.4.1. Interference with sorbic acid
Urinary t,t-MA levels can be inﬂuenced by factors other than benzene exposure, including the intake of sorbic acid, a food preservative
partially metabolized into t,t-MA. Estimates of the intake of sorbic acid
are in the range of 1–2 mg/kg/day (60–120 mg/day for a 60 kg
woman), which results in an average of 78–114 μg/g creatinine of urinary t,t-MA levels (Mischek and Krapfenbauer-Cermak, 2012;
Pezzagno and Maestri, 1997). To reach an average urinary t,t-MA level
above 500 μg/g creatinine in pooled samples solely based on sorbic acid
intake, large doses of sorbic acid would need to be ingested in the hours
preceding urine sampling. We cannot rule out the possibility of higher
sorbic acid consumption in participating pregnant women from the
Peace River Valley compared to women included in CHMS.

5. Conclusion

4.4.2. Smoking and second hand smoke
It is well established that t,t-MA levels are inﬂuenced by smoking
and second hand smoke exposure. Active and passive smoking were
evaluated in the questionnaire and only four participants (13%) reported smoking or being exposed to second hand smoke (Table 1).
These participants did not exhibit urinary t,t-MA levels above the
500 μg/g creatinine biological exposure indices. It should be noted that
this guideline is used in the context of industrial hygiene and may not
be appropriate to evaluate risks for the general population, especially
pregnant women that are in a more vulnerable physiological state. Only
two participants (7%) were smokers at the time of recruitment, compared to 11% in CHMS; the diﬀerence in t,t-MA levels between our pilot
study and CHMS is therefore unlikely to be due to smoking.

Results from our pilot study, although limited because of the small
sample size and limitations related to our exposure biomarker (e.g.,
non-speciﬁcity), are suggestive of a potential higher benzene exposure
in participating pregnant women than in the general Canadian population. Whether the high urinary t,t-MA levels measured in this study
are related to hydraulic fracking remains unknown. Given the documented health eﬀects of benzene, especially those occurring through in
utero exposure, and the growing hydraulic fracturing industry in this
region, this ﬁrst biomonitoring initiative certainly highlights the need
of further research to better delineate associated health risks.
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Hydraulic fracturing and infant health: New evidence
from Pennsylvania
Janet Currie,1,2* Michael Greenstone,2,3 Katherine Meckel4

INTRODUCTION

The growth in unconventional gas production involving hydraulic
fracturing (“fracking”) has transformed the energy landscape, reducing energy prices, decreasing conventional air pollution by displacing
coal in electricity generation, disrupting international energy trading
arrangements, and increasing the prospects for energy self-sufficiency
for the United States. At the same time, continuing concerns about the
possible local health effects of hydraulic fracturing have led some
states and communities to ban the practice altogether. The absence
of a systematic evaluation of fracking’s health effects has complicated
the decision process for those governments around the world who are
debating whether to allow hydraulic fracturing.
Hydraulic fracturing could affect human health through several
channels, including water and air pollution. In the fracking process,
water and other chemicals are forced into shale rock to fracture it
and allow the gas or petroleum trapped in the shale to be tapped.
Whereas much of the previous research has focused on water pollution
(1–3), several recent studies address the possible effects of chemicals
that have been found in both “fracturing fluid” (the fluid that is forced
into the shale in order to fracture it) and in air emissions near fractured
gas wells (4–6). One study measured various air pollutants weekly for a
year surrounding the development of a newly fractured gas well and detected nonmethane hydrocarbons, methylene chloride (a toxic solvent),
and polycyclic aromatic hydrocarbons, which have been shown to affect
fetal outcomes (7).
There are at least two reasons to focus particularly on infant health
in probing the health effects of exposure to hydraulic fracturing. First,
there is increasing evidence that the fetus is vulnerable to a range of
maternal pollution exposures (8–13). Second, because the fetus is in
utero for at most 9 months, it is possible to pinpoint the timing of
potential exposure. This is not the case with other possible health effects,
such as cancer, that develop over long periods of time. Moreover, birth
data are available with precise information on mothers’ residential lo1
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cations, permitting researchers to examine the effects of proximity to
fracturing sites on the health of newborns.
This paper provides evidence for impacts of hydraulic fracturing
on human health, based on a large-scale analysis of vital statistics records from more than 1.1 million births in Pennsylvania during the
period 2004–2013. Our empirical approach compares infants born to
mothers living at different distances from hydraulically fractured well
sites, both before and after hydraulic fracturing was initiated at the
well site. In addition, we probe the robustness of the results by adjusting the estimates for maternal fixed effects to include comparisons of
siblings who were exposed to fracking with those who were not. Further,
we explore the relationship between infant health outcomes and residential distance from fracturing sites, comparing birth data from
mothers residing at increasing 1-km intervals from the fracturing sites
to investigate whether there is a gradient in the effects of exposure.
The results of our analysis suggest that the introduction of fracking
reduces health among infants born to mothers living within 3 km of a
well site during pregnancy. For mothers living within 1 km, we find a
25% increase in the probability of low birth weight (birth weight <
2500 g) and significant declines in average birth weight and in an
index of infant health. There are also reductions in infant health for
mothers living within 1 to 3 km of a fracking site, but the estimates are
about one-third to one-half of the size of those within the 0- to 1-km
band. There is little evidence of health effects at further distances, suggesting that health impacts are highly local.
This paper addresses four problems that have plagued the previous
literature (14–16). First, the sample size of this analysis is much larger
than that used in previously published work. Second, in addition to
examining low–birth weight status, which is the most commonly used
measure of infant health in the literature, we use an index of infant
health outcomes informed by the literature on multiple hypothesis
testing (17, 18) to incorporate the many other measures of infant
health that are available in the vital statistics data. Third, we test for
effects at various distances of maternal residence from fracking sites,
rather than imposing one arbitrary assumption about the distance
where health impacts may become apparent, or about the functional
form of the distance gradient.
1 of 9

Downloaded from http://advances.sciencemag.org/ on April 22, 2020

The development of hydraulic fracturing (“fracking”) is considered the biggest change to the global energy production system in the last half-century. However, several communities have banned fracking because of unresolved
concerns about the impact of this process on human health. To evaluate the potential health impacts of fracking,
we analyzed records of more than 1.1 million births in Pennsylvania from 2004 to 2013, comparing infants born to
mothers living at different distances from active fracking sites and those born both before and after fracking was
initiated at each site. We adjusted for fixed maternal determinants of infant health by comparing siblings who were
and were not exposed to fracking sites in utero. We found evidence for negative health effects of in utero exposure
to fracking sites within 3 km of a mother’s residence, with the largest health impacts seen for in utero exposure
within 1 km of fracking sites. Negative health impacts include a greater incidence of low–birth weight babies as well
as significant declines in average birth weight and in several other measures of infant health. There is little evidence
for health effects at distances beyond 3 km, suggesting that health impacts of fracking are highly local. Informal
estimates suggest that about 29,000 of the nearly 4 million annual U.S. births occur within 1 km of an active fracking
site and that these births therefore may be at higher risk of poor birth outcomes.
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An additional innovation is that our models control for mother
fixed effects. Estimates of fracking-independent aspects of maternal
health in these models are controlled by comparing the health of
fracking-exposed and unexposed siblings born to the same mother.
In principle, this comparative technique controls for all the unobserved
time invariant characteristics of the mother such as race that could confound conventional difference-in-differences estimates (that is, before
and after comparisons of places with and without fracking). However,
in practice, the mother fixed effects estimates are imprecise because
there are relatively few sibling pairs with an exposed and an unexposed
sibling even when we are examining all Pennsylvania births.

RESULTS AND DISCUSSION

Fig. 1. Locations of births and fractured wells in Pennsylvania. Each square displayed above is 0.25° latitude by 0.25° longitude. We use all birth certificates in
Pennsylvania for 2004–2013. They include maternal address which is used to calculate average yearly births per square. Black triangles represent the exact locations
of fractured wells, which we observe from the Pennsylvania Department of Environmental Protection (DEP) Internal Operator Well Inventory. These data include all oil
and gas wells with a Pennsylvania DEP drilling permit and which are not currently filled in (plugged). We queried this database in November 2014. Fractured wells are those
marked “unconventional” in the database. We have dropped any wells with missing American Petroleum Institute numbers, spud or permit date, or location information.
Currie, Greenstone, Meckel, Sci. Adv. 2017; 3 : e1603021
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Figure 1 shows both the geographical distribution of births in Pennsylvania
from 2004 to 2013 and the locations of fractured wells across the state.
The greatest number of births occurs in the southeast of the state near
Philadelphia, whereas fractured wells follow the state’s shale deposits
along a diagonal path from the northeast to the southwest of the state.
Although many areas with fracturing are lightly populated, the areas
surrounding Pittsburgh have a high population density in addition to
many fractured wells. Figure 2 illustrates the temporal distribution of
fractured wells, showing that most new wells came online after 2009.
Although the number of new wells peaked at the beginning of 2012,

the amount and economic value of gas production continued to grow
over our sample period.
Table 1 explores differences in maternal characteristics, infant
characteristics, and health outcomes between mothers who were potentially exposed to fracturing and those who were not. The first two
columns show variable means for mothers whose residences were less
than 1 km from a location (or multiple locations) that fractured.
Columns (3) and (4) report the means for births to mothers who live
within 3 to 15 km of a well location. These samples are further divided
into those whose infants were born before the spud date (that is, the
commencement of drilling)—thus, never exposed to fracking—and
those whose babies were born after the spud date. When the mother
is within 1 km of multiple locations, we use the earliest spud date to
align with the approach used in the regression analysis.
The remaining columns, (5) to (7), report P values from tests that
the means are equal across the pairs of columns indicated in the row
headings. These tests help shed light on the credibility of different
approaches to measuring the infant health effects of fracking exposure.
Column (5) reports P values for t tests of the hypothesis that the means
are equal within 0 to 1 km of a well location before and after the spud
date. These comparisons indicate that mothers whose babies were potentially exposed to nearby fracturing in utero are younger, less likely
to have been married at the time of the birth, and less educated—
characteristics that might lead to worse infant health outcomes even in

Table 1. Difference in means. The data source is the universe of birth
certificates in Pennsylvania (2004–2013) matched to the Pennsylvania DEP
Internal Operator Well Inventory. Maternal and infant demographic indicators and health outcomes are recorded at the time of birth. “Near, 0–
1 km” indicates that the mother lives within 0 to 1 km of at least one well
site. “Far, 3–15 km” indicates that the mother lives 3 to 15 km from the
nearest well site. Columns (5) to (7) report P values from t tests of equality
of means across the different samples indicated. Column (7) tests whether
(2) − (1) = (4) − (3). This quantity is referred to as the difference-in-differences,
or D-in-D.
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2013

(5)

(6)

(7)

(1) − (2) (3) − (4) D-in-D

Mother characteristics

Value of gas

the absence of fracturing. Column (6) reveals that there are also significant changes in the characteristics of infants and mothers who live 3 to
15 km from a fractured well site after the spud date, relative to before.
One of the most marked differences is that the fraction of births to black
mothers is much lower in this distance category after fracturing begins
(and the fraction of births to white mothers is correspondingly higher).
This difference arises because over time, more wells were drilled near
urban areas such as Pittsburgh, where higher numbers of African Americans live.
A potentially valid approach to estimating the effects of fracturing
is to use a difference-in-differences estimator that compares “before
versus after” in the area near fracturing to “before versus after” in areas
far from a fracturing site. This approach requires that all determinants
of infant health except fracturing evolve identically in the areas near
and far from fracturing. Column (7) provides an opportunity to gauge
the credibility of this approach. It reports the P value from a test of the
hypothesis that the difference between the column (1) and (2) means
is equal to the difference between the column (3) and (4) means. The
results show that using difference-in-differences reduces the potential
for confounding fracking exposure with other determinants of infant
health, but important differences in the evolution of marriage rates,
race, education, and age remain. Although we control for all the observable factors in our models, these differences suggest that there may also
be unobserved differences across areas in other factors that could influence infant health. This observation motivates the inclusion of mother
fixed effects in the equation of outcomes as a function of potential exposure to a fractured well as shown in Eq. 2 (see Materials and Methods).
Figures 3 and 4 provide an opportunity to investigate the relationship between distances from a fracked well and measures of
13 December 2017
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infant health. These figures are based on estimation of Eq. 1 (see
Materials and Methods), except that “Near” is treated as a vector of
indicators for each 1-km distance increment from a well site, as
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Fig. 2. Number of fractured wells and value of all drilling in Pennsylvania
(2004–2013). The left y axis shows total fractured wells in Pennsylvania by spud year
and quarter (that is, the commencement of drilling), and the right y axis reports annual
values of gas from fractured wells in Pennsylvania. X axis shows spud year and month
(dates of commencement of drilling) that are recorded in the Pennsylvania DEP Internal Operator Well Inventory, which is described in the notes to Fig. 1. Annual gas
production per well is recorded by the Pennsylvania DEP in its Oil and Gas Historical
Production Report. We merge these data to our Internal Operator Well Inventory data
by well identification number and then sum gas production to the year level. To convert production to dollars, we use gas prices from the U.S. Energy Information Administration (EIA), which reports the Henry Hub Natural Gas Spot Price (www.eia.gov/
dnav/ng/hist/rngwhhdA.htm). To convert to British Thermal Units annual heating
values for Pennsylvania are taken from the EIA.
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Fig. 4. Effect of fracturing on infant health index, county fixed effects. The
left y axis of the graph indicates coefficients and CIs from a version of Eq. 1 in which
“Near” is replaced with 15 distance indicators representing the proximity of maternal
residence to well sites; the coefficients represent the in utero effect on infant health
of hydraulic fracturing (that is, conception occurs after well spud date) at 1-km intervals from the well site. The data sources for the regression are the universe of birth
certificates issued in Pennsylvania from 2004 to 2013 and the Pennsylvania DEP Internal Operator Well Inventory. We exclude births with missing values for gestation
length or latitude/longitude of maternal residence. We calculate the distance between maternal residence and well sites using Vincenty’s formula. The infant health
index ranges from 0 to 1; an increase indicates better health. The regression specification includes year FE, month of birth FE, and county of maternal residence FE. The
following demographic controls are also included: mother is married, marital status
missing, maternal race and ethnicity (black, Hispanic, missing), maternal education
(no HS, HS diploma, some college, college, advanced degree, missing), maternal age
(<20, 20 to 24, 25 to 29, 30 to 34, 35+, missing), child is male, child sex missing, and child
parity (first, second, third, fourth born and higher, parity missing). Standard errors are
clustered on maternal ID. The right y axis plots average yearly births at each distance
from a well site.

described above. The unaffected group is composed of births to
mothers living more than 15 km away from a well site. The figure
also shows the number of births in each distance category.
On the basis of these figures, we conclude that any significant
effects of fracking exposure occur within 3 km of a well site. It is also
evident that the largest effects are concentrated within 1 km of the
fracking site. For example, Fig. 3 shows that the coefficient on the
indicator for maternal residence within 1 km of a site is approximately
0.01, indicating a 0.01 percentage point increase in the probability of
low birth weight relative to people who live 15 km or more away from
a site. The effect of living 1 to 2 km from a site is near zero, but the
effect of living 2 to 3 km from a site again appears to be positive. Figure 4
suggests that the infant health index is worse at 0 to 1 km from a fracking
site than at higher distances. There is some unavoidable arbitrariness
in defining the cutoff at 3 versus 4 km; however, it is nevertheless evident from our data that there is little justification for including births
at further distances in the potentially affected group.
Table 2 reports the results that emerge from the estimation of
Eqs. 1 and 2. The first three columns use 0 to 1 km as the definition of
“Near,” the next three columns use 1 to 2 km, and the last three columns
use 2 to 3 km. In each case, the unaffected group is mothers who live 3 to
15 km from a site. Hence, we compare mothers at 0 to 1 km to mothers
at 3 to 15 km, mothers at 1 to 2 km to mothers at 3 to 15 km, etc. In each

group of three columns, the first column reports results from fitting
Eq. 1 on the entire sample. In columns (2) and (3), the sample is
restricted to births from mothers who live within 15 km of a well site,
and these columns report on results from Eqs. 1 and 2, respectively.
Each row corresponds to a different birth outcome, so that each entry
in the table is a separate estimate of coefficient a2. Note that because the
omitted group is held constant in the regressions (it is always the
mothers who are greater than 3 km and less than 15 km from a site),
the regressions are not directly comparable to Figs. 3 and 4. In Table 2, the
standard errors are clustered by mother. We have also estimated alternative models clustering by county, which yields very similar patterns.
Column (1) suggests that maternal residence within 1 km of an
active well site that was hydraulically fractured before conception is associated with significantly worse infant health outcomes than are more
distant locations. The estimated effect on the probability of low birth
weight is large (0.016), relative to the baseline mean incidence of low
birth weight of 0.065. We also estimate a small but statistically significant negative effect on mean birth weight of about 39 g. It is quite common in the pollution and health literature to find a larger effect of
pollution on low–birth weight incidence than on average birth weight
(10–13); this finding is consistent with the possibility that any effects
are concentrated among lighter, likely more vulnerable, infants. Finally,
the infant health index also suggests a relatively small but statistically
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Fig. 3. Effect of fracturing on low–birth weight, county fixed effects. The left
y axis of the graph indicates coefficients and confidence intervals (CIs) from a version
of Eq. 1 in which “Near” is replaced with 15 distance indicators representing the proximity of maternal residence to well sites; the coefficients represent the in utero effect
on infant health of hydraulic fracturing (that is, when conception occurs after well
spud date) at 1-km intervals from the well site. The data sources for the regression
are all birth certificates issued in Pennsylvania from 2004 to 2013 and the Pennsylvania
DEP Internal Operator Well Inventory. We exclude births with missing values for gestation length or latitude/longitude of maternal residence. We calculate the distance
between maternal residence and well sites using Vincenty’s formula. The specification
includes year fixed effects (FE), month of birth FE, and county of maternal residence FE.
The following demographic controls are also included: mother is married, marital status missing, maternal race and ethnicity (black, Hispanic, missing), maternal education [no high school (HS), HS diploma, some college, college, advanced degree,
missing], maternal age (<20, 20 to 24, 25 to 29, 30 to 34, 35+, missing), child is male,
child sex missing, and child parity (first, second, third, fourth born and higher, parity
missing). Standard errors are clustered on maternal ID. The right y axis plots average
yearly births at each distance from a well site.
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Table 2. Effect of fracturing on infant health. Each coefficient and SE (shown in parentheses) is from a different regression and represents the effect on
the given infant health outcome of in utero exposure to fracturing (when conception occurs after well spud date) within the indicated distance. The data sources for
the regression are all birth certificates issued in Pennsylvania from 2004 to 2013 and the Pennsylvania DEP Internal Operator Well Inventory. We calculate the
distance between maternal residence and well sites using Vincenty’s formula. The infant health index ranges from 0 to 1; an increase indicates better health.
Each regression specification includes region of maternal residence*year FE, year*month of birth FE, and county of maternal residence FE. The following demographic
controls are also included: mother is married, marital status missing, maternal race and ethnicity (black, Hispanic, missing), maternal education (no HS, HS diploma,
some college, college, advanced degree, missing), maternal age (<20, 20 to 24, 25 to 29, 30 to 34, 35+, missing), child is male, child sex missing, and child parity (first,
second, third, fourth born and higher, parity missing). Where indicated, we include a vector of maternal ID fixed effects (“mother FE”). “Under 15 km” indicates the subset
of mothers living less than 15 km from the nearest well site. SEs are clustered on maternal ID. +P < 0.10; **P < 0.05; ***P < 0.01.
(Near, 0–1 km) × after
Dependent variable

(Near, 1–2 km) × after

(Near, 2–3 km) × after

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

Low birth weight

0.016**

0.015**

0.012

0.006+

0.005

0.004

0.009***

0.008***

0.007

(mean, 0.065)

(0.007)

(0.007)

(0.014)

(0.004)

(0.004)

(0.007)

(0.003)

(0.003)

(0.005)

Birth weight

−38.654**

−36.707**

−13.034

−3.534

−2.023

−10.439

−7.092

−5.294

0.803

(15.558)

(15.595)

(31.137)

(8.487)

(8.530)

(14.349)

(6.515)

(6.575)

(10.608)

Health index

−0.054***

−0.052***

−0.004

−0.020**

−0.018

−0.018

−0.028***

−0.025***

−0.015

(mean, 0.000)

(0.019)

(0.019)

(0.040)

(0.010)

(0.011)

(0.020)

(0.008)

(0.008)

(0.015)

1,086,917

231,578

231,578

1,102,424

247,085

247,085

1,117,919

262,580

262,580

Mother FE

No

No

Yes

No

No

Yes

No

No

Yes

Under 15 km

No

Yes

Yes

No

Yes

Yes

No

Yes

Yes

(mean, 3319.6)

n

significant decline in health; the coefficient of −0.054 means that births
near a well site where hydraulic fracturing began before conception
have a −0.054 standard deviation decline in the health index. Limiting
the sample to births to mothers living within 15 km, as shown in column (2), has little effect on the estimates, despite the sharp reduction in
sample size.
Column (3) reports the estimates from fitting the mother fixed
effect specification (that is, Eq. 2) on the 15-km sample. The inclusion
of mother fixed effects is very demanding of the data, a circumstance
reflected in SEs, which are about twice as large as those in columns (1)
and (2); this increased SE arises because, within the 0- to 1-km range,
only 594 of the 1798 potentially exposed infants [see column (2) of
Table 1] have an unexposed sibling in the data. At 2 to 3 km,
10,568 infants are potentially exposed and 3538 have a sibling in the
data—a better statistical situation than the 0- to 1-km cohort, but still a
tiny fraction of the overall number of births. The pattern of the coefficients remains qualitatively similar, particularly for the incidence of
low birth weight.
The remaining columns report on the same three specifications,
except that to test the robustness of our results to different definitions
of “Near,” the “Near” group is defined as those living within a 1- to 2-km
radius of a well site in columns (4) to (6) and a 2- to 3-km radius from a
site in columns (7) to (9). These estimates indicate negative health
effects from fracking, although they are smaller than in the 0- to 1km range. For example, the estimated effects on the incidence of
low birth weight and on the infant health index are about one-third
to one-half of the effect size in the 0- to 1-km category. The effects on
birth weight are smaller and statistically insignificant. When maternal
fixed effects are added to the models, the estimates are qualitatively
similar, although generally somewhat smaller, but the increase in the
SEs means that these estimates are not statistically significant by
conventional criteria.
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We additionally conducted a series of robustness checks. A potential
concern is that the analysis is based entirely on a list of wells that were
active in 2014 and that therefore does not include hydraulically
fractured wells that were no longer active as of that date. These wells
were not included because the well data set includes the spud date for
these wells but does not report when the well became inactive. Hence,
our baseline analysis could underestimate exposure if the wells were
active during a woman’s pregnancy but shut down sometime after an
infant’s birth. As a check, we reestimated the models using the full
sample of wells, active and inactive; the results are essentially unchanged
as shown in table S2.
A further issue is that we have assigned “Exposure” on the basis of
whether conception occurred after the spud date. Hence, there are
some women for whom drilling occurred during a pregnancy that
began before the spud date, and these women are treated as not having
been exposed. If these women were negatively affected, then the estimates may understate the health effects of fracturing. Conversely, if it
is exposure in the earliest days of the pregnancy that matters, then the
impacts will be smaller for infants who were only exposed later in the
pregnancy, and adding these infants to the “exposed” sample will reduce the estimated effects. Therefore, we reestimated the models defining “Exposure” on the basis of whether the birth (rather than the
conception) occurred after the spud date. Table S3 reveals that these
estimates are generally slightly smaller than those in Table 2, suggesting that infants exposed early in the pregnancy may suffer the most
harm; however, the sampling variability makes definitive judgments
difficult.
We have also tried adding additional controls for area interacted
with year to allow for secular changes in infant mortality that vary at a
very local level. Specifically, because counties are of varying size, we
overlaid a grid based on 0.5° of longitude and 0.5° of latitude over
the state of Pennsylvania and estimated a model that included an
5 of 9
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indicator for the square in which the mother resides interacted with
year of conception. These results are shown in table S4 and are qualitatively unchanged, compared to those discussed above.
In table S5, we attempt to investigate the effects of intensity of exposure in the area within 1 km of a residence. For mothers living within
1 km of a well site, the median number of well sites is 2. Hence, we alter
our main specification to distinguish between the effect of having at
least one active well and the effects of having more than two active
wells. This is a demanding test of the data, and we are unable to reject
the null hypothesis that the effects are equal for births exposed to above
the median and below the median number of wells.
Finally, the probability of a low–birth weight birth is only 6.5% in
this sample. Of relevance to this point, all the estimates have come
from linear probability models; given the relatively low mean, it
may be more appropriate to rely on nonlinear estimation approaches.
Table S6 reports the marginal effects from logit estimation of Eq. 1 on
the 15-km sample and finds that the results are qualitatively similar to
those from the linear probability model in Table 2.

This paper provides evidence of effects of exposure to hydraulic
fracturing on infant health, using a large-scale analysis of vital statistics
records from more than 1.1 million births in Pennsylvania during the
2004–2013 period. Overall, the results suggest that the introduction of
fracking reduces health among infants born to mothers living within 3 km
of a well site during pregnancy. We find the largest effects for mothers
living within 1 km of a site—a 25% increase in the probability of a low–
birth weight birth (<2500 g) and significant declines in average birth
weight, as well as in an index of infant health. There are also reductions
in infant health for mothers living within 1 to 3 km of a fracking site, but
the estimates are about one-third to one-half of the size of those for
mothers within the 0- to 1-km band. There is little evidence of health
effects at further distances, suggesting that health impacts are highly local.
What do these estimated impacts imply for the affected infants?
Studies based on large administrative databases have consistently shown
that low birth weight is a risk factor for numerous negative outcomes,
including infant mortality, attention deficit hyperactivity disorder, asthma,
lower test scores, lower schooling attainment, lower earnings, and higher
rates of social welfare program participation (19, 20). For example, one
large-scale study of twin pairs in Norway found that a 10% difference in
birth weight in their predominantly low–birth weight pairs was associated with a 1% difference in the probability of graduating from high
school and a 1% difference in earnings, with outcomes all being better
for the higher-weight twin (20).
Are these effects large or small relative to those found in other studies? Many other studies examine the effects of exposure to criterion air
pollutants, such as carbon monoxide or nitrous oxides, rather than the
specific types of hazardous air pollutants that have been noted near some
fracking sites (4–7). For example, a study of the installation of EZ Pass
toll plazas in New Jersey and Pennsylvania showed that EZ Pass was
associated with reductions of 40% in CO and 11% in NO, which in turn
reduced the incidence of low birth weight by 12% among mothers living within 2 km of a toll plaza (13). A recent study of openings and
closings of industrial plants that emit hazardous air pollutants, such as
benzene (one of the chemicals that has been found near fracking sites),
suggested that plant operation is associated with a roughly 3% increase
in the incidence of low birth weight among mothers within 1.6 km (1 mile)
of the plants (12). Thus, this paper’s estimated findings of a 25% increase in
Currie, Greenstone, Meckel, Sci. Adv. 2017; 3 : e1603021
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the probability of a low–birth weight birth within 1 km and smaller effects
at larger distances are not inconsistent with the findings that have been
reported in previous studies of the effects of air pollution on fetal health.
Available data sources allow for some rough estimates of the number of births in the United States annually that are at risk from fracking.
Specifically, we combined data from the National Center for Health
Statistics (NCHS) on the number of births by county from July 2012
through June 2013, with data on the number of fractured wells in 2012
from HPDI, an information services company in the energy industry.
The NCHS data are only available by county (whereas our Pennsylvania
birth data have women’s exact addresses), but by assuming a uniform
distribution of population across counties, we can estimate the number
of births to women within 1 km of an active well that was hydraulically
fractured in that year. Although the HPDA data do not have a fracking
indicator, we infer it by using information on which wells are in tight oil
or shale gas plays; hydraulic fracturing is generally required for the efficient recovery of oil and gas in these areas. These calculations suggest
that as many as 65,000 infants were potentially exposed nationally in
this 1-year period because their mothers live within 1 km of a well site
that is likely to have been fractured.
The superior data available in Pennsylvania allow us to compare
the estimated number of births exposed to the actual number of infants exposed to fracking during gestation. This comparison suggests
that the assumption of a uniform distribution of births across counties
leads to substantial overestimates of the number of infants born within
1 km of an active well site that was fractured; presumably, this is because fracking occurs in less populated parts of counties where there
are fewer births per square kilometer. When we scale our national
estimate downwards using the ratio of estimated to actual exposed
births for Pennsylvania, we estimate that approximately 29,000 U.S.
infants were exposed (that is, born to mothers living within 1 km of
an active well that was fracked) between July 2012 and June 2013. This
is about 0.7% of the infants born in the United States over that period.
A limitation of our study is that given the nature of the available
data, we are constrained to focus on potential exposure to pollution
(which is determined by the mother’s residential location) rather than
actual exposure that could be measured with personal monitoring devices. In principle, future research could measure the types and
amounts of chemicals emitted by hydraulic fracturing, the distance
that those chemicals are transported under normal weather
conditions, and the likely effects of those specific chemicals on fetal
health and on the health of children and adults.
A second limitation of our study is that even starting with the
whole population of Pennsylvania births, we end up with a relatively
small sample of children who were potentially exposed to fracking;
this small effective sample size limits our ability to probe the shape
of the distance-exposure relationship and also limits our ability to obtain precise estimates from models with mother fixed effects.
A third caveat is that the pathway of exposure was not a subject of
our study and is not known with certainty. The results of our study are
consistent with the possibility that very local air pollution, perhaps
from the multiple diesel generators used at well sites, from chemicals
used in fracking, or even from truck traffic to and from sites, could be a
potential key source of exposure. Previous research regarding human
health effects of exposure to hydraulic fracturing has also identified
contaminated water as a possible pathway. Although industrial activity
from hydraulic fracturing and improper disposal of fracturing fluids
can affect water quality, recent analyses suggest that it is not common
for fracturing fluids to leak into surface water from the fractured well
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sites (1, 2). Tighter regulation of fluid disposal and fracturing activities
may have mitigated threats to water quality; nevertheless, this potential
avenue for deleterious effects on human health effects also deserves
careful monitoring.
A fourth caveat is that, to the extent that there are economic
benefits of fracking that accrue to women who live less than 1 km from
a fracking site, our estimates could understate the specific effects of
fracking exposure on human health. If, for example, women living
near wells receive income from mineral rights, then the higher income
per se could be expected to confer a health benefit, which might partially offset the negative effects of fracking-related pollution.
Finally, future research should focus on a richer set of outcomes, including child health at older ages and adult health. These outcomes can
be difficult to track, but creative uses of administrative data may provide
compelling opportunities to more thoroughly investigate the local
health consequences of exposure to hydraulically fractured well sites.

The data for this project came from two sources. First, data on all births
in Pennsylvania were obtained from the Certificate of Live Births (birth
certificates) from 2004 to 2013. These data include a record for every
birth, and each record has information about the infant’s health at birth
as well as latitude and longitude of the maternal residence and maternal
characteristics such as race, education, and marital status. Because we
used confidential data, our study protocol was vetted by Princeton University’s Institutional Review Board. Siblings were matched using the
mother’s full maiden name, race and birth date, as well as father’s
information, and social security numbers where available.
There are many possible health outcomes listed on birth certificates,
several of which represent rare outcomes. In what follows, we focus on
birth weight and low birth weight (birth weight less than 2500 g), which
are the most commonly examined measure of fetal health outcomes in
the environmental economics literature. Birth weight is commonly
examined because it has been the most widely available measure, it is
relatively accurately measured, and low birth weight is quite common
unlike conditions such as specific congenital anomalies, for example.
We also show estimated effects on a composite infant health index
that is constructed to have a mean of 0 and an SD of 1, with positive
(negative) values indicating above (below) average infant health
(measured in SDs). Our index is suggested by the literature on multiple
hypothesis testing (17, 18). If there are k outcomes and Yk is the kth,
then let mk be the mean and sk be the SD. We normalize our outcomes
by subtracting the mean and dividing by the SE: Yk* = (Yk − mk)/sk. The
summary index is then Y* = SkYk*/K. We construct two versions of this
summary index, one using the full sample of births and one using the
subsample of births within 15 km of a well. The index is the mean over
the standardized outcomes, weighted by the inverse covariance matrix
of the transformed outcomes to ensure that outcomes that are highly
correlated with each other receive less weight than those that represent
new information.
The index is a combination of birth weight in grams and indicators
for low birth weight, prematurity (gestation less than 37 weeks), the
presence of any congenital anomalies, and the presence of any other
abnormal condition of the newborn. The index provides a solution to
the challenges to inference from separately examining the multiple
measures of infant health (that is, “multiple hypothesis” testing).
The problem is that the probability that at least one estimated effect
is deemed “significant” increases with the number of tests. Focusing
Currie, Greenstone, Meckel, Sci. Adv. 2017; 3 : e1603021
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Yit ¼ a0 þ a1 Neari þ a2 Exposureit þ a3 Xit þ a4 Countyit
þ a5 Timeit þ a6 Regional trendit þ eit
ð1Þ
where Yit is a birth outcome for mother i in year t. Countyit is a vector
of zero-one indicators for the mother’s county of residence at the time
of the birth, Timeit is a vector of zero-one indicators for the birth
month and year (for example, October 2006), and Regional_trendit
is a region-specific linear time trend based on a division of Pennsylvania
into six regions (22). The vector Xit of observable maternal and child
characteristics includes indicators for child gender, maternal race and
ethnicity (African-American, Hispanic, missing), mother’s age (<20,
20 to 24, 25 to 29, 30 to 34, 35+, missing), mother’s education (<high
school, high school, some college, college, advanced degree, missing),
marital status (including an indicator for missing marital status), and
child parity (first, second, third, fourth born or higher, parity missing).
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on an index avoids this difficulty. The index is defined so that a larger
value indicates more positive health.
We focus on a sample of singleton births because twins and other
multiples are generally in poorer health at birth for reasons unrelated
to hydraulic fracturing. After excluding births with missing
information, we are left with an initial birth sample of 1,125,748 births,
of which 270,410 are within 15 km of a site where a fractured well was
active in 2014. From the initial sample of 1,449,427 births, we lose the
following: 55,337 births that were part of a multiple birth; 25,029 births
that were missing values for gestational age, birth weight, congenital
anomalies, or abnormal conditions of the newborn; 226,548 births that
were missing latitude and longitude; 41,789 births missing a maternal
identifier; and 146 duplicate records. The sum of the missing categories
above exceeds the number of cases lost because some cases are missing
more than one set of variables.
The second source of data is a list of all of the fractured wells that
were active in 2014 in the Pennsylvania DEP Internal Operator Well
Inventory (21). Fractured wells are those marked “unconventional” in
the database. For each well, we know the location and the date (month
and year) that it was fractured. There are 7757 active fractured wells in
our data, the vast majority of which were fractured after 2009. Below,
we show that the focus on active wells, rather than all fracked wells,
does not alter the results.
To match births to fractured gas wells, we computed the distance
from the mother’s residence to all locations where fracturing ever took
place between 2004 and 2013, regardless of whether the fracturing had
yet occurred at the time of the conception. Distances were computed
using Vincenty’s formula for calculating the distance between two
points on a sphere. In our sample, there are 24,148 births to mothers
residing less than 2 km from a site where fracturing ever occurred and
6669 living within 1 km of a site where fracturing ever occurred; of this
last group, 1798 births were potentially exposed to active fracturing at
some point while in utero, because the conception date occurred after
the date that drilling was initiated (that is, the spud date).
We estimate several different statistical models with and without
sibling comparisons. Some models are estimated using the entire sample of Pennsylvania births, whereas others focus only on births within
15 km of a well site. The latter sample excludes births in Philadelphia,
for example, where there is no fracturing and birth outcomes may be
changing differentially from those in the rest of the state for reasons
unrelated to the proliferation of fracturing.
The first specification that we estimate is
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Yit ¼ ai þ a1 Nearit þ a2 Exposureit þ a3 X′it þ a4 Countyit
þ a5 Timeit þ a6 Regional trendit þ eit
ð2Þ
which differs from the study of Bamberger and Oswald (4) in that it
includes a constant term for each mother, ai. Because the ai absorbs
the effect of any constant or time invariant characteristics (that is, race,
education, etc.) of the mother, the vector X′it now includes only timevarying elements of Xit. Table S1 reveals that mothers with multiple
births are more likely to be married and also more likely to have either
high or low levels of education. Hence, although Eq. 2 removes concerns
about confounding fracking exposure with other determinants of infant
health, it is possible that the effects of exposure to fracking differ in the
subpopulation of mothers with more than one child in the data.
Three additional details are worth noting. First, there was no a
priori correct way to define “Near” because there is no physical law
that determines the distance at which fracking-related activities potentially affect infant health. Consequently, we estimated models that exCurrie, Greenstone, Meckel, Sci. Adv. 2017; 3 : e1603021
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plore the effect of each additional kilometer of distance from a well.
These models took the same form as Eq. 1, except that “Near” was
replaced with a vector of indicators for whether the mother lived 0
to 1, 1 to 2 km, 2 to 3, …, 10 to 15 km from a well. The omitted distance
category was greater than 15 km. A mother’s residence can be both 0
to 1 km from one well and 2 to 3 km from another; hence, these
categories are not necessarily mutually exclusive. We also calculated
15 “Exposure” variables analogously to the way these indicators were
described above; the coefficients associated with these variables test for
any changes in infant health in these 15 distance bands around well
sites where hydraulic fracturing started before the conception date,
relative to the rest of Pennsylvania. We found little evidence of an
effect of fracking exposure on infant health at distances greater than
3 km, and this motivated our focus on 0 to 1, 1 to 2, and 2 to 3 km as
the definitions of “Near,” as well as the use of infants born to mothers
living more than 3 km away as the comparison group.
A second issue is that secular trends in infant health outcomes may
differ across small geographic areas (that is, because of hospital closings
or openings or local economic shocks). For this reason, the subsequent
analysis reports result from the estimation of versions of Eqs. 1 and 2
that limit the sample to a 15-km radius around a well site. The advantage of this smaller sample is that mothers living 3 to 15 km away from
a well site may be affected by the same economic shocks as those who
live within 3 km. In contrast, this assumption seems less likely to be
valid for mothers living further away, for example in Philadelphia. In
addition, rather than only allowing time trends to vary by region, we
also defined a 0.5° latitude × 0.5° longitude grid and controlled for a
time trend for each cell in this grid. This alternate specification provides
a flexible method to adjust for secular changes in infant health that are
unrelated to fracking exposure.
All models were estimated using the REG and XTREG commands
in STATA 14.0. The SEs in these and all our models were clustered by
mother to allow for correlations between siblings in other determinants
of birth outcomes.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/12/e1603021/DC1
table S1. Comparison of mothers by number of births observed in sample.
table S2. Effect of fracturing on infant health (including both inactive and active wells).
table S3. Effect of fracturing on infant health (treatment based on birth date).
table S4. Effect of fracturing on infant health (controlling for latitude/longitude grid*year
controls).
table S5. Mothers with <2 well sites spudded within 1 km versus mothers with 2+ well sites
spudded within 1 km.
table S6. Effect of fracturing on infant health (logit for low birth weight).
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Objective
To assess associations between unconventional natural gas development (UGD) and perinatal outcomes.

Methods
We conducted a retrospective birth cohort study among 158,894 women with a birth or fetal
death from November 30, 2010-November 29, 2012 in the Barnett Shale, in North Texas.
We constructed three UGD-activity metrics by calculating the inverse distance-weighted
sum of active wells within three separate geographic buffers surrounding the maternal residence: ½, 2, or 10-miles. We excluded women if the nearest well to her residence was >20
miles. Metrics were categorized by tertiles among women with 1 well within the respective
buffer; women with zero wells 10 miles (the largest buffer) served as a common referent
group. We used logistic or linear regression with generalized estimating equations to assess
associations between UGD-activity and preterm birth, small-for-gestational age (SGA), fetal
death, or birthweight. Adjusted models of fetal death and birthweight included: maternal
age, race/ethnicity, education, pre-pregnancy body mass index, parity, smoking, adequacy
of prenatal care, previous poor pregnancy outcome, and infant sex. Preterm birth models
included all of the above except parity; SGA models included all of the above except previous poor pregnancy outcome.

Results
We found increased adjusted odds of preterm birth associated with UGD-activity in the highest tertiles of the ½- (odds ratio (OR) = 1.14; 95% confidence interval 1.03, 1.25), 2- (1.14;
1.07, 1.22), and 10-mile (1.15; 1.08, 1.22) metrics. Increased adjusted odds of fetal death
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were found in the second tertile of the 2-mile metric (1.56; 1.16, 2.11) and the highest tertile
of the 10-mile metric (1.34; 1.04–1.72). We found little indication of an association with SGA
or term birthweight.

Conclusions
Our results are suggestive of an association between maternal residential proximity to
UGD-activity and preterm birth and fetal death. Quantifying chemical and non-chemical
stressors among residents near UGD should be prioritized.

Introduction
Advancements in horizontal drilling and hydraulic fracturing have increased access to previously untapped natural gas reserves in shale formations. Unconventional natural gas development (UGD) is associated with several potential environmental hazards. The hydraulic
fracturing process involves injecting a pressurized mixture of sand, water, and proprietary
fracking fluid into wellbores, fracturing the rock and unlocking trapped hydrocarbons [1].
Fracking fluid may contain compounds that are known or possible human carcinogens, regulated under the Safe Drinking Water Act, or classified as hazardous air pollutants [2]. Ground
and surface water contamination can occur from migration of fluids through failed well casings, leakage from open pit storage, and improper disposal or treatment of wastewater [3–7].
Further, many compounds found in fracking fluid and wastewater have been indicated for
their reproductive or developmental toxicity [8, 9]. Multiple air pollutants including volatile
organic compounds (VOCs) (e.g., toluene, benzene), polycyclic aromatic hydrocarbons (e.g.,
naphthalene, benzo(a)pyrene), nitrogen oxides, ozone, and particulate matter have also been
detected near unconventional drilling sites [6, 10–14]. In addition to potential chemical exposures, individuals living in communities near UGD may experience noise and light pollution,
noxious odors, and increased psychosocial stressors [15, 16]. Non-chemical stressors can contribute to allostatic load, reducing overall health and wellbeing [17], and potentially increase
susceptibility to chemical stressors [18].
Results of the few epidemiologic studies of the association between maternal residential
proximity to UGD and perinatal outcomes are equivocal [19–21]. Although exposure timing is
a critical consideration in such studies, only one of these previous studies limited analyses to
UGD-activity occurring specifically during the gestational period [21]. The remaining two
studies captured all UGD-activity during the year of the child’s birth [19, 20]. Additionally,
previous studies have been conducted among mostly white, mostly rural populations. Our
study includes women living in the Barnett Shale, one of the oldest and most developed shale
plays in the United States. UGD-activity in the Barnett Shale is concentrated in and around
the Dallas-Fort Worth metroplex, the fourth largest metropolitan statistical area in the nation
and home to a heterogeneous population [22]. Our goal was to assess the association between
maternal residential proximity to UGD-activity and perinatal outcomes, considering timing of
UGD-activity relative to pregnancy. Due to the dearth of data informing: (a) the most relevant
distances within which to capture impacts of chemical and non-chemical stressors related to
UGD and (b) implications of such decisions on health effect estimates, we also examined the
characterization of proximity to UGD-activity according to several distance criteria.
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Materials and methods
This retrospective birth cohort study included women with a singleton birth or fetal death
from November 30, 2010-November 29, 2012 in the 24-county Barnett Shale area (Archer,
Bosque, Clay, Comanche, Cooke, Coryell, Dallas, Denton, Eastland, Ellis, Erath, Hill, Hood,
Jack, Johnson, Montague, Palo Pinto, Parker, Shackelford, Somervell, Stephens, Tarrant, Wise,
and Young counties), in North Texas. Birth and fetal death records were obtained from the
Texas Department of State Health Services (TXDSHS) for 166,966 births and 866 fetal deaths.
This study was approved by the Committee for Protection of Human Subjects at The University of Texas Health Science Center at Houston and the TXDSHS IRB.
We corrected implausible birthweight for gestational age combinations for live births,
according to methods previously described [23–25]. For live births, we estimated the conception date by subtracting gestational age from the child’s birth date. For fetal deaths, we estimated the conception date by subtracting the last menstrual period (LMP)-based estimate of
gestational age from the date of death; for records missing the LMP-based estimate (n = 223),
we used the clinical estimate. We defined small-for-gestational age (SGA; yes/no) as birthweight for gestational age 10th percentile of the sex-specific weight for age distribution in our
study sample. Preterm birth (yes/no) was defined as a live birth delivered before 37 completed
weeks gestation. We identified fetal deaths from death records (yes/no). We obtained birthweight (g) from birth records and treated it as a continuous outcome.
Street-level geocoded location of maternal residence at birth was provided by TXDSHS [26]
for the majority of records and we manually geocoded physical addresses for the remaining
records using ArcMap (v. 10.2.1; ESRI, Redlands CA). We obtained the following covariates
from birth/fetal death records: maternal age (20, 21–25, 26–30, 31–35, >35 years), education
(<high school, high school graduate, some college, college graduate), parity (0, 1), smoking
during pregnancy (yes/no), race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic,
other), pre-pregnancy body mass index (BMI: 18.5 kg/m2, 18.5–24.9 kg/m2, 25.0–29.9 kg/
m2, 30.0–34.9 kg/m2, 35.0 kg/m2), infant sex, and previous poor pregnancy outcome (i.e.,
previous perinatal death, intrauterine growth restriction, pregnancy termination, preterm
birth, or SGA; yes/no). We also constructed the Adequacy of Prenatal Care Utilization Index
(inadequate, intermediate, adequate, adequate plus, unknown) which captures timing of first
prenatal visit and frequency of visits [27]. The ‘unknown’ category includes women for whom
date of first visit or number of visits was missing, but for whom records indicated prenatal care
was received. The ‘adequate plus’ category indicates receipt of more than the recommended
number of visits (i.e., one visit/month for weeks up to 28, two visits/month for weeks 29 to 36,
and weekly visits from 37 weeks on, as outlined in Kotelchuck [27]), presumably due to highrisk pregnancies. Finally, we calculated the exact geodesic line-distance from the residence to
the nearest major roadway as a proxy for traffic-related air pollution (<300m, 300m) [28].
We obtained UGD data from DrillingInfo (www.drillinginfo.com), a commercial site
which maintains a national database of oil and gas well locations and characteristics (updated
twice monthly) [29] on May 12, 2015. We identified unconventional (i.e., horizontal/directionally drilled) gas wells in the Barnett Shale with either spud (i.e., earliest known date ground
was broken in the process of well development), completion (i.e., date when installation of the
well casing, pumping mechanism, and hydraulic fracturing were completed) [30] or production dates between January 1, 2010–November 29, 2012. Wells can be completed more than
once, often to stimulate production, and multiple completion dates may be reported [30]. In
this case, we retained the most recent date. We captured active wells beginning January 1, 2010
to characterize UGD-activity for the entire pregnancy for all births in the cohort. We did not
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include wells that had a permit date but no record of other activity. In total, we identified
14,351 unique active UGD wells.
We constructed three separate exposure metrics by generating geographic buffers around
each residence, at distances of ½, 2, and 10 miles. One-half mile was chosen on the basis of a
previous risk assessment [31], 10 miles was chosen to be consistent with prior studies [19, 20],
and 2 miles was chosen as an intermediate. For each woman’s residence, we calculated the
inverse distance-weighted (IDW) sum of active UGD wells within each buffer according to:
IDWa ¼

n
X
1
i¼1

di2

where ‘a’ indicates buffer distance, ‘i’ is a given well in the specified buffer, ‘d’ is the exact geodesic line distance between that well and the residence, and ‘n’ is the total number of wells in
the specified buffer. Because women living very far from UGD wells likely differ from women
living near UGD activity, women for whom the nearest well was >20 miles from the residence
were excluded. We then categorized each of the three metrics by tertiles among women with
1 well within the respective buffer. To enable comparison of effect estimates across the three
metrics, we chose a common referent group for all analyses: women with zero wells 10 miles
of her residence (given exclusion of women for whom the nearest well was >20 miles, this
group effectively represents women for whom the nearest well is 10 miles but >20 miles
away).
We used logistic regression to examine the relation between each UGD-activity metric and
preterm birth, SGA, and fetal death and linear regression to examine the relation with birthweight. Given potential correlation among women within census-tracts, we applied generalized estimating equations to all models, assuming an exchangeable correlation structure and
treating census tract as a random effect. We included maternal age, pre-pregnancy BMI, and
maternal race/ethnicity in all models a priori. We identified additional covariates separately
for each outcome. Covariates which were statistically significantly (p<0.05) associated with
the respective outcome were included in the final adjusted model. In this way, a common set
of variables were included in all adjusted models for each outcome, irrespective of the UGDmetric, facilitating comparison across metrics. In addition to the a priori variables, education,
parity, smoking status, infant sex, previous poor pregnancy outcome, and the Adequacy of
Prenatal Care Utilization Index were included in models of birthweight and fetal death. The
preterm birth models did not include parity and SGA models did not include previous poor
pregnancy outcome.
Given the association of maternal residential distance to the nearest major roadway with
pregnancy outcomes in previous studies [32], we conducted a sensitivity analysis including
this variable in the adjusted models. In a second sensitivity analysis, we controlled for season
of conception, categorized as October-March or April-September, given the weather patterns
in Texas. All analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC) or
ArcGIS version 10.2 (ESRI, Redlands, CA).

Results
Fig 1 outlines the study process and exclusions. Briefly, through the process of cleaning gestational age [23–25], we excluded 28 (<1%) births missing both LMP- and clinical-based estimates of gestational age as well as 185 (<1%) births with estimated gestational age <22 or >44
completed weeks (Fig 1). A total of 227 births were excluded due to implausible/improbable
gestational age estimates. We excluded five fetal deaths with no estimate of gestational age.
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Fig 1. Flow chart outlining study process and exclusions among women living in the 24-county
Barnett Shale area with a birth or fetal death between Nov. 30, 2010 and Nov. 29, 2012. Note:
GA = Gestational Age; TX DSHS = Texas Department of State Health Services.
https://doi.org/10.1371/journal.pone.0180966.g001
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Among records with a street-level geocode, 1,149 (<1%) were located outside the study area
and were also excluded. An additional 5,764 (3.5%) subjects were excluded because the nearest
UGD well was >20 miles from the residence. The final sample was 158,894: 158,104 live births
and 790 fetal deaths.
Women in this study were mostly young (31.5% were >30 years) with at least a high school
education (79.1%) and did not smoke during pregnancy (95.6%) (Table 1). Hispanics (39.7%)
comprised the largest racial/ethnic group, followed by non-Hispanics whites (37.4%) and
Blacks (16.1%). More than one-third (36.2%) of women had less than adequate prenatal care
and 18.1% received adequate plus care, suggesting higher risk pregnancies.
The proportion of women with 1 active UGD well near her residence during pregnancy
varied by distance within which UGD was captured: 15.9% at ½ mile, 45.1% at 2 miles, and
75.8% at 10 miles. The median number of proximal wells during pregnancy increased with
buffer size: three ½ mile, 28 2 miles and 413 10 miles. This divergence was more apparent
at the extremes of the distribution: maximum wells 10 miles of the residence during pregnancy was >2,000, versus 32 wells ½ mile. We observed similar patterns in the distribution
of IDW metrics (Table 2).
Crude associations between UGD-activity and preterm birth were largely null for each
UGD-metric. After adjustment, we found increased odds of preterm birth associated with
UGD-activity in the highest tertiles of the ½- (odds ratio (OR) 1.14; 95% confidence interval
(CI) 1.03, 1.25), 2- (OR 1.14; 95% CI 1.07, 1.22), and 10- (OR 1.15; 95% CI 1.08, 1.22) mile
metrics (Table 3). The highest odds of preterm birth were found among women classified in
the second tertile of the ½- mile metric compared to women with zero wells 10 miles of her
residence (OR 1.21, 95% CI 1.09, 1.33).
We found indication of weak inverse associations between UGD-activity and SGA within
each distance in the crude models (Table 3). Little evidence of an association was observed in
adjusted models, though, as results from adjusted models were attenuated (Table 3).
Little evidence of association between UGD-activity and fetal death was observed in crude
models (Table 3). Though the estimate was imprecise, we found increased adjusted odds of
fetal death among women classified in the highest tertile of UGD-activity for the ½-mile metric
(OR 1.27, 95% CI 0.82, 1.97) and in the 2nd tertile of the 2-mile metric (OR 1.56, 95% CI 1.16,
1.58). We observed the strongest association between UGD-activity and fetal death using the
10-mile metric. We observed increased adjusted odds of fetal death among women in each tertile of the 10-mile UGD-activity metric: 1st tertile OR 1.26 (95% CI 0.99, 1.60), 2nd tertile OR
1.22 (95% CI 0.95, 1.57), 3rd tertile OR 1.34 (95% CI 1.04, 1.72).
Crude models between UGD-activity and birthweight revealed positive associations
(Table 4). However, after adjusting for confounders, we found negative associations that were
only moderate in strength. For example, compared to women with zero wells 10-miles of her
home, we found an 8.20 g decrease (95% CI -18.36, 1.96) and 7.75 g decrease (95% CI -15.94,
0.44) in average birthweight among infants of women in the 2nd tertile of the ½- and 2-mile
metrics, respectively. Infants born to women classified in the 1st and 3rd tertiles of the 10-mile
metric had birthweights, on average, 7.36 g (95% CI -14.79, 0.08) and 6.56 g (95% CI -13.68,
0.56) less than infants of women in the referent group.
Neither the additional adjustment for residential proximity to nearest major roadway nor
season of conception resulted in meaningful changes to effect estimates (S1 and S2 Tables).

Discussion
We found evidence of a moderate positive association between maternal residential proximity
to UGD-activity and increased odds of preterm birth and a suggestive association with fetal
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Table 1. Characteristics of 158,894 women with a singleton birth or fetal death in the 24-county Barnett Shale area, Texas, Nov. 30, 2010-Nov. 29, 2012.
Characteristic

n (%)

Maternal age (years)
20

23,890 (15.0)

21–25

39,744 (25.0)

26–30

45,300 (28.5)

31–35

33,797 (21.3)

>35

16,163 (10.2)

Race/ethnicity
Non-Hispanic White

59,400 (37.4)

Non-Hispanic Black

25,555 (16.1)

Hispanic

63,172 (39.7)

Other

10,767 (6.8)

Pre-Pregnancy BMI (kg/m2)
< 18.5

5,973 (3.8)

18.5–24.9

82,436 (52.3)

25.0–29.9

36,192 (22.9)

30.0–34.9

19,164 (12.1)

35.0

13,984 (8.9)

Missing

1, 145 (0.7)

Maternal Education
< High School

33,221 (20.9)

High School Grad

48,521 (30.6)

Some College

38,995 (24.6)

College Degree

38,042 (23.9)

Missing

115 (<0.1)

Parity
0

63,355 (39.9)

1

95,503 (60.1)

Missing

36 (<0.1)

Smoked During Pregnancy
No

150,979 (95.6)

Yes

6,919 (4.4)

Missing

996 (0.6)

Adequacy of Prenatal Care Utilization
Inadequate

34,111 (21.5)

Intermediate

23,434 (14.7)

Adequate

65,463 (41.2)

Adequate Plus

28,708 (18.1)

Unknown

7,178 (4.5)

Previous Poor Pregnancy Outcome
No

156,207 (98.3)

Yes

2,687 (1.7)

Infant Gender
Male

81,388 (51.2)

Female

77,504 (48.8)

Missing

2 (<0.1)

Small-for-Gestational Age1
(Continued)
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Table 1. (Continued)
Characteristic

n (%)

No

137,466 (87.0)

Yes

20,638 (13.0)

Preterm Birth1
No

145,017 (91.7)

Yes

13,087 (8.3)

Fetal Death
No

158,104 (99.5)

Yes

790 (0.5)

Birthweight2 (grams), Median ± IQR

3364 ± 292

kg/m2, kilograms per meter squared; IQR, interquartile range.
n = 158,104 because fetal deaths were excluded

1
2

n = 145,017 because fetal deaths and preterm births were excluded

https://doi.org/10.1371/journal.pone.0180966.t001

death. Not surprisingly, we found that the characterization of UGD was dependent upon the
distance within which activity was defined.
In contrast to our findings, a Colorado (CO) based study [19] reported an inverse association between UGD and preterm birth (3rd tertile OR 0.91, 95% CI 0.85, 0.98) as well as a positive association with birthweight (3rd tertile b 22, 95% CI 15, 29). The authors of that study
defined UGD-activity based on active wells 10 miles of the maternal residence at any time
during the child’s birth year. The authors also restricted the analysis to women in rural areas,
given concerns of confounding by other sources of air pollution. A similar restriction was not
feasible in the present study because the majority of UGD in the Barnett Shale occurs in
urban/suburban areas. However, we did not observe meaningful changes in effect estimates
when adjusting for proximity to the nearest major roadway, a marker for traffic-related air
pollution.
Two studies of UGD and birth outcomes in Pennsylvania (PA) have conflicting results.
Stacy et al. [20] employed an activity metric similar to that in the CO study [19]: all wells 10
miles of the maternal residence during the child’s birth year were included. In the second PA
study, Casey et al. [21] included all wells in the state, regardless of their distance from the
Table 2. Distribution1 of the number and IDW sum of active UGD wells near women’s residences during pregnancy, among 158,894 women with a
singleton birth or fetal death in the 24-county Barnett Shale area, Texas, Nov. 30, 2010—Nov. 29, 2012, by buffer size.
Buffer

25%

50%

75%

95%

Max

Count

2

3

6

12

32

IDW Sum

13.4

31.4

70.1

208.2

13447.3

Count

12

28

47

92

168

IDW Sum

7.9

24.0

51.2

151.0

13145.6

Count

70

413

1,048

1,637

2,374

IDW Sum

1.0

19.2

63.6

163.3

13480.1

½ Mile

2 Miles

10 Miles

IDW: inverse distance weighted; UGD: unconventional gas development; Max: maximum.
1

Calculated among women with 1 well within the specified buffer

https://doi.org/10.1371/journal.pone.0180966.t002
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Table 3. Crude and adjusted1 associations between UGD-activity and adverse birth outcomes, among 156,697 women with a birth or fetal death in
the 24-county Barnett Shale area, Texas, Nov. 30, 2010—Nov. 29, 2012.
IDW Sum of UGD Well Activity

No.

Cases

Median (IQR) Wells

Crude OR (95% CI)

Adjusted OR (95% CI)

½ Mile Buffer
Preterm Birth2
0 Wells 10 mi

37,885

3,183

1st Tertile

8,161

682

1 (1–2)

0.99 (0.91, 1.08)

Reference

2nd Tertile

8,412

717

4 (3–5)

1.02 (0.93, 1.11)

1.21 (1.09, 1.33)

3rd Tertile

8,144

654

7 (5–10)

0.95 (0.87, 1.04)

1.14 (1.03, 1.25)

37,882

5,361

1.18 (1.08, 1.29)

SGA3
0 Wells 10 mi
st

Reference

1 Tertile

8,161

964

1 (1–2)

0.81 (0.75, 0.87)

2nd Tertile

8,409

1,063

4 (3–5)

0.88 (0.82, 0.94)

1.01 (0.96, 1.06)

3rd Tertile

8,142

1,013

7 (5–10)

0.86 (0.80, 0.93)

1.01 (0.96, 1.06)

0.95 (0.89, 1.00)

Fetal Death4
0 Wells 10 mi

38,029

147

1st Tertile

8,188

27

1 (1–2)

0.85 (0.57, 1.29)

Reference

2nd Tertile

8,438

29

4 (3–5)

0.89 (0.60, 1.32)

1.10 (0.72, 1.71)

3rd Tertile

8,174

32

7 (5–10)

1.01 (0.69, 1.49)

1.27 (0.82, 1.97)

1.07 (0.69, 1.65)

2 Mile Buffer
Preterm Birth2
0 Wells 10 mi

37,885

3,183

1st Tertile

23,231

1,856

7 (3–13)

0.95 (0.89, 1.01)

Reference

2nd Tertile

23,758

2,006

32 (23–42)

1.01 (0.95, 1.07)

1.16 (1.09, 1.24)

3rd Tertile

23,227

1,921

54 (39–75)

0.98 (0.93, 1.04)

1.14 (1.07, 1.22)

37,882

5,361

1.11 (1.04, 1.19)

SGA3
0 Wells 10 mi
st

Reference

1 Tertile

23,227

2,785

7 (3–13)

0.83 (0.79, 0.87)

2nd Tertile

23,757

2,984

32 (23–42)

0.87 (0.83, 0.91)

0.96 (0.91, 1.01)

3rd Tertile

23,223

2,847

54 (39–75)

0.85 (0.81, 0.89)

0.95 (0.90, 1.00)

0.95 (0.90, 1.00)

Fetal Death4
0 Wells 10 mi

38,029

147

1st Tertile

23,301

74

7 (3–13)

0.82 (0.62, 1.09)

Reference

2nd Tertile

23,860

103

32 (23–42)

1.12 (0.87, 1.44)

1.56 (1.16, 2.11)

3rd Tertile

23,300

77

54 (39–75)

0.85 (0.65, 1.13)

1.16 (0.86, 1.58)

1.14 (0.83, 1.56)

10 Mile Buffer
Preterm Birth2
0 Wells 10 mi

37,885

3,183

1st Tertile

39,169

3,140

10 (1–67)

0.95 (0.90, 1.00)

Reference

2nd Tertile

40,143

3,296

418 (267–748)

0.98 (0.93, 1.03)

1.13 (1.06, 1.20)

3rd Tertile

38,922

3,253

1190 (923–1489)

0.99 (0.95, 1.05)

1.15 (1.08, 1.22)

37,882

5,361

1.02 (0.96, 1.08)

SGA3
0 Wells 10 mi
st

Reference

1 Tertile

39,168

5,233

10 (1–67)

0.94 (0.90, 0.98)

2nd Tertile

40,139

4,924

418 (267–748)

0.85 (0.81, 0.88)

0.95 (0.91, 1.00)

3rd Tertile

38,917

4,877

1190 (923–1489)

0.87 (0.83, 0.91)

0.96 (0.92, 1.01)

0 Wells 10 mi

38,029

147

1st Tertile

39,325

157

10 (1–67)

1.03 (0.83, 1.29)

1.03 (0.98, 1.08)

Fetal Death4
Reference
1.26 (0.99, 1.60)
(Continued)
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Table 3. (Continued)
No.

Cases

Median (IQR) Wells

Crude OR (95% CI)

2nd Tertile

IDW Sum of UGD Well Activity

40,277

138

418 (267–747)

0.89 (0.70, 1.12)

Adjusted OR (95% CI)
1.22 (0.95, 1.57)

3rd Tertile

39,066

149

1190 (923–1490)

0.99 (0.79, 1.24)

1.34 (1.04, 1.72)

UGD: unconventional gas development; IDW: inverse distance weighted; IQR: interquartile range; OR: odds ratio; CI: confidence interval; mi: miles.
1

All models adjusted for maternal age at delivery, pre-pregnancy BMI, race/ethnicity, education, smoking, adequacy of prenatal care utilization, and infant

sex.
2
Preterm Birth models additionally adjusted for previous poor pregnancy outcome; n = 156,119 because fetal deaths are excluded.
3

SGA models additionally adjusted for parity; n = 156,106 because fetal deaths excluded.

4

Fetal death models additionally adjusted for parity and previous poor pregnancy outcome.

https://doi.org/10.1371/journal.pone.0180966.t003

woman’s residence, but only considered UGD wells active during a woman’s pregnancy. Stacy
et al. [20] found increased odds of SGA among women classified in the highest versus lowest
UGD-activity quartile (OR 1.34; 95% CI 1.10, 1.63), but no association with preterm birth. In
contrast, Casey et al. [21] reported increased odds of preterm birth among women in the 2nd
(OR 1.3, 95% CI 1.0, 1.8), 3rd (OR 1.6, 95% CI 1.1, 2.4), and 4th (OR 1.9, 95% CI 1.2, 2.9) UGDactivity quartiles, but no association with SGA. Stacy et al. [20] also found a 21.8 g decrease
(p = 0.02) in birthweight among infants born to women in the highest versus lowest UGDactivity quartile. Though Stacy et al. [20] included gestational age in their birthweight models,
we chose not to adjust for gestational age given its potential to act as a collider and thus, bias
estimates of effect [33].
Given key differences in drilling characteristics (including density and distribution of wells
in urban/rural areas) as well as population characteristics, it is difficult to directly compare our
Table 4. Crude and adjusted1 associations between UGD-activity and birthweight (grams), among 143,237 women with full-term births in the
24-county Barnett Shale area, Texas, Nov. 30, 2010—Nov. 29, 2012.
IDW Sum of UGD Well Activity

No.

Median (IQR) Wells

Crude β (95% CI)

Adjusted β (95% CI)

½ Mile Buffer
0 Wells 10 mi

34,699

1st Tertile

7,479

1 (1–2)

29.63 (18.22, 41.04)

Reference

2nd Tertile

7,693

4 (3–5)

17.30 (6.02, 28.58)

-8.20 (-18.36, 1.96)

3rd Tertile

7,488

7 (5–10)

28.90 (17.50, 40.31)

-0.83 (-12.24, 10.58)

0.12 (-11.80, 12.04)

2 Mile Buffer
0 Wells 10 mi

34,699

1st Tertile

21,373

7 (3–13)

30.11 (22.37, 37.86)

Reference
-4.39 (-12.33, 3.56)

2nd Tertile

21,751

32 (23–42)

18.92 (11.21, 26.63)

-7.75 (-15.94, 0.44)

3rd Tertile

21,303

54 (39–75)

24.17 (16.42, 31.93)

-6.68 (-14.38, 1.02)

10 Mile Buffer
0 Wells 10 mi

34,699

1st Tertile

36,028

9 (1–66)

11.85 (5.15, 18.56)

-7.36 (-14.79, 0.08)

2nd Tertile

36,845

418 (267–751)

25.65 (18.98, 32.31)

-2.58 (-9.75, 4.59)

35,665

1191 (923–1492)

19.82 (13.10, 26.54)

-6.56 (-13.68, 0.56)

rd

3 Tertile

Reference

UGD: unconventional gas development; IDW: inverse distance weighted; IQR: interquartile range; CI: confidence interval; mi: miles.
1

Model adjusted for maternal age at delivery, pre-pregnancy BMI, race/ethnicity, education, parity, smoking, adequacy of prenatal care utilization, previous
poor pregnancy outcome, and infant sex.
https://doi.org/10.1371/journal.pone.0180966.t004
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results with previous studies’ findings. For example, there were 509 total active wells in the
Stacy et al. [20] study and the most highly ‘exposed’ women had  six wells 10 miles of her
home. Casey et al. [21] noted the greatest density of UGD near women’s homes was 122 wells
20 km. The maximum number of wells near women’s homes was not reported by McKenzie
et al. [19]. Our study included >13,000 UGD wells and the median number of wells 10 miles
of the residence of the most highly ‘exposed’ women was 1,188. Additionally, the racial/ethnic
makeup of women in this study is quite different from previous studies, which have included
primarily (73–97%) non-Hispanic white women [19–21]. Women in our study represent a
more diverse population: 39.7% Hispanic, 16.1% Black, and 37.4% non-Hispanic white. Lastly,
women in our study are from primarily urban/suburban areas compared with more rural populations in previous studies.
Both air and water contamination have been linked with UGD-activity, including UGD in
the Barnett Shale. For example, air pollution models indicate urban drilling is a significant
contributor to ambient ozone in the Barnett Shale [34], which may point to increased air toxics
concentrations, given secondary formation of ozone through reactions between nitrogen
oxides and VOCs [35]. Investigators have also demonstrated pollutant migration and groundwater contamination related to natural gas production in the Barnett Shale area [6]. In addition to chemical contamination, communities near UGD may be burdened by non-chemical
stressors (see directed acyclic graph developed by Casey et al. [36]), which could affect health
outcomes through altered allostatic load [37, 38]. In some areas, UGD occurs 24-hours a day
and involves generator noise, increased truck traffic, noxious odors, and light pollution [15].
The temporarily increased workforce can lead to transient population growth with accompanying demands for goods and services [39]. UGD’s presence may also contribute to conflict
and distrust, as well as division, within communities [40]. Such “boomtown” psychosocial
effects have been indicated in UGD risk assessments as potential drivers of adverse health outcomes [11, 15, 31].
Endocrine disruption has been suggested as a possible mechanism through which UGDrelated contaminants may increase risk of adverse perinatal outcomes including stillbirth, preterm birth, and decreased birthweight [9, 41, 42]. Some air pollutants may also affect preterm
birth via oxidative stress, endothelial dysfunction, or inflammation [43, 44]. The maternal
stress response (resulting from either chemical or non-chemical stressors) may also result in
‘dysregulated parturition’ and an altered ‘pregnancy clock’, ultimately leading to preterm
delivery [45, 46]. The mechanism through which exposure to UGD-related contaminants may
result in fetal death is less clear. It has been posited that some air pollutants may be directly
transported across the placenta resulting in hypoxia or immune-mediated injury of the fetus
[47]. Reduced oxygen-carrying capacity of maternal hemoglobin and alterations in transplacental function have also been suggested [48]. Fetuses may be spontaneously terminated
among women in particularly stressful circumstances [49, 50], providing an additional mechanism through which fetal death may be impacted among women near UGD who experience
chemical and non-chemical stressors.
One of the strengths of this study was the large sample size, even when considering UGDactivity relatively close to women’s homes. Though it is a rare outcome, our large sample size
allowed us to explore the association between UGD-activity and fetal death, which other studies have not considered. It is possible that women with preterm births or fetal deaths may be
assigned lower values for UGD-activity than women with term births simply due to their
shorter gestational periods. However, we anticipate that the result of any such bias would be
toward the null. Because spatial autocorrelation can lead to biased estimates when using spatially derived data [51], we also assessed potential impact of clustering of women within census-tracts using GEEs with an exchangeable error structure. Impact of maternal residential
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mobility may also result in bias. However, though Canfield et al. [52] report that approximately
32% of women in Texas change residence between conception and delivery, Lupo et al. [53]
found, among women who do move, assignment of area-level exposure was not largely
impacted by the use of residence at conception versus residence at delivery.
Though the exposure metric utilized in this study was non-specific, our goal was not to
examine risk related to any specific chemical. Rather, it was to examine effects of living near
increased UGD-activity, which encompasses potential exposure to a multitude of chemical
and non-chemical stressors, through a variety of pathways. Our use of proximity to UGDactivity assumes that women who reside near wells are more likely to be exposed (or to be
exposed at higher levels) to these stressors than women living farther away. Still, there is some
uncertainty regarding the ideal distance within which to capture UGD-activity.
Prior studies evaluating maternal residential proximity to UGD and birth outcomes focused
on UGD 10 miles of the maternal residence. However, we posit it may be more plausible for
UGD-activity to affect perinatal outcomes (via increased chemical and non-chemical stressors)
at a much smaller distance. Many air toxics, such as benzene, are highly volatile in the atmosphere and undergo degradation relatively quickly [54]–thus emissions of such pollutants are
more likely to influence exposure of populations living near to, rather than far from, the
source. McKenzie et al. [31] conducted an air pollution-focused risk assessment in Garfield
County, CO and noted that residents ½-mile of a well pad had greater non-cancer health
hazards than residents living further away. Results from a study near Dallas-Fort Worth indicated elevated modelled air toxics concentrations (e.g., acrolein, formaldehyde) near fence
lines of wells (~600 feet), suggesting potential increased air pollution relatively near wells [12,
55]. To our knowledge, no published studies have evaluated personal exposure to UGD-related
air pollution among individuals living varying distances from well sites. Nonetheless, a mechanism through which UGD-related chemical and non-chemical stressors increases risk of
adverse health outcomes seems to have greater plausibility at more proximal distances. Thus,
comprehensive exposure assessment studies are needed to inform relevant distances within
which to best capture UGD-activity as it potentially relates to adverse health outcomes.
We found evidence of an association between maternal residential proximity to UGD-activity and preterm birth and limited evidence of an association with fetal death among a diverse
population of women living near the Barnett Shale. Though there may be differences in air pollution emissions during completion and production phases of UGD drilling [10, 56], we
defined UGD-activity metrics without regard to drilling phase. Thus, we are presently working
toward estimation of phase-specific UGD-activity metrics to inform potential differences in
perinatal health risks related to drilling phase. Additionally, we are pursuing methods to
improve the assignment of exposure given potential differences in time-at-risk between preterm births and fetal deaths compared with term births. Nonetheless, the lack of detailed exposure assessment data remains a critical gap in understanding potential health risks associated
with UGD-activity. Exposure assessment studies would serve to quantify chemical and nonchemical stressors to which residents living near UGD are exposed, validate UGD-activity
metrics like the one used in this and previous studies [19–21], and inform the most relevant
distances within which to characterize chemical and non-chemical stressors. Future priority
should be placed on obtaining such information to better characterize risk and inform epidemiologic studies.
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BACKGROUND: Studies of unconventional gas development (UGD) and preterm birth (PTB) have not presented risk estimates by well development
phase or trimester.
OBJECTIVE: We examined phase and trimester-speciﬁc associations between UGD activity and PTB.
METHODS: We conducted a case–control study of women with singleton births in the Barnett Shale area, Texas, from 30 November 2010 to 29
November 2012. We individually age- and race/ethnicity-matched ﬁve controls to each PTB case (n = 13,328) and truncated controls’ time at risk
according to the matched case’s gestational age. We created phase-speciﬁc UGD-activity metrics: a) inverse squared distance–weighted (IDW) count
of wells in the drilling phase ≤0:5 mi (804.7 meters) of the residence and b) IDW sum of natural gas produced ≤0:5 mi of the residence. We also constructed trimester- and gestation-speciﬁc metrics. Metrics were categorized as follows: zero wells (reference), ﬁrst, second, third tertiles of UGD activity. Analyses were repeated by PTB severity: extreme, very, and moderate (<28, 28 to <32, and 32 to <37 completed weeks). Data were analyzed
using conditional logistic regression.
RESULTS: We found increased odds of PTB in the third tertile of the UGD drilling {odds ratio ðORÞ = 1:20 [95% conﬁdence interval (CI): 1.06, 1.37]}
and UGD-production [OR = 1:15 (1.05, 1.26)] metrics. Among women in the third tertile of UGD-production, associations were strongest in trimesters one [OR = 1:18 (1.02, 1.37)] and two [OR = 1:14 (0.99, 1.31). The greatest risk was observed for extremely PTB [third tertile ORs: UGD drilling,
2.00 (1.23, 3.24); UGD production, 1.53 (1.03–2.27)].
CONCLUSIONS: We found evidence of diﬀerences in phase- and trimester-speciﬁc associations of UGD and PTB and indication of particular risk associated with extremely preterm birth. Future studies should focus on quantifying speciﬁc chemical and nonchemical stressors associated with UGD.
https://doi.org/10.1289/EHP2622

Introduction
Recent innovations in oil and gas extraction have led to increased
use of unconventional gas development (UGD) strategies (U.S.
EIA 2010). UGD involves high-volume hydraulic fracturing
(“fracking”) coupled with directional or horizontal drilling (Rahm
2011) to extract oil and gas from previously untapped shale formations. UGD includes a process of injecting a pressurized mixture of
large volumes of water, sand, and potentially hazardous chemicals
into wellbores, fracturing the rock and enabling outﬂow of trapped
oil or gas (U.S. EPA 2013).
In addition to potential chemical contamination from fracking
ﬂuid, the industrial processes and equipment surrounding UGD,
such as condensate tanks, well head compressors, pumps, and
processing facilities, may contribute to air or water contamination
(Fontenot et al. 2013; Moore et al. 2014; Vengosh et al. 2014).
Additionally, heavy use of diesel trucks and equipment can result
in increased ambient concentrations of particulate matter and diesel particulate matter during various phases of UGD (Coons and
Walker 2008; Litovitz et al. 2013; Moore et al. 2014; Zielinska et al.
2011). Airborne volatile organic compounds (VOCs; e.g., benzene)
and polycyclic aromatic hydrocarbons (PAHs; e.g., naphthalene,
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benzo[a]pyrene) have been detected near well drilling sites in several states (Colborn et al. 2014; Macey et al. 2014; McKenzie et al.
2012; TCEQ 2010).
Many contaminants associated speciﬁcally with UGD have
been identiﬁed as reproductive or developmental toxicants (Elliott
et al. 2017). Chemicals associated with UGD may also act as endocrine disruptors (EDs) (Elliott et al. 2017; Kassotis et al. 2014;
Kassotis et al. 2016), often at levels far below regulatory thresholds
(Vandenberg et al. 2012; Welshons et al. 2003). Human and animal
studies demonstrate that endocrine-disrupting chemicals can alter
reproductive function and interfere with normal fetal development
(Lupo et al. 2011; Maﬃni et al. 2006; Webb et al. 2014). Further,
nonchemical stressors such as noise and light pollution and community and social disruption may also be present in areas where
well development activity is prevalent (Adgate et al. 2014;
Korfmacher et al. 2013). It has been suggested that nonchemical
stressors may aﬀect susceptibility to chemical stressors by increasing allostatic load (McEwen 1998; Morello-Frosch and Shenassa
2006).
Previous studies have indicated positive associations between
maternal residential proximity to well development activity (including UGD-speciﬁc activity) and adverse perinatal outcomes (Casey
et al. 2016; McKenzie et al. 2014; Stacy et al. 2015; Whitworth
et al. 2017), with some conﬂicting results regarding preterm birth.
Whitworth et al. (2017) and Casey et al. (2016) each reported statistically signiﬁcant positive associations between maternal residential proximity to UGD and preterm birth, whereas McKenzie
et al. (2014) found a statistically signiﬁcant negative association.
Although Stacy et al. (2015) found no association between preterm
birth and UGD among women in the highest two exposure quartiles, they reported statistically signiﬁcantly decreased odds of preterm birth among women classiﬁed in the second exposure
quartile. Exposure to UGD-related contaminants may aﬀect preterm birth via oxidative stress and inﬂammation (Li et al. 2017;
Slama et al. 2008) or via endocrine disruption (Balise et al. 2016;
Elliott et al. 2017; Kassotis et al. 2014, 2016). Moreover, given
potential increased psychosocial stressors associated with living

037006-1

near drilling sites, a maternal stress response may be activated,
stimulating parturition (Brou et al. 2012; Menon et al. 2016).
Although existing studies provide some evidence of increased
risk of preterm birth among women who live near UGD, they
have not addressed potential critical windows of susceptibility
and timing of prenatal exposure relative to gestation. Because
UGD activities and emissions may vary by phase of well development, we hypothesized that risks associated with proximity to
such activities would also vary (Brown et al. 2015; McKenzie
et al. 2012; Rich et al. 2014). To our knowledge, previous studies
have not published separate relative risk estimates for the association between UGD activity and preterm birth by well development phase, nor have speciﬁc relative risks been examined within
pregnancy trimesters. Given this gap, we conducted a case–control study of preterm births nested within a cohort of women in
the Barnett Shale region in Texas. Our goals were to examine the
association between maternal residential proximity to UGD and
preterm birth separately during two well development phases and
to explore whether these associations varied by trimester.

Methods
Study Population
We conducted a case–control study nested within the cohort of
166,966 women with a singleton birth in the 24 counties covering
the Barnett Shale area, Texas (Whitworth et al. 2017). This birth
cohort was constructed based on all birth records in the study
area from 30 November 2010 to 29 November 2012 obtained
from the Texas Department of State Health Services, Center for
Health Statistics. Two estimates of gestational age were recorded
on the birth record: one based on the woman’s reported last
menstrual period (LMP) and a second clinical-based estimate.
Implausible birth weight for gestational age combinations were
corrected using methods described by Basso and Wilcox (2010).
Records missing both the LMP-based and clinical-based estimates of gestational age were excluded (n = 28), as were records
for which both estimates indicated a gestational age either
<22 wk or >44 completed weeks (n = 185). An additional 227
( ∼ 0:1%) records were excluded for implausible birth weight for
gestational age estimates, leaving 166,526 births.
A total of 366 records had a post oﬃce box or incomplete information regarding the maternal residential address at birth. Of the
remaining 166,160 birth records, street-level geocoded location of
the maternal residential address was available for 164,991 records:
161,810 were geocoded by the TX DSHS, and we manually geocoded 3,180 records in ArcMap 10.2.1 (ESRI). We subsequently
excluded 1,164 births because the geocoded location of the maternal residence at birth was mapped outside the study area.

Preterm Birth
Among the 163,827 singleton births with an available estimate of
gestational age and geocoded maternal address at birth, we identiﬁed all cases of preterm birth, deﬁned as completed gestational
age <37 wk. The control group consisted of term births (i.e.,
completed gestational age ≥37 wk) and was randomly selected
and individually matched with cases by maternal age group
(≤20, 21–25, 26–30, 31–35, and ≥35 wk) and race/ethnicity
(non-Hispanic black, Hispanic, non-Hispanic white, and other).
We identiﬁed 13,549 cases of preterm birth and selected ﬁve controls per case for a total of 67,745 controls. By deﬁnition, controls will have a longer time at risk than cases of preterm birth
owing to their longer gestation. Thus, for the present analysis, we
truncated controls’ time at risk based on the gestational age of the
matched case.
Environmental Health Perspectives

Exposure Assessment
We used a commercially available site, DrillingInfo (www.
drillinginfo.com), to obtain data for all active UGD wells in the
Barnett Shale between 1 January 2010 and 29 November 2012.
We included data for wells as far back as January 2010 to characterize UGD activity across gestation for the earliest births in our
study. DrillingInfo is updated on a bimonthly basis, and data
used in this study were queried on 12 May 2015. For each UGD
well in the 24-county Barnett Shale area, we obtained latitude and
longitude, spud date (i.e., the date on which ground was broken in
the process of well development), and most recent completion date
[i.e., the date on which installation of well casing and hydraulic
fracturing was completed (Wood et al. 2011)]. We also obtained
the well-level monthly gas production as estimated by DrillingInfo
in units of 1,000 cubic feet of natural gas (MCF). We then estimated daily gas production for each well assuming equal production throughout the month by dividing the estimated monthly gas
production by the number of days in the month. UGD wells that
were permitted but had not yet been drilled were not included in
this study. We identiﬁed 14,351 unique UGD wells.
We estimated UGD activity proximal to the maternal residence
at birth by ﬁrst creating geographic buﬀers representing a 0:5-mi
(804.7 meters) radius around the residence for each woman in the
study. Then, for each woman during her time at risk during pregnancy, we calculated the geodesic distance from the residence to
each well located within the 0:5-mi buﬀer. This distance was
selected a priori given previous work identifying increased risk for
PTB within 0:5 mi of UGD activity (Whitworth et al. 2017) as well
as a health impact assessment (McKenzie et al. 2012) indicating
elevated hazard indices when residing within 0:5-mi of UGD
activity.
In addition to creating metrics representing activity across the
at-risk pregnancy period, we also calculated trimester-speciﬁc
metrics that captured activity during each of the three trimesters,
deﬁned as the ﬁrst 13 wk (trimester 1), weeks 14–27 (trimester
2), and weeks ≥28 ðtrimester 3Þ (Nguyen and Wilcox 2005).
Moreover, we created separate UGD activity metrics reﬂecting
drilling and production activity within 0:5 mi of the residence.
We created the UGD drilling metric according to
UGDdrilling =

n
X
1
,
d2
i=1 i

where i is a given well in the drilling phase within 0:5 mi of the
maternal residence during the period of interest (i.e., trimesters 1,
2, or 3, or the entire pregnancy), d is the exact geodesic line distance between well i and the residence, and n is the total number
of wells in the drilling phase within 0:5 mi of the maternal residence. We used a similar calculation to construct the UGD production metric:
n P
X
MCF
UGDproduction =
,
di2
i=1
where RMCF represents the cumulative daily gas produced over
the period of interest (i.e., trimesters 1, 2, or 3, or the entire pregnancy), and n is the total number of wells in the production phase
within 0:5 mi (804.7 meters) of the maternal residence. All other
terms are as in the UGD drilling metric. We categorized UGD drilling and production metrics by tertiles among controls with at least
one well within 0:5 mi of the residence in the drilling or production
phase, respectively. Women with zero UGD drilling and production wells within 0:5 mi of the residence served as the common
referent group. Preliminary analyses of continuous IDW measures
revealed weak correlation between the drilling and production
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metrics (Pearson’s q = 0:23) and between their respective tertiles
(Spearman’s q = 0:34); thus, analyses proceeded by treating the
two measures as independent.

Statistical Analysis
The following covariates were recorded from birth records: maternal
education (<high school, high school graduate, some college, college
graduate), parity (0, ≥1), smoking during pregnancy (yes/no), prepregnancy body mass index (BMI; ≤18:5 kg=m2 , 18:5–24:9 kg=m2 ,
25:0–29:9 kg=m2 , 30:0–34:9 kg=m2 , ≥35:0 kg=m2 ), infant sex, and
previous poor pregnancy outcome (including a previous preterm
birth, small-for-gestational age or intrauterine-growth restricted
infant, or perinatal death/pregnancy termination) (yes/no). Timing
and frequency of prenatal care was represented using the Kotelchuck
Adequacy of Prenatal Care Utilization Index (APCUI; inadequate, intermediate, adequate, adequate plus, unknown) (Kotelchuck 1994).
The “unknown” category includes women for whom the date of the
ﬁrst prenatal visit or the number of prenatal visits is missing, but for
whom the birth record indicates that prenatal care was received. The
“adequate plus” category represents women who have more than the
recommended number of prenatal care visits, presumably because of
high-risk pregnancies (Kotelchuck 1994). Given the consistent association between distance to the nearest major roadway (a proxy for
traﬃc-related air pollution) with adverse pregnancy outcomes in previous studies (Stieb et al. 2012), we also created a variable representing maternal residential distance to the nearest major roadway.
Brieﬂy, we used maps from the Texas Department of Transportation
(TXDOT 2015) to isolate roadways classiﬁed as interstates or major
arteries according to the Federal Highway Functional Classiﬁcation
System and calculated the exact line distance from these roads to each
woman’s residence. For analysis, this variable was dichotomized
based on whether there was a major roadway within 300 meters of the
residence (Wu et al. 2011).
We implemented conditional logistic regression to examine the
association between UGD drilling and production metrics and preterm birth during the entire pregnancy and for each trimester.
Because cases and controls were matched on maternal age and
race/ethnicity, these variables were not included in regression
models. To enhance the comparability of phase- and trimesterspeciﬁc models, we included the following set of covariates that
were statistically signiﬁcantly (p < 0:05) associated with preterm
birth in all ﬁnal adjusted models: prepregnancy BMI, education,
smoking during pregnancy, infant sex, previous poor pregnancy
outcome, and the Adequacy of Prenatal Care Utilization Index.
Owing to missing data for some covariates, the ﬁnal sample size
for analysis was 13,332 cases and 66,933 controls, individually
matched on maternal age and race/ethnicity. We computed pvalues for linear trend by including the UGD variable in the regression model as a continuous variable.
Because preterm birth is heterogeneous and risk factors may
vary according to the severity of prematurity (Moutquin 2003), we
conducted sensitivity analyses evaluating associations according
to the following multilevel categorization of preterm birth as
deﬁned by the World Health Organization (March of Dimes et al.
2012): extremely preterm (<28 completed weeks), very preterm
(28 to <32 completed weeks), and moderately preterm (32 to <37
completed weeks). Subcategories were modeled simultaneously in
a polytomous regression. All analyses were performed using SAS
version 9.4 (SAS Institute Inc.), Stata version 13.1 (StataCorp LP),
or ArcMap version 10.2.1 (ESRI). This study was approved by the
UTHealth Committee for the Protection of Human Subjects and
the TX DSHS Institutional Review Board (IRB). Further, given
that this study relied on secondary data analysis of existing records,
informed consent was not required.
Environmental Health Perspectives

Results
The mean age of study subjects was 27.5 y [standard deviation
ðSDÞ cases = 6:5, controls = 6:4) (Table 1). Most of the women in
this study identiﬁed as Hispanic (37.9%); one-third (33.3%) of the
women identiﬁed as non-Hispanic white, and 22.8% identiﬁed as
non-Hispanic black. Slightly more cases than controls were overweight (13.2% vs. 12.3%) or obese (10.4% vs. 9.1%). Cases were
also more likely to report smoking during pregnancy (5.9% vs.
4.2%), to not have a college degree (81.0% vs. 77.2%), to have a
history of a poor pregnancy outcome (2.2% vs. 1.6%), and to have
male infants (54.6% vs. 51.0%). Although similar proportions of
cases and controls were classiﬁed as having inadequate utilization
of prenatal care, a larger proportion of controls had intermediate
(15.2% vs. 8.0%) or adequate (42.4% vs. 19.1%) prenatal care utilization, and far more cases were classiﬁed as having adequate plus
(41.8% vs. 16.1%) prenatal care utilization, potentially indicating
high-risk pregnancies. Parity was similar for cases and controls.
The distribution of covariates by preterm birth severity was similar
with some exceptions: A higher proportion of extremely preterm
birth was observed among women who were non-Hispanic black,
had BMI ≥35 kg=m2 , and had an unknown APCUI (see Table S1).

Table 1. Characteristics of women with a singleton birth in the Barnett
Shale between 30 November 2010 and 29 November 2012 by preterm birth
case status (cases, n = 13,549; controls, n = 67,745).
Characteristic
Maternal age in years, mean ± SD
<20
21–25
26–30
31–35
≥36
Race/ethnicity
Hispanic
Non-Hispanic white
Non-Hispanic black
Other
Prepregnancy BMI (kg=m2 )
<18:5
18.5–24.9
25.0–29.9
30–34.9
≥35:0
Missing
Maternal education
<High school
High school graduate
Some college
College degree
Missing
Adequacy of prenatal care utilization
Inadequate
Intermediate
Adequate
Adequate plus
Unknown
Smoked during pregnancy
No
Yes
Missing
Previous poor pregnancy outcomea
No
Yes
Infant sex
Male
Female

Cases n (%)
27:5 ± 6:5
2,218 (16.4)
3,359 (24.8)
3,436 (25.4)
2,787 (20.6)
1749 (12.9)

Controls n (%)
27:5 ± 6:4
11,090 (16.4)
16,795 (24.8)
17,180 (25.4)
13,935 (20.6)
8,745 (12.9)

5,137 (37.9)
4,514 (33.3)
3,083 (22.8)
815 (6.0)

25,685 (37.9)
22,570 (33.3)
15,415 (22.8)
4,075 (6.0)

620 (4.6)
6,642 (49.0)
2,984 (22.0)
1,780 (13.1)
1,414 (10.4)
109 (0.8)

2,519 (3.7)
34,733 (51.3)
15,657 (23.1)
8,330 (12.3)
6,133 (9.1)
373 (0.6)

3,038 (22.4)
4,484 (33.1)
3,460 (25.5)
2,550 (18.8)
17 (<0:1)

14,322 (21.1)
20,869 (30.8)
17,077 (25.2)
15,442 (22.8)
35 (<0:1)

3,016 (22.3)
1,080 (8.0)
2,590 (19.1)
5,657 (41.8)
1,206 (8.9)

15,046 (22.2)
10,323 (15.2)
28,724 (42.4)
10,877 (16.1)
2,775 (4.1)

12,644 (93.3)
804 (5.9)
101 (0.7)

64,496 (95.2)
2,812 (4.2)
437 (0.6)

13,251 (97.8)
298 (2.2)

66,635 (98.4)
1,110 (1.6)

7,402 (54.6)
6,147 (45.4)

34,525 (51.0)
33,220 (49.0)

Note: BMI, body mass index; SD, standard deviation.
a
Includes previous preterm birth, small-for-gestational age, intrauterine growth restriction, and perinatal death/pregnancy termination.
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Table 2. Adjusted associations between unconventional gas development (UGD) activity during pregnancy and preterm birth among 80,257 women with a singleton birth in the Barnett Shale, 30 November 2010–29 November 2012.
Exposure
0 Wells
1st Tertile
2nd Tertile
3rd Tertile
p-Trendb

n
68,256
1,813
1,831
1,912

UGD-Drilling Activity
Cases
11,290
283
295
342

aORa (95% CI)

n

Reference
1.03 (0.90, 1.18)
1.03 (0.90, 1.18)
1.20 (1.06, 1.37)
<0:01

68,256
3,502
3,519
3,621

UGD-Production Activity
Cases
aORa (95% CI)
11,290
577
608
635

Reference
1.07 (0.97, 1.17)
1.13 (1.02, 1.24)
1.15 (1.05, 1.26)
<0:01

Note: aOR, adjusted odds ratio; CI, confidence interval.
a
ORs were derived using conditional logistic regression, and five controls were individually matched to each case on maternal age (≤20, 21–25, 26–30, 31–35, ≥35 y) and race/ethnicity (non-Hispanic black, Hispanic, non-Hispanic white, other). The time at risk of each control was truncated based on the gestational age of the matched case. ORs were adjusted for
prepregnancy body mass index, maternal education, smoking, Adequacy of Prenatal Care Utilization index, previous poor pregnancy outcome, and infant sex.
b
Computed by including the UGD variable in the regression model as a continuous variable.

Relative to women with no UGD wells near their homes, we
observed odds ratios (ORs) near the null value for women in the
ﬁrst {OR = 1:03 [95% conﬁdence interval (CI): 0.90, 1.18]} and
second [OR = 1:03 (95% CI: 0.90, 1.18)] tertiles of UGD drilling
activity during pregnancy. In contrast, women classiﬁed in the
highest tertile of drilling activity had 20% higher odds of preterm
birth (95% CI: 6%, 37%) compared with women with no UGD
wells. Increasing, albeit moderate, associations were observed
between UGD production activity during pregnancy and preterm
birth across all tertiles (Table 2). We observed statistically significant (p < 0:01) p-values for trend across tertiles of each metric.
Trimester-speciﬁc associations between maternal residential
proximity to UGD activity and preterm birth are presented in
Table 3. Among women classiﬁed in the highest tertile of UGD
drilling activity, we observed little trimester-speciﬁc variability
in associations with preterm birth (increase in odds ranged from
19–24%). Among women living near the greatest density of UGD
production activity, we observed the strongest associations with
preterm birth in the ﬁrst two trimesters.
We also examined the associations by preterm birth severity
(extremely, very, and moderately preterm) using polytomous
regression (Table 4). Owing to small cell counts, we were unable
to explore trimester-speciﬁc associations among these subtypes.
This analysis revealed the strongest associations between UGD
activity and extremely preterm births. Compared with women

with no UGD wells within 0:5 mi of their homes, women classiﬁed in the highest tertile of the UGD drilling or production activity metrics had 2.0 (95% CI: 1.23, 3.24) and 1.53 (95% CI: 1.03,
2.27) times the odds of extremely preterm birth, respectively. We
observed only modest associations between UGD activity and
moderately preterm birth among women classiﬁed in the highest
tertiles of the UGD drilling [OR = 1:18 (95% CI: 1.03, 1.36)] and
production [OR = 1:15 (95% CI: 1.04, 1.27)] metrics. Little evidence was observed for an association between UGD activity and
very preterm birth.

Discussion
In this large case–control study nested within a cohort, we observed
evidence of a positive association between maternal residential
proximity to UGD activity and preterm birth. We observed evidence of UGD phase-speciﬁc diﬀerences in risk of preterm birth,
although the magnitude of diﬀerences was small. We observed little diﬀerence in trimester-speciﬁc risk associated with UGD drilling activity, but our results appear to suggest slightly greater risk
of preterm birth associated with UGD production activity earlier in
pregnancy. Not only is our study the ﬁrst to examine phase and
trimester-speciﬁc UGD associations with preterm birth, but given
our large sample size, we were also able to examine potential differences in risk according to severity of preterm birth. We found

Table 3. Adjusted associations between unconventional gas development (UGD) activity during pregnancy and preterm birth among 80,257 women with a
singleton birth in the Barnett Shale, 30 November 2010–29 November 2012.
Exposure
Trimester One
0 Wells
1st Tertile
2nd Tertile
3rd Tertile
p-trendb
Trimester Two
0 Wells
1st Tertile
2nd Tertile
3rd Tertile
p-trendb
Trimester Three
0 Wells
1st Tertile
2nd Tertile
3rd Tertile
p-Trendb

n

UGD-Drilling Activity
Cases
aORa (95% CI)

n

UGD-Production Activity
Cases
aORa (95% CI)

68,256
1,482
1,116
898

11,290
227
169
167

Reference
1.03 (0.88, 1.19)
0.96 (0.80, 1.14)
1.24 (1.03, 1.49)
0.11

68,256
4,937
3,081
1,408

11,290
791
558
252

Reference
1.03 (0.95, 1.12)
1.20 (1.09, 1.33)
1.18 (1.02, 1.37)
<0:01

68,256
1,380
1,077
878

11,290
233
183
161

Reference
1.10 (0.94, 1.28)
1.15 (0.96, 1.33)
1.21 (1.00, 1.45)
<0:01

68,256
5,135
3,324
1,574

11,290
820
594
279

Reference
1.02 (0.94, 1.11)
1.19 (1.08, 1.31)
1.14 (0.99, 1.31)
<0:01

68,256
799
527
358

11,290
134
82
63

Reference
1.13 (0.93, 1.39)
0.95 (0.73, 1.22)
1.19 (0.89, 1.60)
0.31

68,256
5,994
2,508
745

11,290
1,024
451
109

Reference
1.10 (1.02, 1.19)
1.19 (1.06, 1.33)
0.89 (0.72, 1.10)
0.01

Note: aOR, adjusted odds ratio; CI, confidence interval.
a
ORs were derived using conditional logistic regression, and five controls were individually matched to each case on maternal age (≤20, 21–25, 26–30, 31–35, ≥35 y) and race/ethnicity (non-Hispanic black, Hispanic, non-Hispanic white, other). The time at risk of each control was truncated based on the gestational age of the matched case. ORs were adjusted for
prepregnancy body mass index, maternal education, smoking, Adequacy of Prenatal Care Utilization index, previous poor pregnancy outcome, and infant sex.
b
Computed by including the UGD variable in the regression model as a continuous variable.
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Table 4. Adjusted associations between unconventional gas development (UGD) activity during pregnancy and severity of preterm birth among 80,257 women
with a singleton birth in the Barnett Shale, 30 November 2010–29 November 2012.
Exposure
Extremely preterm
0 Wells
1st Tertile
2nd Tertile
3rd Tertile
p-trendb
Very preterm
0 Wells
1st Tertile
2nd Tertile
3rd Tertile
p-trendb
Moderately preterm
0 Wells
1st Tertile
2nd Tertile
3rd Tertile
p-Trendb

n

UGD-Drilling Activity
Cases
aORa (95% CI)

n

UGD-Production Activity
Cases
aORa (95% CI)

68,256
1,813
1,831
1,912

873
15
13
28

Reference
1.00 (0.56, 1.81)
0.66 (0.35, 1.22)
2.00 (1.23, 3.24)
0.12

68,256
3,502
3,519
3,621

873
49
46
38

Reference
1.22 (0.86, 1.74)
1.14 (0.80, 1.63)
1.53 (1.03, 2.27)
0.03

68,256
1,813
1,831
1,912

1,194
31
32
27

Reference
1.31 (0.87, 1.98)
0.95 (0.63, 1.42)
0.97 (0.62, 1.52)
0.98

68,256
3,502
3,519
3,621

1,194
48
61
54

Reference
0.86 (0.62, 1.20)
1.19 (0.88, 1.60)
1.01 (0.74, 1.39)
0.67

68,256
1,813
1,831
1,912

9,223
237
250
287

Reference
1.00 (0.86, 1.17)
1.06 (0.92, 1.23)
1.18 (1.03, 1.36)
0.02

68,256
3,502
3,519
3,621

9,223
480
501
543

Reference
1.08 (0.97, 1.20)
1.12 (1.01, 1.24)
1.15 (1.04, 1.27)
<0:01

Note: aOR, adjusted odds ratio; CI, confidence interval.
a
ORs were derived using conditional logistic regression, and five controls were individually matched to each case on maternal age (≤20, 21–25, 26–30, 31–35, ≥35 y) and race/ethnicity (non-Hispanic black, Hispanic, non-Hispanic white, other). The time at risk of each control was truncated based on the gestational age of the matched case. ORs were adjusted for
prepregnancy body mass index, maternal education, smoking, Adequacy of Prenatal Care Utilization index, previous poor pregnancy outcome, and infant sex.
b
Computed by including the UGD variable in the regression model as a continuous variable.

the strongest associations between UGD activity, regardless of
phase, and extremely preterm birth.
Few previous studies have examined UGD activity in relation
to preterm birth. A previous analysis of women in the Barnett
Shale, without consideration of drilling phase, indicated increased
odds of preterm birth associated with maternal residential proximity to UGD activity regardless of whether UGD activity was
captured within 0.5-, 2-, or 10-mile (804.7-, 3,218.7-, or 16,093.4meter) residential buﬀers (third-tertile ORs ranging from 1.14–
1.15) (Whitworth et al. 2017). Two previous studies conducted in
the Marcellus Shale, in Pennsylvania, reported conﬂicting results.
Casey et al. (2016) considered all active UGD wells in the state
during a woman’s pregnancy and reported a positive association
between UGD activity and preterm birth [fourth vs. ﬁrst quartile
OR = 1:9 (95% CI: 1.2, 2.9)]. Although they did not present ORs
among extremely or very preterm births, Casey et al. (2016) did
restrict their analysis to moderate and late preterm births [fourth vs.
ﬁrst quartile OR = 1:5 (95% CI: 1.0, 2.4)]. In addition, although
Casey et al. (2016) initially constructed individual phase-speciﬁc
metrics, because of high collinearity between them (q, 0.6–0.9),
they were each z-transformed and summed to create a ﬁnal metric
of total UGD activity; the authors did not present risk estimates by
phase (Casey et al. 2016). Stacy et al. (2015) considered wells that
were active during the year of the child’s birth and that were
located within 10 miles (16,093.4 meters) of a woman’s residence;
they found no association with preterm birth. In a study conducted
in Colorado, McKenzie et al. (2014) reported a small protective
eﬀect between increased well development activity and preterm
birth, but like Stacy et al. (2015), they included active wells within
10 miles of the maternal residence at any time during the year of the
child’s birth. Further, no distinction was made between conventional and unconventional drilling in that study. In sensitivity analyses, McKenzie et al. (2014) also reported associations for well
development activity within smaller residential buﬀers [i.e., 2 and 5
miles (3,218.7 and 8,046.7 meters)] and preterm birth; in each of
these analyses, the protective eﬀect observed among women in the
highest tertile disappeared. Interestingly, we found the strongest
association with UGD activity among extremely preterm births,
with little evidence of an association with very preterm births and
Environmental Health Perspectives

only a modest association with moderately preterm births. To our
knowledge, ours is the ﬁrst study to examine the association
between UGD activity and preterm birth severity.
Identifying potential critical windows of susceptibility during
pregnancy when exposures may have particularly harmful eﬀects
on the fetus has been identiﬁed as a methodologic challenge in
studying the relationship between environmental exposures and
perinatal health end points (Woodruﬀ et al. 2009). It has been posited that early pregnancy may be important because it is during this
period that development and attachment of the placenta occurs,
and initial genetic programming is determined (Ritz and Wilhelm
2008; Woodruﬀ et al. 2009). However, a consensus as to the most
important critical window of susceptibility for preterm birth has
not been reached and may vary given the severity of preterm birth
as well as diﬀerent exposures. Although previous studies investigating the association between UGD and preterm birth have not
examined windows of susceptibility, evidence from studies evaluating air pollution impacts on fetal growth and preterm birth indicate potentially stronger eﬀects during the ﬁrst and third trimesters
(Ritz and Wilhelm 2008; Woodruﬀ et al. 2009). In the present
study, trimester-speciﬁc diﬀerences in risk associated with UGD
drilling activity were minimal. However, our results are suggestive
of greater risk of preterm birth associated with UGD production activity in the ﬁrst two trimesters. Although the correlation between
trimester-speciﬁc drilling metrics was relatively small (Pearson’s
q = 0:16–0:18), there was relatively high correlation between
trimester-speciﬁc production metrics (Pearson’s q = 0:54–0:85),
likely because of the long duration of the production period over
the life cycle of a well. Thus, our ability to detect independent associations by trimester was limited.
Maternal residential proximity to UGD encompasses a range of
potential exposures, including chemical contamination of ambient
air and drinking water, as well as nonchemical stressors. Although
it is possible that local water sources may be contaminated owing
to UGD activity, water contamination is episodic in nature (U.S.
EPA 2016). Further, the population of the present study in the
Barnett Shale is primarily from urban and suburban areas and is not
likely to rely on private water sources. However, UGD activities
that may result in increased ambient air contamination (e.g., the
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use of diesel-powered equipment, generators, and trucks) occur
continuously throughout the drilling process. Modeling of ambient
air pollution in the Barnett Shale has implicated UGD as a contributor to ambient ozone concentrations in the area (Olaguer 2012),
which may also indicate increased concentrations of volatile organic compounds (VOCs) because ozone is a secondary pollutant
formed in reactions between nitrogen oxides and VOCs in the presence of sunlight. UGD has also been associated with increased ambient concentrations of benzene (Bunch et al. 2014; Halliday et al.
2016; Macey et al. 2014; Pétron et al. 2014; Rich et al. 2014;
Warneke et al. 2014; Zielinska et al. 2011).
To our knowledge, ours is the ﬁrst study to report relative risk
estimates of the association between UGD and preterm birth by
well development phase. Even so, the data we obtained for wells
only permitted classiﬁcation of two broad phases encompassing either drilling or production. Unfortunately, we did not have access
to dates that would allow a more reﬁned distinction (e.g., we did
not have access to speciﬁc dates of hydraulic fracturing). Thus, the
drilling phase as deﬁned in our study is presumed to include activities related to drilling of the wellbore and installation of well casing, as well as hydraulic fracturing. Although the drilling phase
represents a shorter period of intense activity involving heavy
diesel-powered equipment and trucks, the use of chemicals related
to hydraulic fracturing, and ﬂow-back of “produced” water, the
production phase represents a longer period involving the ﬂowback of gas, condensate, and produced water, as well as possible
on-site storage of these materials (Rahm 2011). Additionally, diesel trucks may be used during the production phase in servicing the
well or transporting materials (Rahm 2011). Previous studies have
indicated diﬀerences in potential exposure to air pollutants by
UGD phase, although studies have been inconsistent in terms of
the relative impact of each phase on air quality (Colborn et al.
2014; NYSDEC 2011). Although the estimated risk of delivering
an extremely preterm baby was higher among women classiﬁed in
the highest versus lowest category of both UGD drilling and production activity, the magnitude of this association was much
greater for drilling activity.
Because adverse birth outcomes such as preterm birth can
result from many variations of cascading physiological responses,
identiﬁcation of speciﬁc causal agents from complex environmental mixtures has not been ﬁrmly established (Slama et al. 2008;
Wright 2017). However, several potential mechanisms have been
proposed. Endocrine disruption is a possible mechanism through
which many UGD-related contaminants may aﬀect preterm birth
(Balise et al. 2016; Elliott et al. 2017; Kassotis et al. 2016). Air pollution in particular has been posited to aﬀect preterm birth through
mechanisms related to oxidative stress, inﬂammatory pathways, or
endothelial dysfunction (Li et al. 2017; Slama et al. 2008; Wright
2017). In addition to chemical contamination, UGD activity has
been associated with increased nonchemical stressors [see the
directed acyclic graph developed by Casey and Schwartz (2016)],
including noise and light pollution (Adgate et al. 2014). Such nonchemical stressors may heighten susceptibility to chemical stressors by aﬀecting women’s allostatic load (Morello-Frosch and
Shenassa 2006). Maternal stress may also inﬂuence preterm birth
through “dysregulated parturition,” a theory in which the human
stress response leads to a release of hormones that may inﬂuence
parturition (Brou et al. 2012; Menon et al. 2016).
Our study was strengthened by the large sample size, which
allowed for evaluation of preterm birth severity as well as trimesterspeciﬁc UGD activity. Additionally, the use of the matched case–
control design allowed us to correct the exposure period of the
matched control and thus to account for the fact that women with
preterm births may otherwise be assigned lower exposure values by
virtue of their shorter gestation (Slama et al. 2008). The potential for
Environmental Health Perspectives

selection bias in this study is minimized owing to the nested nature
of the study and because controls were randomly selected from the
full source cohort; thus, our results should be comparable to those of
a cohort analysis (Kass and Gold 2007). Unfortunately, because we
were relying only on birth records, and thus because UGD activity
was based on the maternal residence at birth, we were unable to
assess the potential impact of maternal mobility during pregnancy.
Although previous studies have indicated that just under one-third
of women in Texas move during pregnancy (Canﬁeld et al. 2006),
Lupo et al. (2010) conducted another study among women in Texas
and reported that among the women who changed residences during
pregnancy, the new residence generally was not far from the original
residence, and assignment of area-level exposure was not largely
aﬀected. In addition, women who moved tended to move to areas
with similar demographic and neighborhood characteristics (Lupo
et al. 2010). Thus, on average, the expected direction of any bias
resulting from mobility during pregnancy would be toward the null.
Additionally, the UGD activity metric used in our study is nonspeciﬁc; it does not measure exposure per se. However, our goal was to
examine potential harmful eﬀects resulting from living in close
proximity to UGD, which encompasses myriad exposures from a
variety of chemical and nonchemical stressors and which may occur
through a variety of pathways.

Conclusions
In conclusion, this large population-based case–control study adds
to the evidence of adverse perinatal health impacts associated with
maternal residential proximity to UGD activity in a diverse population. Our ﬁndings also suggest that associations between UGD and
preterm birth may be strongest for extremely preterm births. Given
the range of potential chemical and nonchemical exposures associated with UGD, it is imperative to conduct comprehensive studies
to characterize speciﬁc exposures experienced by individuals
aﬀected by UGD. These data are critical to fully understand risk
and to inform prevention strategies.
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Abstract
Background—Unconventional natural gas development has expanded rapidly. In Pennsylvania
the number of producing wells increased from zero in 2005 to 3689 in 2013. To our knowledge,
no prior publications have focused on unconventional natural gas development and birth
outcomes.
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Methods—We performed a retrospective cohort study using electronic health record data on
9384 mothers linked to 10946 neonates in the Geisinger Health System from January 2009January 2013. We estimated cumulative exposure to unconventional natural gas development
activity with an inverse-distance squared model that incorporated distance to the mother’s home;
dates and durations of well pad development, drilling, and hydraulic fracturing; and production
volume during the pregnancy. We used multilevel linear and logistic regression models to
examine associations between activity index quartile and term birth weight, preterm birth, low 5
minute Apgar score and small size for gestational age, while controlling for potential confounding
variables.
Results—In adjusted models, there was an association between unconventional natural gas
development activity and preterm birth that increased across quartiles, with a fourth quartile odds
ratio of 1.4 (95% CI: 1.0-1.9). There were no associations of activity with Apgar score, small for
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gestational age, or term birth weight (after adjustment for year). In a post-hoc analysis, there was
an association with physician-recorded high-risk pregnancy identified from the problem list
(fourth vs. first quartile, 1.3 [95% CI: 1.1-1.7]).
Conclusion—Prenatal residential exposure to unconventional natural gas development activity
was associated with two pregnancy outcomes, adding to evidence that unconventional natural gas
development may impact health.

INTRODUCTION

Author Manuscript

The last decade has seen rapid development of unconventional natural gas resources
worldwide; the International Energy Agency reports that 18% of global gas production now
comes from unconventional sources. The steepest increases have occurred in the United
States (U.S.) and in particular in the Marcellus shale in Pennsylvania. From 2006 to 2013,
annual conventional gas production in Pennsylvania was stable at around 5.7 billion cubic
meters (bcm); prior to 2009, unconventional production was less than 10 bcm, and then
production increased rapidly to 3048 bcm in 2013.

Author Manuscript

Unconventional natural gas development is a large-scale multi-stage process.1-4 Developers
use diesel equipment to clear land for well pads, transport materials, and drill multiple wells
per pad. Directional drilling, first vertically and then horizontally, and hydraulic fracturing
(“fracking”) differentiate this process from conventional development. Hydraulic fracturing
involves injecting millions of liters of water mixed with sand and chemicals into the
borehole causing fractures in the shale formation. Fracturing fluids, flowback and produced
water, and natural gas then flow to the surface for collection and use. Gas is sometimes
flared, releasing pollutants. Wells produce natural gas at high rates for the first year, with a
rapid decline over the first three years.
Prior studies have demonstrated environmental impacts from the various stages of
unconventional natural gas development including pollution of air,5-9 surface water,10
groundwater,11,12 and soil as recently reviewed.1-3 Truck traffic, drilling, hydraulic
fracturing, and production can generate diesel particulate matter, fine particulate matter
(PM2.5), methane, NOx, and volatile organic compounds, which are also ozone
precursors.5-7,13 Some of these pollutants, most consistently PM2.5, NOx, SOx, and ozone,
have been associated with adverse birth outcomes including low or reduced birth
weight14-16 and preterm birth.14,17,18 PM2.5 and ozone are regional air pollutants, so
women living long distances from unconventional natural gas development could experience
effects.

Author Manuscript

Expectant mothers could also be exposed to water pollution from unconventional natural gas
development. A recent study identified 2-n-butoxyethanol – a chemical found in flowback
water from the process, which might be a general indicator of its contamination – in
household well water in Pennsylvania.12 In addition, people living in communities near
unconventional natural gas development commonly report symptoms (e.g., upper respiratory
symptoms, headaches), and may experience psychosocial stressors from rapid industrial
development, increased motor vehicle traffic, potential influences on environmental radon
pathways, noise, and infusion of short-term workers.1,4,19-23 Some of these exposures have
Epidemiology. Author manuscript; available in PMC 2016 April 01.
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also been linked to negative birth outcomes.24,25 A recent study in Colorado reported that
density of and proximity to natural gas wells were associated with congenital heart and
neural tube defects, but not with birth weight or preterm birth.26 This study did not
distinguish between conventional and unconventional wells, and mainly described
associations with conventional wells since the Energy Information Agency estimated that
only 25% of natural gas produced in Colorado in 2009 came from unconventional sources.
There is an unpublished study that found mothers living near unconventional natural gas
development in Pennsylvania gave birth to infants with increased prevalence of low birth
weight, low Apgar scores, and small for gestational age.27

Author Manuscript

In this study, we exploited the geographic overlap of the Geisinger Health System and
unconventional natural gas development in Pennsylvania to conduct a retrospective cohort
study by linking electronic health record data to estimates of exposure to the activities
during pregnancy. Despite calls for health studies,28,29 to our knowledge there is only one
published population-based study focused on unconventional natural gas development and
objective health outcomes.30 We evaluated associations between an index of unconventional
natural gas development activity and four birth outcomes.

METHODS
Study area and participants

Author Manuscript

The Geisinger Health System serves a primary market of approximately 40 counties in
central and northeast Pennsylvania, a region with a 2010 population of over 4 million
residing in over 1200 communities defined as townships, boroughs, and census tracts in
cities.31 Patients with a Geisinger primary care provider are representative of the general
population based on age, sex, race/ethnicity, and rural residence.32 Neonates were delivered
at two hospitals, Geisinger Medical Center in Danville, which has a Level IV neonatal
intensive care unit (NICU), and Geisinger Wyoming Valley in Wilkes-Barre, which has a
Level II NICU. The Institutional Review Board at the Geisinger Health System reviewed
and approved the study.
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Singleton births to women who delivered at Geisinger between 2006 and January 2013 were
eligible for inclusion. We identified births and deliveries using International Classification
of Diseases, Ninth Revision codes (i.e., V27.x, V30.x) in mother and neonate electronic
health records. We used medical record numbers and other data found in the electronic
health record to link mothers with their neonates. We excluded those whom we could not
match, stillbirths, and neonates with serious birth defects, birth weights < 500g or
gestational ages < 22 weeks. Only mother’s 2013 address was available from the electronic
health record, so we assumed they lived at the same address during pregnancy. We
geocoded women’s residences using ArcGIS 10.231 and excluded those who did not reside
in Pennsylvania or whose address we were unable to geocode. We evaluated our assumption
of mother’s residential stability by comparing addresses in two Geisinger Health System
datasets, 39 months apart (one from 2010 and the other from 2013), among 333,322 patients
in both datasets. Due to strong collinearity between the unconventional natural gas
development exposure metric and calendar year, we also excluded births prior to 2009 when
little such activity had taken place in the study region.
Epidemiology. Author manuscript; available in PMC 2016 April 01.
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We extracted data from electronic health record files including labor and delivery notes and
a separate labor and delivery database maintained continuously by nursing personnel. The
clinician recorded gestational age as part of routine care based on patient-reported last
menstrual period and 20 week ultrasound. We estimated the first day of pregnancy from
gestational age. We studied four birth outcomes: term (≥ 37 week) birth weight, preterm
birth (< 37 weeks gestation), low 5 minute Apgar score (< 7), and small for gestational age;
we isolated moderate to late preterm birth (32-36 weeks gestation) in a sensitivity analysis.
Infants with low 5 minute Apgar scores often require respiratory support and have poorer
future academic achievement.33 Small for gestational age was defined as less than the sexspecific 10th percentile of weight for each week of gestation within the Geisinger population
from 2006-2013. While creating the a priori outcomes, we discovered that maternal and
fetal specialists often use the electronic health record problem list to identify a pregnancy as
high-risk. Because we hypothesized that UNGD could contribute to conditions (e.g.,
pulmonary, cardiovascular) that could designate a pregnancy as high-risk, post hoc we
added high-risk pregnancy as an outcome.
Unconventional natural gas development activity index

Author Manuscript

We collected data, spanning 2005-2013, on well drilling and production dates and volumes
from the Pennsylvania Department of Environmental Protection and on well stimulation
dates and drilling depth from the Pennsylvania Department of Conservation and Natural
Resources. We collaborated with SkyTruth (Shepherdstown, WV, skytruth.org) to use
crowdsourcing to confirm well pad locations using U.S. Department of Agriculture aerial
photographs. We imputed missing total depths, production volumes, and stimulation dates
from available data. The assembled dataset included latitude and longitude of each well;
dates of well spudding (i.e., beginning of drilling), perforation, stimulation, and production;
total well depth; volume of natural gas produced; and the number of producing days
annually. Because phases of unconventional natural gas development (i.e., pad development,
drilling, stimulation, production) are known to differ by exposures and duration, we derived
individual-level estimates to each of these four phases. Although there was heterogeneity by
well, for the purposes of exposure assignment, we used published descriptions34 of the
process and information in our own data to estimate phase durations: (1) pad development =
the 30 days prior to the first well drilled on a pad; (2) drilling = 1-30 days, based on total
well depth; (3) hydraulic fracturing = 7 days; and (4) production = present when reported
production values were non-zero.
We first created four exposure metrics by phase that incorporated all wells statewide as:

Author Manuscript

where n was the number pads or wells; k was the day with 1 equal to January 1, 2009 and l
was equal to 1125 or January 31, 2013; m was 1 for pad and drilling, m was total well depth
for stimulation (because we used total well depth as a surrogate for truck trips and hydraulic
Epidemiology. Author manuscript; available in PMC 2016 April 01.
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fracturing fluid volume), and m was gas volume for production (because we used production
volume as a surrogate for air pollution emissions); IA(k) was 1 when the phase overlapped
temporally with gestation; and
was the squared-distance between the coordinates of pad
or well i and mother j’s home address. The phase-specific units were pads/m2, wells/m2,
total well depth (m)/m2, and gas production volume m3/m2 for pad, drilling, stimulation, and
production metrics, respectively. The denominator was always the squared-distance between
wells and residences (m2).

Author Manuscript

Because we wanted to estimate exposure to phases of unconventional natural gas
development and there was collinearity between the four exposure metrics (ρ, 0.6-0.9), each
was z-transformed then summed to estimate the unconventional natural gas development
activity index (hereafter referred to as the activity index). This meant that a woman living
close to several well pads under development, but far from any producing wells could have a
similar index as a woman living near only producing wells. We did not evaluate trimesterspecific indices because of very high inter-trimester correlations. We divided the aggregated
activity index into quartiles for analysis.
Covariates

Author Manuscript

We included clinical, demographic, and environmental covariates to control for potential
confounding based on a priori hypotheses and previous studies of birth outcome risk factors
including neonate sex, gestational age (for birth weight), season and year of birth, maternal
age, race/ethnicity, Geisinger primary care provider status, smoking status during
pregnancy, pre-pregnancy body-mass index (BMI), parity, antibiotic orders during
pregnancy, and receipt of Medical Assistance, a surrogate for low family socioeconomic
status.35,36 For teenagers (≤20 years), we categorized pre-pregnancy BMI using z-scores
based on U.S. Centers for Disease Control and Prevention data. Environmental covariates
included distance to nearest major road (principal arterial and larger based on U.S. Census
Bureau Topologically Integrated Geographic Encoding and Referencing road files),24,37
community socioeconomic deprivation38 and residential greenness (based on the average
normalized difference vegetation index values in the 1250m × 1250m area surrounding the
residence in the three seasons prior to delivery).39 Due to concern about the potential
contamination of ground water in the region, we used Pennsylvania Department of
Environmental Protection public water service areas to assign household water source as
municipal or well water.12,40 Alcohol use was not a confounder, so was not included in
adjusted models. We also did not adjust for blood pressure or the number of prenatal
healthcare visits because we considered them potential mediators.

Author Manuscript

Statistical analysis
To assess the association of the activity index (quartiles) with birth outcomes, we fit a series
of multilevel linear (for birth weight) and logistic (for other outcomes) regression models
with random intercepts for mother and community to account for nesting of observations in
women and place. The mother-specific intercept incorporated prior pregnancy outcomes
(e.g., prior preterm birth) into our models. We selected final models by a combination of a
priori hypotheses and likelihood ratio tests (P-value < 0.10). For each outcome, model 1 was
adjusted for sex of the neonate and season of birth, maternal age at delivery (linear and
Epidemiology. Author manuscript; available in PMC 2016 April 01.
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quadratic, years), maternal race/ethnicity (white, black, Hispanic, other), primary care status
(yes vs. no), smoking status during pregnancy (never, former, current, or conflicting/
missing), pre-pregnancy BMI (underweight: z-score > 2SD below mean or < 18.5 kg/m2;
normal: z-score within 1 SD of mean or 18.5-24.9 kg/m2; overweight: z-score 1-2 SD above
mean or 25-29.9 kg/m2; or obese: z-score > 2 SD above mean or ≥ 30 kg/m2), parity
(nulliparous vs. multiparous), receipt of Medical Assistance (never vs. ever), delivery
hospital (Geisinger Medical Center vs. Geisinger Wyoming Valley), distance to nearest
major road in meters, drinking water source (well water vs. municipal), community
socioeconomic deprivation (quartiles), and greenness (continuous). In model 2, we further
adjusted associations for year (2009-2010 vs. 2011-2013). Birth weight models were also
adjusted for gestational age (linear and quadratic, weeks) and high-risk pregnancy models
were additionally adjusted for the average annual number of entries on the problem list to
account for the fact that its use increased over time (mean of 14% more entries per year).
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In sensitivity analyses we included the number of antibiotic orders during pregnancy,
restricted preterm models to neonates born moderately to late preterm (32-36 weeks
gestation), and fit a Cox proportional hazard model with gestational age as the timescale,
preterm birth as the outcome, unconventional natural gas development varying by week, and
robust standard errors. We also assessed the possibility of unobserved confounding by
assigning babies born in 2006, before there was any unconventional natural gas
development, the estimated exposure metric they would have accrued had they been born in
2012, when there was such development. If the 2012 unconventional natural gas
development exposure metric were found to be associated with birth outcomes for these
2006 babies, it would suggest that our main study findings may have been spurious.
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We report associations as difference in term birth weight or odds ratios for preterm birth,
small for gestational age, 5-minute Apgar score, and high-risk pregnancy comparing ≥
quartile 2 of unconventional natural gas development activity to quartile 1 with 95%
confidence intervals. Models did not exhibit residual spatial variation, which we checked for
by visually inspecting semivariograms.41 Because of the low proportion of missing data
(0-1.4% on outcomes and 0-5.2% on confounders) and because missingness only appeared
to be associated with year (more missing data in earlier years), patients were omitted from
models when they were missing data. We used Stata version 13 (StataCorp. College Station,
TX) and R version 3.0.0 (R Foundation for Statistical Computing).

RESULTS
Author Manuscript

We identified 20598 neonates born to 20569 mothers who delivered between 2006 and
January 2013. After exclusions (Figure 1), we reached a final study sample of 9384 mothers
who delivered 10496 neonates (mean of 1.2 per mother). Mothers lived in 699 communities
(mean of 14 per community). In eTable 1 we compare the final population to those
excluded. Geisinger patients had residential stability. We compared addresses from 2010
and 2013 on 333,222 patients and found that 79.8% had the exact same street address, 6.0%
had moved <1500m and another 10% had moved 1500-16,000m from their original address.
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The mean birth weight was 3272 grams (SD = 612). Eleven percent (n = 1103) of the births
were preterm, 8% were moderately preterm (n = 871), 2% (n = 227) had 5 minute Apgar
scores < 7, 10% (n = 1024) were small for gestational age, as expected given our use of an
internal standard, and 27% (n = 2853) of pregnancies were identified as high-risk (Table 1).
Unconventional natural gas development in the Pennsylvania Marcellus shale began in the
southwest in 2005 (15 wells drilled) and quickly accelerated. By the period 2009-2012, an
average of 1555 unconventional wells, drilled to an average depth of 3380m, and 1177 wells
entered production annually (Figure 2). The mean (SD), median (IQR) number of wells
within 20 km of mothers (during their pregnancy) in the first vs. fourth quartile of exposure
to unconventional natural gas development was 6 (28), 0 (0-1) vs. 124 (202), 8 (1-122),
respectively, reflecting a marked difference in intensity of potential exposure.
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In Table 1 and 2 we present descriptive statistics of several demographic and clinical
variables by UNGD activity quartile and by outcome. Neonates born in later years and in the
summer and fall; and mothers that were multiparous, received an antibiotic order during
pregnancy, used well water, or lived farther from the nearest major road appeared to have
higher exposure to unconventional natural gas development activity. Among those with poor
pregnancy outcomes, several covariates were more common including receipt of Medical
Assistance, black race/ethnicity, ever-smoking, and others (Table 2). Mothers with a primary
care provider had an average of 16 prenatal visits (SD = 6) compared to 12 (SD = 7) in those
without.
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The activity index was not associated with adverse birth outcomes in unadjusted analyses
(Table 1). In adjusted birth weight and preterm models, current smoking, underweight BMI,
nulliparity, high community socioeconomic deprivation (preterm only), and black race/
ethnicity and receipt of Medical Assistance (birth weight only) were positively associated;
normal BMI, never smoking, farther distance to nearest major road, and higher residential
greenness (preterm only) were negatively associated.
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After adjustment for covariates, the fourth quartile of the activity index was associated with
lower term birth weight, but not after further adjustment for year (Table 3). In adjusted
models, the odds of preterm birth increased across quartiles of the activity index (fourth vs.
first quartile, 1.4 [95% CI: 1.0-1.9]) (Table 3). This association strengthened with
adjustment for year (Table 3), persisted in a survival model framework (eTable 2), and was
robust to restriction to moderate and late preterm births (fourth vs. first quartile, OR = 1.5
[95% CI = 1.0-2.4]). In model 2, antibiotic orders were associated with preterm birth (OR =
1.5 [95% CI = 1.3-1.6]). Unconventional natural gas development exposure during the
prenatal period was associated with high-risk pregnancy (fourth vs. first quartile of the
activity index, OR = 1.3 [95% CI: 1.1-1.7]), but not with 5 minute Apgar score or small for
gestational age (results not shown).
In a sensitivity analysis in infants born in 2006 (n = 1932), future exposure to
unconventional natural gas development was not associated with preterm birth, Apgar score,
or small for gestational age birth in fully adjusted models. Neonates born in 2006, who
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would have been in the 4th quartile of the activity index had they been born in 2012, had
lower birth weights (β = −53 [95% CI −120 to 12]).

DISCUSSION

Author Manuscript

We used electronic health record data to conduct a population-based retrospective cohort
study in central and northeast Pennsylvania during a time of very rapid unconventional
natural gas development in the region. Our study examined associations between prenatal
exposure to unconventional natural gas development activity and four birth outcomes and
high-risk pregnancy in the mother. We demonstrated that mothers with higher activity index
values during pregnancy were more likely to give birth preterm, a finding corroborated in
time-to-delivery analysis, and to have a physician-recorded high-risk pregnancy. An
association with term birth weight was not robust to adjustment for year. In a sensitivity
analysis, when we assigned babies born in 2006 the activity index they would have had if
they were born in 2012, unconventional natural gas development was associated with lower
birth weight, suggesting that the primary association may have been due, at least in part, to
unobserved confounding. There were no associations with Apgar score or small for
gestational age. The electronic health record allowed us to carefully ascertain both
pregnancy outcomes and confounding variables. We were able to control for other
community conditions and exposures, including distance to roadways, source of drinking
water, and community socioeconomic deprivation. To our knowledge, this is also the first
study to base estimates of unconventional natural gas development activity exposure in
relation to health risks on four separate phases of well development.
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Three recent reviews summarized evidence linking health and unconventional natural gas
development and found it lacking.1-3 Werner et al. identified only four highly relevant peerreviewed studies related to these processes and health outcomes: two using self-reported
symptoms, one of childhood cancer that may not have adequately accounted for latency, and
one of birth outcomes.21,22,26,30 The only published study dealing with birth outcomes
reported that density and proximity of gas wells in Colorado, USA, were associated with
two birth defects, but also higher birth weight and lower odds of preterm birth.26 During the
study period, the U.S. Energy Information Administration reported that Colorado produced
28 million cubic meters of natural gas unconventionally and 130 million cubic meters
conventionally. We were able to study people living in areas with much higher
unconventional natural gas development activity; Pennsylvania produced 58 billion cubic
meters of natural gas unconventionally in 2012. A second, unpublished study, compared
neonates born to mothers residing within 2.5 km of a spudded well to those living within 2.5
km of a permitted, but not spudded, well.27 This study reported decreased term birth weight
(but did not control for gestational age) and increased small for gestational age and 5 minute
Apgar scores < 8, but no association with preterm birth. We too observed associations with
Apgar scores < 8, but not < 7, as most prior studies have used, and between unconventional
natural gas development and term birth weight when we omitted gestational age.
The unconventional natural gas development process is associated with heterogeneous
exposures that last varying amounts of time. We did not have the capability to measure
exposures directly. However, we were able to account for the varying durations of the
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different phases by using published descriptions and information from our own analysis to
assign deliveries activity values in defined windows. This should be an improvement over
prior studies, which generally used spud date to identify the start of an exposure assumed to
last forever, an incorrect assumption.26,30 Any bias introduced by errors in the estimation of
the durations of development phases is likely to be independent of birth outcomes and thus
tend to bias associations towards the null.

Author Manuscript

There are multiple ways unconventional natural gas development activity could influence
birth outcomes. Concerns include impacts on air quality,1-3 ground and surface water
quality,12 and maternal psychosocial stress from noise, increased traffic volumes, and
contextual exposures including social disruption and community livability.4 For many of
these, their associations with birth outcomes have been investigated in other
settings.14,17,37,42 For instance, prior literature suggests that a 10μg/m3 increase in exposure
to PM2.5 is associated with a 10% increase in odds of preterm birth and low birth
weight.15,18 There are also several proposed mechanisms linking PM exposure to preterm
birth including interference with placental development, inflammation, and increased risk of
infection.18 In our study, mothers with higher activity indices were indeed more likely to
receive an antibiotic order during their pregnancy. Neighborhood contextual factors have
also been consistently associated with birth outcomes.43 Women living in communities
exposed to unconventional natural gas development likely experience both environmental
and social exposures that may have synergistic effects on health.44 Finally, unmeasured
confounding could have contributed to our results; our measure of family SES was binary
and did not include education, and we also had no information on occupation.

Author Manuscript
Author Manuscript

This study had limitations. In an effort to assign activity values more accurately than prior
studies, we estimated the duration of each phase of unconventional natural gas development.
This is likely to have introduced measurement error since the amount of time each phase
lasts varies by well. We used a distance-based metric to estimate exposure to four phases of
development, but were not able to evaluate phase-specific associations due to collinearity.
Phases are known to contribute different types of exposures (e.g., pad development is a
source of diesel emissions including PM as well as noise),1 but our methodology did not
allow us to differentiate among phase-specific exposures, type of hazardous exposure (e.g.,
air and water pollution), and the contextual effects of development. We were not able to take
environmental samples, which may have led to exposure misclassification and prevented us
from determining if a specific pollutant was responsible for our associations. Additionally,
unconventional natural gas development was highly correlated with year, making it
challenging to control for temporal trends; therefore we presented results both unadjusted
and adjusted for year. In regards to conventional gas development in the state, although the
densest development is in the northwest and many of these wells are decades old and nonproducing, there was still collinearity between our activity index and conventional gas
proximity metrics, which precluded adjustment for conventional gas well locations.
Historical addresses are not retained in the Geisinger electronic health record so we were not
able to determine whether the last recorded address represented residential location during
the course of pregnancy. Our sensitivity analysis suggested that most Geisinger patients do
not move, and if they do, they tend to move locally. In our study, many wells were
developed in one location over time, so the exposures, emissions, and community
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circumstances present in one trimester were likely present in another. This collinearity
prevented us from evaluating trimester-specific associations.
Prior studies found elevated symptoms in regions with unconventional natural gas
development and concern by residents of possible health effects. This study adds to limited
evidence that unconventional natural gas development adversely affects birth outcomes. We
observed that an index of development activity was associated with both preterm birth and
high-risk pregnancy. Multiple aspects of development might be involved, including
hazardous exposures and contextual effects. Future studies should use direct environmental
sampling to more accurately capture exposure and include data on mother’s place of
residence throughout pregnancy. Such data is needed to allow policy makers to effectively
weigh the risks and benefits of unconventional natural gas development.
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Figure 1.

Flow diagram of study population assembly
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The Marcellus shale extent, the location of spudded and producing wells as of December
2012, the location of the two Geisinger Health System hospitals and the primary and
surrounding Geisinger counties. Annotation indicates the number of neonates born to
mothers residing in each county. GMC = Geisinger Medical Center. GWV = Geisinger
Wyoming Valley.
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Author Manuscript

Distribution of study population characteristics among 9384 mothers and their 10496 children by quartile of
unconventional natural gas development (UNGD) activity index
a

UNGD activity index quartile
Variable

No. (%)

1

2

3

4

10496 (100)

27.6 (5.8)

27.8 (5.7)

27.9 (5.7)

27.8 (5.8)

White

9327 (89)

88

89

86

92

Black

382 (4)

4

3

4

3

Hispanic

601 (6)

6

6

7

3

Maternal characteristics
Age at birth, years, mean (SD)
Race/ethnicity, %

Author Manuscript

Other

148 (1)

2

1

2

1

Missing

38 (<1)

<1

<1

<1

<1

4789 (46)

45

45

46

46

Never

4984 (47)

46

45

49

49

Former

2258 (22)

21

24

21

20

Current

1785 (17)

18

18

15

17

Conflicting or missing

1489 (14)

15

13

15

14

No

8448 (80)

77

79

83

83

Yes

1412 (13)

14

14

13

13

636 (6)

9

7

4

4

Primary care patient, %
b
Smoking status , %

b
Alcohol use during pregnancy , %

Missing

Author Manuscript

Pre-pregnancy body-mass index

(kg/m2),

%

<18.5

222 (2)

2

2

2

2

18.5-24.9

3878 (37)

37

38

36

36

25-29.9

2834 (27)

27

25

28

28

≥30

3013 (29)

29

30

28

28

549 (5)

5

5

5

5

Systolic >140mmHg or diastolic >90mmHg

1125 (11)

9

11

13

10

Normal

9371 (89)

91

89

87

90

Missing
Pre-pregnancy blood pressure, %

Nulliparous, %

Author Manuscript

4600 (44)

47

43

44

41

10496 (100)

14.4 (6.3)

13.8 (6.4)

13.6 (6.7)

13.7 (6.7)

Antibiotic order during pregnancy, %

3338 (32)

30

31

31

35

Receipt of Medical Assistance, %

4796 (46)

44

47

45

47

5638 (54)

57

57

51

49

Healthcare visits during pregnancy, n, mean
(SD)

Delivery hospital, %
Geisinger Medical Center
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UNGD activity index quartile

Author Manuscript

Variable

No. (%)

Geisinger Wyoming Valley

1

2

3

a
4

Author Manuscript

4858 (46)

43

43

49

51

10496 (100)

788
(284-2825)

863
(304-3229)

609
(237-1826)

1373
(455-6757)

Municipal water

7306 (70)

72

72

78

57

Well water

3190 (30)

28

28

22

43

Quartile 1

2590 (25)

25

23

24

27

Quartile 2

2648 (25)

23

22

23

28

Quartile 3

2642 (25)

25

23

24

29

Quartile 4

2616 (25)

27

33

29

15

0.54 (0.10)

0.50 (0.11)

0.56 (0.09)

0.54 (0.09)

0.54 (0.11)

Distance to nearest major road, m, median
(IQR)
Drinking water source, %

c
Community socioeconomic deprivation , %

Residential greenness, NDVI index, mean (SD)
Infant Characteristics
Male, %

5372 (51)

51

52

52

50

Birth weight, grams, mean (SD)

10495 (100)

3289 (604)

3249 (623)

3286 (599)

3264 (622)

Gestational age, weeks, mean (SD)

10418 (99)

38.9 (2.2)

38.9 (2.4)

39.0 (2.1)

38.9 (2.3)

Preterm birth <37 weeks, %

1103 (11)

10

11

10

11

Preterm birth 32 to 36 weeks, %

871 (8)

2

2

2

2

1024 (10)

9

10

10

10

227 (2)

2

2

2

2

10199 (95)

97

97

97

97

70 (<1)

1

<1

1

1

2853 (27)

17

25

33

33

2009

2336 (22)

79

7

1

2

2010

2518 (24)

20

55

9

11

2011

2608 (25)

1

27

49

22

2012

2852 (27)

<1

11

38

60

2013

182 (2)

0

<1

2

5

December-February

2562 (24)

27

20

25

24

March-May

2605 (25)

29

25

24

21

June-August

2748 (26)

23

29

25

27

September-November

2581 (25)

20

26

25

27

Small for gestational age, %
Apgar score, %
5 minute, <7
5 minute, ≥7

Author Manuscript

5 minute, missing
d
High-risk pregnancy , %
Birth year, %

Birth season, %

Author Manuscript

UNGD activity index quartile was assigned based on 4 z-transformed indicators using inverse-distance squared models that incorporated distance
to the mother’s home; dates and durations of the phases (well pad development, spudding, hydraulic fracturing, and production); and well
characteristics (depth and production volume) during gestation, and is in standard deviation units. Percentages are rounded to whole numbers.
EHR = electronic health record. IQR = interquartile range. NDVI = normalized difference vegetation index.
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a

Quartile 1: <−0.44; Quartile 2: −0.43 to −0.15, Quartile 3: −0.14 to 0.18, Quartile 4: >0.18.

b

Smoking, alcohol use, and high-risk pregnancy were reported during pregnancy in the EHR social history and problem list.

c

Author Manuscript

Community socioeconomic deprivation was assigned at the township, borough, or census tract level, based on 6 indicators derived from the U.S.
Census American Community Survey 2012 5-year estimates: combined less than high school education, not in the labor force, in poverty, on public
assistance, civilian unemployment, and does not own a car; a higher score represents a more deprived community.
d

Defined based on physician-reported high-risk pregnancy.

Author Manuscript
Author Manuscript
Author Manuscript
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Table 2

Author Manuscript

Distribution of outcomes by selected covariates
Outcome
Birth weight, g,
median (IQR)

Preterm
birth, n (%)

5 min Apgar <7,
n (%)

SGA, n (%)

High risk
a
pregnancy , n (%)

10495

1103

10426

1024

2853

<18.5

3051 (2696-3359)

50 (23)

7 (3)

41 (19)

66 (30)

18.5-24.9

3258 (2903-3575)

408 (11)

80 (2)

443 (12)

1008 (26)

25-29.9

3352 (2991-3685)

265 (9)

66 (2)

267 (10)

751 (26)

≥30

3404 (3071-3745)

286 (10)

57 (2)

222 (7)

940 (31)

Missing

3263 (2908-3631)

94 (17)

17 (3)

51 (10)

89 (16)

Nulliparous

3303 (2940-3625)

486 (11)

116 (2)

525 (12)

981 (21)

Multiparous

3338 (2991-3686)

617 (10)

111 (2)

499 (9)

1872 (32)

No

3348 (3012-3679)

580 (8)

131 (2)

686 (10)

1891 (26)

Yes

3268 (2885-3617)

523 (16)

96 (3)

338 (10)

962 (29)

2009 and 2010

3330 (2974-3665)

528 (11)

90 (2)

455 (10)

888 (18)

2011, 2012, and 2013

3314 (2968-3657)

575 (10)

138 (2)

569 (10)

1965 (35)

Geisinger Medical Center

3284 (2884-3630)

874 (16)

180 (3)

554 (10)

1507 (27)

Geisinger Wyoming Valley

3365 (3050-3688)

229 (5)

47 (1)

470 (10)

1346 (28)

Quartile 1

3372 (3033-3700)

249 (10)

67 (3)

205 (8)

597 (23)

Quartile 2

3345 (2984-3667)

264 (10)

49 (2)

241 (9)

705 (27)

Quartile 3

3303 (2944-3640)

306 (12)

53 (2)

262 (10)

727 (28)

Quartile 4

3264 (2925-3620)

284 (11)

58 (2)

316 (12)

824 (32)

N
Pre-pregnancy body-mass index

(kg/m3)

Author Manuscript

Parity

Antibiotic order during pregnancy

Year of birth

Delivery hospital

Author Manuscript

Community socioeconomic deprivation

b

Percentages are rounded to whole numbers.
EHR = electronic health record. IQR = interquartile range. SGA = small for gestational age.
a

Reported in EHR problem list during pregnancy.

b

Community socioeconomic deprivation was assigned at the township, borough, or census tract level, based on 6 indicators derived from the US
Census American Community Survey 2012 5-year estimates: combined less than high school education, not in the labor force, in poverty, on public
assistance, civilian unemployment, and does not own a car; a higher score represents a more deprived community.

Author Manuscript
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Table 3

Author Manuscript

Associations of term birth weight and preterm birth and exposure to unconventional natural gas development
(UNGD) activity
a

Model 1A

b

Model 2A

c

Model 1B

Term birth weight (g)
Variable
UNGD activity quartile

d

Model 2B

Preterm birth

Difference (95% CI)

Difference (95% CI)

OR (95% CI)

OR (95% CI)

N = 8839

N = 8839

N = 9848

N = 9848

1

Reference

Reference

1.0

1.0

2

−21 (−46 to 5)

−16 (−44 to 11)

1.2 (0.9-1.6)

1.3 (1.0-1.8)

3

−9 (−35 to 16)

1 (−34 to 36)

1.3 (1.0-1.7)

1.6 (1.1-2.4)

4

−31 (−57 to -5)

−20 (−56 to 16)

1.4 (1.0-1.9)

1.9 (1.2-2.9)

Year of birth

Author Manuscript

2009 or 2010
2011, 2012, or 2013

Reference

1.0

12 (−15 to 39)

1.3 (1.0-1.8)

CI=confidence interval. OR = odds ratio.
a

Model 1A was adjusted for sex and gestational age of neonate; maternal characteristics: age at delivery, race/ethnicity, primary care patient status,
smoking status, pre-pregnancy body mass index, parity, number of antibiotic orders during pregnancy, receipt of Medical Assistance, delivery
hospital, drinking water source, distance to nearest major road, mean residential greenness during pregnancy; and community socioeconomic
deprivation quartile.
b

Model 2A further adjusted for year of birth.

c
Model 1B was adjusted for sex of neonate; maternal characteristics: age at delivery, race/ethnicity, primary care patient status, smoking status,
pre-pregnancy body mass index, parity, receipt of Medical Assistance, delivery hospital, drinking water source, distance to nearest major road,
mean residential greenness during pregnancy; and community socioeconomic deprivation quartile.
d

Model 2B further adjusted for year of birth.

Author Manuscript
Author Manuscript
Epidemiology. Author manuscript; available in PMC 2016 April 01.

Received: 15 August 2016

Revised: 11 December 2017

Accepted: 28 January 2018

DOI: 10.1002/hec.3649

RESEARCH ARTICLE

The health implications of unconventional natural gas
development in Pennsylvania
Lizhong Peng1

| Chad Meyerhoefer2 | Shin‐Yi Chou2

1

Department of Economics, University of
West Georgia, Carrollton, GA, USA

Abstract

2

We investigate the health impacts of unconventional natural gas development of

Department of Economics, Lehigh
University and NBER, Bethlehem, PA,
USA
Correspondence
Lizhong Peng, Department of Economics,
University of West Georgia, 1601 Maple
Street, Carrollton, GA 30118, USA.
Email: lpeng@westga.edu

Marcellus shale in Pennsylvania between 2001 and 2013 by merging well permit
data from the Pennsylvania Department of Environmental Protection with a
database of all inpatient hospital admissions. After comparing changes in
hospitalization rates over time for air pollution‐sensitive diseases in counties
with unconventional gas wells to changes in hospitalization rates in nonwell
counties, we find a significant association between shale gas development and
hospitalizations for pneumonia among the elderly, which is consistent with
higher levels of air pollution resulting from unconventional natural gas development. We note that the lack of any detectable impact of shale gas development
on younger populations may be due to unobserved factors contemporaneous
with drilling, such as migration.
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1 | INTRODUCTION
Natural gas has become a key source of energy in the United States. Over the past decades, technological advancements in horizontal drilling and hydraulic fracturing (often referred to as “fracking”) have made natural gas trapped
beneath various shale formations more economically accessible. The contribution of shale gas to total U.S. natural gas
production increased significantly from less than 2% in 2000 to over 20% in 2010; it is also projected that 46% of the
natural gas supply will come from shale gas by 2035 (Energy Information Administration, 2013). With this rapid
expansion of shale gas development, the potential health risks have drawn attention from the public and regulators
at various levels.
Typically, the process to develop shale gas wells involves well pad preparation and construction, drilling and
well construction, hydraulic fracturing, flaring of excess natural gas, and gas extraction and compression. Air pollution can occur during each stage of the process, whereas water contamination mostly occurs during wellbore drilling and hydraulic fracturing (see Appendix A.1 for a more detailed description of the stages of shale gas
development). Numerous studies have documented that emissions of greenhouse gases (predominantly water vapor,
carbon dioxide, methane, and ozone), volatile organic compounds (VOCs), other air pollutants, and hazardous
chemicals increase as a result of unconventional natural gas development (Government Accountability Office
(GAO), 2012; National Resources Defense Council, 2014). Based on data from a natural gas emissions inventory
created by the Pennsylvania Department of Environmental Protection (PADEP) in 2011, levels of air pollutant
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Statewide air emissions from unconventional natural gas development in Pennsylvania, 2011–2013

Emissions (tons)
Air pollutants
CO
NOx
PM‐10
PM‐2.5
SOx
VOC
Benzene
Ethylbenzene
Formaldehyde
n‐Hexane
Toluene
Xylenes
2,2,4‐Trimethylpentane
Greenhouse gases
CO2
Methane
Nitrous oxide
Cumulative number of unconventional
wells since 2001

2011

2012

6,852
16,542
577
505
122
2,820
20
5
251
51
34
26
4

7,350
16,361
600
548
101
4,024
25
6
374
98
33
34
19

N/A
N/A
N/A
4,873

4,291,316
123,884
209.3
6,223

2013

Change 2011–2012 (%)

Change 2012–2013 (%)

6,606
17,659
670
616
159
4,790
32.5
11.5
404.4
129.2
43.5
37.1
18.9

7.26
−1.09
4.05
8.56
−17.32
42.69
26.97
11.25
48.93
92.96
−2.64
32.30
439.11

−10.12
7.93
11.67
12.41
57.43
19.04
30.00
91.67
8.13
31.84
31.82
9.12
−0.53

4,908,106
107,945
77.8
7,438

N/A
N/A
N/A
27.70

14.37
−12.87
−62.83
19.52

Note. These emission data are only for the drilling and production phases and do not include the emissions from the well‐pad construction phase. Emissions for
CO2, methane, and nitrous oxide are not available for 2011. CO = carbon monoxide; NOx = nitrogen oxides; PM = particulate matters; VOC = volatile organic
compound.

emissions (carbon monoxide, nitrogen oxides, PM2.5, PM10, etc.) attributable to unconventional natural gas drilling
increased between 2011 and 2013 as the number of gas wells in the state rose by nearly 30% from 2011 to 2012
and 20% from 2012 to 2013 (see Table 1).1
Despite the fact that air pollution has clear adverse health effects, there is little scientific research on the impact of
shale gas development on human health (see Appendix A.2 for a detailed discussion of the link between air pollution
and human health). We know of only a few studies that investigate the direct impact of shale gas development on health.
In particular, Hill (2012) finds a higher incidence of low birth weight among babies born to mothers living in the vicinity
of shale gas wells in Pennsylvania. Casey et al. (2016) investigate the associations between unconventional natural gas
development and birth outcomes using a linked dataset that contains information on both mothers and neonates. They
find that exposure to unconventional natural gas development activities (measured by proximity to unconventional gas
wells) is associated with increased risk of preterm birth. Jemielita et al. (2015) report that shale gas development between
2007 and 2011 in two counties (Bradford and Susquehanna) in Pennsylvania is significantly associated with increased
hospitalizations for cardiology and neurology patients. They also find suggestive evidence of increased hospitalization
rates for dermatology, oncology, and urology.
In this paper, we examine the impact of unconventional natural gas drilling in Pennsylvania on the treatment of
several air‐pollution‐sensitive medical conditions at Pennsylvania hospitals. The state of Pennsylvania is rich in
Marcellus shale reserves2 and has witnessed a significant expansion of unconventional natural gas development in
the past decade, making it a good location to study the effects of drilling. Our paper extends the work of Jemielita
et al. (2015) in several important dimensions. First, we expand the scope of analysis from a few counties to the entire
state of Pennsylvania in order to capture potential spill‐over effects and increase the generalizability of our results. Second, the timeframe of our study is from 2001 to 2013, which encompasses the recent expansion in unconventional natural gas extraction. The longer time horizon allows us to better control for secular trends in hospitalization rates. The

1

Pennsylvania Department of Environmental Protection (PADEP). Air Emissions Data from Natural Gas Operation. Accessed on June 24, 2017 at
http://www.dep.pa.gov/business/air/baq/businesstopics/emission/pages/marcellus‐inventory.aspx

2

Marcellus shale (also known as the Marcellus formation) is a geological formation found in eastern North America, spanning six states in the northeastern United States. It is a unit of marine sedimentary rock that contains largely untapped natural gas reserves.
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number of shale gas wells increased exponentially in 2012 and 2013, and incorporating these data allows us to uncover
new health effects and assess the robustness of the results reported in Jemielita et al. (2015).3 Third, we include a rich
set of county characteristics in our fixed‐effects regression models. This allows us to control for both time‐varying
observed and time‐invariant unobserved confounders. Our identification strategy exploits changes in the timing of drilling in each county. We also use synthetic control methods to evaluate the robustness of our fixed‐effects regression
results.
We focus on the effect of Marcellus well development on the county‐level hospitalization rates for acute myocardial
infarction (AMI), chronic obstructive pulmonary disease (COPD), asthma, pneumonia, and upper respiratory infections
(URI). We find that unconventional natural gas development was associated with a significant increase in the hospitalization rate for pneumonia among the elderly, which is consistent with higher levels of air pollution. However, results on
other conditions are mixed and not robust to empirical methods and model specifications. Due to potential unobserved
local demographic or economic changes contemporaneous with drilling, we caution that the magnitude of our estimates
may not be as reliable as their directions.

2 | DATA
We obtained data on natural gas wells from the PADEP Oil and Gas Reports. The Spud Data Report contains information on the drilling commencement date (i.e., spud date), location, operator, and configuration of all conventional and
unconventional natural gas wells drilled in Pennsylvania between 2001 and 2013. Unfortunately, these data do not
include the well completion date, which indicates when the well is ready to produce natural gas.4 We also obtained data
on total annual gas production from the PADEP statewide well production database, which contains this information for
all active natural gas wells. We linked spud dates to the gas production data using a unique well permit number, allowing
us to determine the annual gas production for each active well after its spud date. Table 2 contains a list of all Pennsylvania counties that had unconventional natural gas wells drilled during the timeframe of this study. In particular, a
county is classified as a “well county” if it has at least one unconventional wells drilled between 2001 and 2013, and
as a “nonwell county” otherwise.
Our health outcome measures are derived from the Pennsylvania Health Care Cost Containment Council's
(PHC4) compilation of all inpatient hospital admission records in the state during 2001–2013. We use International
Classification of Diseases, Ninth Revision, Clinical Modification codes to identify the main diagnosis for each inpatient admission and then group related diagnoses into clinically meaningful categories using the Clinical Classification Software developed by the Agency for Healthcare Research and Quality (see Table A1 for how each condition is
defined).5 We focus our analysis on the following five health conditions that are sensitive to air pollution: AMI,
COPD, asthma, pneumonia, and URI. Although many known or possible carcinogenic chemicals are used during
the well development process (such as the benzene, toluene, ethylbenzene, and xylene [BTEX] compounds), we
do not consider cancer in this analysis due to the short time frame of our data.6 Persistent correlations between
the above five conditions and air pollution have been established in the epidemiological literature (e.g., see
Brunekreef and Holgate (2002); Dockery and Pope III (1994); Dominici, Peng, Bell, et al. (2006); Eder, Ege, and
von Mutius (2006)); Garshick (2014); Lee, Kim, and Lee (2014); Neupane et al. (2010); Schwartz, Slater, Larson,
Pierson, and Koenig (1993).
3

Assessing the robustness of these estimates is particularly important given what appears to be an error in the dataset constructed by Jemielita et al.
(2015). After aggregating zip code well counts to the county level from 2007 to 2011, the total number of unconventional wells drilled during this period
in the Jemielita et al. (2015) dataset is 3,568 for Bradford County and 964 for Susquehanna County, respectively. However, according to the PADEP oil
and gas reporting website (the source of raw well data for both Jemielita et al. (2015) and our study), there are records for only 945 unconventional wells
drilled in Bradford county and 457 wells unconventional wells drilled in Susquehanna County between 2007 and 2011. The county‐level well counts in
our data are the same as those reported on the PADEP website, which offers interactive summary reports that contain the numbers of conventional and
unconventional wells drilled in Pennsylvania counties. These reports can be accessed at: http://www.depreportingservices.state.pa.us/ReportServer/
Pages/ReportViewer.aspx?/Oil_Gas/Wells_Drilled_By_County.

4

For wells that begin producing immediately after drilling, the spud date and completion date are the same.

5

The Clinical Classification Software can be accessed at http://www.hcup‐us.ahrq.gov/toolssoftware/ccs/ccs.jsp.

6

For example, a recent study measuring the impact of diesel exhaust exposure on the incidence of lung cancer among miners used a 15‐year lag between
the time of exposure and diagnosis of the illness (Attfield et al., 2012).
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Unconventional and conventional natural gas wells drilled in Pennsylvania between 2001 and 2013

Well counties (N = 39)
County
Allegheny
Armstrong
Beaver
Bedford
Blair
Bradford
Butler
Cambria
Cameron
Centre
Clarion
Clearfield
Clinton
Columbia
Crawford
Elk
Fayette
Forest
Greene
Huntingdon
Indiana
Jefferson
Lackawanna
Lawrence
Luzerne
Lycoming
Mckean
Mercer
Potter
Somerset
Sullivian
Susquehanna
Tioga
Venango
Warren
Washington
Wayne
Westmoreland
Wyoming
Total

Drilling year
2008
2006
2009
2010
2010
2005
2006
2009
2008
2007
2007
2007
2008
2010
2012
2005
2006
2009
2006
2010
2003
2008
2009
2011
2010
2007
2006
2012
2007
2004
2010
2006
2006
2011
2007
2002
2008
2003
2009

Nonwell counties (N = 28)
Unconventional wells
31
178
35
1
6
1,219
268
7
20
63
25
150
100
3
3
71
249
22
631
1
49
40
2
30
2
823
73
26
70
26
82
861
843
6
5
974
5
258
180
7,438

Conventional wells
468
2,929
4
15
0
29
119
180
14
372
1,496
1,307
102
0
1,414
963
2,269
2,336
934
4
2,799
1,861
0
30
0
7
5,934
1,440
336
19
0
4
24
1,157
3,443
661
4
2,447
1
35,122

County
Adams
Berks
Bucks
Carbon
Chester
Cumberland
Dauphin
Delaware
Erie
Franklin
Fulton
Juniata
Lancaster
Lebanon
Lehigh
Mifflin
Monroe
Montgomery
Montour
Northampton
Northumberland
Perry
Philadelphia
Pike
Schuylkill
Snyder
Union
York
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Conventional wells
0
0
0
0
0
0
0
0
272
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
272

Note. The numbers of conventional and unconventional wells represent the cumulative number of wells drilled for each type between the commencement date
and 2013. Well counties are those that have at least one unconventional well during this period.

3 | EMPIRICAL M ETHODS
Our analysis sample consists of individuals aged 5 and above. We exclude young children aged 0–4 because about 78% of
our hospital admission records in this age range are for newborns, and very young children are significantly less likely to
be affected by air pollution than school‐aged children due to the limited amount of time they spend outdoors. In addition
to estimating models using the full sample, we stratify the sample into four age groups: 5–19, 20–44, 45–64, and above 65
because the pollution caused by shale gas development might have a more pronounced effect on one age group than
others. For example, elderly individuals with a preexisting respiratory illness are more sensitive to air pollution and
are more likely than younger individuals to contract pneumonia (Ryan et al., 2013). Because hospitalization rates for
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AMI and COPD are either very low or zero among children ages 5–19, we only estimate models for asthma, pneumonia,
and URI for this age group. In each year, we construct county‐level measures of the five health conditions by first aggregating the individual‐level PHC4 data into county‐year cells, and then normalizing the total number of inpatient admissions for each condition by the population of that county in each age group in the same year,7 so that the measures reflect
hospitalizations per 1,000 people. We chose to conduct our analysis at the county level instead of zip code level as in
Jemielita et al. (2015) mainly because annual population estimates and demographic and economic characteristics are
only available at the county level from the Census Bureau. In particular, normalizing the county‐level hospitalization
counts and controlling for county‐level demographic shifts, such as changes in the age distribution, in regression models
should reduce the influence of population migration on our estimates.

3.1 | Difference‐in‐differences
The average hospitalization rates for AMI, COPD, asthma, pneumonia, and URI are higher in counties containing
unconventional natural gas wells than those without wells. This is likely because poverty rates are 28% higher in well
counties, on average, and the fact that these counties have much higher levels of extraction of other natural resources,
such as coal (see Table 3). Furthermore, the hospitalization rates for certain conditions and age groups exhibit strong
secular trends over time in both well and nonwell counties (see Figure A1). In order to address both of these issues,
we estimate the impact of unconventional natural gas development on county‐level hospitalization rates using a difference‐in‐differences strategy. Specifically, we exploit the plausibly exogenous variation in the timing of drilling in each
county (see Table 2). We estimate the following “staggered treatment” specification:
s

s

r¼0

r¼0

yct ¼ X′ct β þ ∑ αr Wc;t−r þ ∑ θr Lc;t−r þ ψc þ ζ t þ uct ;

(1)

where yct is the health outcome of interest in county c and year t, Xct is a vector of county characteristics (more discussion
below), Wct is an indicator variable that equals to one if there are active unconventional wells in the county in year t,8 Lct
is the log of natural gas output9 from all active unconventional wells in the county in year (we add 1 to the level of output
in counties without wells because output is equal to 0 for them), and is a random error term assumed to be uncorrelated
with all of the regressors. The county fixed effects ψc and year fixed effects control for time‐invariant unobserved county‐
level heterogeneity and overall common shocks to the outcomes, respectively. We also augment our baseline model with
county‐specific linear trends. In the baseline model, identification of the treatment effects comes from comparing
changes in hospitalization rates over time in counties with unconventional wells relative to the change in hospitalization
rates over time in counties without unconventional wells (with a similar number of counties in each group). However,
identification in the more demanding models with county‐specific linear trends comes from sharp deviations in the outcomes from linear trends in the treatment counties relative to the control counties. As a result, this specification is robust
to preexisting differential trends in the outcomes across the treatment and control counties.
We use one lag for both the binary well indicator and log of output. The main reason for choosing this specification is
that air pollution may have lagged effects on health, especially for some of the chronic conditions we examine. Even for
acute conditions like asthma, it is possible that an individual must be exposed to certain air pollutants for an extended
period of time before experiencing symptoms. We note that air pollution may come from gas well development activities
(site construction, drilling, and initial hydraulic fracturing) as well as ongoing extraction activities (gas production, compression, and fuel transportation). The treatment dummies in (1) should capture the effects of well development activities, whereas the inclusion of the log of output in our model will capture the intensity of ongoing extraction activities.
The parameters of interest, α and θ, measure the reduced‐form effects of Marcellus shale gas development and production on the county‐level hospitalization rate for each medical condition.
Our models also contain control variables for county‐level demographic composition, economic conditions and activities, and measures of patient characteristics at each county's hospitals (see Table 3). Specifically, we include the county‐
level unemployment rate, poverty rate, the log of county population density, quartiles of county median household
income, and the percentage of the county population in each 5‐year age category, from 0 to 4 to 85 and above. These
7

These data are obtained from the Census Bureau Population Estimates Program, which can be accessed at http://www.census.gov/popest/.

8

Once an unconventional well is drilled, the indicator Wct remains 1 for the rest of the sample period.

9

Natural gas output is measured in thousands of cubic feet.
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TABLE 3
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Summary statistics, county‐level, 2001–2013
Full sample (Age 5 and above) Age 5–19
Mean

Standard
deviation

Patient characteristics
Age
59.001
1.787
Female
0.576
0.019
White
0.916
0.097
Black
0.038
0.070
Asian
0.003
0.003
Other race
0.043
0.053
Hispanic
0.017
0.041
Private
0.324
0.049
Medicare
0.516
0.043
Medicaid
0.127
0.033
Government insurance
0.010
0.006
Self‐pay
0.018
0.012
Other insurance
0.005
0.009
Admission: emergency
0.428
0.172
Admission: urgent
0.269
0.171
Admission: elective
0.299
0.062
Admission: other type
0.000
0.001
Charlson index
1.080
0.186
County‐level hospitalization rate (cases per 1,000 people)
Acute myocardial
3.307
0.995
infarction (AMI)
Chronic obstructive
3.157
1.294
pulmonary
disease (COPD)
Asthma
1.144
0.617
Pneumonia
4.544
1.486
Upper respiratory
0.478
0.253
infection (URI)

County characteristics (across all age groups)
a

Poverty rate (%)
Household median incomea (thousand, in 2013 dollars)
Unemployment ratea (%)
Population densitya (number of people per square mile)
Log of coal production (underground, short tons)b
Log of coal production (surface, short tons)b
Has an unconventional well in current year (0/1)c
Has an unconventional well in previous year (0/1)c
Log of unconventional output in current yearc
(million cubic feet)
Log of unconventional output in previous yearc
(million cubic feet)
Log of number of conventional wellsc
Log of conventional outputc (million cubic feet)

Age 20–44

Age 45–64

Age 65 and above

Standard
Standard
Standard
Standard
Mean deviation Mean deviation Mean deviation Mean deviation
14.424
0.570
0.847
0.071
0.004
0.078
0.038
0.589
0.004
0.364
0.014
0.021
0.007
0.415
0.286
0.293
0.000
0.157

0.430
0.046
0.142
0.098
0.005
0.076
0.059
0.088
0.008
0.090
0.011
0.016
0.011
0.152
0.140
0.111
0.002
0.064

32.011
0.701
0.881
0.053
0.005
0.061
0.027
0.545
0.083
0.308
0.013
0.045
0.006
0.322
0.241
0.431
0.000
0.285

0.616
0.033
0.121
0.081
0.007
0.063
0.049
0.079
0.023
0.065
0.011
0.020
0.009
0.137
0.133
0.098
0.001
0.062

55.179
0.495
0.909
0.045
0.002
0.043
0.015
0.574
0.227
0.153
0.015
0.025
0.005
0.427
0.261
0.308
0.000
1.108

0.402
0.024
0.102
0.080
0.003
0.050
0.040
0.082
0.047
0.046
0.012
0.014
0.008
0.168
0.165
0.058
0.001
0.163

77.982
0.562
0.947
0.022
0.001
0.030
0.009
0.060
0.924
0.004
0.005
0.002
0.005
0.479
0.283
0.235
0.000
1.522

0.705
0.026
0.079
0.053
0.002
0.053
0.040
0.028
0.034
0.005
0.006
0.010
0.012
0.205
0.205
0.058
0.001
0.270

0.002

0.011

0.447

0.243

3.577

1.090

12.080

3.720

0.018

0.044

0.223

0.201

3.001

1.390

12.450

4.474

0.719
0.737
0.225

0.749
0.435
0.221

0.780
1.008
0.236

0.449
0.466
0.175

1.296
3.237
0.387

0.791
1.269
0.268

2.075
17.686
1.380

1.226
5.484
0.823

Well counties (N = 507)

Nonwell counties (N = 364)

Mean

Mean

Standard deviation

Standard deviation

13.351
44.515
6.832
4.520
3.521
7.508
0.491
0.414
5.128

2.719
4.452
1.775
1.019
6.107
6.061
0.500
0.493
6.976

10.401
56.191
6.133
5.744
1.506
0.906
N/A
N/A
N/A

3.759
11.573
1.936
1.209
3.189
3.233
N/A
N/A
N/A

4.069

6.409

N/A

N/A

2.318
11.055

2.222
6.339

0.103
0.560

0.522
2.743

Note. Natural gas output is measured in thousand cubic feet (MCF); Household median income is unadjusted due to the methodological change of SAIPE after
2005. County‐level incidences are calculated by first aggregating the individual‐level PHC4 data to county‐year cells for each age group, and then normalizing by
the population in that age group. All patient characteristics are county‐level means from the PHC4 data.
a

U.S. Census Bureau, Small Area Income and Poverty Estimates (SAIPE). bU.S. Energy Information Administration. cPennsylvania Department of Environmental Protection.

962

PENG

ET AL.

measures are derived from the Small Area Income and Poverty Estimates (SAIPE) and the Population Estimates Program
data made available by the U.S. Census Bureau.10,11
Greater availability and lower prices of natural gas may reduce the demand for other fuels that generate pollution
during their extraction and use (Environmental Protection Agency (EPA), 1999; National Research Council, 2010). As
unconventional natural gas extraction in Pennsylvania has increased, the extraction of coal for electricity generation
has decreased as has the extraction of oil and gas from conventional wells. In order to capture this substitution of fuels,
we include in our models the log of annual county‐level production of coal from surface and underground mining
reported to the U.S. Energy Information Administration. We also include the annual number of new conventional wells
and total output from all conventional wells (both on the log scale).12
Finally, we construct county‐level measures of patient characteristics from the PHC4 inpatient admission records and
include these in our models. These are the county‐level proportion of female patients, the proportion of patients of different racial and ethnic categories (White, Black, Asian, Hispanic, and other races), the proportion of different types of
admissions (elective, urgent, emergency, and other types), and the proportion of patients in mutually exclusive insurance
categories (private insurance, Medicaid, Medicare, other government insurance, self‐pay, and all other payers), and the
county average Charlson index (Charlson, Pompei, Ales, & MacKenZie, 1987).13 In Table 3, we report descriptive statistics for all variables used in this analysis by age group. As expected, the county‐level hospitalization rates for pollution‐
sensitive conditions and the Charlson index increase with age.
For all of our regression models, we cluster the standard errors at county level to account for within‐county correlations
in the outcomes. However, one important consideration for this analysis is the multiple comparisons problem: It is possible
that we find statistically significant estimates simply by chance because we are conducting a large number of hypothesis
tests (23 in total). To address this issue, we calculate the family‐wise error rate adjusted p values using the free step‐down
resampling method proposed by Westfall and Young (1993).14 Compared with conventional methods such as the
Bonferroni correction, one of the main features of this bootstrap‐based approach is that it provides more statistical power
by accounting for underlying correlations among the outcomes (Anderson, 2008; Kling et al., 2007). This is particularly
attractive for our application because we expect strong intercorrelations among our outcomes (e.g., when we consider
the same condition in different age groups). Some recent studies that employ the same method include Kling et al.
(2007), Acemoglu and Finkelstein (2008), Gibson, McKenzie, and Stillman (2011), and Liebman and Luttmer (2015).

3.2 | Synthetic control method
One critical issue for our study is the timing of treatment. Even though we have information on the exact date when the
first unconventional well was drilled in each treatment county, it is still unclear ex‐ante how much exposure to unconventional wells constitutes a treatment sufficient to impact human health. In fact, the amount of pollution generated
from initial well pad (site) preparation, well construction, and hydraulic fracturing may vary greatly across wells given
the location and geological characteristics of the drilling site. In addition, there is a great deal of heterogeneity in terms of
the trajectory of the number of unconventional wells among well counties. Importantly, the county‐year panel structure
of our data sample effectively limits the number of lags that can be included in these models.
In order to address these issues, we use the synthetic control method developed by Abadie, Diamond, and
Hainmueller (2010) to complement the difference‐in‐differences models. One of the attractive features of the synthetic
control method is that it allows us to examine the evolution of the impact of drilling for an extended period of time in
a visually simple way. As in the difference‐in‐differences models, we code a county as treated during and after the year

10

We use the annual quartiles of household income due the methodological changes in the SAIPE. For the series of SAIPE state and county estimates,
there is a break between 2004 and 2005 due to the switch from the Current Population Survey Annual Social and Economic Supplement to the American Community Survey data in SAIPE modeling. For that reason, estimates for these particular years are not directly comparable.

11

The Intercensal Population Estimates released by the U.S. Census Bureau provide estimates of county‐level population by 5‐year age groups. We
include percentages of population in each age group for each county year in all of our models to account for the demographic changes in the counties.
12

Because most oil and gas producing counties had conventional wells before the beginning of our sample period, we use the number of new conventional wells instead of a treatment dummy to better capture the change in the intensity of conventional well development.

13
14

To avoid endogeneity, we only use contemporaneous secondary diagnoses when computing the Charlson index.

We implemented this method using 10,000 bootstrap replications based on the modified algorithm in Kling, Liebman, and Katz (2007). See Section C
of Online Appendix of Kling et al. (2007) for more details of the algorithm.
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FIGURE 1

963

Pennsylvania counties with unconventional natural gas wells [Colour figure can be viewed at wileyonlinelibrary.com]

when the first unconventional well was drilled. We believe that this is the best approach given that activities surrounding
the development of wells can generate significant pollution even before natural gas is extracted from the wells. We
include in the control group the 28 counties that have no unconventional wells by the end of 2013. Operationally, for
each well county, the synthetic control method selects a set of weights for the control counties so that the difference
between the treatment and control counties in both the outcome and observed characteristics in the pretreatment period
is minimized. The weighted average of the outcome for the control counties is then used as the counterfactual for the
treated county in the post period. We are then able to calculate a treatment effect for each of the posttreatment years.
We focus on the eight counties that are in the top quartile of the number of unconventional wells drilled by 2013
(Figure 1). We choose these counties because all of them had at least one unconventional well drilled before 2007,
enabling us to look at a relatively long posttreatment period.15 This is particularly appealing because unconventional
natural gas development activities started to increase dramatically after 2008 and peaked around 2011 (see Figure 2
for the number of new unconventional wells drilled each year during our sample period). That is, we are able to see
how the health effects (if there are any) vary during this period of rapid expansion of well development activities.
To streamline the presentation of the results, we use the extension proposed by Cavallo, Galiani, Noy, and Pantano
(2013) to aggregate the treatment effects. In implementing the synthetic control method, we use the same control
variables as in the difference‐in‐differences models (except for coal production and unconventional well counts and output) and the average outcome in the pretreatment period to construct the synthetic matches.16 We use permutation tests
(placebo tests) to conduct statistical inference (Abadie et al., 2010; Cavallo et al., 2013). Intuitively, the estimated effects
are statistically significant when they are extreme relative to an empirical distribution of placebo effects (see Appendix A.4 for a detailed description of how we implement the synthetic control method and conduct statistical inference).

4 | RESULTS
Overall, we find consistent evidence that unconventional natural gas development is positively associated with higher
rates of pneumonia among the elderly. The results for other conditions are somewhat mixed and sensitive to model specification. To simplify the presentation of our results, we discuss our findings on pneumonia in this section and relegate
the results for AMI, COPD, asthma, and URI to the Appendix.
15

These eight counties are Bradford, Butler, Fayette, Greene, Lycoming, Susquehanna, Tioga, and Westmoreland.The synthetic control method requires
at least two pre‐intervention years. Therefore, we did not include Washington County in this analysis even though it is in the top quartile because the
first unconventional well was drilled in 2002 and our analysis sample starts in 2001.

16

As can be seen in Table 3, control counties have minimal coal production and very few conventional wells compared with treatment counties. Therefore, we do not include these variables in the synthetic matching procedure to improve the match between the treatment counties and their synthetic
counterparts.
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Number of new unconventional wells drilled each year between 2001 and 2013

4.1 | Difference‐in‐differences estimates
We report the difference‐in‐differences estimates for pneumonia in Table 4 (see Table A2 for the full set of estimates for
other conditions). For each age group, the first column presents estimates from the baseline model with county and year
fixed effects, and the second column presents estimates from the model that additionally contains county‐specific linear
time trends. In the full sample, the baseline model suggests that unconventional well development activities in the current and previous year are associated with an increase of 0.2 and 0.3 pneumonia admissions per 1,000 people, respectively (5.3% and 6.4% relative to the state mean). When we add county‐specific linear trends to the model, the
estimated effects remain positive but become smaller and lose statistical significance. This is somewhat expected as such
trends may remove useful variation from identification and attenuate the estimates. In addition, we do not find any statistically significant impact of unconventional output on the pneumonia hospitalization rate in either specification.
Columns 3 to 10 of Table 4 show the estimates by age group. In the baseline model, we find that unconventional well
development in the previous year is associated with an increase of 1.5 admissions per 1,000 people, or 8.5% relative to the
state mean, among the elderly. The effect remains statistically significant in the augmented model but decreases to about
1 admission per 1,000 people, or 5.7% relative to the state mean. However, we do not find the contemporaneous or lagged

TABLE 4

Impact of shale gas development on county‐level hospitalization rate for pneumonia, 2001–2013

Well current year
Well last year
Log output
1st lag of log output
Year fixed effects
County specific linear
trends

Full sample (Age 5 and above) Age 5–19

Age 20–44

(1)

(5)
0.066
(0.056)
0.008
(0.072)
0.001
(0.007)
0.009
(0.006)
Yes
N/A

(2)
0.241*
(0.131)
0.294**
(0.126)
0.005
(0.018)
−0.000
(0.013)
Yes
N/A

0.149
(0.133)
0.223
(0.145)
0.002
(0.017)
−0.010
(0.012)
Yes
Yes

(3)
(4)
0.062
0.098
(0.073) (0.080)
0.065
0.061
(0.075) (0.092)
−0.010 −0.007
(0.008) (0.008)
0.002 −0.003
(0.007) (0.008)
Yes
Yes
N/A
Yes

Age 45–64

Age 65 and above

(6)
(7)
(8)
(9)
(10)
0.026
0.141
0.019
0.777
0.506
(0.061) (0.152) (0.151) (0.479)
(0.570)
0.013
0.140
0.115
1.509*** 0.995**
(0.085) (0.177) (0.232) (0.402)
(0.484)
0.000 −0.014 −0.020
0.000
0.012
(0.008) (0.017) (0.023) (0.067)
(0.065)
0.005
0.007 −0.005 −0.037
−0.049
(0.005) (0.015) (0.016) (0.052)
(0.038)
Yes
Yes
Yes
Yes
Yes
Yes
N/A
Yes
N/A
Yes

Note. Standard errors are clustered at the county level. The total of number of observations is 804. All models include county and year fixed effects. Other control
variables include average age, the share of different types of insurance (Medicare, Medicaid, private, self‐pay, government, and other insurance), the share of
female patients, the share of different race and ethnicity groups (White, Black, Asian, Hispanic, and other race), the share of different types of admission (emergency, urgent, elective, and other types), average Charlson index, county‐level unemployment rate, poverty rate, annual quartiles of median household income,
log of population density, log of annual coal production (both surface and underground), log of number of conventional wells, log of conventional output, and the
entire county‐level age distribution.
*p < .1. **p < .05. ***p < .01.
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(a)

(c)

(b)

(d)

(e)

FIGURE 3

Evolution of the hospitalization rate for pneumonia in well counties in the top quartile of the well distribution and their
synthetic matches

treatment dummy to be statistically significant in other age groups. Taken together, these results suggest that the adverse
effects of unconventional well development on pneumonia are concentrated among the elderly.
Just as in the full sample, unconventional output does not seem to have any detectable effect on the hospitalization
rate for pneumonia. This suggests that the health effects are mainly driven by unconventional well development activities instead of production‐related activities. It is also worth noting that our measures of conventional drilling intensity
(log of number of new conventional wells and log of conventional output) are statistically significant in only one of our
10 regressions on pneumonia.17 This rules out the possibility that our estimated effects are due to changes in conventional well development and production activities.
To account for the multiple inference problem, we calculate the family‐wise error rate adjusted p values using the
method described above. As expected, the adjusted p values for some of our estimates become substantially larger. In particular, the contemporaneous and lagged treatment dummies in the full sample lose statistical significance after this
adjustment (adjusted p values are 0.77 and 0.44, respectively). Among the elderly, the lagged treatment dummy remains
statistically significant in the baseline model with an adjusted p value of 0.03, whereas the same effect drops below conventional levels of statistical significance in the augmented model (adjusted p value equals of 0.57).18 Given that we are
still able to detect an effect under this conservative approach, we conclude that it is unlikely that the relationship
between drilling and pneumonia among the elderly that we find in multiple specifications is observed by chance.

4.2 | Synthetic control estimates
In Figure 3, we plot the evolution of the hospitalization rate for pneumonia averaged across the eight counties and their
synthetic matches in the top quartile of the unconventional well distribution for the 5 years before and after the first
unconventional well was drilled (see Figure A2 for other conditions). The full set of synthetic control estimates and root
mean squared prediction error (RMSPE) in the pretreatment period are reported in Table A4. Due to the poor pretreatment fit for some of the outcomes (as indicated by the large RMSPE), we only conduct statistical inference for the cases
where we have reasonably good pretreatment fit (RMSPE is less than 10% of the mean of the outcome). The poor fit of the
synthetic matches for the rest of the cases also suggests the presence of unobserved factors that our models do not capture.
17

The estimated coefficient on log of number of conventional wells is negative and statistically significant with an unadjusted p value of 0.07 in the augmented model for pneumonia among individuals aged 45–64.

18

The full set of family‐wise error rate adjusted p values is available from the authors upon request.
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Panels A, D, and E of Figure 3 show that the synthetic matches provide a good approximation for the pretreatment
trajectory of the pneumonia hospitalization rate in the full sample as well as for the two older age groups. The p values
obtained from placebo tests indicate that the gap between treatment counties and their synthetic matches is not statistically significant among those aged 45–64 (see Panel D of Figure A3). On the other hand, we find that unconventional
well development seems to have a long‐lasting impact on the hospitalization rate for pneumonia among the elderly. As
shown in Panel E of Figure A3, there is virtually no gap between the treatment counties and synthetic matches in the
years before unconventional drilling occurred. However, the gap begins to widen after drilling started to intensify.
Although not statistically significant, the treatment counties have 1.4 more admissions per 1,000 people 1 year after drilling
began (T = 1) as compared with the synthetic matches. Interestingly, after the initial increase, the estimated effect tends to
be constant and remain highly statistically significant; the average of second to fifth leads shows an increase of 2.7 admissions per 1,000 people in the treatment counties. We also find that the estimated effects exhibit the same pattern in the full
sample (see Panel F of Figure A3). In general, these results lend support to our difference‐in‐differences estimates.

4.3 | Robustness and falsification tests
We conduct a series of additional checks in order to assess the robustness of our main results. Importantly, our estimates
are reliable only if the model either captures or removes county‐level factors that are correlated with both unconventional well development and hospitalization rates. We first subject the difference‐in‐differences models to several alternative specifications. If counties that are more likely to have higher growth in hospitalization rates are also more likely to
have unconventional wells, then our estimates will be upwardly biased. In order to assess whether there exist such
preexisting trends in the outcomes, we reestimate the baseline models with 2 leads of the treatment dummy (contemporaneous well development) and no output variables. We report the point estimates from this exercise in Table A3. Across
the models for pneumonia, we do not find any statistically significant coefficient estimate on the lead treatment
dummies. These results suggest that it is unlikely that our main finding on pneumonia is driven by preexisting differential trends within counties.
To assess whether our results are sensitive to the composition of the control group, we reestimate Equation 1 after
excluding the five largest urban counties in Pennsylvania so that counties in the treatment and control groups are more
comparable in terms of population density.19 We find that our estimates are largely unchanged using this set of control
counties. In another set of models, we test whether our results are robust to alternative treatment definitions. Specifically, we reestimate Equation 1 with treatment defined as (a) having at least five unconventional wells drilled to date
or (b) having at least 100 unconventional wells drilled to date. Results from these models (not shown) indicate that
the estimated effects on pneumonia become statistically insignificant under these alternative treatment definitions.20
One likely explanation for this result is that the health effects of unconventional natural gas drilling are immediate
(occur within one or 2 years after drilling begins) and do not increase proportionally with the number of wells, which
is supported by the synthetic control estimates for pneumonia (Panels A and E of Figure 3). As a result, the difference‐in‐differences models with treatment delayed a few years may mask the true effects of drilling because the increase
in hospitalization rates following the initial drilling years are now included in the “pretreatment” period under these
alternative treatment definitions.21 We provide a more detailed discussion of these results in Section 5.
Finally, we conduct a Monte Carlo simulation designed to detect spurious correlations between the well development
indicators and outcome variables. We use the period of 2000–2005 and randomly assign placebo treatments to counties
that contained wells in the post‐2005 period by drawing the year of drilling in the prewell period from a uniform distribution. We then estimate Equation 1 for each condition with current and lagged placebo treatment indicators but without the output variables (see Appendix A.3 for a detailed description). In general, the probability of a Type I error
(incorrectly rejecting the null hypothesis of no effect) is very close to the levels of significance we report for pneumonia
(see Table A5). Specifically, we find that the coefficient estimate on the first lag of treatment dummy is significant at 1%
19

These five counties are Philadelphia county (City of Philadelphia), Allegheny county (City of Pittsburgh), Lehigh county (City of Allentown), Erie
county (City of Erie), and Berks county (City of Reading).

20
21

These models include a treatment dummy and its first lag but do not include unconventional output. Results are available from the authors upon request.

When 5 or 100 wells are used to define treatment, the well development indicator Wct is set equal to 1 a few years later as compared with the original
definition where Wct is set to 1 once a well is drilled. If the health effects of drilling are immediate and relatively constant over time, then the difference‐
in‐differences specification would fail to identify any significant effects under this alternative treatment definition because the years during which 1–5
or 1–100 wells were drilled would be included in the preperiod.

of
of
of
of

Log
Log
Log
Log

number of new unconventional wells
unconventional output
number of conventional wells
conventional output

number of new unconventional wells
unconventional output
number of conventional wells
conventional output

0.032
−0.008
0.050
0.025

−0.005 (0.025)
−0.008 (0.006)
0.001 (0.039)
0.006 (0.024)
(0.078)
(0.016)
(0.099)
(0.029)

Formaldehyde

Ethyl Benzene
0.007
−0.015
−0.054
−0.105***

0.325***
−0.018
−0.128
−0.030

PM‐2.5

(4)

(0.049)
(0.009)
(0.059)
(0.020)

n‐Hexane

(10)

0.351*** (0.067)
−0.012 (0.015)
−0.107 (0.086)
−0.019 (0.024)

(9)

0.624*** (0.141)
−0.030 (0.037)
−0.201 (0.150)
−0.084* (0.045)

PM‐10

(8)

0.417*** (0.128)
−0.059* (0.032)
−0.196 (0.139)
−0.092** (0.039)

NOx

CO

(3)

0.159**
0.012
−0.091
−0.165***

0.021 (0.033)
−0.006 (0.008)
−0.004 (0.053)
0.034* (0.017)

Toluene

(11)

(0.061)
(0.013)
(0.081)
(0.019)

SOx

(5)

0.314**
−0.002
−0.022
−0.142***

0.056 (0.038)
−0.004 (0.008)
−0.028 (0.059)
−0.099** (0.040)

Xylenes

(12)

(0.068)
(0.013)
(0.110)
(0.051)

VOC

(6)

0.021
−0.009*
−0.012
0.011

(0.022)
(0.004)
(0.032)
(0.010)

−0.021 (0.035)
−0.015** (0.007)
0.043 (0.079)
0.010 (0.041)

2,2,4‐Trimethylpentane

(13)

(0.140)
(0.039)
(0.165)
(0.041)

Benzene

(7)

*p < .1. **p < .05. ***p < .01.

Note. Standard errors are clustered at the county level. The total number of observations is 105. 35 well counties are included in the regressions (Lackawanna and Luzerne do not have data for all three years, and Bedford
and Wayne counties are not included in these data). Dependent variables include the log of total county‐level emissions for the air pollutants. All models control for county and year fixed effects, the poverty rate, unemployment rate, population density, household median income, and coal production.

of
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Log
Log
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Log

(2)

(1)

TABLE 5 Associations between county‐level air emissions and unconventional natural gas development, 2011–2013
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level for pneumonia among the elderly. And the simulations indicate that among 10,000 replications of a placebo treatment there are 125 times when the null hypothesis is falsely rejected, implying the probability of Type I error is 1.25%. In
other words, the likelihood of a false positive in our models is nearly the same as a model that conforms perfectly to the
assumptions of linear regression.

5 | DISC USS I ON AND CONC LUSIONS
We examine the impact of unconventional natural gas development, which is known to cause air pollution, on human
health. Our results show that horizontal drilling and hydraulic fracturing into Marcellus shale in the state of Pennsylvania
over the past decade is associated with significant increases in hospitalization rates for pneumonia (among individuals
aged 65 and above). Although we also find associations between natural gas development and extraction and AMI, COPD,
asthma, and URI, these effects are sensitive to the empirical method as well as the functional specification of the models.
Notably, we do not find any impact of gas well development on asthma, pneumonia, or URI among children aged 5–19.
Because children spend more time outdoors, breath more rapidly than adults, and breath through their mouths rather
than filtering air through their nose, their exposure to air pollution is typically assumed to be higher than adults (California Office of Environmental Health Hazard Assessment and the American Lung Association, 2003). It is possible that the
impact of air pollution from well development has a longer term impact on children through the development of respiratory and other illnesses that we are unable to detect during the limited timeframe of our analysis. In contrast, the effects
we find among adults may reflect the acute aggravation of preexisting conditions.
Another noteworthy finding is that most of the adverse effects we identify are likely due to well development and not
natural gas extraction and compression, given that we do not find any unconventional output variables to be statistically
significant in our models on pneumonia. Although we find positive and statistically significant associations between
lagged gas output and AMI hospitalizations among middle‐aged and elderly individuals (45‐to 64‐year olds and 65
and above), these output effects are not precisely estimated when county‐specific linear trends are added to the difference‐in‐difference models (see Table A2). A significant source of air pollution during well development is the diesel
engines that power heavy equipment used to build roads, clear well sites, construct wells, drill, and inject fracking fluid
into the wells. Horizontal drilling followed by hydraulic fracturing is more energy‐intensive than traditional vertical drilling, and the diesel engines used to pump fracking fluid commonly exceed 2,000 bhp (Treida, 2010).
Because our effects are predicated on increased exposure to air pollutants, it would be attractive to show a link
between elevated levels of ambient air pollutant concentration and unconventional well development activities. Unfortunately, due to the poor overlap between air quality monitoring sites and well locations, we are not able to establish this
relationship directly. That said, it is possible to use the PADEP county‐level air emissions inventory (based on which we
constructed Table 1) to examine if counties with more intensive well development activities generate more emissions.
Because these data are only available starting in 2011, we compile a 3‐year (2011–2013) county‐level panel of air emissions and matched it to our well dataset. We then estimate a set of county fixed effects models that estimate the relationship between emissions and drilling intensity.22 The key independent variables are the number of new unconventional
wells each year and output from unconventional wells (both on the log scale). We also include the log of conventional
well counts and output. The dependent variables are the log of annual emissions for a select group of air pollutants. We
report the estimates from these regressions in Table 5. In general, we find strong and positive associations between the
number of unconventional wells and county‐level emissions of carbon monoxide, nitrogen oxides, PM10, PM2.5, sulfur
oxides, and VOC. Despite these findings, it is important to point out that we are not able to assess whether the increases
in air pollution emissions are large enough to affect human health due to a lack of air quality concentration measures.
Our analysis does have some limitations that should be kept in mind when interpreting the results. The large‐scale
development of Marcellus shale has inevitably caused migration into affected communities by gas workers and other
individuals seeking jobs created by greater economic activity associated with growth in the gas industry. Likewise, shale
gas development has resulted in out‐migration by individuals that have sold their land to gas companies or have been
displaced by the rising cost of housing in well counties. As shown in Panel A of Figure A4, the proportion of working
age adults (aged 20–64) increased more quickly between 2008 and 2011 in well counties as compared with nonwell
counties. This is consistent with the timing of increased drilling activities in the state. Although we have included
22

In these models, we control for county and year fixed effects, the poverty rate, unemployment rate, population density, household median income,
and coal production, all at the county‐level.
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variables in our empirical models that capture changes in the county‐level age distribution over time, these variables do
not capture the changes in underlying population health. Therefore, if the net impact of migration was to increase
(decrease) the number of individuals with pollution‐sensitive diseases in well counties, or decrease (increase) the number of individuals with these conditions in nonwell counties, our estimates will be upwardly (downwardly) biased. This
raises the possibility that the lack of effects among younger individuals may be in part due to unobserved changes in
county demographic characteristics. That said, our estimates on pneumonia among the elderly should be less affected
by migration because there is no noticeable difference in the trend of proportion of individuals aged 65 and above
between well and nonwell counties during the same time period (Panel B of Figure A4).
We find it interesting that the effects on pneumonia among the elderly are stable for the second to fourth leads even
though drilling intensity increased substantially 3 or 4 years after drilling began (Panel E of Figure 3). One possible
explanation for this is the diminishing amount of pollution caused by new wells. In fact, the horizontal drilling technique
allows natural gas companies to drill multiple wells on a single well pad (“multiple‐well pads”). Therefore, the pollution
generated by new wells does not necessarily increase proportionally and the health effects may eventually level off, particularly if a large share of the pollution generated by wells occurs during the construction of the well pad. Another possibility is that higher concentrations of wells do pose greater public health risks, but there are unobserved county‐level
changes that occurred contemporaneously with drilling (which may or may not be related to unconventional natural gas
development itself) that are not captured by our models. If these unobserved changes lowered the hospitalization rate,
we could observe a relatively constant effect of drilling even though the real effects escalated over time. Unfortunately,
we are not able to provide any further evidence to differentiate these explanations. As a result, we caution that our
models may under‐estimate the impact of natural gas development on pneumonia.
Despite these limitations, our study helps establish a consistent link between unconventional natural gas extraction
and higher rates of disease. Our results have important implications for public policy because they provide evidence of an
adverse impact of shale gas development on health, which is currently of concern to policy makers. For example, in April
2012, the U.S. EPA, Department of Energy, and Department of Interior agreed to collaborate on research in order to
improve the “scientific understanding of hydraulic fracturing”. In June 2015, the EPA released the results from a
national study that investigates the potential impact of hydraulic fracturing on drinking water resources. They did not
find evidence that hydraulic fracturing has led to widespread, systemic impacts on drinking water resources in the
United States, despite some isolated cases of contaminated drinking water wells (EPA, 2015).
In 2010 and 2011, the Pennsylvania Department of Environmental Protection conducted three short‐term studies to
determine whether shale gas development affects air quality in the southwestern, northeastern, and northcentral regions
of the state. In all three studies, natural gas constituents and associated compounds were detected in the air near Marcellus
shale drilling operations, but the Department of Environmental Protection concluded that none of the compounds reached
a level of concentration that could cause air‐related health issues (Pennsylvania Department of Environmental Protection
(PA DEP), 2010, 2011a, 2011b). However, a more recent study conducted by the Southwest Pennsylvania Environmental
Health Project, a nonprofit environmental health organization, found short‐term high values of particulate matter in the
air and concluded that current methods of collecting and analyzing air pollutants emission data are not sufficiently accurate
to evaluate the health risks of unconventional natural gas development (Brown, Weinberger, Lewis, & Bonaparte, 2014).
In the absence of strong scientific evidence on the relationship between shale gas development and health, states in
the mid‐Atlantic region have demonstrated conflicting regulatory objectives. In February 2012, the Pennsylvania General Assembly passed Act 13, which was a major overhaul of the state's oil and gas law. According to the new law, municipal governments are not allowed to impose stricter regulations on drilling activities than other industries and must
allow oil and gas operations in “all zoning districts” (The General Assembly of Pennsylvania, 2011). This portion of
the law resulted in disputes between local communities and state government and was subsequently ruled unconstitutional by the Pennsylvania Supreme Court (Cusick, 2013). In contrast, after conducting a 7‐year study, the state of
New York officially banned natural gas extraction activities that involve high‐volume hydraulic fracturing on June 29,
2015 (New York Department of Environmental Conservation, 2015).
We seek to inform regulatory policies such as these by providing evidence on the link between Marcellus shale gas
development and health. Because we find that unconventional natural gas well development has a stronger link to poor
health than postdevelopment gas production, there is more limited justification for natural gas extraction taxes based on
pollution‐related externalities than per‐well fees. The latter are similar, for example, to the annual “impact fees” levied
on every Marcellus well drilled by operators under Pennsylvania's Act 13 of 2012. However, our results demonstrate a
clear need for additional studies to confirm the precise causal pathways between unconventional gas well development,
elevated levels of air pollution, and adverse health effects among different age groups.
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DISCLAIMER
Pennsylvania inpatient data are from the Pennsylvania Health Care Cost Containment Council (PHC4). PHC4 is an
independent state agency responsible for addressing the problem of escalating health costs, ensuring the quality of
health care, and increasing access to health care for all citizens regardless of ability to pay. PHC4 has provided data to
this entity in an effort to further PHC4's mission of educating the public and containing health‐care costs in Pennsylvania. PHC4, its agents, and staff have made no representation, guarantee, or warranty and express or implied that the data
—financial, patient, payer, and physician specific information—provided to this entity, are error‐free or that the use of
the data will avoid differences of opinion or interpretation. This analysis was not prepared by PHC4. PHC4, its agents,
and staff bear no responsibility or liability for the results of the analysis. The authors have no conflict of interest.
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A P P EN D I X A
A.1 | Shale gas development process
Unlike conventional natural gas development, extracting natural gas from unconventional formations relies heavily on
horizontal drilling and hydraulic fracturing. Typically, operators first construct a well pad at the location suitable for drilling, build infrastructure, and transport equipment to the drilling site. In the next stage, a hole (wellbore) is drilled into
the earth through a combination of vertical and horizontal drilling. Casing23 and cement are inserted into the wellbore in
order to isolate it from the surrounding formation. Finally, hydraulic fracturing is used to stimulate the shale formation.
This involves the injection of highly pressurized fracturing fluid through the holes created by a perforating tool inserted
in the casing and cement. As fracturing fluid is forced into the surrounding formation, fractures or cracks are created or
expanded in the target formation. The underlying gas is then released and collected (GAO, 2012). It is worth noting that
throughout the production period it may be necessary to restimulate the wells (also known as refracturing or well
workovers) by repeating the hydraulic fracturing process, the frequency of which depends on the characteristics of geologic formation and production phase of a particular well (Department of Energy, 2009). When estimating annual greenhouse gas emission from natural gas production, the Environmental Protection Agency uses the assumption that 10% of
unconventional wells need restimulation every year (EPA, 2012).

A.2 | Potential public health risks
Shale gas development and production may pose a threat to public health through air pollution (National Resources
Defense Council, 2014). First, the construction of infrastructure at the drilling site requires massive transportation of water,
sand, chemicals, and heavy machinery. Air pollutants such as NOX and particulate matters (PM) contained in the engine
exhaust brought about by increased traffic are released into the atmosphere. In addition, the development and production
process requires a substantial amount of power, which is often supplied by diesel engines. The burning of diesel fuel also
generates exhaust. Second, for operational reasons, flaring (burning) or venting (direct release into the atmosphere) of natural gas during the development and production process is sometimes necessary, which leads to emissions of carbon dioxide and the release of methane and VOCs. Third, evaporation of fracturing fluid and produced water may also emit
hazardous chemicals into the atmosphere. Some of the air pollutants and chemicals from the drilling and gas production
activities may be harmful to human health and even carcinogenic. NOX can form small particles through reactions with
ammonia, moisture, and other compounds. These particles penetrate deeply into the sensitive part of lungs and cause
or worsen respiratory diseases (EPA, 1998). In addition, when reacting with VOCs in the presence of heat and sunlight,
NOX can form ground‐level Ozone (smog), which irritates the respiratory system, reduces lung function, aggravates
chronic conditions such as asthma and chronic bronchitis, and potentially results in permanent lung damage (EPA, 2009).
PM is also harmful. Short‐term exposure to fine particles can cause asthma attacks and acute bronchitis and increases
the risk of heart attacks and arrhythmias among people with heart disease (EPA, 2003). There are a multitude of studies
that attempt to uncover the link between air pollution and adverse health outcomes. In general, researchers have found
consistent evidence that air pollution is associated with respiratory problems. For example, Ko et al. (2007) find that levels
of major air pollutants (NO2, O3, PM10, and PM2.5) in Hong Kong were associated with increased hospital admissions, with
O3 being the most important contributor. Likewise, Zanobetti and Schwartz (2006) find that air pollution in the greater Boston area was associated with a higher risk of hospitalization for pneumonia among individuals aged 65 and older.
Colborn, Kwiatkowski, Schultz, and Bachran (2011) compile a list of 632 chemicals used during the fracturing and
drilling stages of natural gas development and report that many of them could have a negative impact on human health.
In particular, more than 75% of the chemicals could affect the respiratory system; about half could affect the immune
and cardiovascular systems; and 25% could cause cancer. A similar analysis was conducted in a congressional report
by the Committee on Energy and Commerce of the U.S. House of Representatives. The report reviews the type and volume of hydraulic fracturing products used by 14 leading oil and gas companies between 2005 and 2009 and finds that the
most widely used chemical during that period was methanol, which is a hazardous air pollutant, and that more than 650
hydraulic fracturing products contain 29 chemicals that are known or possible human carcinogens (Committee on
Energy and Commerce, U.S. House of Representatives, 2011). These chemicals are either regulated under the Safe
23

Casing is a metal pipe inserted inside the wellbore. It prevents fluids outside the formation from entering the well. It also protects fragile sections of
the wellbore from drilling mud inside the well (GAO, 2012).
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Drinking Water Act for their risks to human health and/or listed as hazardous air pollutants under the Clean Air Act.
For instance, the BTEX compounds were found in many of the hydraulic products. Each BTEX compound is a regulated
contaminant under the Safe Drinking Water Act and a hazardous air pollutant under the Clean Air Act. Benzene alone is
also known to be carcinogenic.
A.3 | Monte Carlo simulation
Using a Monte Carlo simulation, we investigate whether our findings could result from spurious correlation between
drilling activity and county‐level disease trends. The simulation results indicate that the potential for unobservable
county‐level attributes to confound our findings in this manner is small.
In order to conduct the simulation, we first subset the sample to 2000–2005, the period before unconventional drilling
in Marcellus shale began, and then randomly assign the “treatment” of unconventional wells to counties that contained
wells in the post‐2005 period. These wells are assigned by drawing the year of drilling in the prewell period from a uniform distribution. We then estimate Equation 1 for each condition with current and lagged placebo treatment indicators
but without the output variables.
Provided there are no unobserved determinants of hospitalization rates in well counties, the coefficients on the placebo treatment variables should be statistically significant under a t test at the same rate at the α level of the test (i.e., the
Type 1 error rate). If, however, we find a spurious correlation between the placebo treatment and hospitalization rates at
a substantially higher rate than the α level of the test, it indicates that there are unobservable differences in factors determining hospitalization rates that are not accounted for by our models, which may lead us to incorrectly conclude that
there is a statistically significant relationship between shale gas development and health. We report the 1%, 5%, and
10% rejection rates for the placebo treatments for the models corresponding to our health outcomes in Table 5.
A.4 | Synthetic control method
In this section, we provide some technical detail on how we implement the synthetic control method and conduct
statistical inference. Following Abadie et al. (2010), suppose county j has the first unconventional well drilled in year
T0 (i.e., “treatment”), and we observe T years in total. Denote Y 0jt as the outcome of interest in the absence of unconventional wells and Y 1jt as the outcome when there are active unconventional wells in the county. Then, for each posttreatment year t = T0 + 1, …, T, the treatment effect can be written as αjt ¼ Y 1jt −Y 0jt . To estimate the counterfactuals
Y t0 in the posttreatment years, we construct a “synthetic” county j by selecting a set of nonnegative weights W for control counties (g = 1, 2, …, G). To measure the discrepancy between the treatment county and its synthetic match, we
use the following distance metric:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðX 1 −X 0 W Þ′ V ðX 1 −X 0 W Þ

(A:1)

where X1 is a vector that includes county‐level predictors and pretreatment outcomes for the treatment county, and X0
is the corresponding matrix for the control counties. The symmetric matrix V assigns weights to variables included in
X. Ideally, the synthetic match should approximate the pretreatment outcome trajectory of the treatment county as
closely as possible and at the same time have similar county characteristics. To achieve this, Abadie et al. (2010) suggest using a constrained optimization procedure that jointly chooses optimal W and V such that the mean squared
prediction error of the outcome variable is minimized for the pretreatment period:
MSPE ¼ ðY 1 −Y 0 W ðV ÞÞ′ ðY 1 −Y 0 W ðV ÞÞ

(A:2)

where Y1 and Y0 are vectors that contain the entire pretreatment outcome trajectory for the treatment and control
counties. After obtaining the optimal weight W*, the weighted averages of the observed outcome for the control
counties is then used as the counterfactual in each of the posttreatment years. It follows that the estimator for the
treatment effect in a given posttreatment year t can be written as:
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ICD‐9‐CM diagnosis codes for all five conditions

AMI
4100 41000 41001 41002 4101 41010 41011 41012 4102 41020 41021 41022 4103 41030 41031 41032 4104 41040 41041 41042 4105 41050 41051
41052 4106 41060 41061 41062 4107 41070 41071 41072 4108 41080 41081 41082 4109 41090 41091 41092
COPD
490 4910 4911 4912 49120 49121 49122 4918 4919 4920 4928 494 4940 4941 496
Asthma
49300 49301 49302 49310 49311 49312 49320 49321 49322 49381 49382 49390 49391 49392
Pneumonia
00322 0203 0204 0205 0212 0221 0310 0391 0521 0551 0730 0830 1124 1140 1144 1145 11505 11515 11595 1304 1363 4800 4801 4802 4803
4808 4809 481 4820 4821 4822 4823 48230 48231 48232 48239 4824 48240 48241 48242 48249 4828 48281 48282 48283 48284 48289 4829
483 4830 4831 4838 4841 4843 4845 4846 4847 4848 485 486 5130 5171
URI
4660 4661 46611 46619 0320 0321 0322 0323 0340 460 4610 4611 4612 4613 4618 4619 462 4640 46400 46401 46410 46411 46420 46421 46430
46431 4644 46450 46451 4650 4658 4659 4730 4731 4732 4733 4738 4739 78491

g

b
αjt ¼ Y 1jt − ∑ wg Y 0gt

(A:3)

g¼1

In our application, there are multiple counties that received the treatment in different years. We follow the approach
by Cavallo et al. (2013) to obtain a single average treatment effect for each posttreatment year. Specifically, for a total of J
1
αjk .
well counties, the average effect in the Kth year after the treatment (i.e., Kth lead) is given by αk ¼ ∑b
J j
We use the procedure described in Cavallo et al. (2013) to conduct statistical inference for αk . The idea is to see
whether αk is extreme when compared against an empirical distribution of average placebo effects. We begin by
obtaining all placebo effects available to a given well county j.24 This is done by iteratively assigning placebo treatment (and using the same treatment year as county j) to control counties and applying the synthetic control method
outlined above using the remaining control counties to construct a synthetic match. After this step, we have J sets of
placebo effects, each corresponding to a well county. Note that because we include in the control groups only those
counties that do not have any unconventional wells by the end of 2013, all the well counties effectively have the
same set of control counties. However, they still have different sets of placebo effects if they received treatment in
different years.
J
Next, we construct average placebo effects from these J sets of G placebos. In total, there are ∏ G ¼ GJ possible ways
j¼1

to obtain an average from the J well counties for a given lead K. The p value for a two‐sided test of no effect can be calculated as:
GJ

∑ 1ðjαm j>jαk jÞ
p ¼ m¼1

GJ

(A:4)

It is usually impractical to obtain all possible averages even when G or J is modestly large. In our application, we
would have to obtain 28^8 = 3.778e + 11 average placebo effects. Therefore, we use 1,000 placebo averages to calculate
p values, which we believe should be sufficiently large to uncover truly extreme effects.

24

Given the number of placebo tests, we did not use fully constrained optimization to obtain the V matrix in our application. Instead, we used a regression‐based V and obtained optimal W by minimizing (2), treating V as given. This significantly saves computational time at the cost of slightly worse fit
for certain placebos.
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Hospitalization rates for select conditions, 2001–2013
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AMI

0.123 (0.098)
−0.091 (0.115)
−0.001 (0.011)
0.007 (0.009)
0.123

−0.009 (0.146)
−0.300* (0.170)
0.021 (0.015)
−0.002 (0.016)
0.399 (0.375)
0.369 (0.449)
−0.030 (0.045)
0.013 (0.034)
X

(0.083)
(0.075)
(0.009)
(0.010)

(0.050)
(0.059)
(0.006)
(0.004)
(0.133)
(0.149)
(0.015)
(0.010)

−0.072
0.006
0.007
0.011
‐0.072

−0.065
0.113*
−0.003
−0.001
−0.053
−0.032
0.003
0.011
−0.093 (0.352)
−0.020 (0.345)
0.031 (0.045)
0.052 (0.043)
X
X

−0.119 (0.374)
0.043 (0.532)
−0.014 (0.037)
−0.008 (0.046)
X
X

−0.166 (0.146)
−0.227 (0.170)
0.013 (0.014)
−0.019 (0.020)

0.074** (0.029)
−0.048 (0.045)
−0.002 (0.003)
−0.001 (0.003)

−0.018 (0.104)
−0.091 (0.111)
−0.002 (0.008)
−0.006 (0.013)
−0.018

(4)

(0.077)
(0.078)
(0.007)
(0.005)
−0.010 (0.163)
0.106 (0.122)
−0.011 (0.015)
−0.002 (0.013)
X

−0.001
0.047
0.008
−0.006

(0.046)
(0.049)
(0.006)
(0.005)

(0.064)
(0.061)
(0.006)
(0.006)

−0.000
−0.052
0.000
−0.005
−0.034
0.099**
−0.010
0.006

(0.053)
(0.038)
(0.005)
(0.004)

0.004
0.051
−0.003
0.000
0.004

(5)

Asthma

−0.092 (0.174)
−0.096 (0.129)
0.007 (0.016)
0.006 (0.012)
X
X

−0.053 (0.081)
−0.009 (0.078)
0.019*** (0.007)
−0.013** (0.006)

−0.051 (0.048)
0.146*** (0.053)
−0.015** (0.006)
0.001 (0.006)

0.000 (0.069)
−0.084 (0.073)
0.003 (0.007)
−0.005 (0.006)

−0.038 (0.051)
−0.008 (0.045)
0.004 (0.006)
−0.003 (0.004)
−0.038

(6)

0.101 (0.111)
0.125 (0.104)
−0.021* (0.010)
0.001 (0.009)
X

0.064 (0.039)
−0.041 (0.044)
−0.003 (0.004)
0.002 (0.004)

0.062 (0.052)
−0.084 (0.054)
0.001 (0.003)
0.002 (0.002)

−0.044 (0.041)
0.011 (0.041)
0.001 (0.005)
−0.001 (0.003)

0.051 (0.033)
−0.015 (0.039)
−0.003 (0.003)
0.001 (0.003)
0.051

(7)

URI

(0.039)
(0.047)
(0.005)
(0.004)

(0.052)
(0.055)
(0.004)
(0.003)

(0.042)
(0.050)
(0.006)
(0.004)

(0.030)
(0.044)
(0.004)
(0.003)

0.011 (0.097)
0.041 (0.117)
−0.003 (0.009)
0.003 (0.010)
X
X

0.026
−0.027
−0.004
−0.004

0.072
−0.070
0.003
0.002

−0.014
0.034
0.001
−0.003

0.035
−0.025
0.000
−0.001
0.035

(8)

*p < .1.**p < .05.***p < .01.

Note. Standard errors are clustered at the county level. The total of number of observations is 804. All models include county and year fixed effects. Other control variables include average age, the share of different types
of insurance (Medicare, Medicaid, private, self‐pay, government, and other insurance), the share of female patients, the share of different race and ethnicity groups (White, Black, Asian, Hispanic, and other race), the
share of different types of admission (emergency, urgent, elective, and other types), average Charlson index, county‐level unemployment rate, poverty rate, annual quartiles of median household income, log of population density, log of annual coal production (both surface and underground), log of number of conventional wells, log of conventional output and the entire county‐level age distribution.

0.057** (0.027)
−0.078* (0.041)
0.000 (0.003)
−0.001 (0.003)

(3)

(2)

COPD

Impact of shale gas development on county‐level hospitalization rates for other conditions, 2001–2013

(1)
Panel A. Full sample (age 5 and above)
Well current year
−0.027 (0.074)
Well last year
0.084 (0.079)
Log output
0.002 (0.009)
1st lag of log output
0.019** (0.008)
−0.027
Panel B. Age 5–19
Well current year
Well last year
Log output
1st lag of log output
Panel C. Age 20–44
Well current year
−0.058 (0.043)
Well last year
0.102** (0.049)
Log output
−0.003 (0.004)
1st lag of log output
−0.000 (0.003)
Panel D. Age 45–64
Well current year
−0.076 (0.121)
Well last year
−0.013 (0.141)
Log output
0.001 (0.013)
1st lag of log output
0.019** (0.009)
Panel E. Age 65 and above
Well current year
0.061 (0.352)
Well last year
0.275 (0.390)
Log output
0.014 (0.048)
1st lag of log output
0.070* (0.041)
Year fixed effects
X
County specific linear trends
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Evolution of hospitalization rates in well counties in the top quartile of the well distribution and their synthetic matches

FIGURE A3 P values of synthetic control estimates for select outcomes and age groups [Colour figure can be viewed at
wileyonlinelibrary.com]
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Coefficient estimates from pretrend tests
(1)

AMI
Panel A. Full sample (Age 5 and above)
Well current
−0.033 (0.082)
1st lead of well current
0.083 (0.106)
2nd lead of well current
−0.054 (0.073)
Panel B. Age 5–19
Well current
1st lead of well current
2nd lead of well current
Panel C. Age 20–44
Well current
−0.005 (0.049)
1st lead of well current
0.007 (0.051)
2nd lead of well current
−0.013 (0.038)
Panel D. Age 45–64
Well current
0.012 (0.138)
1st lead of well current
−0.088 (0.179)
2nd lead of well current
−0.029 (0.158)
Panel E. Age 65 and above
Well current
−0.019 (0.351)
1st lead of well current
0.337 (0.405)
2nd lead of well current
−0.284 (0.338)

(2)

(3)

(4)

(5)

COPD

Asthma

Pneumonia

URI

0.052 (0.120)
−0.042 (0.138)
0.240* (0.130)

0.030 (0.051)
0.027 (0.041)
0.006 (0.052)

0.282* (0.155)
0.030 (0.142)
0.142 (0.142)

0.052* (0.028)
−0.027 (0.034)
0.028 (0.028)

−0.026 (0.050)
−0.020 (0.075)
−0.039 (0.067)

0.008 (0.064)
0.005 (0.075)
0.070 (0.074)

0.026 (0.034)
−0.071* (0.039)
0.014 (0.036)

0.039 (0.029)
−0.042 (0.040)
−0.003 (0.036)

0.029 (0.053)
0.004 (0.064)
0.033 (0.053)

0.012 (0.072)
0.112 (0.094)
0.011 (0.082)

0.025 (0.030)
0.008 (0.027)
−0.012 (0.028)

−0.065 (0.170)
−0.221 (0.235)
0.368* (0.205)

0.047 (0.089)
0.087 (0.089)
−0.055 (0.071)

0.051 (0.167)
0.034 (0.184)
0.167 (0.147)

0.007 (0.037)
0.023 (0.045)
0.029 (0.037)

0.309 (0.451)
0.233 (0.506)
0.419 (0.506)

−0.019 (0.150)
−0.012 (0.121)
0.060 (0.157)

1.313** (0.615)
0.002 (0.572)
0.285 (0.558)

0.148 (0.111)
−0.148 (0.141)
0.109 (0.127)

Note. Standard errors are clustered at the county level. The total of number of observations is 737. All models include county and year fixed effects. Other control
variables include average age, the share of different types of insurance (Medicare, Medicaid, private, self‐pay, government, and other insurance), the share of
female patients, the share of different race and ethnicity groups (White, Black, Asian, Hispanic, and other race), the share of different types of admission (emergency, urgent, elective, and other types), average Charlson index, county‐level unemployment rate, poverty rate, annual quartiles of median household income,
log of population density, log of annual coal production (both surface and underground) and the entire county‐level age distribution.
*p < .1. **p < .05. ***p < .01.

TABLE A4

Synthetic control estimates for 8 counties in the top quartile of the unconventional well distribution

T=0
T=1
Panel A. Full sample (Age 5 and above)
AMI
−0.029
0.103
COPD
0.380
0.618
Asthma
0.053
0.152
Pneumonia
−0.003
0.383
URI
0.001
0.036
Panel B. Age 5–19
Asthma
−0.130
−0.106
Pneumonia
−0.125
0.098
URI
0.140
0.142
Panel B. Age 20–44
AMI
0.012
0.034
COPD
0.036
0.160
Asthma
0.070
0.232
Pneumonia
0.009
0.074
URI
0.086
0.034
Panel C. Age 45–64
AMI
−0.012
0.011
COPD
0.587
0.394
Asthma
0.046
0.283
Pneumonia
0.077
−0.083
URI
0.037
0.065

T=2

T=3

T=4

T=5

RMSPE

Mean of
outcome

RMSPE/Mean
(%)

0.100
1.093
0.136
0.754
0.000

−0.029
1.236
−0.038
0.763
0.062

0.034
1.093
0.062
0.964
0.001

0.027
1.368
0.220
0.719
0.034

0.191
0.337
0.130
0.175
0.057

3.307
3.157
1.144
4.544
0.478

6
11
11
4
12

−0.086
0.018
−0.115

−0.296
−0.165
0.005

−0.205
0.028
−0.016

−0.367
−0.110
0.033

0.153
0.150
0.097

0.719
0.737
0.225

21
20
43

−0.049
0.196
0.096
0.247
−0.030

−0.082
0.075
−0.064
0.092
0.070

0.012
0.187
−0.052
0.271
0.069

0.013
0.097
0.090
0.383
0.100

0.033
0.115
0.149
0.149
0.089

0.447
0.223
0.780
1.008
0.236

7
52
19
15
38

0.195
0.490
0.059
0.036
0.060

0.315
0.804
0.128
0.077
0.079

0.192
0.870
0.190
0.424
0.143

0.152
0.760
0.336
0.452
0.017

0.300
0.324
0.187
0.245
0.112

3.577
3.001
1.296
3.237
0.387

8
11
14
8
29
(Continues)
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T=0
Panel D. Age 65 and above
AMI
0.482
COPD
0.948
Asthma
0.033
Pneumonia
0.625
URI
−0.091

T=1

T=2

0.455
2.107
0.206
1.356
0.017

0.815
3.932
0.609
3.138
0.291

T=3

T=4

T=5

RMSPE

Mean of
outcome

RMSPE/Mean
(%)

−0.707
4.168
−0.207
3.013
0.194

−0.031
3.403
0.088
3.428
−0.329

0.044
4.608
0.500
2.434
−0.093

1.225
1.451
0.382
0.810
0.273

12.080
12.450
2.075
17.686
1.380

10
12
18
5
20

Note. The eight counties included in this table are Bradford, Butler, Fayette, Greene, Lycoming, Susquehanna, Tioga, and Westmoreland. T denotes the relative
time to “treatment” (i.e., the year when the first unconventional well was drilled). The estimate in each cell represents the difference between the average outcome in the treatment counties and the average outcome in the synthetic matches. RMSPE represents the average root mean squared prediction error, which
measures the pretreatment fit between the treatment counties and their respective synthetic matches. The bold and italic entries are used to indicate values less
than 10.

TABLE A5

Rejection rates for H0 from Monte Carlo simulations of placebo treatments, 2000–2005
Full sample

Age 5–19

Age 20–44

Age 45–64

Age 65 and above

<0.01 <0.05 <0.1

<0.01 <0.05 <0.1

<0.01 <0.05 <0.1

<0.01 <0.05 <0.1

<0.01 <0.05 <0.1

AMI
Well current year (%)
Well last year (%)

1.56
1.90

7.10
7.29

13.30
13.50

1.04
1.04

5.85
5.81

11.61
11.57

1.56
1.44

6.63
6.39

12.25
12.32

1.65
1.62

7.32
7.80

13.75
13.97

COPD
Well current year (%)
Well last year (%)

1.03
1.15

5.88
6.37

11.97
12.52

1.56
1.68

7.76
7.27

14.15
13.83

1.86
1.81

7.53
7.49

13.64
13.72

0.78
0.62

4.75
4.29

10.09
9.74

Asthma
Well current year (%)
Well last year (%)

6.34
7.32

18.13
19.80

26.91
29.87

1.33
1.36

6.50
6.02

12.09
12.08

4.01
4.95

12.62
14.08

20.54
21.83

1.53
2.00

6.52
7.71

12.22
13.78

3.36
3.28

12.21
11.77

20.55
19.93

Pneumonia
Well current year (%)
Well last year (%)

1.90
1.87

8.66
8.73

16.07
16.44

1.07
1.00

5.67
5.22

11.25
10.62

1.22
1.24

5.86
5.90

11.22
11.36

1.44
1.17

7.02
6.64

14.35
13.52

1.28
1.25

6.47
6.78

12.87
13.37

URI
Well current (%)
Well last year (%)

0.93
0.95

5.54
4.84

10.64
9.98

1.35
1.19

6.66
6.37

12.31
12.20

1.10
0.98

5.39
5.14

10.54
10.37

0.98
0.97

5.00
4.72

10.00
9.68

2.17
1.47

8.61
7.19

14.90
14.14

Note. Results are based on 10,000 replications. All models include county and year fixed effects. Control variables include average age, the share of different types
of insurance (Medicare, Medicaid, private, self‐pay, government, and other insurance), the share of female patients, the share of different race and ethnicity
groups (White, Black, Asian, Hispanic, and other race), the share of different types of admission (emergency, urgent, elective, and other types), average Charlson
index, county‐level unemployment rate, poverty rate, annual quartiles of median household income, log of population density, log of annual coal production
(both surface and underground), log of number of conventional wells, log of conventional output, and the entire county‐level age distribution.
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Changes in the county age distribution between 2001 and 2013
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Background: Pediatric asthma is a common chronic condition that can be exacerbated by environmental exposures, and unconventional natural gas development (UNGD) has been associated with decreased community
air quality. This study aims to quantify the association between UNGD and pediatric asthma hospitalizations.
Methods: We compare pediatric asthma hospitalizations among zip codes with and without exposure to UNGD
between 2003 and 2014 using a diﬀerence-in-diﬀerences panel analysis. Our UNGD exposure metrics include
cumulative and contemporaneous drilling as well as reported air emissions by site.
Results: We observed consistently elevated odds of hospitalizations in the top tertile of pediatric patients exposed
to unconventional drilling compared with their unexposed peers. During the same quarter a well was drilled, we
ﬁnd a 25% increase (95% CI: 1.07, 1.47) in the odds of being hospitalized for asthma. Ever-establishment of an
UNGD well within a zip code was associated with a 1.19 (95% CI: 1.04, 1.36) increased odds of a pediatric
asthma hospitalization. Our results further demonstrate that increasing speciﬁc air emissions from UNGD sites
are associated with increased risks of pediatric asthma hospitalizations (e.g. 2,2,4-trimethylpentane, formaldehyde, x-hexane). These results hold across multiple age groups and sensitivity analyses.
Conclusions: Community-level UNGD exposure metrics were associated with increased odds of pediatric asthmarelated hospitalization among young children and adolescents. This study provides evidence that additional
regulations may be necessary to protect children's respiratory health from UNGD activities.

1. Background
Unconventional natural gas development (UNGD) industry has exponentially grown throughout the United States (US) to accommodate
growing domestic energy requirements, increasing from under 26,000
drilling sites in 2000 to over 300,000 drilling sites in 2015 (U.S. Energy
Information Administration, 2017b). Recent estimates indicate that
17.6 million Americans now live within one mile of an active drilling
site, which includes UNGD, thus there is a clear need to ascertain the
children's health eﬀects of living in a community with UNGD emissions
(Czolowski et al., 2017).
Drilling for fossil fuel resources can be categorized in two ways:
conventional (CONGD) and unconventional (UNGD) (U.S. Energy
Information Administration, 2017a). CONGD involves drilling

vertically to pump natural gas out of a pocket found within geological
formations. However, natural gas can sometimes be trapped within
layers of shale, necessitating UNGD techniques such as hydraulic fracturing with high volumes of high pressure ﬂuids and horizontal drilling
parallel to the surface to extract natural gas. This new advance in UNGD
technology has allowed communities with no previous drilling activity
to be inundated by the industry. UNGD technology enabled increased
shale gas production worldwide in countries such as the United States,
Canada, China, Argentina, Algeria, and Mexico (U.S. Energy
Information Administration (EIA), 2016). Within the United States, one
of the most productive geological formations is the Marcellus Shale in
rural Pennsylvania, yielding about 18% of total domestic natural gas
production (U.S. Energy Information Administration, 2017a).
Throughout UNGD processes, numerous toxic air pollutants are

Abbreviations: UNGD, unconventional natural gas development; CONGD, conventional natural gas development; US, United States; PHC4, Pennsylvania Healthcare Cost Containment
Council; NATA, National Air Toxics Assessment; RHI, respiratory hazard index
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2. Methods

emitted that may cause adverse respiratory health outcomes. Existing
environmental monitoring studies demonstrate air pollution above
background levels in communities with UNGD sites for chemicals associated with UNGD processes, many of which are known respiratory
irritants (McKenzie et al., 2012; Colborn et al., 2014; Macey et al.,
2014; Swarthout et al., 2015; Webb et al., 2016). Speciﬁc toxicants that
have been previously associated with air pollution from UNGD emissions include particulate matter (diesel PM, PM10); volatile organic
compounds (benzene, ethylbenzene, formaldehyde, n-hexane, toluene,
and xylene); polycyclic aromatic hydrocarbons (naphthalene, chlorobenzene, phenol); and other pollutants (ethylene glycol, methanol)
(Colborn et al., 2010, 2014; Adgate et al., 2014; Elliott et al., 2017;
Paulik et al., 2016; Macey et al., 2014; McKenzie et al., 2012;
Korfmacher et al., 2013). Children are especially sensitive to environmental toxicants and associated adverse health outcomes (Faustman
et al., 1999).
Asthma is a common chronic illness that currently aﬀects 8.4% of
children and adolescents under eighteen in the US, or about six million
children (CDC, 2017). This condition is characterized by recurrent
episodes of cough and wheeze related to the narrowing of the airways
and inﬂammation of the lungs (US Department of Health and Human
Services National Institutes of Health National Heart, Lung, and Blood
Institute, 2014). Pediatric asthma has a substantial impact on functional
outcomes, as it is a key contributor to school absenteeism, lower quality
of life, and limitation of physical activity (Stridsman et al., 2017). Patients under 18 years old with asthma cost 1.99 billion dollars per year
in the United States, so this outcome represents a substantial burden to
communities (CDC, 2005). Asthma prevalence varies by age group at
9.6% for children between 5 and 11, 10.3% for young teenagers between ages 12 and 14, and 9.8% for older teenagers between 15 and 17
(CDC, 2017). Asthma outcomes for children are typically considered
within diﬀerent age groups because the course of asthma can change
over time, and a child's response to exposures and treatments may vary
by age. The national guidelines for asthma management includes recommendations for control assessments and stepwise treatments based
on child age category (NHLBI, 2007).
Although there are numerous triggers for asthma exacerbations,
some types of outdoor environmental air pollution are known respiratory irritants (Adams et al., 2011; Pennsylvania Department of
Health, 2016). Many chemicals that have been found at increased levels
in areas located close to UNGD sites have also been implicated as environmental asthma triggers (Marrero et al., 2016; McKenzie et al.,
2012; Pennsylvania Department of Health, 2016; Swarthout et al.,
2015). It remains unclear what aspects of UNGD may be most associated with pediatric asthma such as the initial drilling of a new site or
the ongoing activities as the site produces natural gas (Adgate et al.,
2014; Czolowski et al., 2017).
Only one previous study exists on UNGD and respiratory health
outcomes and it utilizes a Pennsylvania sample between ages 5 and 90
(Rasmussen et al., 2016). Their analyses ﬁnd odds ratios ranging from
1.10 (95% CI: 0.92, 1.30) to 1.74 (95% CI: 1.45, 2.09) depending upon
exposure metric. Additional community concern regarding the health
eﬀects of UNGD-related air pollution have also been raised, but no
studies to date have examined speciﬁc components of UNGD air pollution and linked this information to population health eﬀects (Macey
et al., 2014; Maskrey et al., 2016; Paulik et al., 2016; Rabinowitz et al.,
2015).
Our study demonstrates how age groups within the pediatric population may be at diﬀering risks from exposure to UNGD-related air
pollution and examining speciﬁc UNGD pollutants from reported site
air emissions. We take into account potential co-exposures for our population such as pre-existing respiratory irritants and conventional oil
and natural gas development (CONGD). Our results add to the body of
literature on how UNGD is associated with asthma exacerbations
among a vulnerable population of children.

2.1. Study population
We obtained data on individual inpatient hospitalization for the
entire state of Pennsylvania (67 total counties) from the Pennsylvania
Health Care Cost Containment Council (Pennsylvania Healthcare Cost
Containment Council Inpatient Discharge Data). Each record contains
the patient's residential zip code, which we used to assign exposure
status. We included the zip codes in counties fully located on the
Marcellus Shale, as zip codes not located on the Marcellus Shale have
no potential for UNGD and may be inherently diﬀerent than areas located on the Marcellus Shale. Furthermore, we excluded counties designated as urban by the Pennsylvania Department of Health's Asthma
Prevalence report due to the large diﬀerences in urban versus rural air
quality and other co-exposures (Pennsylvania Department of Health,
2016; Strosnider, 2017). By limiting our sample population to rural
counties located on the Marcellus Shale, we are reducing the potential
for residual confounding in our ﬁnal risk estimates.
2.2. Study design
We use a diﬀerence-in-diﬀerences design to account for pre-existing
time trends in pediatric asthma hospitalizations that may be present
prior to the introduction of UNGD. This study design permits the
comparison of trends in the outcome before and after the introduction
of UNGD in a zip code, as well as contrast the trends to zip codes unexposed to UNGD over the entire study period.
2.3. Exposure metric
We obtained complete drilling wells dataset from the Pennsylvania
Department of Environmental Protection (PADEP) and assigned wells’
coordinates to speciﬁc zip codes and counties (PADEP, 2016b). Unlike
residential-speciﬁc proximity exposure metrics, zip code and county
exposures can consider how macroeconomic changes from UNGD may
beneﬁt the local area (e.g. decreased unemployment, increased private
insurance), so these derived exposure metrics represent an eﬀective
community-level estimate of UNGD exposure. The database contains a
ﬁeld that indicates if a well site is permitted as unconventional as well
as the exact date that drilling began, the combination of which we use
to determine exposure status.
To assess exposure to UNGD within a zip code, we examined the
number of wells drilled in the zip code in a speciﬁc quarter of a calendar
year. We hypothesize that the immediate eﬀect of a newly drilled well
is more likely to aﬀect local air quality and cause an asthma exacerbation than the long term cumulative eﬀect of wells. However, the effect of an increasing amount of drilling activity in the zip code may
create more air pollution for a longer period. Both exposure metrics
have been used in previous epidemiologic work (Jemielita et al., 2015;
Rasmussen et al., 2016; Tustin et al., 2016). Since there is little literature supporting either framework, we chose to create three metrics of
UNGD exposure by zip code for each quarter and year observation: a
binary contemporaneous variable for a newly spudded (initially drilled)
well, a binary cumulative variable for ever-spudded wells, and tertiles
of cumulative count of the wells ever drilled. We also incorporate similar exposure metrics for conventional oil and natural gas development (CONGD) to account for known co-occurrence of CONGD and
UNGD.
We also leverage the Pennsylvania Unconventional Natural Gas
Emission Inventory to assess the association between speciﬁc reported
UNGD air pollutants and our pediatric asthma outcomes (PADEP,
2016a). This database contains annualized emissions data from all
UNGD sites from 2011 through 2014 reported by companies for a
number of pollutants: 2,2,4-trimethylpentane, benzene, carbon monoxide, carbon dioxide, ethylbenzene, formaldehyde, methane, nitrous
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during a speciﬁc quarterly timeframe indicates that a contemporaneous
event did not occur.
For our analysis of reported emissions, we subset our hospitalizations to only 2011 through 2014, which aligns with the only available
years of emissions data. We substitute our UNGD exposure metric for
each annualized pollutant available in these four years of data but
maintain the same models in all other regards, including the quarterly
temporality to account for seasonal variation within a year.
Covariates in all of our asthma models include annual proportion of
hospitalizations for sex, race, ethnicity, and insurance type by zip code
derived from the individual-level PHC4 hospitalization data; zip codelevel population density from the 2010 US Census and background
respiratory hazard index from the 2011 National Air Toxics Assessment;
and annual county-level unemployment, poverty for children under 18
years of age, and median household income from the US Census Small
Area Income and Poverty Estimates (Surveillance, Epidemiology, and
End Results Program, 2017, IPUMS NHGIS, 2016; US Environmental
Protection Agency, 2015). Additional analyses stratify by pediatric age
groups (2–6, 7–12, and 13–18 years) to examine potential heterogeneity across diﬀerent stages of development. Our pollutant-speciﬁc
models follow the same speciﬁcations.
In addition to assessing our results in calendar time, we also developed models to examine our results in terms of event time, which
allows us to examine how the asthma hospitalization risk may change
after the initial UNGD activity began. We collapse our data to the annual level and convert our data into years before and after UNGD
started in each zip code. Our reference year is four quarters prior to the
ﬁrst UNGD site is spudded in the zip code. We limit this analysis to only
eight years of before and after spudding since very few zip codes experience UNGD activity for greater than eight years of time in our study
period.

oxide, nitrogen oxides, PM2.5, PM10, toluene, volatile organic compounds, x-hexane, and xylenes. Although individual volatile organic
compounds are in the emissions data, Pennsylvania regulates volatile
organic compounds as a heterogeneous category and requires emissions
to be reported as speciﬁc volatile organic compounds as well, thus we
evaluate this category in both ways. All pollutants are reported in tons
emitted per year. This database is one of the only ones that contains
pollution by site from the UNGD process since UNGD sites are not
subject to the national Toxic Release Inventory during our study period
(US EPA, 2016). For all reporting UNGD sites, we linked our spud data
from DrillingInfo to the emissions data by matching on company names,
site names, and counties by year and determine how much pollution is
being reported per zip code on an annual basis. This allows us to assess
the annual sum of pollution in tons by chemical at the zip code level as
an additional exposure metric in separate models. Our main models
explore pollution in a log-sum framework to ascertain how diﬀerent
levels of emissions may aﬀect our pediatric population.
2.4. Other respiratory hazards
We control for pre-existing respiratory hazards via the 2011
National Air Toxics Assessment (NATA) respiratory hazard index (RHI),
a composite index of over 180 hazardous air pollutants from mobile and
stationary sources (US Environmental Protection Agency, 2015). This
data is available for the entire nation by census tract centroid, so we
applied inverse distance interpolation to estimate NATA RHI for each
zip code centroid in our analysis. To our knowledge, no other studies on
respiratory health eﬀects of UNGD have incorporated a composite
metric for non-UNGD respiratory hazards.
2.5. Outcome metric

2.7. Sensitivity analysis

The Pennsylvania Healthcare Cost Containment Council (PHC4)
hospitalization data include the diagnostic codes assigned to each patient upon discharge in Pennsylvania. Our analysis includes patients
between the ages of 2 and 18 years with a 493.X ICD-9 code, which
indicates acute asthma exacerbations. We excluded children under the
age of 2 years from this analysis because an asthma hospitalization in
this age group may be reﬂective of a viral illness, not a typical asthma
case (Adams et al., 2011). Our outcome is a binary indicator of whether
there is a pediatric asthma hospitalization in a speciﬁc zip code-quarteryear observation.
We stratiﬁed asthma-related hospitalizations into three age-speciﬁc
categories (2–6, 7–12, and 13–18 years) to better examine the diﬀerences in asthma exacerbations throughout childhood and adolescence.
These categorizations somewhat align with the age stratiﬁcation
scheme that the Center for Disease Control uses to report asthma incidence, but we categorize them into tertiles due to the exclusion of the
children under 2 years (CDC, 2017). Hospitalizations were analyzed by
year and quarter per zip code, thus considering spatiotemporal patterns. We also extracted patient sex, race, ethnicity, and insurance
status for inclusion in our models.

First, we include a covariate for conventional oil and gas development (CONGD) to adjust for potential co-exposure eﬀects. Second, we
ﬁt models using conditional likelihood logistic regression to conﬁrm
that the random intercept did not inﬂuence our eﬀect estimates. Third,
we examine cumulative count of UNGD wells within the zip code prior
to hospitalization to estimate the eﬀect of each additional well on
asthma hospitalization. Fourth, we examine the relationship between
the number of reporting UNGD sites regressed on the sum of emissions
in each zip code by pollutant, which helps us ensure that these reported
emissions are indicative of the number of sites in the zip code. Finally,
we ﬁt regressions for the quintile framework (lowest vs. highest quintiles) of speciﬁc pollutants to explore the association between our
UNGD pollution and pediatric asthma hospitalizations for our most and
least exposed communities.
3. Results
3.1. Descriptive statistics
Our inclusion criteria yield 29 counties containing 571 zip codes in
Pennsylvania, which generates 27,296 observations by zip code,
quarter, and year. In Pennsylvania between 2003 and 2014, new UNGD
wells annually increases from 3 to 1372 with spuds drilled in 274 zip
codes per year at its peak in 2011 (Fig. 1). In total, 5649 UNGD wells
are drilled in our sample area between 2003 and 2014, with CONGD
wells co-occurring within many zip codes across our study period
(Fig. 2).
In total, 15,837 pediatric asthma-related hospitalizations are included. Our exposure distribution yields 1070 hospitalizations in 532
zip codes exposed to UNGD compared with 14,767 unexposed hospitalizations in 6794 zip codes, and most demographic information is
similar among patients exposed and unexposed to UNGD activity

2.6. Statistical analysis
The maximum number of observations in this analysis is ﬁxed at the
quantity of (Number of years of data) * (Number of quarters
per year) * (Number of zip codes). To account for the hierarchical nature
of the data, we ﬁt mixed eﬀects logistic regression models with a
random intercept for zip code and ﬁxed eﬀects for year and quarter.
While a similar study used ﬁxed eﬀects Poisson regression due to the
count nature of hospitalizations, we hypothesize that a mixed eﬀects
logistic regression model is more appropriate due to our rare outcome
and has been previously used to study associations between UNGD and
asthma (Jemielita et al., 2015; Rasmussen et al., 2016). We assume that
absence of an ICD-indicated asthma hospitalization within the zip code
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Table 1
Individual, zip code, and county demographic information for participants by
exposure status.

Individual
Total Asthma Patients
Age Group
2–6
7–12
13–18
Zip Codeb
Female (%)
Race/Ethnicity (%)
White
Black
Hispanic
Other
Insurance (%)
Medicaid
Private
Uninsured
Other or Missing
Hospitalization Quarter
1 (Jan, Mar)
2 (Apr, Jun)
3 (Jul, Sep)
4 (Oct, Dec)
Hospitalization Type (%)
Emergency
Urgent
Elective
Respiratory Hazard Indexb
County
Median Income ($)c
Population Densityd
Poverty Under 18 (%)c
Unemployment Rate (%)e

Fig. 1. Newly spudded UNGD sites by zip code 2003–2014.

Fig. 2. Spatial distribution of UNGD and CONGD in Pennsylvania 2003–2014.

Unexposeda

Exposed

14,767

1070

31%
25%
44%

30%
20%
50%

42%

42%

88%
6%
2%
4%

90%
4%
1%
5%

51%
46%
2%
1%

52%
45%
2%
1%

25%
25%
25%
25%

23%
25%
27%
26%

50%
38%
12%
1.1

44%
45%
11%
1.2

41,059
48.0
20%
7%

43,596
34.5
21%
8%

a

Exposure status determined by any UNGD well drilled in a zip code contemporaneously with the asthma hospitalization.
b
Zip code demographics determined using all pediatric hospitalizations in
each zip code over the course of the study period.
c
Derived from annual U.S. Census Small Area Income & Poverty Estimates.
d
Derived from annual U.S. Intercensal County Population Data.
e
Derived from annual U.S. Bureau of Labor Statistics.

(Table 1). We note that patients exposed to UNGD tended to live in
areas with slightly lower population densities.
3.2. Association of UNGD with pediatric asthma hospitalizations
We ﬁrst determine that a logistic model is appropriate by graphing
our hospitalizations counts means per quarter and zip code in a histogram (eFig. 1). After adjusting for secular time trends, children and
adolescents exposed to newly spudded UNGD wells within their zip
code have 1.25 (95% CI: 1.07, 1.47) times the odds of experiencing an
asthma-related hospitalization compared with children who did not live
in these communities (Table 2). When stratiﬁed by patient age, those
between 2 and 6 years have the greatest odds of an asthma-related
hospitalization (OR = 1.44; 95% CI: 1.18, 1.75) followed by ages 13–18
(OR = 1.34, 95% CI: 1.13, 1.60).
In the binary cumulative exposure framework, we observe similar
results to the contemporaneous analysis (Table 2). Children and adolescents residing in a zip code with any current or previous drilling
activity have 1.19 (95% CI: 1.04, 1.36) times the odds of experiencing
an asthma-related hospitalization compared with children who do not
live in these communities. Children between the ages of 2 and 6 have
the most elevated odds ratio (OR = 1.35; 95% CI: 1.14, 1.60) followed
by children ages 13–18 (OR = 1.29, 95% CI: 1.11, 1.49).
We conduct additional analyses using the number of UNGD sites
ever drilled within a zip code to examine the eﬀect of additional wells
on pediatric asthma-related hospitalizations. The tertiles of exposure by
number of wells ever drilled in the zip code is 1–2, 3–10, and > 11. The
highest tertile of exposure is associated with increased odds of pediatric
asthma hospitalizations for all age groups (OR = 1.39, 95% CI: 1.14,
1.71), while middle and lowest tertiles of exposure did not demonstrate
clear dose-response (Table 2). Results for children between ages of 2

and 6 show the strongest evidence of dose-response, and in the highest
tertile of exposure, UNGD is associated with a 1.73 higher odds (95%
CI: 1.34, 2.23) of an asthma-related hospitalization compared with the
no UNGD exposure group. Finally, we observe increases in the odds of
an asthma-related hospitalization for years after the initial drilling begins (Fig. 3).

3.3. Association of UNGD site emissions with pediatric asthma
hospitalizations
Our pollutant-speciﬁc emissions models demonstrate consistent increased risks of pediatric asthma hospitalizations across most of our
models when we compare the lowest to highest quintiles of exposure
(Table 3). Full descriptions of the pollutant distributions are available
in our Supplementary material data (eTable 1). Brieﬂy, we ﬁnd odds
ratios ranging from 1.08 (95% CI: 0.93, 1.26) for carbon dioxide to 1.42
(95% CI: 1.22, 1.66) for VOCs. Speciﬁc reported pollutants with associations across our all-ages models include 2,2,4-trimethylpentane,
carbon dioxide, formaldehyde, nitrous oxide, VOCs, and x-hexane. Ages
2–6 hospitalizations are also associated with exposure to carbon monoxide, methane, nitrogen oxides, PM2.5, PM10, toluene, and xylenes
while hospitalizations among children ages 7–12 and adolescents 13–18
are associated with no additional pollutants.
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Table 2
Associations between UNGD and pediatric asthma hospitalizations by exposure metric.a
Tertile exposure metricsde

Binary exposure metrics
Age group

Contemporaneousb

Cumulativec

No UNGD

Low

All
2–6
7–12
13–18

1.25
1.44
1.03
1.34

1.19
1.35
1.05
1.29

REF
REF
REF
REF

1.15
1.24
1.06
1.28

(1.07,
(1.18,
(0.83,
(1.13,

1.47)
1.75)
1.29)
1.60)

(1.04,
(1.14,
(0.88,
(1.11,

1.36)
1.60)
1.25)
1.49)

Medium
(0.97,
(1.00,
(0.84,
(1.06,

1.36)
1.54)
1.34)
1.55)

1.12
1.27
1.00
1.25

(0.94,
(1.01,
(0.79,
(1.03,

High
1.34)
1.59)
1.27)
1.53)

1.39
1.73
1.11
1.35

(1.14,
(1.34,
(0.84,
(1.08,

1.71)
2.23)
1.47)
1.70)

a
Multilevel logistic models with a random intercept for zip code adjusted for sex, race, year, quarter, insurance status, zip code respiratory hazard index, county
median household income quartile, county unemployment, county poverty under 18 years old, and county log population density.
b
Exposure metric is whether any UNGD wells were drilled in the same zip code, quarter, and year as the hospitalization.
c
Exposure metric is whether any UNGD wells were ever drilled in the same zip code, quarter, and year as the hospitalization.
d
Reference group is zip codes with no UNGD activity in study period.
e
Exposure metric is tertile of UNGD site count in a zip code through the quarter that the hospitalization occurred.

after adjusting for CONGD (Online Supplementary material eTable 2).
For the tertile analysis, all results maintain similar, if slightly attenuated, risk estimates after controlling for CONGD. Our results likewise
remain qualitatively similar when we use a ﬁxed eﬀects logistic regression instead of a mixed eﬀects framework (Online Supplementary
material eTable 3). We also ﬁnd similar eﬀect sizes for our cumulative
UNGD metric for each additional well among the 2–6 age group but not
others (Online Supplementary material eTable 4). In regressions of the
sum of pollution on the number of reporting UNGD sites in a zip code,
we ﬁnd consistent positive associations, which demonstrates that the
number of UNGD sites is suﬃciently correlated with the self-reported
emissions data (Online Supplementary material eTable 5). Our regression results for speciﬁc emissions in a quintile exposure framework also
demonstrate similar, if higher, associations with wider conﬁdence intervals between each pollutant and our pediatric asthma outcome
(Online Supplementary material eTable 6).
Fig. 3. Odds ratios for pediatric asthma hospitalizations by years before and
after ﬁrst spudded UNGD site in zip code.

4. Discussion
We conducted a diﬀerence-in-diﬀerences analysis of pediatric
asthma-related hospitalizations in Pennsylvania using an administrative
database from 2003 through 2014, which corresponds to the rapid
development of the Marcellus Shale. This study examines the relationship between pediatric asthma hospitalizations and UNGD. In
addition, this study shows how speciﬁc UNGD emissions may be linked
to respiratory health outcomes. We are able to break down pediatric
asthma hospitalizations by age group to examine the eﬀects of UNGD

3.4. Sensitivity analyses
Given the high quantity of conventional drilling occurring within
our study time frame across our study area (Fig. 2), we adjust for
CONGD exposure within the zip code in an additional set of analyses.
For the binary exposure analysis, results remain similar in both analyses

Table 3
Associations between log-sum UNGD emissions and pediatric asthma hospitalizations by pollutant.
Pollutantsa

All ages

2,2,4-Trimethylpentane
Benzene
Carbon Monoxide
Carbon Dioxide
Ethylbenzene
Formaldehyde
Methane
Nitrous Oxide
NOx
PM2.5
PM10
Toluene
SOx
Volatile Organic Compounds
x-Hexane
Xylenes (Isomers & Mixtures)

1.29
1.12
1.08
1.16
1.11
1.20
1.10
1.17
1.21
1.06
1.08
1.09
1.09
1.42
1.23
1.16

(1.01,
(0.99,
(0.93,
(1.02,
(0.95,
(1.06,
(0.96,
(1.02,
(0.98,
(0.92,
(0.94,
(0.97,
(0.96,
(1.22,
(1.05,
(0.98,

2–6
1.64)
1.27)
1.26)
1.33)
1.30)
1.36)
1.26)
1.33)
1.48)
1.22)
1.24)
1.24)
1.24)
1.66)
1.43)
1.36)

1.30
1.09
1.20
1.20
0.94
1.18
1.17
1.19
1.23
1.18
1.23
1.14
1.08
1.34
1.13
1.18

a

(1.07,
(0.98,
(1.05,
(1.05,
(0.82,
(1.06,
(1.04,
(1.06,
(1.05,
(1.04,
(1.09,
(1.03,
(0.98,
(1.17,
(0.99,
(1.03,

1.58)
1.21)
1.37)
1.36)
1.08)
1.31)
1.31)
1.34)
1.45)
1.34)
1.40)
1.26)
1.21)
1.54)
1.30)
1.35)

7–12

13–18

1.04 (0.83, 1.30)
1.08 (0.96, 1.23)
1.07 (0.93, 1.25)
1.17 (1.01, 1.37)
1.01 (0.87, 1.17)
1.06 (0.94, 1.20)
1.05 (0.92, 1.19)
1.16 (1.00, 1.34)
1.088 (0.90, 1.32)
1.04 (0.90, 1.20)
1.03 (0.90, 1.19)
0.99 (0.88, 1.12)
1.05 (0.93, 1.19)
1.12 (0.97, 1.29)
1.129 (0.97, 1.32)
1.09 (0.94, 1.27)

1.41
1.04
1.03
1.11
1.07
1.12
1.04
1.07
1.20
1.02
1.04
1.05
1.11
1.32
1.25
1.13

(1.12,
(0.92,
(0.90,
(0.97,
(0.93,
(1.00,
(0.92,
(0.94,
(0.99,
(0.89,
(0.91,
(0.94,
(0.99,
(1.15,
(1.08,
(0.98,

1.77)
1.17)
1.19)
1.28)
1.23)
1.25)
1.18)
1.22)
1.45)
1.16)
1.18)
1.18)
1.25)
1.52)
1.44)
1.31)

Models only include data 2011 through 2014. Multilevel logistic regression models with a random intercept for zip code adjusted for sex, race, year, quarter,
insurance status, zip code respiratory hazard index, county median household income quartile, county unemployment, county poverty under 18 years old, and county
log population density.
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our results indicate that community-level UNGD is associated with
decreased respiratory health, which can be more easily translated into
local policy decisions. Our results are further bolstered by our use of the
UNGD emissions data in addition to accounting for background respiratory hazards, where we demonstrate that speciﬁc pollutants are
more likely to be associated with pediatric asthma hospitalizations.
Additionally, the reliance on hospitalization data did not permit the
investigation of how patients with less severe asthma may be aﬀected,
which previous literature has shown to be susceptible to UNGD-related
air pollution (Rasmussen et al., 2016).
Our analysis focuses on asthma-related hospitalizations among
children and adolocents while adequately controling for pre-existing
outcome trends that occurred prior to the introduction of UNGD. We
also leverage a unique database of UNGD pollution to examine speciﬁc
chemicals with respect to respiratory health outcomes, which has not
been done in the UNGD and human health literature to date. Diﬀerencein-diﬀerences designs can take these time trends into account, so future
analyses of other outcomes should incorporate pre-existing outcome
trends into their models to minimize spatiotemporal confounding. We
supplement our results with models that demonstrate speciﬁc UNGD
pollutants that may be creating the higher risks of pediatric asthma
hospitalizations associated with community UNGD exposures. We also
assess CONGD co-exposures with respect to a health outcome. Our
populations of patients were relatively homogenous in terms of sociodemographic factors, and all had to be at risk for UNGD, which should
reduce potential unmeasured confounding. Furthermore, our outcome
data come from a standardized source and we focus on the children
most vulnerable to air pollution increases. Finally, the zip code nature
of our exposure allows for a community-level assessment of UNGD and
demonstrate that community-level exposures to UNGD are associated
with increased risk of pediatric asthma hospitalizations, which may
better measure the amount of drilling exposure for policy implications.

across the child developmental stages and demonstrate that speciﬁc
pediatric age groups respond diﬀerently to UNGD in their community.
Pediatric asthma hospitalization rates may be changing in our study
period for reasons unrelated to UNGD, thus our analysis ensures that
these secular trends are not inﬂuencing the results. Furthermore, we
restrict our analysis to a relatively homogenous rural population in
counties that are located on the Marcellus Shale, so our analysis reduces
external confounding factors. We control for pre-existing respiratory
health risks, which we adjust for via the National Air Toxics Assessment
(NATA) respiratory hazard index (RHI). This method is more eﬀective
than controlling for individual ambient pollutants since the NATA RHI
considers over 180 hazardous air pollutants from stationary and mobile
sources at the local level. Our results appear to be driven by the highest
exposure tertile, which insinuates that the intensity of pollution from
UNGD is more important than the initial introduction of UNGD into a
community.
Our results remain consistent with the existing literature on UNGD
and respiratory health, though we observed attenuated estimates across
all age groups and exposure levels (Rasmussen et al., 2016; Rabinowitz
et al., 2015). The results presented in this study build upon the associations found in Rasmussen et al., 2016 by using the population of
inpatient pediatric asthma hospitalizations between 2003 and 2014. We
also show that the risk of a pediatric asthma hospitalization remains
increased for years after the introduction of UNGD. Our ﬁndings further
demonstrate that children between 2 and 6 years old are more susceptible to experiencing an asthma-related hospitalization in a UNGD
zip code. After controlling for co-occurrence of CONGD, we continue to
ﬁnd an elevated risk of asthma-related hospitalizations with exposure
to UNGD, which has not been previously shown. These results provide
support that increased drilling activity may be associated with an increased risk of pediatric asthma hospitalizations.
In our analysis of individual pollutants from the emissions reports,
we ﬁnd evidence of speciﬁc pollutants from UNGD processes that may
be driving increases in pediatric asthma hospitalization, including
several known respiratory irritants such as volatile organic compounds
and formaldehyde (Gordian et al., 2010; Kampa and Castanas, 2008;
Webb et al., 2016). These results imply that the pollution from the
UNGD sites themselves, as opposed to only UNGD-related traﬃc, may
be contributing to pediatric asthma hospitalizations. Although this data
is self-reported by the UNGD companies themselves, this data likely
represents an underreporting of true UNGD site emissions, thus our
results may be underreporting the risk of pediatric asthma from speciﬁc
UNGD pollutants. We interpret these results with caution due to the
self-reported nature of the emissions data; however, these results provide preliminary insights into the eﬀects of speciﬁc UNGD pollutants on
pediatric asthma hospitalizations.
Shale gas development has previously been implicated in decreased
air quality, but these assessments have focused on UNGD and did not
assess the CONGD co-exposure (Czolowski et al., 2017; Marrero et al.,
2016; McKenzie et al., 2012; Swarthout et al., 2015; Walters et al.,
2015). Any reductions in air quality are likely to be adversely experienced by the most vulnerable asthmatic patients in the local population,
whom we captured in our study via their hospitalization records. Pediatric patients experiencing breathing diﬃculties are usually taken to
the hospital, even in rural settings. The administrative nature of our
data allows us to capture exacerbations among young patients, who are
hard to access otherwise. Importantly, these episodes represent not only
a signiﬁcant event for the patient and his or her family, but also are
associated with missed days of school and work, and substantial
healthcare cost.
The present study has some limitations. Exposure and outcome were
examined at the zip code level, which contributes to potential exposure
misclassiﬁcation. Our tertiles of drilling exposure by zip code attempt to
examine the dose response relationship, but this imprecise exposure
metric is not ideal for individual exposures since we cannot assess exactly where the patients reside in relation to the UNGD sites. However,

5. Conclusions
Previous studies observe associations between UNGD and poorer
local air quality. This study examines the associations between community-level UNGD activity and pediatric asthma while considering
pre-existing time trends, co-occurrence of CONGD, and UNGD sitespeciﬁc emissions reports. Additional work is needed to understand
how UNGD air pollution may aﬀect respiratory health, which could
include detailed exposure assessments for UNGD and CONGD sites.
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IMPORTANCE Asthma is common and can be exacerbated by air pollution and stress.

Unconventional natural gas development (UNGD) has community and environmental
impacts. In Pennsylvania, UNGD began in 2005, and by 2012, 6253 wells had been drilled.
There are no prior studies of UNGD and objective respiratory outcomes.
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OBJECTIVE To evaluate associations between UNGD and asthma exacerbations.
DESIGN A nested case-control study comparing patients with asthma with and without
exacerbations from 2005 through 2012 treated at the Geisinger Clinic, which provides
primary care services to over 400 000 patients in Pennsylvania. Patients with asthma aged 5
to 90 years (n = 35 508) were identified in electronic health records; those with
exacerbations were frequency matched on age, sex, and year of event to those without.
EXPOSURES On the day before each patient’s index date (cases, date of event or medication
order; controls, contact date), we estimated activity metrics for 4 UNGD phases (pad
preparation, drilling, stimulation [hydraulic fracturing, or “fracking”], and production) using
distance from the patient’s home to the well, well characteristics, and the dates and durations
of phases.
MAIN OUTCOMES AND MEASURES We identified and defined asthma exacerbations as mild
(new oral corticosteroid medication order), moderate (emergency department encounter), or
severe (hospitalization).
RESULTS We identified 20 749 mild, 1870 moderate, and 4782 severe asthma exacerbations,
and frequency matched these to 18 693, 9350, and 14 104 control index dates, respectively.
In 3-level adjusted models, there was an association between the highest group of the activity
metric for each UNGD phase compared with the lowest group for 11 of 12 UNGD-outcome
pairs: odds ratios (ORs) ranged from 1.5 (95% CI, 1.2-1.7) for the association of the pad metric
with severe exacerbations to 4.4 (95% CI, 3.8-5.2) for the association of the production
metric with mild exacerbations. Six of the 12 UNGD-outcome associations had increasing ORs
across quartiles. Our findings were robust to increasing levels of covariate control and in
sensitivity analyses that included evaluation of some possible sources of unmeasured
confounding.
CONCLUSIONS AND RELEVANCE Residential UNGD activity metrics were statistically
associated with increased risk of mild, moderate, and severe asthma exacerbations. Whether
these associations are causal awaits further investigation, including more detailed exposure
assessment.
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A

sthma is a common chronic disease—in 2010, 25.7 million people in the United States had asthma, a prevalence of 8.4%.1 Asthma is characterized by variable and
recurring symptoms (including cough, wheezing, shortness of
breath, and chest tightness), reversible airflow obstruction, bronchial hyperresponsiveness, and underlying inflammation.2,3 In
2009, there were 11.8 million outpatient visits, 2.1 million emergency department visits, and 479 300 hospitalizations for
asthma in the United States.1
Outdoor air pollution is a recognized cause of asthma exacerbations. A large body of literature links asthma exacerbations to exposure to air pollutants, including ozone, particulate matter, nitrogen dioxide, and sulfur dioxide, 2,4 and
exposure to even low levels of these pollutants has been associated with asthma hospitalizations, emergency department visits, and rescue medication use, with latency between 0 and 5 days.5-11 Stress at the individual and community
levels is also associated with asthma exacerbations.12 Psychosocial stress can modify the effects of environmental triggers13
and is associated with worse asthma control and medication
aderence.14
Unconventional natural gas development (UNGD) has recently become a major energy source domestically and worldwide. Pennsylvania has proceeded with UNGD rapidly—
between the mid-2000s and 2012, 6253 wells were drilled. In
contrast, New York and Maryland, also in the Marcellus shale,
have not developed.15,16 Despite calls for research on the health
effects of the industry, there are few published studies of public health impacts of UNGD.17,18
The first step of UNGD is well pad preparation, lasting
about 30 days, during which 3 to 5 acres are cleared, and
materials are brought to the site.19 Drilling begins on the
spud date and typically lasts up to a month as a well is
drilled vertically 2000 to 3000 m and horizontally 600 to
3000 m.19 After drilling is completed, the horizontal portion
is perforated. Stimulation, also called hydraulic fracturing or
“fracking,” follows; this process lasts about a week and
requires 11 to 19 million liters of water, sand, and chemical
additives (eg, friction reducers, biocides, gelling agents).19,20
Development to this point requires over 1000 truck trips per
well.19 After stimulation, gas production begins. The Pennsylvania Department of Environmental Protection requires
companies to submit documentation at most of these stages
of well development.21
UNGD has been associated with air quality and community social impacts.22-29 Psychosocial stress,12 exposure to
air pollution 4 , 3 0 including from truck traffic, 3 1 sleep
disruption,32,33 and reduced socioeconomic status34 are all
biologically plausible pathways for UNGD to affect asthma
exacerbations. To date, there have been no epidemiologic
studies of UNGD and objective respiratory outcomes. Respiratory outcomes are appropriate outcomes to assess potential health impacts of UNGD because these have clear links
to air pollution and stress, have short latency between
exposure and health effects, are common in the general
population, and prompt patients to seek care and so are
captured by health system data. Using electronic health record (EHR) data from the Geisinger Clinic, located in over 35
jamainternalmedicine.com
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Key Points
Question Is there an association between unconventional natural
gas development (UNGD) and asthma exacerbations?
Findings In this nested case-control study of 35 508 patients with
asthma, those in the highest quartile of residential UNGD activity
had significantly higher odds of 3 types of asthma exacerbations
(new oral corticosteroid medication orders, emergency
department visits, and hospitalizations) than those in the lowest
quartile.
Meaning UNGD activity near patient residences was associated
with increased odds of mild, moderate, and severe asthma
exacerbations.

counties in Pennsylvania, including many with active
UNGD, we conducted a nested case-control study of the
association between 4 UNGD activity metrics and asthma
exacerbations.

Methods
Study Population
We identified patients with asthma from the Geisinger
Clinic population, which is representative of the general
population in the region.35 We included Pennsylvania and
New York patients and, using International Classification of
Diseases, 9th Revision, Clinical Modification (ICD-9-CM)
codes, excluded patients with cystic fibrosis (277.0x),
chronic pulmonary heart disease (416.x), paralysis of vocal
cords or larynx (478.3x), bronchiectasis (494.xx), and pneumoconiosis (500.xx-508.xx). We required patients to have
at least 2 encounters or medication orders with ICD-9-CM
codes for asthma on different days. 36 Patients were geocoded using previously published methods, 37 88.9% to
home address, 2.6% to ZIP + 4, and 8.5% to ZIP code centroid. Inclusion criteria also included contact with Geisinger
from 2005 through 2012 while between the ages 5 and 90
years and recorded information on sex (n = 35 508). The
study was approved by the Geisinger Health System institutional review board (which has an authorization agreement
with the Johns Hopkins Bloomberg School of Public Health)
with a waiver of consent and a waiver of HIPAA authorization. Patients were not paid for their participation.

Outcome Ascertainment
We identified and defined new oral corticosteroid (OCS) medication orders, asthma emergency department encounters, and
asthma hospitalizations as mild, moderate, and severe exacerbations, respectively. For patients with more than 1 exacerbation of a given type within a calendar year, we randomly selected 1 event. For mild exacerbations, we distinguished new
OCS medication orders from 2008 through 2012 for an asthma
exacerbation from standing orders or OCS ordered for other
diseases (Figure 1). The medication order date was considered the index date. OCS orders from before 2008 were excluded because these were not consistently captured before
(Reprinted) JAMA Internal Medicine September 2016 Volume 176, Number 9

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by Cesar Nije on 09/16/2020

1335

Research Original Investigation

Unconventional Natural Gas Development and Asthma Exacerbations

Figure 1. Flow Diagram for Identification of New Medication Orders for
Asthma Oral Corticosteroid (OCS)
63 383 OCS orders among asthma
patients from 2008 to 2012

Covariates
8449 Excluded OCS orders from between
7 days before and 7 days after a
hospitalization or emergency
department encounter

54 934 OCS orders
14 049 Excluded OCS orders that were
submitted while the patient was
already on OCS, as reported in
the medication record file, or
already had another order for OCS
40 885 OCS orders
933 Excluded OCS orders that were within
a week of the patients’ previous order
39 952 OCS orders

25 953 OCS orders with at least one
asthma-related medication
order diagnosis or asthmarelated outpatient visit
reason
306 Excluded OCS orders if any of the
associated medication diagnoses
were the following: suppurative and
unspecified otitis media (ICD-9-CM
382), nonsuppurative otitis media
and Eustachian tube disorders
(ICD-9-CM 381), contact dermatitis
and other eczema (ICD-9-CM 692),
and other and unspecified disorders
of back (ICD-9-CM 724)
25 647 OCS orders

then. For moderate and severe exacerbations, we identified all
emergency and hospitalization encounters from 2005 through
2012. Primary or secondary diagnoses for asthma (ICD-9-CM
code 493.x) were used to identify emergency or hospitalization encounters. Patients who had multiple emergency or
hospitalization encounters within 72 hours were considered
to have a single event. Emergency and hospitalization
encounters within 72 hours were identified as a single hospitalization. The first encounter or admission date of each group
of combined encounters was the index date. For patients with
more than 1 type of exacerbation within a week, we retained
only the higher category.

Controls and Matching
We identified controls from patients with asthma under
observation by the health system, so that if the patient were
to have an exacerbation, it would be captured by the EHR.
All patient contact dates were identified (eg, encounter,
order, test). Because many of the covariates and the UNGD
metrics were time varying, we needed a single date on
which to assign these variables. Therefore, for controls, we
randomly selected 1 contact date per year per patient. A case
patient was always eligible to be a control for a less severe
event or for an event of equal or greater severity until the
year of the case patient’s event. We frequency matched
1336

cases to controls by age category (5-12, 13-18, 19-44, 45-61,
62-74, or ≥75 years), sex (male or female), and year of
encounter.

We created time-varying covariates (age, season of event, smoking status, overweight and obesity status, Medical Assistance
[as a measure of low family socioeconomic status], type 2 diabetes) for each index date and non–time-varying covariates (sex
and race/ethnicity) for each patient. Race/ethnicity was assessed by patient self-report and was included because it is a
well-documented confounder in studies of asthma.2 We estimated the patients’ distance to the nearest major and minor
road using a network f rom the Federal Highway
Administration38 and used patients’ geographic coordinates to
assign them to a community using a mixed definition of place
and calculated community socioeconomic deprivation for these
places.37,39 In cities, communities were defined by census tracts;
elsewhere, communities were defined by minor civil divisions (townships and boroughs). We estimated the peak temperature on the day before each index date using data from the
nearest weather station to each patient.40

Well Data
Well data were obtained from the Pennsylvania Department of
Environmental Protection for well spud (start of drilling) and
production, the Pennsylvania Department of Conservation and
Natural Resources for information on well stimulation (hydraulic fracturing) and depths, and SkyTruth, which used crowdsourcing of aerial photographs from the US Department of
Agriculture to identify the location of wellpads.41 For each well,
we had information on the well pad; latitude and longitude;
dates of spudding, stimulation, and production; total depth; and
volume of natural gas produced and the number of production
days. We imputed missing total depths (0.4%) using conditional mean imputation. We estimated missing production quantities (0.2%) by averaging production quantities in the prior and
following period. We extrapolated missing spud (2.0%) and
stimulation (34.6%) dates using the well’s available dates of development by requiring that the stimulation date fall between
the spud and production start dates and by using median durations between phases from wells without any missing dates.

Activity Metric Assignment
We estimated the UNGD activity metrics using an inverse distance-squared method for pad preparation, spud, stimulation, and production phases. We compared activity metrics on
the day before, 3 days before, the sum of 3 to 5 days before,
and the sum of 1 to 5 days before the index date, and because
they were highly correlated (Spearman correlation coefficients ranged from 0.96 to 1.00), we used only the day before
the index date.
For the pad preparation and spud metrics, we used Equation 1:

Activity metric for patient j =
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where n is the number of wells and d2ij is the squared distance (in meters) between well i and patient j. For the stimulation metric, we used Equation 2:

Activity metric for patient j =

n
i=1

ti
d 2ij

where n is the number of wells, dij2 is the squared distance (in
meters) between well i and patient j, and ti is the total well depth
(in meters) of well i. Total depth was used as a surrogate for
truck traffic because volume of water used during stimulation42
was highly correlated with total depth, and water is trucked
to the well during stimulation. For the production metric, we
used Equation 3:

Activity metric for patient j =

n
i=1

vi
d 2ij

where n is the number of wells, dij2 is the squared distance (in
meters) between well i and patient j, and vi is the daily natural gas production volume (cubic meters) of well i. Production volume was used as a surrogate for fugitive emissions and
compressor engine activity.22
Based on descriptions of the process19 and our data, we estimated that pad development lasted 30 days before the spud
date for the first well on a pad; drilling lasted between 1 and
30 days after the spud date based on total depth; and stimulation lasted 7 days. All wells in Pennsylvania in a given phase
on the day prior to an index date contributed to that phase’s
activity metric (Equations 1-3). We divided the 4 continuous
metrics (pad preparation, drilling, stimulation, and production) into quartiles using all 69 548 index dates from all 3 outcomes (mild, moderate, or severe asthma exacerbation), so the
cut points were the same for all outcomes (very low, low, medium, or high).
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error rate of .05 for significance testing. We used Stata software, version 11.2 (StataCorp LP) and R software, version
3.1.2 (R Foundation for Statistical Computing), for our
analyses.
Model Building
We calculated the intraclass correlation coefficient for the person and community levels. The proportions of total variance
that were accounted for by between-community variation and
between-person variation, respectively, were 14% and 63% for
severe exacerbations, 41% and 89% for moderate exacerbations, and 1% and 59% for mild exacerbations. We evaluated
covariates for conditional significance as they were added to
the models.
Sensitivity Analyses
To evaluate how the 4 separate UNGD activity metrics compared with a summary measure, we calculated z scores using
continuous metrics, summed the z scores, and re-ran the
final models with this combined UNGD activity metric
(across quartiles). To explore whether an unmeasured confounder was responsible for our associations, we evaluated
associations with encounters for a negative control44 (intestinal infectious disease and noninfectious gastroenteritis,
ICD-9-CM codes 001-009 and 558.9, respectively) among
patients with asthma, and we also replaced the UNGD activity metric with indicators for counties. We were concerned
about the unbalanced numbers of cases and controls for certain age categories, sex, and years in the mild exacerbations
analysis, so we reran the analysis dropping the unbalanced
cells. To check the sensitivity to geocoding level, we re-ran
the final model for the production UNGD metric and each
outcome using only patients who were geocoded to their
home address. We estimated how large an unmeasured confounder would need to be to account for the observed associations, in whole or in part.45

Statistical Analysis
To assess the association of the 4 UNGD activity metrics
with the 3 types of asthma exacerbations, we used multilevel logistic regression with random intercept for patient
and community to account for multiple events per patient
and patient clustering within communities. The base model
included 1 of the 4 UNGD activity metrics (very low,
low, medium, or high), age category (5-12, 13-18, 19-44,
45-61, 62-74, or ≥75 years), sex (male or female), race/
ethnicity (black, Hispanic, white, or other), family history of
asthma (yes or no), smoking status (former, current, never,
or data missing), season (summer, fall, winter, or spring),
Medical Assistance (yes or no), and overweight/obesity
status (using BMI percentile for children and BMI for
adults43) as covariates. We then added, 1 at a time, type 2
diabetes (yes or no), community socioeconomic deprivation
(across quartiles),37,39 distances to nearest major and minor
arterial road (in meters, z transformed), and maximum temperature on the day prior to the event (degrees Celsius, per
interquartile range [IQR]) (eFigure 1 in the Supplement). We
included the continuous covariates as linear and quadratic
terms to allow for nonlinearity and used a 2-sided type 1
jamainternalmedicine.com

Results
Descriptions of Wells and Patients
Between 2005 and 2012, 6253 unconventional natural gas wells
were spudded on 2710 pads; 4728 were stimulated; and 3706
were in production. The median number of wells per pad was
1 (IQR, 1-3), and the median total depth was 3394 m (IQR, 29343839 m). Most development occurred after 2007 (Figure 2). On
their index date, patients in the highest group of the spud
metric lived a median of 19 km from the closest spudded well
compared with 63 km for patients in the lowest group. We identified 5600 severe, 2291 moderate, and 25 647 mild exacerbations. After retaining 1 event per type per year per person, 4782
severe, 1870 moderate, and 20 749 mild exacerbations were
included. There was substantial overlap of patients and wells
in the northern counties (Figure 3) and substantial overlap of
patients by quartile of UNGD activity metric (eFigure 2 in the
Supplement).
Demographic and clinical variables differed by outcome,
in many cases significantly, and the specific data quantifying
(Reprinted) JAMA Internal Medicine September 2016 Volume 176, Number 9
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Figure 2. Number of Unconventional Natural Gas Wells, 2005 Through 2012
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Figure 3. The Location of Spudded Wells (Drilling Begun) as of December
2012 and Residential Locations of Geisinger Patients With Asthma
N

Patients with asthma per county,a quintiles
21-63

965-1955

64-335

1956-5734

336-964

Counties with less than
20 patients

0

25

50

100

Miles

Geisinger primary catchment area

New York patients with asthma (n = 72) are not shown.

these significant differences are reported in Table 1. Compared with patients with mild and moderate exacerbations, patients with severe exacerbations were more likely to be female, older, current smokers, and obese (all P < .001; see Table 1
for all supporting data). Patients with moderate exacerbations were more likely to be on Medical Assistance and of black
race than patients with the other 2 outcomes, and patients with
mild exacerbations were more likely to live in townships than
patients with the other 2 outcomes (all P < .001; see Table 1 for
all supporting data).
1338

Associations of UNGD Activity Metrics
With Asthma Outcomes
For severe, moderate, and mild exacerbations, the average
percentage changes for all odds ratios (ORs), from simple
models with random intercepts for person and place without covariates to fully adjusted multilevel models, were
−8.5%, −0.2%, and 6.0%, respectively, suggesting little sensitivity of the associations with measured covariates. In
adjusted models, the high activity (vs very low) of each
UNGD metric was associated with each asthma outcome
(Table 2), except for the pad metric with mild exacerbations.
Associations for the other 11 exposure-outcome pairs ranged
from OR, 1.5 (95% CI, 1.2-1.7) for pad metric with severe
exacerbations to OR, 4.4 (95% CI, 3.8-5.2) for production
metric with mild exacerbations. Of the 12 activity metricoutcome pairs, 6 had increasing ORs across quartiles 2, 3,
and 4.

Sensitivity Analyses

Spudded wells

a

Activity metrics for 4 UNGD phases:
well pad preparation (pads
developed), well drilling (after wells
spudded), stimulation (hydraulic
fracturing, or “fracking”), and
production.

The 4 UNGD activity metrics, calculated for all case and
control index dates (n = 69 548), were correlated with one
another (Spearman correlation coefficients of the continuous variables ranged from 0.73 to 0.91). In the analysis to
evaluate associations of a combined UNGD activity metric of
the 4 phases of development, the OR point estimates were
between those from regressions of each phase separately. In
the negative disease control analysis, we found no association of the spud activity metric with gastrointestinal illness.
In a model evaluating associations of counties with outcomes (UNGD metrics removed), counties with high UNGD
activity were not associated with outcomes. In the analysis
that removed cells with unbalanced numbers of cases and
controls in the mild exacerbation analysis, associations
were attenuated (ORs decreased by 5%, 17%, 37%, and 55%
for the high group OR for the pad, spud, stimulation, and
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Table 1. Descriptive Statistics of Case Patients and Controls by Asthma Exacerbation Typea
Hospitalizationb,c
Characteristic

Control

Emergency Department Encounterb,c

Oral Corticosteroid Orderb,c

Case

Control

Case

Control

Case

Non–Time-Varying (Constant) Variables
Total patients

14 104 (100)

3576 (100)

9350 (100)

1454 (100)

18 693 (100)

13 196 (100)

Female

10 093 (71.6)

2520 (70.5)

5660 (60.5)

872 (60.0)

11 297 (60.4)

8173 (61.9)

1324 (9.4)

404 (11.3)

1147 (12.3)

266 (18.3)

2047 (11.0)

1672 (12.7)

13 309 (94.4)

17 160 (91.8)

12 177 (92.3)

Family history of asthma
Race/ethnicity
White

3316 (92.7)

8705 (93.1)

1223 (84.1)

Black

345 (2.4)

111 (3.1)

286 (3.1)

125 (8.6)

676 (3.6)

431 (3.3)

Hispanic

344 (2.4)

126 (3.5)

273 (2.9)

93 (6.4)

674 (3.6)

471 (3.6)

Other or missing data

106 (0.8)

23 (0.6)

86 (0.9)

13 (0.9)

183 (1.0)

117 (0.9)

Township

8583 (60.9)

2017 (56.4)

5590 (59.8)

659 (45.3)

11 324 (60.6)

7917 (60.0)

Borough

4192 (29.7)

1108 (31)

2786 (29.8)

490 (33.7)

5445 (29.1)

3891 (29.5)

City

1329 (9.4)

451 (12.6)

974 (10.4)

305 (21.0)

1924 (10.3)

1388 (10.5)

1

2967 (21)

673 (18.8)

1936 (20.7)

226 (15.5)

3897 (20.8)

2751 (20.8)

2

3677 (26.1)

886 (24.8)

2454 (26.2)

307 (21.1)

4839 (25.9)

3259 (24.7)

3

3561 (25.2)

920 (25.7)

2294 (24.5)

378 (26.0)

4659 (24.9)

3427 (26.0)

4

3899 (27.6)

1097 (30.7)

2666 (28.5)

543 (37.3)

5298 (28.3)

3759 (28.5)

Place type

Community socioeconomic
deprivation, quartiles

Total events, No.
0

14 104 (100)

0

9350 (100)

0

18 693 (100)

0

1

0

2732 (76.4)

0

1169 (80.4)

0

8205 (62.2)

2

0

605 (16.9)

0

208 (14.3)

0

3138 (23.8)

3

0

162 (4.5)

0

46 (3.2)

0

1273 (9.6)

4

0

48 (1.3)

0

20 (1.4)

0

451 (3.4)

5

0

20 (0.6)

0

5 (0.3)

0

129 (1.0)

6

0

3 (0.1)

0

3 (0.2)

0

0

7

0

4 (0.1)

0

0

0

0

8

0

2 (0.1)

0

3 (0.2)

0

0

Time-Varying Variables
Encounters (controls) or
events (cases)

14 104 (100)

4782 (100)

9350 (100)

1870 (100)

18 693 (100)

20 749 (100)

5 to <13

1062 (7.5)

354 (7.4)

2265 (24.2)

453 (24.2)

4157 (22.2)

4245 (20.5)

13 to <19

810 (5.7)

269 (5.6)

995 (10.6)

199 (10.6)

1926 (10.3)

1926 (9.3)

19 to <45

5253 (37.2)

1751 (36.6)

4105 (43.9)

821 (43.9)

6013 (32.2)

6323 (30.5)

45 to <62

4014 (28.5)

1338 (28.0)

1390 (14.9)

278 (14.9)

4313 (23.1)

5353 (25.8)

62 to <75

1983 (14.1)

661 (13.8)

405 (4.3)

81 (4.3)

1613 (8.6)

2113 (10.2)

982 (7.0)

409 (8.6)

190 (2.0)

38 (2.0)

671 (3.6)

789 (3.8)

2005

1593 (11.3)

531 (11.1)

845 (9.0)

169 (9.0)

0

2006

1767 (12.5)

589 (12.3)

905 (9.7)

181 (9.7)

0

0

2007

1659 (11.8)

552 (11.5)

1185 (12.7)

237 (12.7)

0

0

2008

1563 (11.1)

526 (11.0)

1220 (13.0)

244 (13.0)

3375 (18.1)

3375 (16.3)

2009

1819 (12.9)

608 (12.7)

1380 (14.8)

276 (14.8)

4038 (21.6)

4038 (19.5)

2010

1794 (12.7)

603 (12.6)

1205 (12.9)

241 (12.9)

4019 (21.5)

4019 (19.4)

2011

1886 (13.4)

648 (13.6)

1230 (13.2)

246 (13.2)

4286 (22.9)

4624 (22.3)

2012

2023 (14.3)

725 (15.2)

1380 (14.8)

276 (14.8)

2975 (15.9)

4693 (22.6)

Age at event or matched
encounter, y

≥75
Year of encounter

0

(continued)

production metrics, respectively). In the analysis to evaluate the impact of different quality of geocoding, associations were unchanged. In the analysis of the mild and
jamainternalmedicine.com

severe exacerbations, we determined that even an unmeasured confounder strongly associated with both UNGD
activity and outcome (eg, both ORs, 3.0), and a prevalence
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Table 1. Descriptive Statistics of Case Patients and Controls by Asthma Exacerbation Typea (continued)
Emergency Department Encounterb,c

Oral Corticosteroid Orderb,c

Control

Hospitalizationb,c
Case

Control

Case

Control

Spring

3447 (24.4)

1219 (25.5)

2218 (23.7)

456 (24.4)

4337 (23.2)

4618 (22.3)

Summer

3357 (23.8)

1134 (23.7)

2253 (24.1)

380 (20.3)

4536 (24.3)

3207 (15.5)

Fall

4171 (29.6)

1183 (24.7)

2724 (29.1)

553 (29.6)

5695 (30.5)

6995 (33.7)

Winter

3129 (22.2)

1246 (26.1)

2155 (23.0)

481 (25.7)

4125 (22.1)

5929 (28.6)

Not overweight or obese

3728 (26.4)

1046 (21.9)

3366 (36.0)

569 (30.4)

6591 (35.3)

5737 (27.6)

Overweight

3605 (25.6)

1077 (22.5)

2173 (23.2)

376 (20.1)

4441 (23.8)

4821 (23.2)

Obese

6683 (47.4)

2641 (55.2)

3762 (40.2)

895 (47.9)

7577 (40.5)

10137 (48.9)

Missing

88 (0.6)

18 (0.4)

49 (0.5)

30 (1.6)

84 (0.4)

Characteristic
Season of encounterd

Case

Obesitye

54 (0.3)

Smoking status
Never

7454 (52.9)

2014 (42.1)

5335 (57.1)

826 (44.2)

11375 (60.9)

11556 (55.7)

Current

2552 (18.1)

1204 (25.2)

1466 (15.7)

387 (20.7)

2589 (13.9)

3672 (17.7)

Former

3204 (22.7)

1238 (25.9)

1395 (14.9)

304 (16.3)

3231 (17.3)

4251 (20.5)

Missing

894 (6.3)

326 (6.8)

1154 (12.3)

353 (18.9)

1498 (8.0)

1270 (6.1)

Medical Assistancef

2657 (18.8)

1568 (32.8)

2529 (27.0)

741 (39.6)

4956 (26.5)

5850 (28.2)

Type 2 diabetes

1504 (10.7)

917 (19.2)

517 (5.5)

156 (8.3)

1420 (7.6)

1905 (9.2)

Taking inhaled corticosteroids

4061 (28.8)

2545 (27.2)

713 (38.1)

5319 (28.5)

10458 (50.4)

Distance to nearest major
roadg
Distance to nearest minor
arterial road
Temperature on the prior day,
median, °C
Pad activity metric, 1010/m2

1042

826

1078

652

1064

1032

709

535

682

411

687

691

16.1

1577 (33)

16.7

16.7

15.0

16.1

13.3

Very low, <10.7

5988 (42.5)

2004 (41.9)

3671 (39.3)

719 (38.4)

2344 (12.5)

2661 (12.8)

Low, 10.7-25.7

2811 (19.9)

816 (17.1)

2096 (22.4)

350 (18.7)

5281 (28.3)

6033 (29.1)

Medium, 25.8-48.7

2675 (19)

887 (18.5)

1819 (19.5)

363 (19.4)

5489 (29.4)

6154 (29.7)

High, >48.7

2630 (18.6)

1075 (22.5)

1764 (18.9)

438 (23.4)

5579 (29.8)

5901 (28.4)

Very low, <5.1

6009 (42.6)

2032 (42.5)

3701 (39.6)

742 (39.7)

2352 (12.6)

2551 (12.3)

Low, 5.1-32.3

2796 (19.8)

819 (17.1)

2030 (21.7)

371 (19.8)

5491 (29.4)

5880 (28.3)

Medium, 32.4-66.8

2719 (19.3)

821 (17.2)

1832 (19.6)

317 (17.0)

5389 (28.8)

6309 (30.4)

High, >66.8

2580 (18.3)

1110 (23.2)

1787 (19.1)

440 (23.5)

5461 (29.2)

6009 (29.0)

Spud activity metric, 1010/m2

Stimulation activity metric,
1013 × m/m2
Very low, <2.7

5829 (41.3)

1986 (41.5)

3598 (38.5)

729 (39.0)

2577 (13.8)

2668 (12.9)

Low, 2.7-25.5

2876 (20.4)

858 (17.9)

2089 (22.3)

391 (20.9)

5573 (29.8)

5600 (27.0)

Medium, 25.6-67.4

2736 (19.4)

841 (17.6)

1835 (19.6)

310 (16.6)

5415 (29.0)

6250 (30.1)

High, >67.4

2663 (18.9)

1097 (22.9)

1828 (19.6)

440 (23.5)

5128 (27.4)

6231 (30.0)

Production activity metric,
1015 × m3/m2
Very low, <2.3

2087 (43.6)

3776 (40.4)

765 (40.9)

2345 (12.5)

2335 (11.3)

2629 (18.6)

794 (16.6)

1953 (20.9)

363 (19.4)

5713 (30.6)

5935 (28.6)

Medium, 133.3-759.7

2636 (18.7)

798 (16.7)

1789 (19.1)

271 (14.5)

5787 (31.0)

6106 (29.4)

High, >759.7

2760 (19.6)

1103 (23.1)

1832 (19.6)

471 (25.2)

4848 (25.9)

6373 (30.7)

a

Unless otherwise noted, data are reported as number (percentage) of
patients; percentages may not add to 100 owing to rounding.

b

Cases contributed up to 1 event per year (events were randomly chosen from
patients with multiple events in a year). Controls could not have had an event
up to the year of the event in the frequency-matched case but could serve as a
case later.

c

For controls, the encounter was a randomly selected encounter during the
year of the matched case’s event and before the year of any subsequent event
in the control. For cases, the event was an asthma hospitalization, emergency
department encounter, or oral corticosteroid order.

d

1340

6079 (43.1)

Low, 2.3-133.2

fall, September 22 through December 21; winter, December 22 through
March 21.
e

Normal was defined as a body mass index (BMI) lower than the 85th
percentile for children and less than 25 for adults; overweight, BMI ranged
from the 85th percentile to lower than the 95th percentile for children and 25
to less than 30 for adults; obese, BMI was in the 95th percentile or higher for
children and 30 or higher for adults.

f

A means-tested program that is a surrogate for family socioeconomic status.

g

Principal arterial or interstate.

Spring, March 22 through June 21; summer, June 22 through September 21;

JAMA Internal Medicine September 2016 Volume 176, Number 9 (Reprinted)

Copyright 2016 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by Cesar Nije on 09/16/2020

jamainternalmedicine.com

Unconventional Natural Gas Development and Asthma Exacerbations

Original Investigation Research

Table 2. Associations of Unconventional Natural Gas Development Activity Metrics and Asthma Outcomesa
Odds Ratio (95% CI)
Activity Metric

b

Asthma Hospitalizations

Asthma Emergency Department Visits

OCS Orders

1.26 (1.06-1.50)

1.53 (1.06-2.23)

1.54 (1.37-1.74)

Pad
Low
Medium

1.37 (1.15-1.64)

1.77 (1.2-2.6)

1.66 (1.47-1.87)

High

1.45 (1.21-1.73)

1.37 (0.94-1.99)

1.59 (1.41-1.81)

Low

1.16 (0.98-1.37)

1.53 (1.06-2.21)

1.45 (1.29-1.63)

Medium

1.26 (1.05-1.50)

1.54 (1.04-2.27)

1.98 (1.75-2.24)

High

1.64 (1.38-1.97)

1.57 (1.08-2.29)

1.99 (1.75-2.26)

Low

1.13 (0.96-1.33)

1.51 (1.05-2.19)

1.23 (1.09-1.39)

Medium

1.31 (1.10-1.57)

1.74 (1.17-2.61)

2.22 (1.95-2.53)

High

1.66 (1.38-1.98)

1.71 (1.16-2.52)

3.00 (2.60-3.45)

Low

1.10 (0.92-1.30)

1.47 (1.01-2.14)

1.28 (1.13-1.46)

Medium

1.16 (0.97-1.38)

1.10 (0.74-1.65)

2.15 (1.87-2.47)

High

1.74 (1.45-2.09)

2.19 (1.47-3.25)

4.43 (3.75-5.22)

Spud

Stimulation

Production

percentile for children or ⱖ30 for adults; or BMI missing), type 2 diabetes (yes
vs no), community socioeconomic deprivation (across quartiles), distance to
nearest major and minor arterial road (truncated at the 98th percentile,
measured in meters, z transformed), squared distance to nearest major and
minor arterial road (truncated at the 98th percentile, measured in meters, z
transformed), maximum temperature on the day prior to event (measured in
degrees Celsius), and squared maximum temperature on the day prior to
event (measured in degrees Celsius).

Abbreviation: OCS, oral corticosteroid.
a

Multilevel models with a random intercept for patient and community were
adjusted for age category (5-12, 13-18, 19-44, 45-61, 62-74, ⱖ75 years), sex
(male or female), race/ethnicity (white, black, Hispanic, or other), family
history of asthma (yes vs no), smoking status (never, former, current, or
missing), season (spring, March 22–June 21; summer, June 22–September 21;
fall, September 22–December 21; winter, December 22–March 21), Medical
Assistance (yes vs no), overweight/obesity status (normal, body mass index
[BMI], <85th percentile for children or <25 for adults; overweight, BMI, 85th to
<95th percentile for children or 25 to <30 for adults; obese, BMI, ⱖ95th

of 0.3 in the exposed group, would not likely change our
inference about associations, given our models. However,
for moderate exacerbations, an unmeasured confounder
with the same characteristics could account for 2 of the 3
statistically significant associations.

Discussion
We conducted a nested case-control study in a large number
of patients with asthma using EHR data in Pennsylvania
from 2005 through 2012, a period of rapid development. In
this first study of UNGD and objective respiratory outcomes,
we found consistent associations of 4 UNGD activity metrics
with 3 types of asthma exacerbations. Whether these associations are causal awaits further investigation, including
more detailed exposure assessment.
Asthma is a suitable outcome because UNGD has community and environmental impacts that could affect it: it is highly
prevalent; it can be exacerbated by stress and small changes
in air quality with short latency; and patients usually seek care
for exacerbations so they are captured by an EHR. By leveraging longitudinal EHR data, we were able to complete a number of sensitivity analyses that suggested that the associations were robust to increasing levels of adjustment, although
in some cases they were attenuated.
Studies of air pollution and asthma exacerbations have generally found small but consistently increased risks. A study of
jamainternalmedicine.com

b

For all activity metrics, very low activity was the reference group.

pediatric emergency department visits for asthma in Atlanta
found that a standard deviation increase in pollution had associated risk ratios of 1.020, 1.036, and 1.062 for particulate
matter smaller than 10 μm, nitrogen dioxide, and ozone,
respectively.46 Studies on psychosocial stress have found that
in children with asthma, the risk of an asthma exacerbation
increased 4.7 times in the 2 days following a very stressful
event.47 Adults exposed to violence in their community have
2.3 and 2.5 times the risk of an asthma emergency department visit and hospitalization, respectively, than those not exposed to community violence.48
Two sensitivity analyses were directed to the very important possibility that unmeasured confounding could account
for our results. First, UNGD metrics were not associated with
the negative disease control. Second, in the analysis replacing UNGD metrics with indicators for counties, counties with
UNGD were not associated with severe exacerbations. These
both provide evidence that unmeasured confounding is unlikely to account for our findings, but we acknowledge that the
possibility still exists. We note that an unmeasured confounder would need to be strongly associated with both UNGD
and asthma outcomes to account for our results. In sensitivity analysis to address unbalanced numbers of cases and controls, results were attenuated; the majority of dropped patients made up the most susceptible groups (younger and older)
in the most exposed years, so attenuation was not unexpected. Finally, geocoding method and analysis with an overall activity metric did not change inferences.
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This study had several strengths, including a large sample
size from a population that represents the general population
in the region. In addition, our exposure assessment improved on that used in prior studies,49,50 which used categorical distance-based metrics that did not account for UNGD
phases. Our metric incorporated the temporality and
duration of phases, gas production volume, and a surrogate
for truck traffic. This study also improved on outcome ascertainment used in the previous study on UNGD and respiratory outcomes,50 which relied on self-reported outcomes and
grouped several respiratory symptoms and conditions together (including asthma). We used documented asthma exacerbations. Our findings were robust to increasing levels of
covariate control and in several sensitivity analyses.
This study also had limitations. The EHR did not contain
information on occupation and only reflects patients’ most recent address. However, comparing addresses used in a prior
study35 with addresses used in this study (39 months apart),
79.8% of patients were at the same address, and an additional 7.4% and 7.6% were less than 3.2 km and from 3.2 to 16.0
km, respectively, from their prior address, indicating little residential mobility. The EHR contained data only on events that
occur at Geisinger facilities, but ambulances go to the closest
hospital, so we may have undercounted events. We were unable to differentiate between asthma exacerbations that were

Conclusions
Asthma is a common disease with large individual and societal burdens, so the possibility that UNGD may increase risk
for asthma exacerbations requires public health attention.
As ours is the first study to our knowledge of UNGD and
objective respiratory outcomes, and several other health
outcomes have not been investigated to date, there is an
urgent need for more health studies. These should include
more detailed exposure assessment to better characterize
pathways and to identify the phases of development that
present the most risk.
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S T R UC T UR E D A B S T R A C T

Background: Oil and natural gas (O&G) extraction emits pollutants that are
associated with cardiovascular disease, the leading cause of mortality in the United States. Objective: We evaluated associations between intensity of O&G activity
and cardiovascular disease indicators.
Methods: Between October 2015 and May 2016, we conducted a cross-sectional study of 97 adults living in Northeastern Colorado. For each participant, we collected
1–3 measurements of augmentation index, systolic and diastolic blood pressure (SBP and DBP), and plasma concentrations of interleukin (IL)− 1β, IL-6, IL-8 and
tumor necrosis factor alpha (TNF-α). We modelled the intensity of O&G activity by weighting O&G well counts within 16 km of a participant's home by intensity and
distance. We used linear models accounting for repeated measures within person to evaluate associations.
Results: Adjusted mean augmentation index diﬀered by 6.0% (95% CI: 0.6, 11.4%) and 5.1% (95%CI: −0.1, 10.4%) between high and medium, respectively, and low
exposure tertiles. The greatest mean IL-1β, and α-TNF plasma concentrations were observed for participants in the highest exposure tertile. IL-6 and IL-8 results were
consistent with a null result. For participants not taking prescription medications, the adjusted mean SBP diﬀered by 6 and 1 mm Hg (95% CIs: 0.1, 13 mm Hg and
−6, 8 mm Hg) between the high and medium, respectively, and low exposure tertiles. DBP results were similar. For participants taking prescription medications, SBP
and DBP results were consistent with a null result.
Conclusions: Despite limitations, our results support associations between O&G activity and augmentation index, SBP, DBP, IL-1β, and TNF-α. Our study was not able
to elucidate possible mechanisms or environmental stressors, such as air pollution and noise.

1. Introduction
Cardiovascular disease (CVD) is the leading cause of mortality in the
United States (U.S.), accounting for more than 900,000 deaths and
3000 per 100,000 persons age-standardized disability-adjusted life
years (DALYS) in 2016 (Global Burden of Cardiovascular Diseases,
2017, 2018). While behavioral and genetic factors contribute to the
burden of CVD, exposure to environmental stressors, such as air pollution, noise, and psychosocial stress, also contribute to cardiovascular
morbidity and mortality (Brook, 2017; Cuﬀee et al., 2014).
One increasingly common source of these environmental stressors is
the extraction of oil and natural gas (O&G) in residential areas (Adgate
et al., 2014; Czolowski et al., 2017; McKenzie et al., 2016). In the early
21st century, advances in hydraulic fracturing (fracking), horizontal
drilling, and micro-seismic imaging opened up previously inaccessible

petroleum reserves that resulted in an extensive dispersion of O&G well
sites across populated areas (Haynes et al., 2017). More than 17.4
million people in the U.S. now live within 1.6 km (km) (1-mile) of an
active O&G well (Czolowski et al., 2017). In Colorado, this population is
growing at a faster rate and may be at an economic disadvantage
compared to Colorado's general population (McKenzie et al., 2016).
Populations living in areas with O&G development may be exposed
to several environmental stressors that have been associated with CVD.
The modern extraction of O&G is a complex industrial process that
requires diesel-powered equipment, trucks, and generators that continuously emit noise and exhaust (King, 2012; Blair et al., 2018; Brown
et al., 2015; Hays et al., 2017; McCawley, 2015; Radtke et al., 2017;
Witter et al., 2013). Furthermore, normal operations, maintenance activities, and leaks at on-site storage tanks, valves, and pipes result in
emissions of volatile organic compounds (VOCs) (Halliday et al., 2016;
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Fig. 1. Study area is located in Northeastern Colorado: 46 participants from Fort Collins with little oil and gas activity in 2016, 51 participants from Windsor and
Greeley where active oil and gas development was ongoing as of June 2016.

Fisher et al., 2018) that could also adversely aﬀect SBP, DBP, vascular
function, and systemic inﬂammation (Lu et al., 2013; Hänsel et al.,
2010; Ranjit et al., 2007; Sparrenberger et al., 2008; von Känel et al.,
2008; Yasui et al., 2007).
Epidemiological studies using administrative health data sources
and indirect measures of exposure have observed associations between
density of O&G wells and prevalence rates of cardiology inpatient
hospital admission and congenital heart defects (Jemielita et al., 2016;
McKenzie et al., 2014), as well as childhood leukemia, low birthweight,
preterm birth, asthma, fatigue, migraines, and chronic rhinosinusitis
(Casey et al., 2016; McKenzie et al., 2017; Rasmussen et al., 2016; Stacy
et al., 2015; Tustin et al., 2016; Whitworth et al., 2017, 2018; Willis
et al., 2018; Currie et al., 2017; Hill, 2018; Koehler et al., 2018). While
studies on the health impacts of O&G development have indicated increases in self-reported cardiovascular and other types of symptoms
(Ferrar et al., 2013; Rabinowitz et al., 2015; Saberi et al., 2014;
Weinberger et al., 2017) and cardiovascular related hospital admissions
(Jemielita et al., 2016), we are not aware of any studies that have directly measured markers of cardiovascular morbidity in a population
near active O&G development. The objective of this study was to
evaluate the association between indicators of CVD and the intensity of
O&G development and production activity in Northeastern Colorado.

Helmig et al., 2014; Collett et al., 2016a, 2016b).
Diesel exhaust from O&G operations contributes to increased levels
of ambient particulate matter of < 2.5 mircrons (PM2.5) (Brown et al.,
2015; McCawley, 2015). Numerous studies have provided evidence that
increased short-term and long-term exposure to PM2.5 is associated with
increases in cardiovascular morbidity and mortality (Brook et al., 2010;
U.S. Environmental Protection Agency, 2009). Noise levels measured in
communities near O&G development sites have exceeded levels that
have been associated with increased risk of CVD and hypertension
(Blair et al., 2018; McCawley, 2015; Radtke et al., 2017, Eriksson et al.,
2012; van Kempen and Babisch, 2012; Babisch, 2014). Additionally, coexposures to noise and PM2.5 have been associated with indicators of
CVD, including increases in systolic and diastolic blood pressure (SBP,
DBP) (Brook and Rajagopalan, 2009; Chang et al., 2009; Münzel et al.,
2014; Urch et al., 2005; van Kempen and Babisch, 2012; Zanobetti
et al., 2004), vasoconstriction (Brook et al., 2002; Foraster et al., 2017;
Laurent et al., 2001; Nurnberger et al., 2002; Dales et al., 2007; Rundell
et al., 2007) and systemic inﬂammation (Delﬁno et al., 2008, 2009;
Nemmar et al., 2010), as well as morbidity and mortality (Brook et al.,
2010).
The VOCs emitted from O&G activity are primarily aliphatic and
aromatic hydrocarons (Collett et al., 2016a, 2016b; McKenzie et al.,
2012). Inhalation exposure to hydrocarbons has been associated with
alterations in cardiovascular physiology (Shin et al., 2015), increases in
cardiovascular emergency department visits (Ye et al., 2017), and
cardiovascular morbidity and mortality (Bard et al., 2014; Harrison
et al., 2016; Villeneuve et al., 2013; Xu et al., 2009). Additionally, individuals living in communities where modern O&G wells sites are located may also experience increases in psychosocial stress (Malin, 2014;
Malin et al., 2018; Perry, 2012; Powers et al., 2014; Sangaramoorthy
et al., 2016; Shelley, 2014; Wilber, 2012; Casey et al., 2018a, 2018b;

2. Methods
We conducted a cross-sectional study to evaluate associations between indicators of CVD and the intensity of O&G development and
production activity within 16 km (10 miles) of a participant's home. The
16-km buﬀer was selected based on previous studies (McKenzie et al.,
2014, 2017; Stacy et al., 2015).
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2.1. Study population

2.4. Exposure assessment

Between October 2015 and May 2016, we measured indicators of
CVD in 97 men (n = 28) and non-pregnant women (n = 69) ≥ 18 years
who did not smoke tobacco or marijuana, were not taking statins or
other anti-inﬂammatory medication; were not occupationally exposed
to dust, fumes, solvents, or O&G development activities; were not frequently exposed to environmental tobacco or marijuana smoke; and
without a history of diabetes, chronic obstructive pulmonary disease, or
chronic inﬂammatory diseases (such as asthma, arthritis, or severe allergies), and resided full-time in the city of Fort Collins, CO (n = 46), or
in the cities of Windsor or Greeley, (n = 51) CO. As shown in Fig. 1,
most O&G wells were located in Greeley and Windsor; very few were
located in Fort Collins. We obtained informed consent from all participants. The Colorado Multiple Institutional Review Board approved
our study protocol (COMIRB protocol number 14–1880).
Each participant completed up to three visits to our clinics between
October 2015 and May 2016. At each visit, participants completed a
questionnaire on their recent level of exercise, food, caﬀeine, medication, and alcohol intake; exposure to air pollutants and stress; and
overall health (Supplemental Material). We measured the participant's
augmentation index, SBP, DBP, height, and weight and collected a
blood sample for measures of systemic inﬂammation. Body mass index
(BMI) was calculated as the weight (km)/[height (meters)]2.

We used the Google Maps Geocoding Application Programming
Interface to geocode each participant's street address with “Rooftop”
accuracy. Google “Rooftop” accuracy indicates that the returned result
is a precise geocode for which we have location information accurate
down to street address precision (Google, 2018). We obtained the latitude and longitude for all O&G wells within 16 km of each participant's home (McKenzie et. al, 2012; Stacy et al., 2015; McKenzie et al.,
2017, Whitworth, 2017) from the Colorado Oil and Gas Information
System. The 16-km buﬀer allows us to incorporate the density of O&G
operations into the exposure metric which can be relevant for additional stresses on a community with a high density of operations such as
trucking traﬃc, population inﬂux, and allocation of resources. The 16km buﬀer also captures the geographical extent of Fort Collins,
Windsor, and Greeley. Extending the buﬀer beyond 16 km would create
overlap in community level stressors, such as increased traﬃc and
community cohesion. Using the latitude and longitude coordinates of
the O&G wells and each participant's home, the distance between the
participant's home and each O&G well in the 16-km buﬀer was calculated with MATLAB 8.3 software. We then applied our intensity adjusted inverse distance weighted (IA-IDW) model, as described in
Allshouse et al. (2017), to estimate the monthly relative intensity of O&
G activity around the home of each participant from August 2015
through April 2016 (Allshouse et al., 2017) and used the mean of
monthly intensities over the 9-month period to represent the estimated
intensity. To evaluate CVD responses to chronic O&G related exposure,
we began our exposure assessment two months prior to the ﬁrst collection of biomarkers.
Because the wells included in our IA-IDW exposure metric for an
individual are weighted by distance between the well and the residence,
the wells that are closest to the individual will contribute the most to
that individual's metric. Our IA-IDW metric diﬀers from methods that
deﬁne an individual as exposed if they have a well within a given buﬀer
without adjustment for distance or intensity of operations that occur at
the well site (Currie et al., 2017; Hill, 2018). The ﬁnal IA-IDW distribution was divided into tertiles (low, medium, and high) using cut
points of 14.5 and 1242 well intensity per square km (km2) for subsequent statistical analysis.

2.2. Measures of cardiovascular health
We measured augmentation index and blood pressure with the
SphygomoCor System (Atcor Medical Australia). To obtain these measures, the participant's dominant arm was extended onto a ﬂat surface,
ensuring that the bend in the elbow was at heart level. For blood
pressure, three measurements were collected and the reported SBP and
DBP is the average of the 2nd and 3rd measurements. Augmentation
index is a non-invasive method that reasonably approximates carotidfemoral pulse wave velocity, which is the gold standard for measuring
arterial stiﬀness (Laurent et al., 2006; Yao et al., 2017). For the augmentation index, a micro-nanometer ﬂattened the radial artery with
gentle pressure and ten seconds of sequential pulse pressure waveforms
were recorded and transformed into central aortic waveforms. The
augmentation index was then calculated by dividing the augmented
pressure by the pulse pressure and was expressed as a percentage. The
reported augmentation index is the average of three measures that have
an operator index > 90% and are within 10%of each other. Because
augmentation index is inversely proportional to heart rate, augmentation indices were normalized to a standard heart rate of 75 bpm
(Wilkinson et al., 2000, 2002). Because heart rate may also mediate
augmentation index, we also evaluated augmentation index without
normalizing for heart rate (Stoner et al., 2014).

2.5. Statistical analysis
For each biomarker, adherence to assumptions of the linear random
intercept model was assessed visually using scatter plots, histograms,
and QQ-plots of the standardized residuals. Cytokine levels were log-10
transformed to better align with the model's assumption of Gaussiandistributed residuals (Diggle et al., 2002). Because the systemic inﬂammation (IL-1β, IL-6, IL-8 and TNF –α) results did not meet assumptions for linear regression, we log-10-transformed the systemic
inﬂammation concentrations prior to statistical analysis. The augmentation index, SBP, and DBP measurements met all assumptions for
linear regression and were not transformed.
We used separate linear mixed models with random intercepts for
each participant to evaluate the association between each health measurement (augmentation index, SBP, DBP, IL-1β, IL-6, IL-8 and TNF –α)
and categorized intensity of O&G well activity (IA-IDW) within 16 km
of each participant's home (low, medium, high). The medium and high
tertiles were compared to the low tertile (the referent group). Linear
mixed models allow for unbalanced data (i.e., unequal number of repeated measures assuming data points missing at random) (Fitzmaurice
et al., 2004). All models were adjusted for age, sex, race/ethnicity
(white non-Hispanic vs. other/missing), BMI, education level (less than
Bachelor's degree vs. Bachelor's degree or higher), income level (less
than $50,000/year vs. $50,000/year or higher), and employment status
(full-time employment vs. other). We evaluated our ﬁnal models for
residual spatial autocorrelation using semivariograms and found no

2.3. Measures of systemic inﬂammation
We measured a suite of inﬂammatory markers that have been associated with psychosocial stress and short-term air pollution exposure:
Interleukin (IL)-1β, IL-6, IL-8 and tumor necrosis factor alpha (TNF-α)
(Lu et al., 2013; Hänsel et al., 2010; Yasui et al., 2007; von Känel et al.,
2008; Ranjit et al., 2007; Delﬁno et al., 2008, 2009, 2010; Panasevich
et al., 2009). Venous blood was collected into EDTA tubes and centrifuged for 15 min at 2500 RPMs to separate the plasma, which was
then stored at − 80 °C prior to analysis. An analyst blinded to the
participant's exposure measured IL-1β, IL-6, IL-8 and TNF-α in duplicate using the commercially available R&D Biosystems (Minneapolis,
Minnesota) Human Magnetic Luminex Performance Assay, High Sensitivity Cytokine kit, according to the manufacturer's protocol
((Vasunilashorn et al., 2015). Plates were read using a Luminex MagPix
System (Luminex Corporation, Austin Texas).
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in the high exposure tertile were older and less educated than participants in the other tertiles. Participants in the low exposure tertile had
lower incomes and were more likely to be working part-time than
participants in the other tertiles.
Both crude and adjusted estimates indicate that augmentation index
is associated with greater O&G activity around a participant's residence,
as represented by IA-IDW (Table 2). Mean augmentation index, adjusted for only sex and age diﬀered by 8.7% (95% CI: 4.1, 13.4%) and
6.9% (95%CI: 2.1, 11.7%) between the high and medium, respectively,
and low IA-IDW tertiles. Further adjustment for race/ethnicity, BMI,
education, income and employment status attenuated the results. Fully
adjusted mean augmentation index diﬀered by 6.0% (95% CI: 0.6,
11.4%) and 5.1% (95%CI: -0.1, 10.4%) between the high and medium,
respectively, and low IA-IDW tertiles. We observed similar results for
the mean augmentation index not normalized for heart rate, although
the diﬀerence between tertiles was attenuated (Supplemental Table 1).
Systolic blood pressure, adjusted for only sex and age diﬀered by
5 mm Hg (95%CI: 0, 10 mm Hg) and −1 mm Hg (95% CI: -6, 4 mm Hg)
between the high and medium, respectively, and low IA-IDW tertiles.
Further adjustment slightly attenuated the results. Fully adjusted mean
SBP diﬀered by 3 mm Hg (95% CI: -3, 8 mm Hg) and −1 mm Hg (95%
CI: -6, 4 mm Hg) between the high and medium, respectively, and low
IA-IDW tertiles.
Diastolic blood pressure, adjusted for only sex and age diﬀered by
4 mm Hg (95%CI: 0, 7 mm Hg) and −1 mm Hg (95% CI: –4, 3 mm Hg)
and between the high and medium, respectively, and low IA-IDW tertiles. Further adjustment slightly attenuated the results. Fully adjusted
mean DBP diﬀered by 2 mm Hg (95% CI: -1, 6 mm Hg) and −1 mm Hg
(95%CI: -4, 3 mm Hg) (Table 2).
The greatest crude and adjusted mean IL-1β, and α-TNF measurements were observed for participants in the highest exposure tertile
(Table 3). We did not observe an association between IL-6 and IL-8
plasma concentrations and IA-IDW.
In a sensitivity analysis for participants living in Greeley or

evidence of residual spatial autocorrelation.
We performed sensitivity analysis on subsets of participants living
only in Greeley or Windsor (no participants in the low IA-IDW tertile),
reporting no illness in the past 24 h, no alcohol use in the past 10 h, no
relocation of home in the past 3 months, or participants without an
outlier result (deﬁned as more than 1.5 times the IQR below and above
the lower and upper bounds of the IQR, respectively). Based on participant questionnaire responses on their recent level of exercise, food,
caﬀeine, medication, and alcohol intake, exposure to air pollutants and
stress, and overall health, we evaluated interactions by the following
categorical variables: the participant's sex, age (18–27, 28–52, 53–80
years), unusual stress (yes, no), vigorous physical activity in the past 7days (none, 75 or more minutes), moderate physical activity in the past
7-days (none, at least 150 min), use of prescription medications (none,
1 or more), exposure to other sources of VOCs (yes, no), and ingestion
of food or drink 60 min prior to health measurement (yes, no) to
evaluate for eﬀect modiﬁcation. Unusual stress was determined to be
yes if the participant indicated in the past 7-days that they had experienced unusual stress or in the past 3-months they had relocated
their home, changed jobs, had someone close to them die, or experienced a major change in their family. Sources of VOCs included paint or
cleaning fumes, ﬁres, burning ﬁreplaces, candles or incense.
Data analysis was conducted using R v3.4.3 (R core Team, 2017).
The mixed eﬀect models were ﬁtted using the nlme v3.1–131 package
(Pinheiro et al., 2017).
3. Results
Characteristics of our study population are presented in Table 1.
Participants were approximately evenly divided between residing in
Fort Collins (47%), with limited O&G activity, or in Greeley or Windsor
(53%), which are areas of active O&G development. The participants in
the low exposure tertile resided exclusively in Fort Collins, while those
in the high exposure tertile resided in Greeley or Windsor. Participants

Table 1
Study population characteristics categorized by tertiles of intensity adjusted inverse distance weighted (IA-IDW) oil and gas well count within 16.1 km of residence of
each participant in 2016.
IA-IDW
Characteristic

Low (0 – 14.5 well intensity/
kilometer2)

Medium (14.6 – 1242 well intensity/
kilometer2)

High (High > 1242 well intensity/
kilometer2)

Number of Participants (N)
Community (N, percent)
Ft. Collins
Greeley & Windsor
Female (N, percent)
Age (mean ± SD years)
Race/Ethnicity (N, percent)
Non-Hispanic White
Other
Missing
Body Mass Index (mean ± SD kg/m2)
Annual Income (N, percent)
Less than $50,000
$50,000 or greater
Missing
Education bachelor's degree or higher (N,
percent)
Employment (N, percent)
Full-Time
Part-Time
Not Working
Participants completing each visit (N, percent)
1
2
3

32

33

32

32 (100)
0
23 (72)
39 ± 19

14
19
21
37

24 (75)
8 (25)
0
24 ± 4

26 (79)
6 (18)
1 (3)
25 ± 4

27 (84)
5 (16)
0
26 ± 6

25 (78)
7 (22)
0
30 (94)

11 (33)
21 (63)
1 (3)
26 (79)

16 (50)
16 (50)
0
21 (66)

11 (34)
17 (53)
4 (13)

11 (33)
8 (24)
14 (42)

11 (34)
8 (25)
13 (41)

32 (100)
30 (94)
28 (88)

33 (100)
27 (82)
25 (76)

32 (100)
25 (78)
28 (88)

(42)
(58)
(64)
± 18

IA-IDW=intensity adjusted inverse distance weighted count of oil and gas wells within 16.1 km of residence.
N=number, SD=standard deviation.
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Table 2
Biomarker means and diﬀerences for each tertile of intensity adjusted inverse distance weighted oil and gas well count (IA-IDW) within 16.1 km of residence of each
participant in 2016. Diﬀerences between means compared to low IA-IDW tertile for each measure of cardiovascular health, i.e., augmentation index, systolic blood
pressure, diastolic blood pressure.
Biomarker (N)

Mean (95% conﬁdence interval)
Lowa
N = 92

Augmentation Index (percent at HR 75)
Crude
5.0 (0.7, 9.3)
Adjustedb
9.1 (5.6, 12,6)
Adjustedc
10.9 (5.3, 16.5)
Systolic Blood Pressure (mm Hg)
Crude
119 (115, 122)
Adjustedb
117 (113, 121)
c
Adjusted
117 (112, 123)
Diastolic Blood Pressure (mm Hg)
Crude
73 (70, 75)
Adjustedb
72 (70, 74)
Adjustedc
74 (70, 78)

Diﬀerence between means (95% conﬁdence interval)

Mediuma
N = 81

Higha
N = 81

Lowa
N = 92

Mediuma
N = 81

Higha
N = 81

16.8 (12.5, 21.0)
15.9 (12.4, 19.5)
16.0 (11.0, 21.1)

14.7 (10.4, 19.0)
17.8 (14.4, 21.0)
16.9 (11.8, 22.0)

Referent

11.8 (5.7, 17.9)
6.9 (2.1, 11.7)
5.1 (−0.1, 10.4)

9.7 (3.5, 15.9)
8.7 (4.1, 13.4)
6.0 (0.6, 11.4)

120 (116, 124)
116 (112, 120)
116 (112, 121)

123 (119, 127)
122 (118, 126)
120 (115, 125)

Referent

1 (−4, 7)
− 1 (−6, 4)
− 1 (−6, 4)

5 (−1, 10)
5 (0, 10)
3 (−3, 8)

73 (70, 75)
71 (68, 74)
73 (70, 77)

77 (74, 79)
76 (73, 78)
76 (73, 80)

Referent

0 (−4, 3)
− 1 (−4, 3)
− 1 (−4, 3)

4 (0, 7)
4 (0, 7)
2 (−1, 6)

HR = heart rate, mm Hg = millimeters of mercury, N = number.
a
Tertile of IA-IDW = intensity adjusted inverse distance weighted count of oil and gas wells within 16.1 km of residence: Low = 0–14.5 well intensity/kilometer2,
Medium 14.6–1242 well intensity/kilometer2, High > 1242 well intensity/kilometer2.
b
Adjusted for age and sex.
c
Adjusted for age, sex, race/ethnicity, BMI, education, income, and employment.

medium, respectively, and low exposure tertiles. The adjusted mean
DBP diﬀered by 4 mm Hg (95%CI: -1, 8 mm Hg) and 0.4 mm Hg
(95%CI: -5, 6 mm Hg) between the high and medium, respectively, and
low exposure tertiles. For participants taking prescription medications,
the diﬀerences between the exposure tertiles were smaller and consistent with a null result. While we did not observe interactions between
IA-IDW and the participant's sex, we did observe larger diﬀerences
between high, medium, and low IA-IDW tertiles for augmentation
index, SBP, and DBP in men than women (Supplemental Table 7).

Windsor, reporting no illness in the past 24 h, no alcohol use in the past
10 h, no relocation of home in the past 3 months, or with participants
with outliers removed, we observed results similar to the results for the
whole population (Supplemental Tables 2–6), with one exception. With
the exclusion of participants with outliers, the highest adjusted mean
TNF-α plasma concentration was still observed in the high exposure
tertile; however, the adjusted mean in the medium exposure tertile was
lower than in the low exposure tertile.
We did not observe interactions between IA-IDW and the participant's sex, age, level of stress, level of physical activity, use of prescription medications, exposure to other sources of VOCs, and ingestion
of food or drink 60 min prior to measurement of cardiovascular indicators with one exception. We found that use of prescription medications attenuated the diﬀerence in SBP (p-value for interaction =
0.113) and DPB (p-value for interaction = 0.564) between exposure
tertiles (Table 4). For participants not taking any type of prescription
medication, the adjusted mean SBP diﬀered by 6 mm Hg (95% CI: 0.1,
13 mm Hg) and 1 mm Hg (95% CI: -6, 8 mm Hg) between the high and

4. Discussion
In this population, we observed positive associations between the
intensity of O&G activity within 16 km of a participant's homes and
some indicators of cardiovascular disease. Augmentation index was
highest in participants living in areas with the greatest O&G activity.
Similarly, both SBP and DBP were highest in the subset of participants
experiencing the greatest levels of O&G activity and who were not

Table 3
Biomarker means and diﬀerences for each tertile of intensity adjusted inverse distance weighted oil and gas well count (IA-IDW) within 16.1 km of residence of each
participant in 2016. Diﬀerence between means compared to low IA-IDW tertile, and each individual marker of inﬂammation, i.e., interleukins -1β, -6, -8, and TNF -α.
Biomarker

Mean (95% conﬁdence interval)
Low

a

Observations (N)
92
Interleukin-1β (pg/ml)
Crude
0.552 (0.504, 0.604)
Adjustedb
0.546 (0.465, 0.637)
Interleukin-6 (pg/ml)
Crude
0.815 (0.695, 0.950)
Adjustedb
0.964 (0.774, 1.19)
Interleukin-8 (pg/ml)
Crude
5.03 (4.42, 5.71)
Adjustedb
5.67 (4.54, 6.99)
Tumor Necrosis Factor-α (pg/ml)
Crude
4.57 (4.02, 5.17)
Adjustedb
4.70 (3.79, 5.75)

Diﬀerence between means (95% conﬁdence interval)
High

Lowa

Mediuma

Higha

81

81

92

81

81

0.560 (0.510, 0.614)
0.557 (0.481, 0.642)

0.623 (0.567, 0.684)
0.610 (0.527, 0.701)

Referent

0.008 (−0.063, 0.080)
0.012 (−0.070, 0.091)

0.071 (−0.005, 0.149)
0.064 (−0.022, 0.149)

0.889 (0.757, 1.04)
0.842 (0.689, 1.02)

0.934 (0.794, 1.09)
0.902 (0.740, 1.09)

Referent

0.075 (−0.114, 0.266)
− 0.122 (−0.311, 0.056)

0.119 (−0.076, 0.318)
− 0.062 (−0.256, 0.125)

4.95 (4.34, 5.61)
4.71 (3.85, 5.69)

5.41 (4.74, 6.16)
5.59 (4.58, 6.76)

Referent

− 0.082 (−0.991, 0.826)
− 0.963 (−2.08, 0.070)

0.384 (−0.570, 1.35)
− 0.079 (−1.25, 1.05)

5.13 (4.53, 5.81)
4.82 (3.99, 5.78)

5.19 (4.56, 5.88)
5.03 (4.15, 6.04)

Referent

0.568 (−0.289, 1.44)
0.124 (−0.799, 1.02)

0.622 (−0.245, 1.50)
0.329 (−0.632, 1.27)

Medium

a

a

%=percent, pg/ml=picograms per milliliter, TNF=tumor necrosis factor.
a
IA-IDW = intensity adjusted inverse distance weighted count of oil and gas wells within 16.1 km of residence: Low = 0–14.5 well intensity/kilometer2, Medium
14.6–1242 well intensity/kilometer2, High > 1242 well intensity/kilometer2.
b
Adjusted for age, sex, race/ethnicity, BMI, education, income, and employment.
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Table 4
Biomarker means and diﬀerences for each tertile of intensity adjusted inverse distance weighted oil and gas well count (IA-IDW) within 16.1 km of residence of each
participant in 2016. Diﬀerence between systolic and diastolic blood pressure (SBP and DBP, respectively) means compared to low IA-IDW tertile, and SBP and DBP
results stratiﬁed by prescription medication use.1
Biomarker

Observations (N)
Systolic Blood Pressure (mm Hg) p = 0.1133
No prescription medications (N = 108)
One or more prescription medications (N = 141
Diastolic Blood Pressure (mm Hg) p = 0.5643
No prescription medications (N = 108)
One or more prescription medications (N = 141)

Mean (95% conﬁdence interval)

Diﬀerence between means (95% conﬁdence interval)

Low2

Medium2

High2

Low2

Medium2

High2

87

81

81

87

81

81

115 (109, 120)
119 (113, 124)

115 (109, 122)
117 (112, 122)

121 (116, 126)
119 (114, 125)

Referent

1 (−6, 8)
− 2 (−8, 3)

6 (0.1, 13)
− 0.6 (−7, 5)

72 (68, 77)
75 (71, 79)

73 (68, 77)
73 (70, 77)

76 (72, 80)
76 (72, 80)

Referent

0.4 (−5, 6)
− 2 (−6, 3)

4 (−1, 8)
1 (−3, 6)

mm Hg = millimeters of mercury, N = number of observations.
1
All results adjusted for age, sex, race/ethnicity, BMI, education, income, and employment.
2
IA-IDW = intensity adjusted inverse distance weighted count of oil and gas wells within 16.1 km of residence: Low = 0–14.5 well intensity/kilometer2, Medium
14.6–1242 well intensity/kilometer2, High > 1242 well intensity/kilometer2.
3
p-value for interaction between prescription medication use and IA-IDW tertile.

et al., 2009), and a 4.1–6.2 mm Hg and 7.4 mm Hg increases in SBP and
DBP, respectively, following exposure to nighttime noise (Haralabidis
et al., 2008; Schmidt et al., 2015). Studies on the eﬀect of exposure to
job strain and psychosocial stress have observed increases in SBP and
DBP ranging from 1.2 to 7.7 mm Hg and 0.8–7 mm Hg, respectively
(Ford et al., 2016; Gilbert-Ouimet et al., 2014).
The increases in TNF-α plasma concentrations in participants in the
highest exposure tertile are in the range of what has been reported
following exposure to PM2.5.and other air pollutants and stress (Delﬁno
et al., 2008, 2009; Grossi et al., 2003; Panasevich et al., 2009; Steptoe
et al., 2002; Yasui et al., 2007). Studies have observed increases in TNFα ranging from 0.36 to 1.06 pg/ml following exposure to several
components of diesel air pollution (particles, EC, Organic Carbon, CO,
and NOx) for participants in the upper 25th percentile of TNF-α levels
(Delﬁno et al., 2008, 2009). Additionally, 1.8–15.7% increases in TNFα levels have been observed to follow exposure to NO2 and PM10
(Panasevich et al., 2009). Increases in TNF-α levels ranging from 5.4%
to 6.5% have been observed following acute stress and burnout (Grossi
et al., 2003; Steptoe et al., 2002). The diﬀerences we observed in
plasma concentrations of IL-1β between exposure tertiles are less than
an 88% increase observed in women with psychological symptoms
(Yasui et al., 2007). We did not observe the elevations in IL-6, that have
been observed in previous studies on air pollutants and psychosocial
stress (Delﬁno et al., 2008, 2009, 2010; Panasevich et al., 2009).

taking prescription medications. While IL-1β and TNF-α plasma concentrations also were highest in participants living in areas with the
greatest O&G activity, wide conﬁdence intervals that include zero
warrant caution in interpretation. In this population, we did not observe an association between IL-6 and IL-8 plasma concentrations and
intensity of O&G activity.
Because this is the ﬁrst study to evaluate the association between
indicators of CVD and intensity of O&G activities, there are no previous
results available for a direct comparison. However, our results are
consistent with the observed increase in prevalence rates of cardiology
inpatient hospital admission in areas of O&G activity (Jemielita et al.,
2016). Additionally, because O&G activities are associated with increases in noise (Blair et al., 2018; Hays et al., 2017; Radtke et al.,
2017; Witter et al., 2013), air pollution (Brown et al., 2015; Helmig
et al., 2014; Collett et al., 2016a, 2016b; McCawley, 2015) and psychosocial stress (Hirsch et al., 2018; Malin et al., 2018; Mayer, 2017;
Fisher et al., 2018; Casey et al., 2018a, 2018b), we can compare our
results to previous studies on exposure to these environmental stressors.
Our augmentation index results are similar to the 5.1–7.8% increases that have been reported following exposure of welders to an 8-h
time-weighted average PM2.5 concentration of 390 µg/m3 or exposure
of volunteers to diesel exhaust concentrations in an exposure chamber
of 350 µg/m3 (Fang et al., 2008; Lundback et al., 2009). The one study
that evaluated the association between augmentation index and noise
did not ﬁnd evidence for an association (Khoshdel et al., 2016). Studies
evaluating the cumulative impact of noise, stress, and PM2.5 experienced by our participants are lacking.
For participants not taking a prescription medication, our blood
pressure results are similar to what has been reported for exposure to
PM2.5, noise, and psychosocial stress. Following 5 −10 µg/m3 increases
in modelled or direct measures of personal ambient PM2.5 exposures in
non-occupational adult populations, studies have reported increases in
SBP ranging from 0.2 to 1.42 mm Hg and DBP ranging from 0 to
0.44 mm Hg (Auchincloss et al., 2008; Brook et al., 2010; Chan et al.,
2015; Honda et al., 2018). In one study that considered the modifying
eﬀect of taking blood pressure medication, SBP and DBP increased by
6.01 and 3.42 mm Hg four days following a 10 µg/m3 increase PM2.5
exposure measured at central locations (Dvonch et al., 2009). Further
study of this population found that self-reported levels of stress modiﬁed the association between exposure to PM2.5 and blood pressure
(Hicken et al., 2014). For each 10 µg/m3 increase in 2-day prior PM2.5
exposure, participants reporting low stress showed a 2.94 mm Hg increase in SBP and those reporting high stress showed a 9.05 mm Hg
increase in SBP (Hicken et al., 2014). Studies of adult volunteers exposed to noise have observed 1.43 and 1.40 mm Hg increases SBP and
DBP, respectively, per 5-dBA increase in 24-h noise exposure (Chang

4.1. Biological plausibility and clinical implications
Acute exposure to PM2.5, noise, and psychosocial stress all can
promote activation of the sympathetic nervous system, systemic inﬂammation, and oxidative stress, which, in turn, can result in autonomic nervous imbalance and enhance thrombotic and blood coagulation. This can result in acute (short-term) to chronic (longer term)
elevation of blood pressure (Brook, 2009, Brook, 2017, Cuﬀee et al.,
2014).
While the clinical implications of our results are uncertain, the CVD
indicators explored in our study are important markers of cardiovascular health and the observed responses in our population are in the
range that have been associated with increased risk of CVD.
Augmentation index is a measure of atrial stiﬀness and is predictive of
all cause and overall cardiovascular mortality as well as CVD (Laurent
et al., 2006). Diﬀerences in augmentation index of 4.3% have been
associated with a 20% increase in cardiovascular events in hypertensive
diabetics (Yang et al., 2017). Cardiovascular mortality doubles for each
20 mm Hg and 10 mm Hg increase in SBP and DBP, respectively
(Whelton et al., 2017) and each 10 mm Hg increase in DBP and SBP
increases the risk of CVD and stroke (Franklin et al., 2001; McCarron
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et al., 2000) Because associations between blood pressure and risk of
CVD are on a continuous gradient (Whelton et al., 2017) and because
millions of people may be aﬀected given the growing intesection of O&
G development and residential areas (Czolowski et al., 2017; McKenzie
et al., 2016), the relatively small increases in SBP and DBP observed in
this study could indicate substantial adverse impacts on overall cardiovascular risk at the national and possibly global public health level
(Brook, 2017).
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4.1.1. Strengths and limitations
Because our participants provided information on co-exposures and
potential confounders each time they provided samples for biomarker
measurements, we were able to assess the impact of many potential
confounders and eﬀect modiﬁers on these results, although residual
confounding may remain. We were able to estimate the level of intensity of O&G activities within 16 km of each participant's home by
applying a spatiotemporal industrial model developed to address this
issue and that incorporates region-speciﬁc, data-driven activity and
production information to estimate the relative intensity of air pollution
emissions across four distinct phases of O&G activity (i.e., construction,
drilling, completions, and production) (Allshouse et al., 2017). This
model's O&G intensity estimates are strongly correlated with measured
VOCs over all phases of well development and yields a 19-times greater
dynamic range in exposure intensity estimates than other proximitybased methods (Allshouse et al., 2017). Therefore, we have conﬁdence
that this model is able to better categorize exposure among individuals,
and therefore reduce exposure misclassiﬁcation. However, the model
has not been validated with noise or psychosocial stressor measures.
Our cross sectional study design, small sample size, the potential for
residual confounding, and lack of direct measures of noise and air
pollution are important limitations of this analysis. Because of the small
sample size, and potential for residual confounding and exposure misclassiﬁcation, our results for IL-6 and IL-8 may be biased towards the
null. The participants who volunteered for our study may be diﬀerent
from nonparticipants in many ways, so our results may not be applicable to the general population. Our study population of mostly female,
healthy, adult, English-speakers in Northeast Colorado may further
limit the generalizability of our results. There is limited evidence that
blood pressure and inﬂammatory responses to chronic stress, noise, and
PM2.5 may be more pronounced in men than women (Gilbert-Ouimet
et al., 2014; Hicken et al., 2014, van Kempen and Babisch, 2012) and
our results stratiﬁed by sex support this observation (Supplemental
table 7). Therefore, the over representation of women in our study may
have attenuated the results towards the null. Because we did not directly measure exposure to noise and air pollution, our study was not
able to elucidate possible mechanisms or environmental stressors that
might be involved. Additionally, limitations in our exposure estimate
and sample size prevent us from evaluating dose-response eﬀects.
Lastly, because we conducted numerous statistical tests, we recognize
that we could observe statistically signiﬁcant associations by chance.
These limitations can be addressed in the future by using more robust
study designs in larger, population-based studies of residents exposed to
oil and gas development.

Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.envres.2018.12.004.
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Background: The health effects of ambient volatile organic compounds (VOCs) have received less attention in epidemiologic studies than other commonly measured ambient pollutants. In this study,
we estimated acute cardiorespiratory effects of ambient VOCs in an
urban population.
Methods: Daily concentrations of 89 VOCs were measured at a centrally-located ambient monitoring site in Atlanta and daily counts of
emergency department visits for cardiovascular diseases and asthma
in the five-county Atlanta area were obtained for the 1998–2008
period. To understand the health effects of the large number of species,
we grouped these VOCs a priori by chemical structure and estimated
the associations between VOC groups and daily counts of emergency
department visits in a time-series framework using Poisson regression. We applied three analytic approaches to estimate the VOC group
effects: an indicator pollutant approach, a joint effect analysis, and
a random effect meta-analysis, each with different assumptions. We
performed sensitivity analyses to evaluate copollutant confounding.
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Conclusions: The associations observed between emergency department visits for cardiovascular diseases and alkenes and alkynes may
reflect the role of traffic exhaust, while the association between
asthma visits and ketones may reflect the role of secondary organic
compounds. The different patterns of associations we observed for
cardiovascular diseases and asthma suggest different modes of action
of these pollutants or the mixtures they represent.
(Epidemiology 2017;28: 197–206)

A

mbient air pollution is a complex mixture of particulate
matter varying in size and composition and gaseous pollutants. Health effects of particulate matter, its constituents,
and criteria gases have been frequently investigated.1,2 Other
coexisting pollutants, for example volatile organic compounds
(VOCs), have received less attention in epidemiologic studies.
Organic pollutants include a variety of compounds,
such as hydrocarbons, halocarbons, and oxygenates. These
compounds reside in the vapor phase, particle phase, or both,
depending on organic equilibrium properties (e.g., vapor pressure) and particle surface composition (e.g., water content).
There is a dynamic continuum among VOCs, semivolatile
organic compounds (SVOCs), and particle phase organics,
and together they constitute total organic aerosol.3,4 There
is increasing evidence for the health effects of organic aerosols. Epidemiologic studies have suggested cardiorespiratory
effects of mixtures from fossil fuel combustion, which contain large fractions of organic pollutants.4 Ambient fine particle organic carbon (PM2.5 OC) and its constituents have been
associated with various cardiorespiratory health outcomes.4–13
VOCs may also have an impact on health. Previous epidemiologic studies have suggested respiratory effects of indoor
VOCs.14 Controlled human exposure studies have suggested
inflammatory effects of VOCs.15,16 However, epidemiologic
evidence on cardiorespiratory effects of ambient VOCs is
sparse.17–25 Most previous studies considered only a limited
number of species and are not representative of the wide range
of compounds found in urban air.
To advance our understanding of the health relevance
of ambient VOCs, we estimated their acute cardiorespiratory effects in the Atlanta, GA, metropolitan population.
www.epidem.com | 197
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This analysis capitalizes on our ongoing Study of Particles
and Health in Atlanta (SOPHIA), which has information
on ambient air pollution, including a wide range of VOCs,
and emergency department visits.26–29 To seek coherence in
understanding the health effects of a large number of VOCs,
we grouped VOCs a priori by chemical structure and estimated the group effects. Grouping by chemical structure
was motivated by several considerations: (1) as chemical
structure determines the reactivity of a compound, pollutants sharing a common chemical structure may be similar in
toxicity, so grouping by chemical structure may enhance the
understanding of their health associations from a biological
perspective; and (2) pollutants sharing a common chemical
structure may be generated from common emission sources
or atmospheric chemical processes, so grouping by chemical structure may suggest health effects of these sources or
processes.
While we grouped these VOCs by shared characteristics, pollutants within a group may still differ in their health
associations and be subject to different levels of measurement
error. As there is little understanding of the nature of these
variations, we applied three analytic approaches to estimate
the group effects, each with different assumptions concerning
the variations within a group.

acid, and ketone) (Table 1). Observations below LOD were
replaced with half the detection limit (0.05 ppb-C).
TABLE 1. Summary Statistics of Daily 24-hour Average
Ambient Air Pollutants Measured at the Atlanta Jefferson
Street Monitoring Site During 14 August 1998 to 31
December 2008: Total Hydrocarbons, Total Oxygenates, 46
Individual VOCs Grouped by Chemical Structure, and Four
Major Pollutants That Are Included in Analysesa
VOC Groups

Individual VOCs

Hydrocarbons
 n-Alkane

 Iso/anteiso-alkane

METHODS
VOC Measurements and Formation of VOC
Groups
Daily 24-hour average concentrations of VOCs were
measured at the Atlanta Jefferson Street ambient monitoring site during 14 August 1998 to 31 December 2008 as part
of the Aerosol Research and Inhalation Epidemiology Study
(ARIES). Sampling details were previously published by Hansen et al.30 In brief, 24-hour samples were collected in evacuated 6-liter passivated stainless canisters and then analyzed
via gas chromatography with flame ionization detection. Data
included daily concentrations of 89 identified individual species (77 hydrocarbons and 12 oxygenates), total identified
hydrocarbons, and total identified oxygenates (eTable 1; http://
links.lww.com/EDE/B150). Concentrations were reported in
part per billion, as carbon (ppb-C), and the limit of detection
(LOD) for all species was 0.1 ppb-C.
We grouped individual VOCs a priori by chemical structure. Groups among the 77 hydrocarbons included alkanes,
alkenes, alkynes, and aromatic hydrocarbons, and among the
12 oxygenates included aldehydes, acids, ketones, and ethers.
We further divided the alkanes into four groups (n-alkane, iso/
anteiso-alkane, other branched alkane, cycloalkane) based on
branching. For this analysis, we only included species with
concentrations above the LOD on at least 90% of days. This
left 46 species in seven hydrocarbon groups (n-alkane, iso/
anteiso-alkane, other branched alkane, cycloalkane, alkene,
alkyne, and aromatic) and three oxygenate groups (aldehyde,
198 | www.epidem.com

 Other alkane

 Cycloalkane

 Alkene
 Alkyne
 Aromatic

50th (25th, 75th)
Percentiles

Total hydrocarbonsb
Total oxygenatesb

92.7 (63.2, 159.3)
19.3 (11.8, 27.6)

Ethane
Propanec
n-Butane
n-Pentane
n-Hexane
n-Heptane
n-Octane
n-Nonane
n-Decane
i-Butane
i-Pentanec
2-Methylpentane
3-Methylpentane
2-Methylhexane
3-Methylhexane
2-Methylheptane
2,2-Dimethylbutane
2,3-Dimethylbutane
2,3-Dimethylpentane
2,4-Dimethylpentane
2,2,4-Trimethylpentanec
2,3,4-Trimethylpentane
3-Ethylhexane
Cyclopentane
Methylcyclopentanec
Methylcyclohexane
Ethylenec
Propene
Acetylenec
Benzene
Toluenec
Ethylbenzene
n-Propylbenzene
m-Xylene and p-xylene
o-Xylene
m-Ethyltoluene
p-Ethyltoluene
1,2,4-Trimethylbenzened
1,3,5-Trimethylbenzene

6.9 (4.9, 10.2)
10.3 (6.5, 19.5)
6.2 (3.5, 11.0)
3.2 (2.2, 5.4)
1.5 (1.0, 2.6)
0.9 (0.6, 1.5)
0.5 (0.3, 0.8)
0.6 (0.4, 0.9)
0.7 (0.5, 1.3)
2.3 (1.4, 4.2)
6.7 (4.3, 12.4)
1.9 (1.2, 3.4)
1.2 (0.8, 2.1)
0.8 (0.5, 1.5)
1.1 (0.7, 1.9)
0.3 (0.2, 0.6)
0.5 (0.3, 1.0)
0.6 (0.4, 1.1)
0.5 (0.3, 1.0)
0.3 (0.2, 0.7)
2.0 (1.2, 3.9)
0.6 (0.3, 1.2)
0.3 (0.2, 0.6)
0.3 (0.2, 0.5)
0.8 (0.5, 1.4)
0.5 (0.3, 0.8)
3.1 (2.0, 5.4)
1.4 (0.9, 2.6)
4.2 (2.7, 7.6)
2.4 (1.8, 3.8)
7.1 (4.7, 12.5)
1.4 (0.9, 2.4)
0.4 (0.2, 0.7)
3.7 (2.2, 6.9)
1.5 (0.9, 2.8)
0.6 (0.3, 1.0)
1.3 (0.8, 2.2)
1.7 (1.0, 3.0)
0.7 (0.4, 1.2)
(Continued)
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(Continued)

VOC Groups
Oxygenates
 Aldehyde

 Acid
 Ketone

Individual VOCs
Hexanal
Heptanal
Octanal
Decanal
Benzaldehydec
Acetic acidc
2-Butanonec
Major Pollutants
24-h PM2.5 OC (μg/m3)
1-h max CO (ppm)
1-h max NO2 (ppb)
8-h max O3 (ppb)

50th (25th, 75th)
Percentiles
0.8 (0.5, 1.1)
0.6 (0.4, 0.8)
1.2 (0.7, 1.8)
0.7 (0.4, 1.1)
1.7 (1.2, 2.5)
3.6 (1.5, 7.2)
1.7 (1.0, 2.9)
50th (25th, 75th)
Percentiles
3.6 (2.6, 5.0)
0.69 (0.43, 1.27)
39.3 (29.5, 50.0)
39.5 (25.7, 56.7)

a
There were 3,793 days during 14 August 1998 to 12 December 2008. Measurements
of hydrocarbons were available for 3,233 of these days, while measurements of
oxygenates were available for 3,231 of these days. The unit is ppb-C and the LOD is
0.1 ppb-C for all VOCs. VOC concentrations below 0.1 ppb-C were replaced with 0.05
ppb-C in all analyses.
b
Total hydrocarbons denotes total identified nonmethane hydrocarbons. Total
oxygenates denotes total identified oxygenated hydrocarbons.
c
Species in bold text are the indicator pollutants for each VOC group.
d
1,2,4-trimethylbenzene and sec-butylbenzene.

Emergency Department Visits
We obtained daily counts of emergency department visits
for cardiovascular diseases and asthma among patients living
within the five-county Atlanta area (Clayton, Cobb, DeKalb,
Fulton, and Gwinnett) during 14 August 1998 to 31 December 2008. Daily counts of emergency department visits were
aggregated from individual-level billing records from metropolitan Atlanta hospitals as part of SOPHIA.26–29 We identified
emergency department visits for cardiovascular diseases as
those with primary International Classification of Diseases, 9th
Revision (ICD-9) diagnosis codes for ischemic heart disease
(410–414), cardiac dysrhythmias (427), congestive heart failure (428), or peripheral vascular and cerebrovascular disease
(433–437, 440, 443–445, 451–453). Asthma visits were identified as those with primary ICD-9 diagnosis codes for asthma
(493) or wheeze (786.09, before 10 January 1998; 786.07,
after 10 January 1998). We used these emergency department
data in accordance with agreements with the hospitals and the
Georgia Hospital Association. This study was approved by the
Emory University Institutional Review Board.

Analytic Approaches
We first estimated the effects of total identified hydrocarbons and total identified oxygenates, and then estimated
VOC group effects using three analytic approaches. All analyses were conducted in a time-series framework, in which we
estimated the associations between daily levels of VOCs and
daily counts of emergency department visits using Poisson
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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regression accounting for over-dispersion. Based on our previous research on ambient air pollution and emergency department visits in Atlanta,26–29 and studies on ambient VOC health
effects in other cities,22,24 we used same-day (lag 0) pollution
levels in models predicting emergency department visits for
cardiovascular diseases and 3-day moving average (of lags
0, 1, and 2) pollution levels in models predicting emergency
department visits for asthma. All models included the same
covariate control for temporal trends and meteorology: time
splines with monthly knots, cubic function of same-day maximum temperature, cubic function of lag 1- to 2-day moving
average minimum temperature (when using 3-day moving
average pollution levels), cubic function of mean dew point
temperature (same-day or 3-day moving average, matching the
temporal metric of the pollution term), day of week, indicators
for holidays, seasons, season-maximum temperature interaction, season-day of week interaction, and indicators for hospital participation periods. The estimated associations were
reported as rate ratios per interquartile range (IQR) increase
in pollutant concentrations.
Analyses of emergency department visits for cardiovascular diseases included all ages. For asthma visits, we performed analyses among all ages, and analyses stratified by age
category (5–18 and 19+ years old), given our previous study
suggesting that effects of air pollution on asthma may differ
for children.31

Estimation of Total VOC Effects
We used single-pollutant models to estimate the effect
of total identified hydrocarbons and total identified oxygenates, as follows:
Log[E (Y )] = β0 + β1 * (total ) + covariate control,

(1)

where Y was the daily count of emergency department
visits for cardiovascular diseases or asthma, and total was the
daily concentration of the total identified hydrocarbons or the
total identified oxygenates.

Estimation of VOC Group Effects
We estimated VOC group effects using three analytic
approaches: an indicator pollutant approach, a joint effect
analysis, and a random effect meta-analysis.
Indicator Pollutant Approach
Pollutants in the same group may not be equally well
measured. To minimize the impact of instrument measurement error on health effect estimation, we selected the pollutant with the highest median/LOD ratio as the indicator
pollutant for each group, and considered the effect of the
indicator pollutant as the group effect. This approach is based
on the assumption that the pollutant with the concentration
distribution furthest from the LOD is less prone to instrumentrelated measurement error. The effects of indicator pollutants
were estimated using single-pollutant models as follows:
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Log[E (Y )] = β0 + βg *(indicator pollutantof groupg )
+ covariate control, 

(2)

where indicator pollutantof groupg was the concentration of
the indicator pollutant for group g.
Joint Effect Analysis
The effect of a given indicator pollutant may not fully
represent the effect of its group if pollutant effects within a
group differ. To capture the contribution of different pollutants
within a group, we estimated a joint effect per IQR increase in
all pollutants of a group as follows:
i = ng

Log[E (Y )] = β0 + ∑ βi * ( pollutant i ) + covariate control, (3)
i =1

where ng is the number of pollutants in group g, and
pollutant i represented the concentration of each pollutant in
group g. The estimated joint effect of group g was calculated
^
i = ng
as e ∑ i=1 IQRi *β i , where IQR i was the interquartile range of
pollutanti in group g.32
Random Effect Meta-analysis
In the joint effect analysis, we considered the individual
pollutant effects as fixed, and estimated a combined effect
per increase in all pollutants in a group. In this random effect
meta-analysis, we considered pollutant effects within a group
as random (normally distributed) and estimated the group
mean as the group effect. We applied a two-stage regression to
estimate the group means and the within-group variance.33–35
In the first stage, we included all 46 VOCs in the Poisson
model as follows:
Log[E (Y )] = β0 +

i = 46

∑ βi * ( pollutanti ) + covariate control,



i =1

(4)

where pollutant i represented the concentration of each of the
46 VOCs. We obtained the estimated pollutant effects and their
estimated variance–covariance matrix from the first stage model.
Let β denote the vector of the estimated pollutant effects
per IQR increase in pollutant concentrations, and let V denote
the corresponding variance–covariance matrix. In the second
stage, we regressed the first stage estimates against indicator
variables representing the groups:

β̂
β = Ζα + θ + ε 

(5)

where Z is the design matrix indexing the grouping; α is a
vector of the group means; θ is a vector of pollutant-specific
deviation from its group mean with θ ~ N (0, τ 2 I), where τ 2
is within group variance, and ε is the estimation error with
ε ~ N (0, Vˆ ).
We estimated the group means and within-group variance under a Bayesian framework using Markov chain Monte
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Carlo. Prior distributions for the group means and the withingroup variance τ 2 were normal with dispersed variance and
inverse-gamma (0.001, 0.001), respectively.

Sensitivity Analyses
We performed a series of sensitivity analyses for the indicator pollutant approach, using emergency department visits
among all ages. First, we evaluated model misspecification by
estimating the associations between tomorrow’s pollutant levels
(lag negative 1) and today’s emergency department visits, controlling for today’s pollutant and covariate levels. Tomorrow’s
pollutant levels should not be associated with today’s emergency
department visits in the absence of confounding, measurement
error, or other model misspecification, as cause must precede
effect.36 Second, we evaluated potential confounding by VOCs,
where we estimated the effect of each VOC group conditioning
on others by including the 10 VOC indicator pollutants in one
model. Third, we evaluated potential confounding by selected
major pollutants by controlling for them one at a time in each
VOC indicator pollutant model. The major pollutants considered in this analysis included 24-hour average PM2.5 OC, 1-hour
maximum carbon monoxide (CO), 1-hour maximum nitrogen
dioxide (NO2), and 8-hour maximum ozone (O3). These pollutants were also measured at the Atlanta Jefferson Street ambient
monitor during the study period.30

RESULTS
Descriptive statistics and grouping information for the 46
VOCs included in the analysis are listed in Table 1, and their
Pearson correlations are listed in eTable 2 (http://links.lww.
com/EDE/B150). Hydrocarbons had moderate-to-strong positive correlations with one another (r from 0.48 to 0.98, with
mean of 0.82). Oxygenates had weak-to-moderate positive correlations with one another (r from 0.20 to 0.64, with mean of
0.42). Correlations between hydrocarbons and oxygenates were
weak-to-moderate (r from −0.32 to 0.67, with mean of 0.28).
Descriptive statistics of the major pollutants (PM2.5 OC,
CO, NO2, and O3) considered in the sensitivity analysis are listed
in Table 1, and their correlations with the 46 VOCs are listed in
the eTable 3 (http://links.lww.com/EDE/B150). Hydrocarbons
had moderate-to-strong positive correlations with PM2.5 OC,
CO, and NO2 (r from 0.40 to 0.76, with mean of 0.60), while
weak correlations with O3 (r from −0.26 to 0.23, with mean
of 0.10). Oxygenates had weak-to-moderate correlations with
these major pollutants (r from −0.03 to 0.57, with mean of 0.22).
During the study period, there were 251,030 emergency
department visits for cardiovascular diseases (66 per day) and
233,121 emergency department visits for asthma (61 per day
overall; 18 per day among 5- to 18-year olds; and 27 per day
among 19+ year olds).

Primary Analysis
We first estimated associations between total VOCs and
emergency department visits using single-pollutant models.
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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For emergency department visits of cardiovascular diseases,
 (95% CI) per IQR increase in total hydrocarbons and in
RR
total oxygenates were 1.005 (1.001, 1.009) and 1.004 (0.996,
1.013), respectively. For asthma visits among all ages, the
association for total oxygenates was stronger than that for total
 (95% CI) of 1.008 (1.001, 1.015) and
hydrocarbons, with RRs
1.024 (1.007, 1.041), respectively. We observed this pattern
among 5- to 18-year olds and 19+ year olds as well (eTable 4;
http://links.lww.com/EDE/B150).
We then estimated VOC group effects using the three
analytic approaches (Table 2). Note that the alkyne, acid, and
ketone groups included only one pollutant, and thus their joint
effect estimates were the same as their indicator pollutant
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effect estimates. For emergency department visits of cardiovas per IQR increase in hydrocarbon groups
cular diseases, RRs
were generally similar to one another when estimated using
the indicator pollutant approach and the joint effect analysis.
However, in the random effect meta-analysis, only the alkyne
group was associated with emergency department visits of
 (95% CI) of 1.007 (1.001,
cardiovascular diseases, with a RR
1.012). Among oxygenates, associations with cardiovascular
diseases were generally consistent with the null except for the
aldehyde group in the joint effects analysis (Table 2).
For asthma visits among all ages, the association with
 per IQR increase
the ketone group was the largest, with RRs
of 1.026 (1.004, 1.048) using the indicator pollutant approach,

TABLE 2. Estimated Associations Between VOC Groups and Cardiovascular and Asthma ED Visits Using Three Analytic
Approachesa
Indicator Pollutant Approachb

VOC Groups

Joint Effect Analysisc

Random Effect Meta-analysisd

Cardiovascular ED visits among all ages
 Hydrocarbons
  n-Alkane
  Iso/anteiso-alkane
  Other alkane
  Cycloalkane
  Alkene
  Alkyne
  Aromatic
 Oxygenates
  Aldehyde
  Acid
  Ketone
 Hydrocarbons
  n-Alkane
  Iso/ANTEISO-alkane
  Other alkane
  Cycloalkane
  Alkene
  Alkyne
  Aromatic
 Oxygenates
  Aldehyde
  Acid
  Ketone

1.002 (1.000, 1.005)
1.004 (1.001, 1.008)
1.005 (1.001, 1.008)
1.005 (1.001, 1.009)
1.006 (1.002, 1.009)
1.006 (1.003, 1.010)
1.006 (1.002, 1.010)

1.006 (1.001, 1.011)
1.005 (1.000, 1.010)
1.006 (1.001, 1.011)
1.005 (1.001, 1.010)
1.006 (1.002, 1.009)
1.006 (1.003, 1.010)
0.998 (0.992, 1.005)

0.999 (0.997, 1.001)
1.000 (0.997, 1.003)
1.000 (0.997, 1.002)
1.002 (0.997, 1.007)
1.001 (0.997, 1.006)
1.007 (1.001, 1.012)
1.000 (0.999, 1.001)

1.001 (0.998, 1.004)
1.008 (1.000, 1.016)
1.002 (0.995, 1.010)
1.002 (0.995, 1.010)
1.005 (0.995, 1.014)
1.005 (0.995, 1.014)
Asthma ED visits among all ages

1.000 (0.998, 1.002)
1.001 (0.993, 1.009)
1.003 (0.993, 1.013)

1.004 (1.000, 1.009)
1.006 (1.000, 1.013)
1.006 (1.000, 1.013)
1.009 (1.002, 1.016)
1.005 (0.998, 1.011)
1.006 (0.999, 1.012)
1.009 (1.002, 1.017)

1.005 (0.995, 1.014)
1.010 (1.000, 1.019)
1.007 (0.999, 1.016)
1.009 (1.002, 1.016)
1.005 (0.998, 1.011)
1.006 (0.999, 1.012)
1.008 (0.995, 1.021)

0.999 (0.994, 1.003)
1.006 (0.999, 1.013)
0.999 (0.993, 1.004)
0.995 (0.986, 1.007)
0.992 (0.983, 1.003)
1.000 (0.987, 1.014)
1.002 (0.998, 1.005)

0.998 (0.991, 1.005)
1.008 (0.991, 1.026)
1.026 (1.004, 1.048)

1.021 (1.004, 1.037)
1.008 (0.991, 1.026)
1.026 (1.004, 1.048)

1.000 (0.995, 1.006)
1.003 (0.983, 1.021)
1.024 (1.000, 1.049)

a
This analysis included 3,224 days on which all VOCs were available during 14 August 1998 to 12 December 2008. VOC concentrations below the LOD of 0.1 ppb-C were replaced
with 0.05 ppb-C in all analyses. We used same-day (lag 0) pollution levels in models predicting cardiovascular ED visits and 3-day moving average (of lags 0, 1, and 2) pollution levels
in models predicting asthma ED visits. All methods included the same covariate control for temporal trends and meteorology: time splines with monthly knots, cubic function of sameday maximum temperature, cubic function of lag 1- to 2-day moving average minimum temperature (when using 3-day moving average pollution levels), cubic function of mean dew
point temperature (same-day or 3-day moving average, matching the temporal metric of the pollution term), day of week, indicators for holidays, seasons, season-maximum temperature
interaction, season-day of week interaction, and indicators for hospital participation periods. The estimated associations are expressed as rate ratios (95% confidence interval) per IQR
increase in pollutant concentrations (listed in Table 1).
b
The “indicator pollutant approach” estimated the effect of each indicator pollutant increasing by its IQR in single-pollutant models.
c
The “joint effect analysis” estimated the effect of all pollutants in a group jointly increasing by their IQRs in multipollutant models that included all pollutants of the group. The
joint effect estimates for VOC groups comprised of only one pollutant were the same as the estimates obtained from the indicator pollutant approach.
d
The “random effect meta-analysis” estimated the mean effect of any of the pollutants in a group increasing by its IQR in a two-stage regression, where the 46 individual pollutant
effects were estimated simultaneously in the Poisson model in the first stage, and the mean of each group was estimated under a Bayesian framework using Markov chain Monte Carlo
in the second stage. The estimated rate ratio (95% CI) for the random effect meta-analysis is median (2.5th, 97.5th percentiles) from the posterior distribution.
ED indicates emergency department.
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1.026 (1.004, 1.048) in the joint effect analysis, and 1.024
(1.000, 1.049) in the random effect meta-analysis. The association for the aldehyde group was also large in the joint effect
 (95% CI) of 1.021 (1.004, 1.037). In comanalysis, with a RR
parison, the associations for hydrocarbon groups were weaker
(Table 2). We observed this pattern of associations within the
5–18 and 19+ year age categories as well (eTable 5; http://
links.lww.com/EDE/B150). The biggest difference between
these two age categories was that the association for the acid
group was stronger among 5- to 18-year olds than 19+ year
olds.

Sensitivity Analysis
We performed sensitivity analyses using emergency
department visits among all ages.
TABLE 3.

For the indicator pollutant approach, we found associations between emergency department visits of cardiovascular diseases and tomorrow’s levels for the acid and ketone
groups, and between asthma visits and tomorrow’s levels for
the alkyne group, suggesting possible model misspecification
when estimating these associations. Other associations with
tomorrow’s pollutant levels were consistent with the null, as
expected under a well-specified model (Table 3).
We estimated the association for each VOC group conditioning on others by including the 10 VOC indicator pollutants
in one model. The estimated associations between emergency
department visits of cardiovascular diseases and the alkene
and alkyne groups had little change compared with those in
the primary analysis using the indicator pollutant approach,

Sensitivity Analyses Evaluating Model Misspecification and Confounding by VOCsa
Primary Analysisb

VOC Groups

Lag Negative 1c

Control for Other VOC Groupsd

Cardiovascular ED visits among all ages
 Hydrocarbons
  n-Alkane
  Iso/anteiso-alkane
  Other alkane
  Cycloalkane
  Alkene
  Alkyne
  Aromatic
 Oxygenates
  Aldehyde
  Acid
  Ketone
 Hydrocarbons
  n-Alkane
  Iso/anteiso-alkane
  Other alkane
  Cycloalkane
  Alkene
  Alkyne
  Aromatic
 Oxygenates
  Aldehyde
  Acid
  Ketone

1.002 (1.000, 1.005)
1.004 (1.001, 1.008)
1.005 (1.001, 1.008)
1.005 (1.001, 1.009)
1.006 (1.002, 1.009)
1.006 (1.003, 1.010)
1.006 (1.002, 1.010)

1.002 (0.999, 1.005)
1.003 (0.999, 1.007)
1.002 (0.998, 1.006)
1.003 (0.999, 1.007)
1.002 (0.998, 1.005)
1.002 (0.998, 1.006)
1.002 (0.997, 1.006)

1.000 (0.997, 1.003)
0.996 (0.985, 1.008)
0.994 (0.981, 1.007)
1.002 (0.988, 1.016)
1.005 (0.998, 1.011)
1.005 (1.000, 1.011)
1.005 (0.988, 1.021)

1.001 (0.998, 1.004)
0.999 (0.996, 1.002)
1.002 (0.995, 1.010)
1.010 (1.002, 1.018)
1.005 (0.995, 1.014)
1.012 (1.002, 1.021)
Asthma ED visits among all ages

1.000 (0.997, 1.003)
1.001 (0.993, 1.009)
1.003 (0.993, 1.013)

1.004 (1.000, 1.009)
1.006 (1.000, 1.013)
1.006 (1.000, 1.013)
1.009 (1.002, 1.016)
1.005 (0.998, 1.011)
1.006 (0.999, 1.012)
1.009 (1.002, 1.017)

1.000 (0.997, 1.003)
1.000 (0.996, 1.005)
1.002 (0.998, 1.007)
1.001 (0.996, 1.006)
1.002 (0.998, 1.007)
1.004 (1.000, 1.008)
1.002 (0.997, 1.007)

1.001 (0.995, 1.007)
0.986 (0.963, 1.010)
0.985 (0.961, 1.009)
1.027 (0.999, 1.056)
0.993 (0.979, 1.006)
1.001 (0.990, 1.013)
1.019 (0.987, 1.052)

0.998 (0.991, 1.005)
1.008 (0.991, 1.026)
1.026 (1.004, 1.048)

1.002 (0.998, 1.006)
0.998 (0.987, 1.010)
1.003 (0.990, 1.017)

0.994 (0.987, 1.001)
1.001 (0.984, 1.020)
1.027 (1.003, 1.050)

a
These analyses included 3,224 days on which all VOCs were available during 14 August 1998 to 31 December 2008. VOC concentrations below the LOD of 0.1 ppb-C were
replaced with 0.05 ppb-C in all analyses. We used same-day (lag 0) pollution levels in models predicting cardiovascular ED visits and 3-day moving average (of lags 0, 1, and 2) pollution
levels in models predicting asthma ED visits. All methods included the same covariate control for temporal trends and meteorology: time splines with monthly knots, cubic function
of same-day maximum temperature, cubic function of lag 1- to 2-day moving average minimum temperature (when using 3-day moving average pollution levels), cubic function of
mean dew point temperature (same-day or 3-day moving average, matching the temporal metric of the pollution term), day of week, indicators for holidays, seasons, season-maximum
temperature interaction, season-day of week interaction, and indicators for hospital participation periods. The estimated associations are expressed as rate ratios (95% confidence
interval) per IQR increase in pollutant concentrations (listed in Table 1).
b
The “primary analysis” is the indicator pollutant approach in the primary analysis. It estimated the effect of each indicator pollutant increasing by its IQR in single-pollutant
models.
c
The “lag negative 1” is based on indicator pollutant approach. It estimated the associations between tomorrow’s indicator pollutant level (lag negative 1) and today’s ED visits,
controlling for today’s indicator pollutant and covariate levels. We reported the estimates of the lag negative 1 pollutant levels in this column.
d
The “control for other VOC groups” included all indicator pollutants in one model simultaneously.
ED indicates emergency department.
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while the estimated associations for other hydrocarbon groups
were closer to the null (Table 3). For asthma visits, results of
this sensitivity analysis appeared to be unstable.
We estimated the association for each VOC indicator
pollutant controlling for major pollutants one at a time in
two-pollutant models. The estimated associations between
emergency department visits for cardiovascular diseases and
hydrocarbon groups were weaker when controlling for CO;
the associations for CO were also weaker in two-pollutant
models with the alkene or alkyne groups, compared with its
estimated association in a single-pollutant model (Table 4).
The estimated associations between asthma visits and the
oxygenate groups had little change when controlling for any
 per IQR increase in the
of these major pollutants, and RRs
 from 1.025 to 1.027). The
ketone group were the largest (RRs
associations between asthma visits and hydrocarbon groups,
on the other hand, were weaker when controlling for OC, CO,
or NO2 (Table 5).

DISCUSSION
In this study, we estimated acute cardiorespiratory
effects of ambient VOCs by grouping these compounds based

on chemical structure and estimating VOC group effects.
Because few epidemiologic studies have examined the health
effect of ambient VOCs, there is little understanding of the
variation of pollutant effects and measurement error within a
group, confounding by VOCs, and confounding by other fractions of air pollution. Because of these challenges, we applied
multiple analytic approaches to estimate VOC group effects,
and performed a range of sensitivity analyses.
We used the indicator pollutant approach as an attempt
to minimize the instrument measurement error by using what
we believed to be the best-measured pollutant. In the joint
effect analysis, we considered individual pollutant effects as
fixed and estimated a combined effect per increment of all
pollutants in a group. In the random effect meta-analysis, we
considered individual pollutant effects as random (normally
distributed within a group) and estimated the group mean
effect. Any inconsistency among group effect estimates using
these approaches does not necessarily indicate that any of the
estimates are wrong, but could reflect that these approaches
define the group effects differently.
In our primary analysis of emergency department visits
for cardiovascular diseases, we observed similar associations

TABLE 4. Sensitivity Analysis Controlling for Selected Major Pollutants One at a Time in Each VOC Indicator Pollutant Model
Predicting Cardiovascular ED Visits Among All Agesa
PM2.5 OC
Single-pollutant models of major pollutants: →

1.006 (1.000, 1.012)

Single-pollutant models of VOC indicator
pollutants: ↓
n-Alkane

1.001 (0.999, 1.004)

Iso/anteiso-alkane

1.003 (0.999, 1.007)

Other alkane

1.003 (0.999, 1.007)

Cycloalkane

1.004 (0.999, 1.008)

Alkene

1.006 (1.002, 1.010)

Alkyne

1.005 (1.001, 1.008)

Aromatic

1.005 (1.000, 1.009)

Aldehyde

1.000 (0.991, 1.008)

Acid

1.000 (0.991, 1.008)

Ketone

1.006 (0.996, 1.016)

CO
1.009 (1.003, 1.015)

NO2

O3

1.004 (0.995, 1.013)

1.001 (0.985, 1.017)

Two-pollutant models: major pollutant (top of cell)
VOC indicator pollutant (bottom of cell)
1.006 (0.999, 1.012)
1.001 (0.998, 1.003)
1.005 (0.998, 1.012)
1.001 (0.996, 1.006)
1.005 (0.998, 1.012)
1.001 (0.996, 1.006)
1.004 (0.997, 1.012)
1.002 (0.997, 1.007)
1.001 (0.994, 1.009)
1.005 (1.001, 1.010)
1.002 (0.995, 1.010)
1.004 (1.000, 1.008)
1.004 (0.996, 1.011)
1.003 (0.998, 1.009)
1.006 (1.000, 1.012)
1.000 (0.997, 1.003)
1.006 (1.000, 1.012)
0.999 (0.991, 1.008)
1.006 (0.999, 1.012)
1.005 (0.995, 1.015)

1.009 (1.003, 1.016)
1.000 (0.997, 1.003)
1.011 (1.003, 1.019)
0.998 (0.993, 1.004)
1.011 (1.003, 1.019)
0.998 (0.992, 1.004)
1.010 (1.002, 1.018)
0.999 (0.994, 1.005)
1.006 (0.998, 1.014)
1.003 (0.998, 1.008)
1.007 (0.999, 1.014)
1.002 (0.998, 1.007)
1.009 (1.001, 1.018)
1.000 (0.994, 1.006)
1.009 (1.003, 1.015)
1.000 (0.997, 1.003)
1.009 (1.003, 1.015)
0.999 (0.991, 1.008)
1.009 (1.003, 1.015)
1.005 (0.995, 1.015)

1.003 (0.994, 1.013)
1.001 (0.998, 1.004)
1.002 (0.993, 1.012)
1.002 (0.998, 1.007)
1.002 (0.993, 1.012)
1.003 (0.998, 1.007)
1.002 (0.992, 1.011)
1.004 (0999, 1.008)
1.000 (0.991, 1.010)
1.006 (1.002, 1.010)
1.001 (0.992, 1.010)
1.005 (1.001, 1.008)
1.001 (0.992, 1.011)
1.004 (0.999, 1.009)
1.004 (0.995, 1.013)
1.000 (0.997, 1.003)
1.004 (0.995, 1.013)
1.000 (0.991, 1.008)
1.004 (0.995, 1.013)
1.005 (0.996, 1.015)

1.001 (0.984, 1.017)
1.001 (0.999, 1.004)
1.000 (0.984, 1.017)
1.003 (0.999, 1.007)
1.000 (0.984, 1.017)
1.003 (0.999, 1.007)
1.000 (0.984, 1.017)
1.004 (0.999, 1.008)
1.001 (0.985, 1.017)
1.006 (1.002, 1.010)
1.001 (0.985, 1.017)
1.005 (1.001, 1.008)
1.000 (0.984, 1.017)
1.005 (1.000, 1.009)
1.001 (0.985, 1.017)
1.000 (0.997, 1.003)
1.001 (0.985, 1.017)
1.000 (0.991, 1.008)
1.001 (0.985, 1.017)
1.006 (0.996, 1.016)

a
This analysis included 2,997 days during 14 August 1998 to 31 December 2008 for which both data on major pollutants and VOCs were available. VOC concentrations below the
LOD of 0.1 ppb-C were replaced with 0.05 ppb-C in all analyses. We used same-day (lag 0) pollution levels in models predicting cardiovascular ED visits. All methods included the
same covariate control for temporal trends and meteorology: time splines with monthly knots, cubic function of same-day maximum temperature, cubic function of mean dew point
temperature (lag 0), day of week, indicators for holidays, seasons, season-maximum temperature interaction, season-day of week interaction, and indicators for hospital participation
periods. The estimated associations are expressed as rate ratios (95% confidence interval) per IQR increase in pollutant concentrations (listed in Table 1).
ED indicates emergency department.
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TABLE 5. Sensitivity Analysis Controlling for Selected Major Pollutants One at a Time in Each VOC Indicator Pollutant Model
Predicting Asthma ED Visits Among All Agesa
PM2.5 OC
Single-pollutant models of major pollutants: →

1.019 (1.007, 1.030)

Single-pollutant models of VOC indicator
pollutants: ↓
n-Alkane

1.006 (1.001,1.011)

Iso/anteiso-alkane

1.012 (1.004, 1.020)

Other alkane

1.011 (1.003, 1.020)

Cycloalkane

1.014 (1.006, 1.022)

Alkene

1.008 (1.000, 1.015)

Alkyne

1.009 (1.002, 1.016)

Aromatic

1.013 (1.004, 1.022)

Aldehyde

1.000 (0.993, 1.007)

Acid

1.011 (0.990, 1.032)

Ketone

1.030 (1.007, 1.054)

CO

NO2

1.018 (1.007, 1.030)

1.031 (1.014, 1.049)

O3
1.037 (1.009, 1.066)

Two-pollutant models: major pollutant (top of cell).
VOC indicator pollutant (bottom of cell)
1.015 (1.002, 1.028)
1.003 (0.998, 1.009)
1.012 (0.997, 1.028)
1.007 (0.996, 1.017)
1.014 (0.999, 1.030)
1.005 (0.994, 1.016)
1.010 (0.994, 1.025)
1.009 (0.999, 1.020)
1.019 (1.003, 1.034)
1.000 (0.990, 1.010)
1.015 (1.001, 1.030)
1.003 (0.994, 1.012)
1.012 (0.996, 1.028)
1.007 (0.995, 1.019)
1.019 (1.007, 1.032)
0.997 (0.990, 1.004)
1.018 (1.006, 1.030)
1.009 (0.989, 1.030)
1.017 (1.005, 1.029)
1.025 (1.001, 1.049)

1.015 (1.001, 1.029)
1.003 (0.997, 1.009)
1.012 (0.994, 1.030)
1.006 (0.994, 1.018)
1.015 (0.997, 1.034)
1.003 (0.990, 1.016)
1.008 (0.990, 1.026)
1.009 (0.997, 1.022)
1.021 (1.004, 1.039)
0.998 (0.987, 1.009)
1.017 (1.000, 1.035)
1.001 (0.990, 1.012)
1.012 (0.994, 1.031)
1.006 (0.992, 1.020)
1.019 (1.007, 1.031)
0.998 (0.991, 1.005)
1.018 (1.006, 1.030)
1.009 (0.988, 1.030)
1.017 (1.005, 1.028)
1.025 (1.001, 1.050)

1.027 (1.009, 1.046)
1.004 (0.998, 1.009)
1.024 (1.005, 1.044)
1.007 (0.998, 1.016)
1.026 (1.007, 1.046)
1.006 (0.997, 1.015)
1.023 (1.003, 1.042)
1.009 (1.000, 1.018)
1.029 (1.010, 1.048)
1.003 (0.995, 1.011)
1.027 (1.008, 1.046)
1.005 (0.997, 1.012)
1.024 (1.005, 1.044)
1.007 (0.998, 1.017)
1.032 (1.014, 1.050)
0.998 (0.991, 1.005)
1.031 (1.013, 1.049)
1.008 (0.988, 1.029)
1.029 (1.011, 1.047)
1.025 (1.001, 1.049)

1.033 (1.004, 1.062)
1.005 (1.000, 1.010)
1.030 (1.001, 1.059)
1.010 (1.002, 1.018)
1.030 (1.002, 1.060)
1.010 (1.001, 1.018)
1.029 (1.001, 1.058)
1.012 (1.004, 1.021)
1.034 (1.005, 1.063)
1.007 (0.999, 1.014)
1.033 (1.005, 1.063)
1.008 (1.001, 1.015)
1.030 (1.002, 1.059)
1.011 (1.003, 1.020)
1.037 (1.009, 1.066)
0.999 (0.992, 1.006)
1.036 (1.007, 1.065)
1.008 (0.987, 1.029)
1.033 (1.004, 1.062)
1.027 (1.003, 1.051)

a

This analysis included 2,997 days during 14 August 1998 to 31 December 2008 for which both data on major pollutants and VOCs were available. VOC concentrations below the
LOD of 0.1 ppb-C were replaced with 0.05 ppb-C in all analyses. We used 3-day moving average (of lags 0, 1, and 2) pollution levels in models predicting asthma ED visits. All methods
included the same covariate control for temporal trends and meteorology: time splines with monthly knots, cubic function of same-day maximum temperature, cubic function of lag 1- to
2-day moving average minimum temperature, cubic function of mean dew point temperature (3-day moving average), day of week, indicators for holidays, seasons, season-maximum
temperature interaction, season-day of week interaction, and indicators for hospital participation periods. The estimated associations are expressed as rate ratios (95% confidence
interval) per IQR increase in pollutant concentrations (listed in Table 1).
ED indicates emergency department.

across hydrocarbon groups when using the indicator pollutant
approach (Table 2). We performed a sensitivity analysis to estimate the effect of each group conditioning on others, and the
results suggested that many of the hydrocarbon groups might
be surrogates of the alkene and the alkyne groups (Table 3).
The finding of alkynes being associated with cardiovascular
diseases conditioning on other VOC groups agreed with the
random effect meta-analysis results in the primary analysis, in
which the estimated associations for each group were adjusted
for others (Table 2).
However, it is also possible that these VOC groups are
surrogates for other pollutants in the ambient air, and that the
alkene and the alkyne groups in our analysis were merely better surrogates than other VOCs. To understand what the VOCs
might be surrogates for, we performed an additional sensitivity
analysis controlling for selected major pollutants one at a time
in each VOC indicator pollutant model. When controlling for
CO, the estimated associations between cardiovascular visits
and the alkene and the alkyne groups were weaker, and the
CO association was also weaker (Table 4). The alkene and the
204 | www.epidem.com

alkyne groups may be part of a causal mixture with CO, or,
these pollutants could all be surrogates of other unmeasured
pollutants in the causal mixture. Considering that pollutants in
the alkene and alkyne groups are mainly generated from combustion, among which acetylene (the pollutant in the alkyne
group) is a marker of automobile emissions, and CO is a classic traffic marker, their associations with cardiovascular diseases may reflect the effect of traffic exhaust.
In our primary analysis of asthma visits, we observed
relatively strong associations with the ketone group among all
ages (Table 2) and among specific age categories (eTable 5;
http://links.lww.com/EDE/B150). We performed sensitivity
analyses on asthma visits of all ages, and found that the estimated associations for the ketone group had little change after
controlling for any of the major pollutants (Table 5). While
certain ketones are byproducts of ozone formation, and the
pollutant in our ketone group is moderately correlated with
ozone in this analysis, the association between ketone and
asthma visits had little change after controlling for ozone. The
association between ketone and asthma visits could reflect
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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something beyond the effect of ozone: perhaps, the effect of
other secondary organic compounds that are also generated
through atmospheric oxidation processes.
Overall, we found that hydrocarbon groups, particularly
the alkene and alkyne groups, were associated with emergency
department visits for cardiovascular diseases, while the ketone
group was associated with asthma visits. Some hydrocarbon
groups were associated with asthma visits; however, the magnitudes of their associations were smaller compared with
the ketone group. The different patterns of associations we
observed for the cardiovascular diseases and asthma suggest
there could be different modes of action of these pollutants
or the pollution mixtures they represent. The hydrocarbons
included in our analysis are primarily emitted from traffic or
other combustion sources, while oxygenates such as ketones
are largely secondary. Previous studies of particle-phase pollutants have suggested that secondary organic compounds are
more related to respiratory inflammation, as they are hydrophilic and thus more readily react with constituents in the
respiratory tract,6 while primary organic compounds are more
related to systemic inflammation.6,7,37 Our results on vaporphase organics are consistent with these previous findings on
particle-phase pollutants.
Previous epidemiologic studies reported positive associations between cardiovascular health outcomes and ambient hydrocarbons.23,25 Our finding of the alkyne group being
associated with cardiovascular health outcomes has not been
reported previously, although Suh et al.35 combined alkyne with
other VOCs in a combustible category and reported its positive
association with cardiovascular hospital admission. Our findings on asthma and ambient VOCs are supported by existing
evidence in general. Previous epidemiologic studies reported
positive associations between respiratory health outcomes
and ambient hydrocarbons, aldehydes, and ketones.17–19,21,22,24
Among them, Delfino et al.19 showed in a panel of asthmatic
children that aldehyde (formaldehyde) and ketone (acetone)
were associated with severe asthma symptoms with greater
magnitudes compared with hydrocarbons (benzene, toluene,
and xylenes), similar to the pattern we observed here.
Our results are subject to spatial misalignment and
instrument measurement error. The degree of these sources
of error likely differs by VOC group, and thus the estimated
group effects should be compared in light of these limitations.
Compared with oxygenates, hydrocarbons as primary pollutants may be more subject to spatial misalignment, due to larger
spatially heterogeneity. If this is the case, the estimated associations for hydrocarbon groups may be more biased toward
the null compared with those for the oxygenate groups. In
addition, pollutants with a lower ambient concentration (e.g.,
the cycloalkane and aldehyde groups) may be more subject
to instrument measurement error leading to underestimation
of effects.
We chose to group pollutants based on a prior knowledge
(chemical structure) rather than the statistical relationships
© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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among them (e.g., factor analysis, principle components analysis, etc). In doing so, the group definition is not specific to the
data, and will allow for replication in future studies. Collinearity could be a concern when including multiple correlated
pollutants in the same model (Eqs. 3, 4). One consequence
of collinearity is that it could lead to inflation of the variances for individual pollutant effect estimates. However, in
our approaches where multiple pollutants were included in
the same model, our interest was not in estimating individual
pollutant effects, but rather, the group effects. Specifically, in
the random effect meta-analysis, the second stage regression
accounted for this variance inflation by estimating the group
effect as a weighted-average of the first stage estimates, with the
inverse variance–covariance matrix of the first stage estimates
serving as the weights. In the joint effect analysis, the variance
of the joint effect estimate incorporates negative covariances
between individual pollutant estimates, and thus could be more
modest compared with the variances of individual pollutant
estimates. In addition, our relatively long time-series (over 10
years) with relatively large counts of outcome events allow for
a high degree of collinearity with less impact on the estimates
than would be the case for a study with fewer observations.32
We grouped these VOCs by chemical structure with the
idea that this grouping may enhance the understanding of their
health associations from commonalities that are related to
their structures, such as toxicity, source, and atmospheric process. However, pollutants sharing a common chemical structure may still differ in these factors, and the estimated group
effect may not be easily generalized to pollutants that fall
into the same group but are not included in our analysis. For
example, alkenes included in our analysis were mainly anthropogenic, as biogenic alkenes measured at Jefferson St. were
lower in concentration and thus excluded from the analysis
due to >10% of measurements being below detection (eTable
1; http://links.lww.com/EDE/B150). Biogenic alkenes, such
as isoprene, are important in the generation of ozone and
secondary organics; these pollutants may exert health effects
through pathways that are different from the anthropogenic
alkenes included in this analysis.
Nonetheless, our approach allowed us to compare and
understand the health associations of a large number of species in a coherent manner. Our findings further support the
link between incomplete combustion and cardiovascular
health, and the link between atmospheric oxidation products
and respiratory health.
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Abstract
Background and Objectives: Exposure to traffic is an established risk factor for the triggering of myocardial infarction (MI).
Particulate matter, mainly emitted by diesel vehicles, appears to be the most important stressor. However, the possible
influence of benzene from gasoline-fueled cars has not been explored so far.
Methods and Results: We conducted a case-crossover study from 2,134 MI cases recorded by the local Coronary Heart
Disease Registry (2000–2007) in the Strasbourg Metropolitan Area (France). Available individual data were age, gender,
previous history of ischemic heart disease and address of residence at the time of the event. Nitrogen dioxide, particles of
median aerodynamic diameter ,10 mm (PM10), ozone, carbon monoxide and benzene air concentrations were modeled on
an hourly basis at the census block level over the study period using the deterministic ADMS-Urban air dispersion model.
Model input data were emissions inventories, background pollution measurements, and meteorological data. We have
found a positive, statistically significant association between concentrations of benzene and the onset of MI: per cent
increase in risk for a 1 mg/m3 increase in benzene concentration in the previous 0, 0–1 and 1 day was 10.4 (95% confidence
interval 3–18.2), 10.7 (2.7–19.2) and 7.2 (0.3–14.5), respectively. The associations between the other pollutants and outcome
were much lower and in accordance with the literature.
Conclusion: We have observed that benzene in ambient air is strongly associated with the triggering of MI. This novel
finding needs confirmation. If so, this would mean that not only diesel vehicles, the main particulate matter emitters, but
also gasoline-fueled cars –main benzene emitters–, should be taken into account for public health action.
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studies, considering the effects of various air pollutants, either
alone or in association, e.g. particles with aerodynamic diameter ,
10 mm (PM10), particles with diameter ,2.5 mm (PM2.5), black
carbon/black smoke, ozone (O3), carbon monoxide (CO), nitrogen
oxides and sulphur dioxide. Using a random-effect model to
estimate the meta-relative risk and 95% confidence interval, a
significant, positive association appeared between all analyzed
pollutants, with the exception of ozone, and MI risk, although
published studies are quite inconsistent regarding both the
direction of the association and statistical significance for all
pollutants. Thus, the present state of knowledge strongly supports
the role of exposure to traffic-related air pollution in triggering the

Introduction
The effects of traffic-related air pollution on cardiorespiratory
mortality have been consistently established since the late 1980s
[1]. Further studies specifically investigated the association
between exposure to traffic and the onset of myocardial infarction
(MI), one of the most frequent causes of death. Since the
publication of the seminal paper by Peters et al. (2001) [2], which
shows an association between exposure to traffic and the onset of
myocardial infarction (MI), many studies have been published on
the issue. The latest review and meta-analysis to date considered
the association between short-term exposure to traffic-related air
pollutants and subsequent MI risk [3]. The authors retained 34
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Table 1. Myocardial infarction events (ICD-9: 410) collected by the Bas-Rhin Coronary Heart Disease Register, Strasbourg
Metropolitan Area, France, 2000–2007.

Females (n = 492)

Males (n = 1,642)

Total (N = 2,134)

Age group

n (%)

n (%)

n (%)

35–54

136 (27.7)

637 (38.8)

773 (36.2)

55–74

356 (72.3)

1,005 (61.2)

1,361 (63.8)

doi:10.1371/journal.pone.0100307.t001

necropsy. Individual data available were age, gender, previous
history of ischemic heart disease, and address of residence at the
time of the event. Cases were geocoded to their census block of
residence using ArcGIS version 9.1 (ESRI, Redlands, CA).

onset of MI. In addition, PM10 is the air pollutant most
consistently associated with myocardial infarction onset [4,5].
None of the above reviews mentions benzene, although
gasoline- fueled engines emit this pollutant [6,7]. The literature
addressing the acute cardiovascular effects of benzene in
occupational settings is scarce, e.g. [8,9] but lends some support
to an association between exposure to benzene and arrhythmias.
However, in the Kotseva and Popov (1998) paper, benzene
concentrations seem to have been very high (up to 65 mg/m3).
The authors provide few details on the study population. In
addition, probable co-exposures to various stressors are poorly
discussed. To our knowledge, a single group investigated the
cardiovascular effects of traffic-related air pollution in a mortality
study in Taiwan, addressing exposure to benzene [10]. The
authors found a significant association between benzene concentration and cardiovascular mortality (ICD-9-CM 410–411, 414,
430–437, same-day association: lag 0). However, this study
considered only fatal cases of cardiovascular diseases. Furthermore, exposure was loosely defined on an ecological basis (air
concentrations were measured at a single monitoring station for a
study population defined as those living within a 10 km radius).
Thus, the potential for error in exposure assessment was high.
The aim of the present study is to investigate the possible
association between traffic-related benzene emissions as well as
‘classical’ traffic-related pollutants (NO2, PM10, O3, CO, SO2) and
the onset of myocardial infarction. Study design was time-stratified
case-crossover, using a very small area as the statistical unit.

Assessment of exposure to air pollution
Nitrogen dioxide (NO2), particles of median aerodynamic
diameter ,10 mm (PM10), ozone (O3), carbon monoxide (CO),
sulphur dioxide (SO2) and benzene air concentrations were
modeled on an hourly basis at the census block level over the
whole study period using the deterministic ADMS-Urban air
dispersion model (Atmospheric Dispersion Modeling System) [12].
Model input data comprised of emissions inventories, background
pollution measurements and meteorological data. More details can
be found elsewhere [13]. Model performance assessment took
place on two occasions. First, we compared predictions to
measures at monitoring stations on a yearly basis for NO2, O3,
and SO2. However, there was no routine station measurement for
CO. Mean differences between measured and modeled values
were 22% (range 210% to 9%) for NO2, 24% (210% to 10%)
for O3, 21% (22% to 8%) for PM10. Second, we used passive
samplers to measure benzene, PM10, and NO2 concentrations at
the census block level (61 measurements points for NO2 and
benzene, four occasions throughout the year, seven points for
PM10 on eight occasions). Measurement points were selected as to
cover the SMA and compared to the predicted value for the census
block, both on a yearly and hourly basis. For both circumstances
and whatever the pollutant, the mean error was small: 21%
(range 239% to 42%) for NO2, 0% (226% to 11%) for PM10, 2
10% (233% to 30%) for benzene. One exception was SO2, of
which concentrations were low (maximum 11 mg/m3), and
modeling performance was poor. Accordingly, we did not consider
SO2 further in the analysis.

Methods
Setting
The Strasbourg Metropolitan Area (SMA), an urban area of 28
municipalities (316 km2), is located in the Bas-Rhin district in
northeastern France, with a population of about 450,000
inhabitants. It is subdivided into 190 census blocks of average
population 2,000 (range 2–4,885) and a median area of 0.45 km2
(range 0.05–19.60). These blocks are the smallest administrative
geographic unit in France for which socioeconomic and demographic information from the national census is available. They
are devised as to be homogeneous for population size, socioeconomic characteristics and land use. Sixteen blocks of population
size ,250 were excluded of the dataset (0.8% of the SMA
population), for the sake of compliance with French confidentiality
regulations.

Proven or likely confounders
Daily meteorological variables (temperature, atmospheric pressure, and relative humidity) were obtained from the French
meteorological service (Météo France); weekly influenza-like case
counts came from the Sentinelles network [14] of the French
National Institute of Health and Medical Research.

Statistical analysis
Associations between MI events and air pollution were assessed
with a case-crossover model [15]. Control days were defined
according to a monthly time-stratified design [16]. For a MI
occurring on a given weekday (e.g., a Monday), control days were the
same days of the week throughout the rest of the month (thus, three
or four days; here, the other Mondays of the month). Associations
between MI events and ambient air pollution concentrations
modeled by census block were estimated, adjusting for holidays,
meteorological variables (daily maximum temperature, maximum

Cases
Cases were all MI events (ICD-9: 410) either fatal or non-fatal,
occurring in the age group 35–74 years between January 1, 2000
and December 31, 2007, ascertained by the local Bas-Rhin
Coronary Heart Disease, a collaborating center of the WHO
MONICA Project [11]. MIs were documented events, which have
definitively been diagnosed as such whether clinically or at
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2

June 2014 | Volume 9 | Issue 6 | e100307

21.8

626.8

2.4

12.5

1016.2

573.5

1.5

7.5

1005.9

1043.1

19.6

26.1
19.3

1800.5

85.0

228.3

120.2
42.5
32.4

59.41

107.5

Maximum
Q3
Median

atmospheric pressure, and mean relative humidity), and influenza
epidemics. We tested the influence of the various lags reported in the
literature between air pollution indicators, treated as continuous
variables, and MI events: average of the day of the event: (lag 0),
average of the day of the event and the 1st previous day (lag 0–1), and
average of the previous day (lag 1).
The daily air pollution indicator considered for NO2, PM10,
CO and benzene was the 24-hour average concentration, and for
ozone, it was the maximum daily value of the 8-hour moving
average. The analysis for ozone considered MI events occurring
between April 1 and September 30 of each year, because of the
very low concentrations of this pollutant in winter. Associations
were assessed for cases of all ages and then for cases aged 35–54
and 55–74 years, respectively (categorizing was only for these two
age groups, for ensuring confidentiality of the health data
geocoded by census blocks).
We employed conditional logistic regression for analyses.
Results are expressed as the percent increase in MI risk per
10 mg/m3 increase in pollutant concentrations for NO2, PM10 and
O3, per 100 mg/m3 increase for CO, and per 1 mg/m3 increase for
benzene. All statistical analyses were performed with SAS 9.1
software (SAS Institute, Cary, NC).

Ethics statement
999.4
doi:10.1371/journal.pone.0100307.t002

2.0
215.3

Over the 8 years of the study period, the Bas-Rhin Coronary
Heart Disease Register ascertained 2,141 MI events. Seven (0.3%)
events could not be geocoded and were excluded from the
analyses. Thus, 2,134 cases were analyzed (Table 1), among whom
21.9% of females and 24.0% of males had a previous history of
ischemic disease (ICD-9: 410–414). The small number of subjects
with a previous history of ischemic disease precluded a specific
analysis of this group, because of a very limited statistical power.
Air pollution data appear in Table 2. The mean and range of air
pollutants concentrations in the SMA for the study period were
comparable to those observed in many metropolitan areas of
Europe [17] or in the US [18]. All these pollutants were well
correlated, as expected: Pearson’s r for daily mean concentrations
(Table 3) were in the range reported in the literature, the lowest
being 20.16 (O3 and PM10) and the highest being 0.73 (NO2 and
PM10), all statistically significant, in agreement with results
reported in the literature [19,20].
We have found a positive, statistically significant association
between incremental concentrations of benzene and the onset of
MI for our study population (base model), for all lags tested (0, 0–1
and 1 day), slightly more marked for the first two lags studied
(Table 4). The associations between the other individual pollutants
and outcome were essentially inconclusive (although a negative,
statistically significant association appeared for ozone, lag 1).
When examining the risk (excess odds ratio –eOR–, that is, per
cent increase in risk for a 1 mg/m3 increase in benzene
concentration) associated to incremental exposure to benzene in
specific population segments, we observed that men aged 35–
54 years were particularly at risk (lag 0, eOR = 15.3; 95%
confidence interval [1.0–31.7]), as was the case for older women
(age group 55–74 years) for all lags, all statistically significant but
more marked for lag 0–1 (eOR = 29.6 [10.3–52.2]) (Table 5).
As regards to the effects of other ambient air pollutants, we have
found a higher risk for younger men for NO2 (lag 0, eOR = 9.3 [0–
19.4]). In older women (55–74 years), NO2 was strongly associated

970.3
Maximum atmospheric pressure (hPa)

7.1

1007.9

Minimum temperature (uC)
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540.4

0.9
0.1

501.1
83.5

Benzene

1.1

596.7

1.8

CO

14.1
9.94
21.1
PM10

1.65

23.3

35.45
1.1
36.85
63.3
O3

2.6
13.45
33.4
NO2

SD
Mean

Minimum

Q1

The French data protection authority (CNIL) approved the
study.

Pollutant

Table 2. Air pollutants daily concentrations (mg/m3) and meteorological parameters in the Strasbourg (France) Metropolitan Area, 2000–2007.
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Table 3. Ambient air pollution daily mean value correlation coefficients, Strasbourg (France) Metropolitan Area, 2000–2007.

Pearson’s r
Pollutants

Benzene

NO2

O3

PM10

Benzene

1.00

NO2

0.64

O3

20.51

20.34

1.00

PM10

0.63

0.73

20.16

1.00

CO

0.60

0.72

20.34

0.54

CO

1.00

1.00

doi:10.1371/journal.pone.0100307.t003

for PM10 and PM2.5, the latter (unmeasured in our study) being a
sizeable constituent of the PM10 fraction [22]. In addition,
unmeasured pollutants may confound associations [23]. Available
methods aiming at disentangling the separate effects of individual
pollutants do not provide so far a gold standard [24] and results
remain difficult to interpret [25]. As most other authors, we
assessed excess risks for each pollutant under study.
We observed the expected [2,26] baseline risk differences
between genders, with a 3.3/1 male/female ratio in our study
population. In subgroups analysis, younger males appear more at
risk (benzene and NO2, lag 0) than older ones, perhaps because
the conditions or cumulative risk factors that contribute to a MI in
this age group make them especially sensitive, to effects of benzene
in particular. Older females appear also at higher risk with
benzene, and with NO2 and PM10 (Table 5). Such results have
already been reported in the literature for the latter two pollutants
[23,27] although not convincingly explained so far.
No data were available at the individual level on tobacco
smoking and lifestyle, but these factors contribute concurrently to
long term susceptibility, not to the very short-term circumstances
triggering a MI.
Altogether, the overall consistency between our results and
those published in the literature, associating exposure to usual
traffic-related air pollutants and the triggering of MI, lends support
to our finding of an association between this outcome and
exposure to benzene.
As for limitations of this study, we acknowledge that there
remains some room for exposure misclassification, since exposure
was assimilated to the levels of air pollutants in the subjects’ census
block of residence. We have no data on the mobility of our study
population. However, the lags showing a positive, statistically

with MI risk for lag 0–1 (eOR = 15.0 [0.9–31.2]) and lag 1
(eOR = 15.4 [3–29.3]), as were PM10 (lag 0–1, eOR = 16.8 [2–
33.7]; lag 1, eOR = 17.8 [4.2–33.1]). Models considering the MaySeptember period for ozone were very similar to those covering
the April-September period. Incorporating mean relative humidity
and holidays as covariates led to results very similar to the above.
In addition, influenza epidemics did not influence the results.

Discussion
Our finding of an association between ambient benzene and the
triggering of MI has never been reported before. A possible
explanation is that benzene is inconsistently measured in standard
air monitoring systems, and so far essentially associated to longterm effects, such as cancer.
Among the strengths of our work is the accurate air pollution
modeling at a very fine scale (census block) over the study period,
diminishing as much as possible the potential for exposure
misclassification. Another robust feature is case collection from a
specialized registry, using internationally validated diagnosis
ascertainment procedures. In addition, using a proven, robust
case-crossover design, we observed associations (Table 4) between
classically studied traffic-related pollutants (PM10, NO2, CO and
ozone) and outcomes that were within the range reported in the
literature [3], although non-significant for the study population as
a whole, due to our limited sample size. Nonetheless, it appears a
striking effect of benzene. However, this observation could be
partially confounded by ultrafine particulate matter [21], unmeasured in this study.
Ambient air pollutants, in particular those produced by traffic,
are systematically found being highly correlated. This is the case

Table 4. Exposure to air pollution and the onset of a myocardial infarction (MI) in the Strasbourg (France) Metropolitan Area,
2000–2007, base modela.

Lag 0

Lag 0–1

Lag 1

Pollutant

eOR (95%CI)

p value

eOR (95%CI)

p value

Benzene

10.4 (3.0, 18.2)

0.005

10.7 (2.7, 19.?2)

0.008

PM10

2.6 (22.7, 8.2)

NO2

4.7 (20.2, 9.9)

CO

3.2 (26.1, 13.3)

4.4 (26.6, 16.7)

O3

21.3 (23.8, 1.3)

22.7 (25.5, 0.2)

3.5 (22.3, 9.7)
0.06

eOR (95%CI)

p value

7.2 (0.3, 14.5)

0.04

3.1 (22.0, 8.5)

5.4 (20.1, 11.2)

a

0.05

3.6 (21.0, 8.5)
3.0 (26.2, 13.1)

0.07

23.1 (25.7, 20.5)

0.02
3

Associations observed for different lag times; excess odds ratios (eOR) are expressed as per cent (95% confidence interval) increase for i) a 1 mg/m increase in benzene
concentrations; ii) a 10 mg/m3 in NO2, O3 and PM10 concentrations and iii) a 100 mg/m3 increase in CO concentrations. Adjusted for the previous day maximum
atmospheric pressure, same day minimum temperature and influenza epidemics.
doi:10.1371/journal.pone.0100307.t004
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Table 5. Exposure to air pollution and the onset of a myocardial infarction in the Strasbourg (France) Metropolitan Area, 2000–
2007, by subgroupsa.

Lag 0

Lag 0–1

Lag 1

Gender (age group)

Pollutant

eOR (95% CI)

eOR (95% CI)

eOR (95% CI)

Males (35–54)

Benzene

15.3 (1.0, 31.7)*

11.1 (23.5, 27.9)

3.8 (28.2, 17.4)

PM10

1.1 (28.4, 11.6)

1.3 (28.9, 12.6)

1.0 (28.0, 10.9)

NO2

9.3 (0, 19.4)*

7.0 (22.9, 17.8)

2.1 (26.0, 10.9)

CO

10.3 (27.6, 31.7)

4.4 (215.0, 28.1)

23.0 (218.1, 14.9)

Males (55–74)

Females (35–54)

Females (55–74)

O3

20.4 (24.9, 4?3)

22.1 (27.0, 3.2)

23.0 (27.5, 1.7)

Benzene

6.6 (23.7, 18.0)

5.3 (25.9, 17.8)

2.2 (27.7, 13.1)

PM10

3.8 (24.1, 12.2)

3.7 (24.9, 13.0)

2.2 (25.3, 10.2)

NO2

4.4 (22.7, 12.0)

4.4 (23.5, 13.1)

2.4 (24.3, 9.7)

CO

1.2 (211.8, 16.0)

0.6 (214.8, 18.7)

20.3 (213.3, 14.5)

O3

20.5 (24.2, 3.4)

21.4 (25.5, 3.0)

21.7 (25.5, 2.2)

Benzene

213.9 (236.8, 17.2)

23.9 (230.0, 31.8)

6.2 (218.6, 38.7)

PM10

215.8 (232.8, 5.6)

217.9 (235.7, 4.7)

213.7 (230.1, 6.5)

NO2

215.1 (229.5, 2.3)

212.9 (229.0, 6.8)

25.9 (221.4, 12.6)

CO

230.5 (254.2, 5.3)

214.3 (246.1, 36.3)

11.9 (223.9, 64.5)

O3

25.7 (215.7, 5.5)

28.5 (219.4, 3.9)

28.5 (218.6, 2.9)

Benzene

21.5 (4.6, 41.0)*

29.6 (10.3, 52.2)**

27.1 (9.8, 47.1)**

PM10

9.5 (23.1, 23.9)

16.8 (2.0, 33.7)*

17.8 (4.2, 33.1)*

NO2

7.2 (24.6, 20.5)

15.0 (0.9, 31.2)*

15.4 (3.0, 29.3)*

CO

9.1 (211.6, 34.6)

22.1 (25.5, 57.8)

23.3 (21.7, 54.6)

O3

23.8 (210.1, 2.9)

26.0 (213.0, 1.5)

25.9 (212.2, 0.9)

a
Associations observed for different lag times; excess odds ratios (eOR) are expressed as per cent (95% confidence interval) increase for i) a 1 mg/m3 increase in benzene
concentrations; ii) a 10 mg/m3 in NO2, O3 and PM10 concentrations and iii) a 100 mg/m3 increase in CO concentrations. Adjusted for the previous day maximum
atmospheric pressure, same day minimum temperature and influenza epidemics.
*p,0.05.
**p,0.001.
doi:10.1371/journal.pone.0100307.t005

Assuming a 100% prevalence of exposure, the PAFs were of
4.5% for an incremental exposure of 1 mg/m3 carbon monoxide,
and ranging between 0.6% and 2.5% for a 10 mg/m3 incremental
exposure to the other pollutants. In an earlier analysis of the
relative importance of triggers of MI [32], calculated from 14
studies an overall PAF for air pollution of 7.4%. That is, such PAF
is of a magnitude similar to that of other well-documented triggers
such as physical exertion, alcohol, and coffee. If the whole
community were exposed, such a relatively limited PAF would
have considerable public health impact. Provided our findings
were replicated, this would be the case for benzene but with a
much higher effect. However, we felt that calculating a PAF for
benzene would be irrelevant in the absence of convergent studies.

significant association between benzene exposure and MI onset
span from the same day to the previous day. Thus, exposure
misclassification as regards time spent out of area of residence is
limited, since people usually spend the major part of their time at
home. We feel highly unlikely that such relative misclassification
could account for the sizeable associations we have observed.

Mechanisms of action
The literature extensively addresses the underlying mechanisms
of action of ambient air pollutants involved in the triggering of MI.
Overall, it appears that changes in the synthesis or reactivity of
nitric oxide that may be caused by environmental oxidants [28] or
an increased endogenous production of reactive oxygen species are
candidate mechanisms [29]. A recent review (although targeted to
benzene-induced mutation mechanisms) indicates that oxidative
stress is one mechanism-of-action of benzene as well [30], but the
real contribution of such mechanism to the association we have
observed remains to be assessed. In addition, short-term associations with ambient benzene have also been shown for asthma
exacerbation [18], although providing no clues for a mechanism of
action. The development of epigenetics may shed some light on
intimate mechanisms [31].

Conclusion
We have observed a benzene-associated risk for the triggering of
myocardial infarction, using a robust characterization of cases and
of exposure. This association has not been documented previously.
In addition, the strength of the association was greater for benzene
as compared to traffic-related pollutants usually investigated, such
as particulate matter. Of course, these results may be the product,
of an unmeasured confounder (at least partially for ultrafine
particles, which are strongly correlated to PM10). If our findings
were confirmed by others, this would mean that not only diesel
vehicles, the main particulate matter emitters [21,33] but also

Public health impact
In the above cited meta-analysis [3], the authors estimated the
population attributable fractions (PAF) for those pollutants.
PLOS ONE | www.plosone.org
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gasoline-fueled cars –main benzene emitters-, should be taken into
account for public health action.
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Sudden Deaths Among Oil and Gas Extraction Workers Resulting from Oxygen
Deficiency and Inhalation of Hydrocarbon Gases and Vapors — United States,
January 2010–March 2015
Robert J. Harrison, MD1; Kyla Retzer, MPH2; Michael J. Kosnett, MD3,4; Michael Hodgson, MD5; Todd Jordan, MSPH6; Sophia Ridl2; Max Kiefer, MS2

In 2013, an occupational medicine physician from the
University of California, San Francisco, contacted CDC’s
National Institute for Occupational Safety and Health
(NIOSH), and the Occupational Safety and Health
Administration (OSHA) about two oil and gas extraction
worker deaths in the western United States. The suspected
cause of these deaths was exposure to hydrocarbon gases
and vapors (HGVs) and oxygen (O2)-deficient atmospheres
after opening the hatches of hydrocarbon storage tanks. The
physician and experts from NIOSH and OSHA reviewed
available fatality reports from January 2010 to March 2015,
and identified seven additional deaths with similar characteristics (nine total deaths). Recommendations were made to
industry and regulators regarding the hazards associated with
opening hatches of tanks, and controls to reduce or eliminate
the potential for HGV exposure were proposed. Health care
professionals who treat or evaluate oil and gas workers need
to be aware that workers might report symptoms of exposure
to high concentrations of HGVs and possible O2 deficiency;
employers and workers need to be aware of this hazard and
know how to limit exposure. Medical examiners investigating
the death of oil and gas workers who open tank hatches should
consider the contribution of O2 deficiency and HGV exposure.
Workers at oil and gas well sites often manually gauge the
level of fluid or collect a sample from storage tanks containing
process fluids. These workers climb to the top of the tanks,
open a “thief ” hatch (a closable aperture on atmospheric tanks,
used to sample the tank contents) (Figure), and either place
a device into the hatch to measure the fluid level or lower a
“thief ” sampler (a hollow tube) into the tank to collect liquid
samples. In 2013, an occupational medicine physician from
the University of California, San Francisco, received a report
of a 2012 oil and gas worker fatality in North Dakota; that
state’s medical examiner attributed death to the inhalation of
petroleum hydrocarbons. The male worker, aged 21 years, was
gauging crude oil production tanks on the well site, at night
and alone. A coworker found the victim unconscious near the
open hatch. Colleagues initiated cardiopulmonary resuscitation, and the worker was transported to the hospital where he
was pronounced dead approximately 2 hours later. An autopsy
found no obvious signs of traumatic injury. Toxicology testing identified detectable quantities of low–molecular weight
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hydrocarbons (propane and butane), and evidence of heavier
molecular weight hydrocarbons. No indication of exposure to
hydrogen sulfide (H2S) was identified. Initially, the death was
attributed to cardiovascular disease and later to hydrocarbons.
The occupational medicine physician subsequently identified
a second worker who died from a sudden cardiac event in
2010 while performing tank gauging; H2S was excluded as
a factor. The physician contacted NIOSH and OSHA about
these two deaths.
To identify other oil and gas extraction worker fatalities
associated with exposure to HGVs, the physician and experts
from NIOSH and OSHA reviewed media reports, OSHA case
files, and the NIOSH Fatalities in Oil and Gas database. Cases
were defined as nontraumatic oil and gas extraction worker
deaths occurring during January 2010–March 2015, in which
the workers were 1) performing tank gauging, sampling, or
fluid transfer activities at oil and gas well sites; 2) working in
proximity to a known and concentrated source of HGVs (e.g.,
an open hatch); 3) not working in a confined space; and 4) not
exposed to H2S, fires, or explosions. All available information
on identified fatalities was reviewed, including OSHA investigations, coroner and toxicology reports, gas monitor data,
and exposure assessment data.
Nine deaths, occurring from January 2010 to March 2105,
were identified (Table); six of the deaths occurred during 2014.
Three deaths occurred in Colorado, three in North Dakota,
and one each in Montana, Oklahoma, and Texas. The median
age of workers was 51 years (range = 20–63 years), and all were
male. All of the victims were working alone at the time of the
incidents and were found collapsed on a tank or catwalk, or at
the base of the catwalk stairs. In at least five cases, the hatch was
open when the worker was found. Five of the fatalities occurred
during the collection of a fluid sample, and four occurred during
tank gauging. Toxicologic data on HGVs were not consistently
collected during autopsy, but petroleum hydrocarbon vapors
were noted as a cause of death for three workers.
Only one of the nine workers was known to have been provided a respirator, but fit-testing had not occurred, and the airpurifying respirator was not suitable for high concentrations of
HGVs or O2 deficiency. The exposure assessment conducted by
OSHA following the 2010 case found O2 concentrations as low
as 11% at 1 foot above the open thief hatch (O2 concentrations
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FIGURE. An oil field worker manually gauges the level of process fluid in a fixed production oil tank*
— United States

is a high-risk industry, with overall
occupational fatality rates seven times
the national average (1). Although safety
hazards in the industry are well-known,
few published reports address chemical
exposures and acute occupational illness associated with oil and gas extraction. Recent exposure assessments have
identified that opening thief hatches
and manual gauging or sampling from
hydrocarbon-containing tanks, outdoors
in nonconfined spaces, is widely practiced and poses substantial and potentially lethal hazards to workers (2–4).
These hazards include sudden exposure
to high concentrations (>100,000 ppm)
of low–molecular weight HGVs, accompanied by displacement of air, resulting
in O2 deficiency. Inhaled O2 concentrations of <15% can significantly impair
central nervous system function, and
concentrations of <10% can result
in loss of consciousness and possible
Photo/Todd Jordan, Occupational Safety and Health Administration.
death within seconds to minutes (5).
* 1) The worker peers down an open hatch of the oil tank. 2) In some regions, workers gauge oil tanks by opening
tank hatches, visually observing liquid levels, and then manually measuring liquid oil levels. 3) As commonly
Low O2 blood levels (hypoxemia) can
designed, fixed oil tanks often are interconnected for both liquid and vapor, allowing contents to equalize
exacerbate cardiac ischemia and increase
over multiple tanks. Equalization of tanks can result in a high volume of off-gassed vapors when a tank hatch
the release of epinephrine (adrenalin).
is opened. 4) The windsock is a visual indicator for the worker to stay positioned upwind while gauging.
High concentrations (i.e., 50,000 ppm
to ≥100,000 ppm) of low–molecular
weight hydrocarbons, particularly butane, have been shown
in ambient air = 21%). In addition, HGV concentrations were
in animal studies and human reports to sensitize the heart to
in excess of the lower-explosive limit (minimum concentration
epinephrine-induced ventricular fibrillation, a lethal cardiac
of a gas necessary to support its combustion in air), suggesting
arrhythmia (6–8). The simultaneous exposure to high levels
exposures high enough (>10,000 parts per million [ppm]) to
of low–molecular weight HGVs and a low O2 atmosphere
cause acute central nervous system symptoms. In case number
above an open tank hatch poses a risk for sudden cardiac
seven, the worker wore a data-logging, continuous multi gas
death. Preexisting coronary artery disease can exacerbate that
monitor as a regular work practice. Three weeks before the
risk. In addition, high levels of low–molecular weight HGVs
fatal event, he was examined in an emergency department after
can exert anesthetic effects that contribute to central nervous
experiencing altered consciousness while gauging a tank. Gas
system depression (9). The exposure-assessment samples also
monitor data during this event revealed a 5-minute interval,
showed concentrations of propane, butane, pentane, and
concurrent with his symptoms, when O2 concentrations were
2-methylbutane exceeding 100% of the lower-explosive limit
in the range of 10% to 15% and flammable HGVs exceeded
(3). Concentrations of explosive gases in excess of 10% of the
the lower-explosive limit. On the day of his death, the gas
lower-explosive limit are considered immediately dangerous
monitor again indicated that the lower-explosive limit had
to life or health. Because of the nine identified fatalities, the
been exceeded, with O2 concentrations as low as 7%.
exposure-assessment findings, and the potential mechanism for
Discussion
sudden cardiac death, OSHA, NIOSH and multiple industry
During January 2010–March 2015, at least nine deaths of oil
stakeholders collaboratively issued a hazard alert on tank gaugand gas workers occurred in the United States, with exposure to
ing at oil and gas well sites (10). In addition, the Bureau of
HGVs a confirmed or suspected factor. Oil and gas extraction
Land Management has proposed changes to current federal
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TABLE. Sudden deaths caused by inhalation of hydrocarbon gases and vapors and oxygen deficiency among oil and gas extraction workers
— United States, January 2010–March 2015
Year of
death

Age
(yrs)

State

Job title

Job task

1

2010

30

Montana

Crew worker

Gauging

Slumped over on catwalk

3:00 a.m.

2

2012

21

North Dakota

Flow tester

Gauging

On catwalk next to open hatch

12:30 a.m.

3

2013

39

North Dakota

Truck driver

Collecting
sample

On knees, slumped over catwalk
railing in front of open hatch

10:20 a.m.

4

2014

57

Oklahoma

Truck driver

5

2014

51

Colorado

Truck driver

6

2014

57

Colorado

Truck driver

Slumped over on catwalk
next to tank
Hanging from guardrail, hooked
by clothing
Collapsed over open hatch

7

2014

59

Colorado

Truck driver

Collecting
sample
Collecting
sample
Collecting
sample
Collecting
sample

8

2014

63

Texas

Tank gauger

9

2014

20

North Dakota

Flow tester

Worker

Location/position
of decedent when found

1:40 p.m.

Gauging

At bottom of catwalk stairs

4:14 a.m.

Gauging

Face down over open hatch

5:00 a.m.

* https://www.federalregister.gov/articles/2015/09/30/2015-24008/onshore-oiland-gas-operations-federal-and-indian-oil-and-gas-leases-measurement-of-oil.
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Coroner's stated cause of death
Hypertensive and atherosclerotic
cardiovascular disease
Hydrocarbon poisoning due to
inhalation of petroleum vapors
Sudden cardiac arrhythmia (primary),
morbid obesity and arteriosclerotic
heart disease (contributory)
Undetermined (no autopsy performed)

10:12 a.m.
(time of death)
10:39 a.m. Sudden cardiac death due to ischemic
(time of death) heart disease
10:30 a.m. Atherosclerotic cardiovascular disease

Collapsed over open hatch

regulations* that replace outdated technology and practices
with remote tank gauging technologies, reducing or eliminating the need for manual tank gauging.
Health professionals need to recognize the signs and symptoms of exposure to high concentrations of HGVs and possible
O2-deficient atmospheres in oil and gas workers. Health and
safety professionals need to recognize and act on nonfatal warning signs and symptoms, such as dizziness, confusion, immobility, and collapse in oil and gas workers who might have been
exposed to high concentrations of HGVs and to O2-deficient
atmospheres. As required by OSHA regulations, employers
should reduce or eliminate the hazard; this can include practices
that allow for alternative fluid sample collection points, remote
monitoring of fluid levels, proper use of gas monitors, respiratory protection meeting OSHA requirements, and worker
training. Employers also need to ensure that workers do not
work alone where they might have risks for exposures to high
concentrations of hydrocarbons and low-O2 environments.

8

Time of
day found

Toxic gas inhalation and oxygen
displacement by volatile hydrocarbons
(primary), atherosclerotic cardiovascular
disease
Arteriosclerotic and hypertensive
cardiovascular disease
Cardiac arrhythmia, with cardiac
hypertrophy, coronary artery
hypogenesis, obesity and petroleum
hydrocarbon vapors

Having automated external defibrillators available at worksites
is also important. Medical examiners and coroners investigating workplace fatalities need to be aware of the possibility that
exposure to high concentrations of HGVs and O2-deficient
atmospheres can result in sudden cardiac death in oil and gas
extraction workers. Analysis of antemortem or postmortem
blood for documentation of HGV exposure is available from
clinical toxicology laboratories.
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Summary
What is already known on this topic?
Oil and gas extraction workers experience high rates of
traumatic work-related fatalities. Tank gauging and sampling
activities can expose workers to high concentrations of
hydrocarbon gases and vapors (HGVs), in some cases at levels
immediately dangerous to life or health.
What is added by this report?
Exposure to high concentrations of HGVs and oxygen-deficient
atmospheres during manual tank gauging and sampling can
pose a risk for sudden cardiac death. Although the first two
deaths described in this series were not immediately recognized
as work-related, the occurrence of seven additional deaths
under similar circumstances suggests that HGV exposure during
manual tank gauging and sampling can be life-threatening.
What are the implications for public health practice?
Health care professionals need to be aware of the risks to oil
and gas extraction workers related to exposure to high
concentrations of HGVs and to oxygen deficiency. Medical
examiners and coroners investigating worksite fatalities need to
be aware that these exposures can result in sudden cardiac
death and include appropriate toxicology analyses in their
investigation. A thorough worksite assessment is warranted if
any workers exhibit signs or symptoms of HGV exposure or
oxygen deficiency. Implementation of measures to reduce or
eliminate HGV exposures is important, including practices that
allow for alternative fluid sample collection points, remote
monitoring of fluid levels, proper use of gas monitors, respiratory protection meeting the requirements of the Occupational
Safety and Health Administration, and worker training.

References
1. Mason KL, Retzer KD, Hill R, Lincoln JM. Occupational fatalities
during the oil and gas boom—United States, 2003–2013. MMWR
Morb Mortal Wkly Rep 2015;64:551–4.
2. Esswein EJ, Snawder J, King B, Breitenstein M, Alexander-Scott M,
Kiefer M. Evaluation of some potential chemical exposure risks during
flowback operations in unconventional oil and gas extraction:
preliminary results. J Occup Environ Hyg 2014;11:D174–84. http://
dx.doi.org/10.1080/15459624.2014.933960.
3. Jordan T. Hydrocarbon exposures during tank gauging and sampling
operations [presentation]. NIOSH National Occupational Research
Agenda Oil and Gas Sector Council Meeting, March 19, 2015. http://
www.nationalstepsnetwork.com/docs_tank_gauging/NORA_Oil_and_
Gas_Council_Meeting_March2015.pdf.
4. King B, Esswein E, Retzer K, et al. UPDATE: reports of worker fatalities
during manual tank gauging and sampling in the oil and gas extraction
industry. In: NIOSH Science Blog. Washington DC: National Institute
for Occupational Safety and Health. http://blogs.cdc.gov/niosh-scienceblog/2015/04/10/flowback-3/.
5. Miller TM, Mazur PO. Oxygen deficiency hazards associated with
liquefied gas systems: derivation of a program of controls. Am Ind Hyg
Assoc J 1984;45:293–8. http://dx.doi.org/10.1080/15298668491399811.
6. Chenoweth MB. Ventricular fibrillation induced by hydrocarbons and
epinephrine. J Ind Hyg Toxicol 1946;28:151–8.
7. Reinhardt CF, Azar A, Maxfield ME, Smith PE Jr, Mullin LS. Cardiac
arrhythmias and aerosol “sniffing”. Arch Environ Health 1971;22:265–79.
http://dx.doi.org/10.1080/00039896.1971.10665840.
8. Fuke C, Miyazaki T, Arao T, et al. A fatal case considered to be due to
cardiac arrhythmia associated with butane inhalation. Leg Med (Tokyo)
2002;4:134–8. http://dx.doi.org/10.1016/S1344-6223(02)00004-4.
9. Drummond I. Light hydrocarbon gases: a narcotic, asphyxiant, or
flammable hazard? Appl Occup Environ Hyg 1993;8:120–5. http://
dx.doi.org/10.1080/1047322X.1993.10388128.
10. Occupational Health and Safety Administration National Steps
Alliance. Tank hazard alert: gauging, thieving, fluid handling. How
to recognize and avoid hazards [poster]. Washington, DC: U.S.
Department of Labor, Occupational Health and Safety Administration;
2015. http://www.nationalstepsnetwork.org/docs_tank_gauging/
TankHazardInfographicFinal04_22_15.pdf.

US Department of Health and Human Services/Centers for Disease Control and Prevention

MMWR / January 15, 2016 / Vol. 65 / No. 1

9

Environmental Pollution 183 (2013) 30e39

Contents lists available at SciVerse ScienceDirect

Environmental Pollution
journal homepage: www.elsevier.com/locate/envpol

A cohort study of intra-urban variations in volatile organic compounds
and mortality, Toronto, Canada
Paul J. Villeneuve a, b, *,1, Michael Jerrett c, Jason Su c, Richard T. Burnett a, Hong Chen e,
Jeffrey Brook d, Amanda J. Wheeler f, Sabit Cakmak a, Mark S. Goldberg g
a

Population Studies Division, Health Canada, Ottawa, Ontario, Canada
Department of Epidemiology and Community Medicine, University of Ottawa, Ottawa, Ontario, Canada
c
School of Public Health, University of California Berkeley, CA, USA
d
Environment Canada, Downsview, Ontario, Canada
e
Public Health Ontario, Toronto, Canada
f
Air Health Science Division, Health Canada, Ottawa, Ontario, Canada
g
Division of Clinical Epidemiology, McGill University Health Centre, Montreal, Canada
b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 15 August 2012
Received in revised form
19 December 2012
Accepted 21 December 2012

This study investigated associations between long-term exposure to ambient volatile organic compounds
(VOCs) and mortality. 58,760 Toronto residents (35 years of age) were selected from tax ﬁlings and
followed from 1982 to 2004. Death information was extracted using record linkage to national mortality
data. Land-use regression surfaces for benzene, n-hexane, and total hydrocarbons were generated from
sampling campaigns in 2002 and 2004 and assigned to residential addresses in 1982. Cox regression was
used to estimate relationships between each VOC and non-accidental, cardiovascular, and cancer mortality. Positive associations were observed for each VOC. In multi-pollutant models the benzene and total
hydrocarbon signals were strongest for cancer. The hazard ratio for cancer that corresponded to an
increase in the interquartile range of benzene (0.13 mg/m3) was 1.06 (95% CI ¼ 1.02e1.11). Our ﬁndings
suggest ambient concentrations of VOCs were associated with cancer mortality, and that these exposures
did not confound our previously reported associations between NO2 and cardiovascular mortality.
Crown Copyright Ó 2013 Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Ambient air pollution is associated with numerous acute and
chronic health effects. While day-to-day increases in levels of
pollution are associated with an increased number of deaths
(Brook et al., 2007), physician visits (Burra et al., 2009), and hospital visits (Villeneuve et al., 2006; Wellenius et al., 2005), particularly for cardio-respiratory disorders, the health effects from
long-term exposure to air pollution are thought to be far greater
(Pope, 2000; Pope et al., 2010). In most cohort studies criteria air
pollutants such as nitrogen dioxide (NO2), ozone (O3) and ﬁne
particulate matter (particles with a median aerodynamic diameter

* Corresponding author.
E-mail address: Paul_Villeneuve@hc-sc.gc.ca (P.J. Villeneuve).
1
Population Studies Division, Health Canada, 50 Columbine Parkway, Room 165,
AL#0801A, Tunney’s Pasture, Ottawa, Ontario, Canada K1A 0K9.

of 2.5 microns or less (PM2.5)) have often been investigated. This
emphasis has been motivated by both the availability of historical
monitoring data for these pollutants, typically from ﬁxed-site
monitors, and with the knowledge that these pollutants, particularly O3 and PM2.5, can elicit oxidative stress in the lung, which
may lead to systemic cardiopulmonary inﬂammation (Brook et al.,
2007). Fine particulates may also carry toxic materials into the
lungs where they can be absorbed into the bloodstream and carried to other parts of the body. Fine particulate matter has been
shown to constrict airways, increase heart rate, affect heart rate
variability, and promote atherosclerosis (Nogueira, 2009). Nitrogen dioxide is also an oxidative stressor in the lung; however, at
the lower levels observed in ambient conditions in most urban
areas, it appears unlikely that NO2 could be solely responsible for
the observed health effects. Instead, it has been suggested that this
gaseous pollutant acts as an indicator of some other exposure such
as a speciﬁc type of combustion particle, or volatile organic
compound (Brook et al., 2007).
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In a review of epidemiological studies of air pollution and
mortality (Chen et al., 2008), a 10 mg/m3 increase in long-term
exposure to PM2.5 was associated with a 6% increased risk of nonaccidental mortality, independent of age, gender, and geographic
region. The corresponding risks for mortality from lung cancer and
cardiovascular disease were 15%e21%, and 12%e14%, respectively.
Recently, within the same cohort that forms the basis of this
paper, a 5 ppb increase in concentrations of intra-urban NO2 was
associated with a 12% (95% conﬁdence interval (CI): 7%e17%)
increase in mortality from cardiovascular disease and a 15%
increase (95%CI: 8%e21%) in mortality from ischemic heart disease
(Chen et al., 2013).
Advances in our ability to characterize intra-urban variations in
air quality through methods such as land-use regression have been
an important development in environmental epidemiology (Hoek
et al., 2008; Jerrett et al., 2005a). The relatively recent ﬁnding
that within-city variations in pollution may be more important
predictors than between-city contrasts (Jerrett et al., 2005b) has
promoted more rigorous approaches to exposure assessment, and
a heightened focus on evaluating air pollution effects at a more
localized scale. For example, postmenopausal breast cancer was
recently found to be positively associated with trafﬁc-related NO2
(Crouse et al., 2010).
Like NO2, volatile organic compounds (VOCs) exhibit high spatial variability although there have been far fewer attempts to
model how their concentrations vary within urban areas. Of the 25
published studies that used land-use regression modeling (Hoek
et al., 2008) only four modeled VOCs. This is a critical research
gap given the possible effects that VOCs may have on human
health. These compounds have been shown to induce inﬂammatory reactions in airways (Wieslander et al., 1997), been associated
with respiratory symptoms (Delﬁno et al., 2003), and reduce pulmonary function in adults (Elliott et al., 2006). Moreover, several
VOCs, such as benzene, are classiﬁed as either suspected or recognized carcinogens (IARC, 1982, 2008).
In several occupational studies of highly exposed workers associations have been reported between long-term exposure to
several VOCs, including benzene and styrene, and cancer and
mortality (Lundberg and Milatou-Smith, 1998; Schnatter, 2000). In
these studies, excesses of some cancers, particularly hematopoietic
cancers and non-Hodgkin’s lymphoma have been found, but the
estimates of associations were likely attenuated because of the use
of the general population as a referent (“healthy worker effect”).
Although concentrations of VOCs are generally higher in the indoor environment than they are outdoors, some VOCs, such as
benzene, have important outdoor sources such as incomplete
combustion of fossil fuels and biomass burning. In a study that
collected outdoor, indoor and personal exposure measures of VOC
in Windsor, Canada, indoor concentrations of benzene were
approximately twice as high as outdoor concentrations (Stocco
et al., 2008). This study also showed that personal exposure to
trafﬁc-related VOCs (1,3-butadiene, acetaldehyde, benzene, m,pxylene and toluene) could be predicted by using outdoor concentrations (Stocco et al., 2008).
There have been few epidemiological studies that have evaluated associations between either short or long-term exposures
to background levels of VOCs and adverse health outcomes. Apart
from a cohort study of 70,000 US male veterans (Lipfert et al.,
2009), we know of no other epidemiological study in which associations were evaluated between mortality and long-term
exposure in non-occupational settings to concentrations of
VOCs. Lipfert et al. (2009) relied on between-county exposure
gradients for selected pollutants to represent source proﬁles.
Stronger associations were found for speciﬁc trafﬁc related pollutants such as benzene; however, the county scale of analyses
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may have been subject to substantial exposure measurement error as VOCs such as benzene have important within-city variations (Su et al., 2010).
The objective of the present paper was to determine, within the
context of a cohort study in Ontario, whether there was an association between long-term exposure to three different VOCs (benzene, total hydrocarbons, n-hexane) and cancer, cardiovascular,
respiratory, and non-accidental mortality. Secondarily, we evaluated the extent to which previously reported associations between concentrations of NO2 and mortality (Chen et al., 2013) may
have changed after adjusting for these VOCs.
2. Methods
2.1. Study population
This study population consisted of residents of Toronto, Canada, who were part
of the larger Ontario Tax Cohort study. Detailed descriptions of this cohort have been
provided elsewhere (Chen et al., 2013; Villeneuve et al., 2012). Brieﬂy, the larger
cohort was assembled by randomly selecting from income tax ﬁlings Canadians who
resided in one of 10 urban areas in the province of Ontario. These individuals were
drawn from Statistics Canada’s T1 Family File database that includes all Canadians
who completed an annual income tax return. When compared to census data, the T1
Family File database captures more than 95% of the Canadian adult population. To be
eligible for inclusion, individuals had to be 35 years of age and older at study entry,
and were resident in one of the pre-determined 10 urban areas in Ontario in the
early 1980s. Our analyses are restricted to 58,760 individuals who lived in the city of
Toronto in 1982 whose residential addresses could be linked to existing VOC
exposure surfaces (Su et al., 2010).
Probabilistic record linkage to the Canadian Mortality Database was used to
identify deaths up to the end of 2004 (Howe and Lindsay, 1981). Registration of
deaths is the responsibility of the provinces and territories, and this national
database contains information on all deaths among Canadian residents that occur
in Canada as well as many states in the US (Statistics Canada, 2011). Underlying
causes of death between 1982 and 1999 were coded to the 9th revision of the ICD,
while those from 2000 onwards were coded to the 10th revision. Previous studies
have shown that less than 5% of deaths may be missed through record linkage to
the Canadian Mortality Database, and that the information extracted from the
Canadian Mortality Database allows for the underlying cause of death to be
identiﬁed with high sensitivity and speciﬁcity (Goldberg et al., 1993; Schnatter
et al., 1990).
We obtained ethical approval from the Research Ethics Boards of both Health
Canada and the University of Toronto. To comply with the requirements regarding
the release of Statistic’s Canada data, all presented counts have been rounded off to
the nearest ten.
2.2. Land-use regression models for nitrogen dioxide and volatile organic
compounds
A description of the methods used to create the surfaces of VOCs in Toronto has
been published (Su et al., 2010). Brieﬂy, VOCs were measured between July 25 and
August 9, 2006 at 50 locations that were chosen from among the 100 locations
previously used for NO2 using a location-allocation approach (Kanaroglou et al.,
2005). Of the 50 VOC sites, 8 were within 200 m of expressway, 30 within 200 m
of major road and 35 within 100 m of a residential area. TraceAir organic vapor
monitors were used to monitor ambient VOCs (K&M Environmental, Virginia Beach,
VA, USA). Two-sided samplers were deployed in pairs (yielding four observations
per site) at a height of 2.5 m. The deployment of samplers took less than 72 h, and
the samplers were removed 14 days after they were installed.
The land-use regression model was developed using the VOC measurements
against chosen spatial covariates. As the distribution of concentrations of VOCs was
skewed, logarithmic transformations were used to stabilize the variance of the
sample (Bland, 2000). However, the spatial surface used in this study was based on
the antilogarithm of these estimates. The same spatial covariates used to derive the
NO2 surface (described above) were used to create the spatial surfaces for the VOCs.
The land-use regression models were found to explain approximately 66e68% of the
variance in the spatial distribution of the VOCs.
For NO2, the land-use regression model was derived from two dense measurement campaigns that were completed in 2002 (Jerrett et al., 2007) and 2004 (Jerrett
et al., 2009). The samplers were set up at 100 locations and measures were obtained
over two campaigns (September 9e24, 2002 and May 11e26, 2004). Fifty monitors
were deployed at one set of locations for both sampling periods, while the locations
of the other 50 samplers were changed in the second round of monitoring. Ogawa
samplers were used to measure NO2, and these data were analyzed according to
manufacturer’s speciﬁcations. Analysis at co-located government monitoring sites
revealed that the two 2-week averages in the fall 2002 and spring 2004 from the
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saturation monitoring campaign provided an accurate reﬂection of both annual and
5-year mean concentrations. (Jerrett et al., 2007, 2009) Further analyses of the 50
sites that were co-located between the two rounds of monitoring indicated that the
spatial pattern appeared consistent over the two-year period, with correlations in
the 0.8 range for measured concentrations around the sites. Manual forwardselection regression procedures were used to select the best predictors of intraurban concentrations of NO2. Six types of spatial predictors were used including
highway and major road lengths and slope gradients, trafﬁc density, land use (e.g.,
commercial, industrial, residential, and open), physical characteristics (e.g., elevation, latitude, longitude and distance to coast), population density and remote
sensing derived indices of greenness and surface brightness. The R2 of the land-use
regression model for NO2 in Toronto was about 70%. We averaged the two exposure
surfaces derived from the different sampling campaigns because the observed
concentrations of NO2 were highly correlated (Pearson correlation coefﬁcient
(r) ¼ 0.8).
Herein, we estimate associations between cause-speciﬁc mortality and benzene,
n-hexane and total hydrocarbons. Total hydrocarbons include both reactive and
non-reactive hydrocarbons. The major non-reactive hydrocarbon in the atmosphere
is methane. The reactive hydrocarbons consist of many VOCs, some of which react
with oxides of nitrogen in the atmosphere to form ozone. They generally occur at
much lower concentrations than methane. In developing land-use regression
models of VOCs, Su et al. (2010) reported on additional analyses that showed that nhexane and total hydrocarbons were largely predicted by other land-use characteristics (e.g., industrial land use). In contrast, the land-use regression surfaces for
both benzene and NO2 were inﬂuenced to a much greater degree by expressway and
major roads at smaller buffer radii (350 m). Concentrations of these two pollutants
from expressway and major roadways were very high, but decreased with increasing
distance from the roads.
2.3. Statistical analysis
2.3.1. Assignment of exposure
Individual-level estimates of concentrations were obtained by linking the centroids of the areas deﬁned by each cohort member’s residential six-character postal
codes at baseline (in 1982) to the land-use regression surfaces. These postal codes
were extracted from the subject’ income tax ﬁlings. In Canadian urban areas, the sixcharacter postal codes represent the face of a city block or a large apartment
complex.
We used the Cox proportional hazards model to estimate adjusted rate ratios
(RR) and their 95% conﬁdence intervals (CI) for each of the pollutants. We modeled
NO2, and the three VOCs as continuous measures. We assessed non-linearity using
natural cubic spline functions with 2 df. To allow us to better contrast the associations observed with each pollutant, we expressed the rate ratio for each
exposure in relation to an increase in the interquartile range. The baseline hazard
was stratiﬁed by single-year of age, and survival time was deﬁned from the date of
entry until the earliest of (i) date of death or (ii) December 31, 2004. Those for
whom a match on the mortality linkage was not found were assumed to be alive at
the end of follow-up.
We adjusted the rate ratios for individual-level measures of household income
and marital status that were extracted from their 1982 income tax return. In addition, contextual measures of unemployment, average household income, and
immigration were obtained from the 1981 Canadian Census. These contextual variables were based on census-enumeration areas that are small, relatively homogeneous geographic units that are composed of one or more blocks (400e
700 persons).
As long-term exposure to NO2 has frequently been reported to be associated
with several health outcomes, we also ﬁtted a series of two-pollutant models to
evaluate the extent to which concentrations of VOCs altered or were effect modiﬁers
of the NO2 associations. We also explored how associations between the VOCs and
mortality changed when all VOCs and NO2 were simultaneously included in models.
Lastly, we repeated analysis to derive risk estimates for the ﬁrst 5 and 10 years of
follow-up so as to evaluate the possible impact that residential mobility had on the
strength of the associations.
Our cohort lacked individual-level information about smoking behaviors, and
obesity. To evaluate the potential for uncontrolled confounding from these two risk
factors to bias our air pollution risk estimate, we developed an indirect method of
adjustment. This method was applied to take into account the spatial association
between smoking, body mass index and PM2.5. A description of this method is
provided in (Villeneuve et al., 2011) and an extension of this method that we used
here is described in Appendix I, which is based on the theory of partitioned
regression (Ruud, 2000). Ancillary individual-level data on smoking and obesity
and their relationship to concentrations of VOCs and NO2 were obtained from
Toronto participants, 35 years of age and older, of the 2001 Canadian Community
Health Survey (Statistics Canada, 2005). This information along with estimates of
the hazard rations between smoking status (Malarcher et al., 2000; Pope et al.,
2004) and obesity (Whitlock et al., 2009) for each cause of death, were used to
estimate the impact of uncontrolled confounding from these two risk factors on our
measures of associations between each of the VOCs and NO2 and mortality
outcomes.

3. Results
The study population, by design, included approximately the
same number of men and women (Table 1). Two-thirds were
married at the time of enrolment, and the mean age at entry was
51.7 years (range 35e85). Our record linkage identiﬁed approximately 18,020 deaths during the follow-up interval and as
expected, nearly a third of these were from cardiovascular disease
(n ¼ 6060) and from cancer (5970) (Table 2). The partial correlation coefﬁcients of the terms included in the LURs models for
NO2 benzene, total hydrocarbons, and n-hexane are provided in
Table 3. The largest coefﬁcient denotes the most dominant term in
the model. For NO2 it was expressways; for benzene it was industrial area; for n-hexane it was the number of chimneys; and

Table 1
Characteristics of Toronto residents in the Ontario Tax Cohort, 1982e2004.

Men
Women
Age-group
35e<45
45e<60
60e<75
75e<85
Marital status
Married
Widowed
Divorced
Separated
Single
Unknown
Family income
<10,000
10,000e<30,000
30,000e<50,000
50,000e<70,000
70,000e90,000
90,000

Numbera

Percentage

29,600
29,150

50.4
49.6

18,730
24,500
12,920
2620

31.9
41.7
22.0
4.4

39,190
4650
3050
2780
6060
3020

66.7%
7.9%
5.2%
4.7%
10.3%
5.1%

6220
20,400
17,860
7700
2900
3700

10.6
34.7
30.7
13.1
4.8
6.4

Neighborhood-level risk factors from 1981 Canadian Censusb
Percentage of immigrants (S.D.)c
39.8 (13.3)
Percentage with education less
44.4% (15.8%)
than high school (S.D.)
Mean Unemployment (S.D.)
4.0% (3.0)
Mean Average household income
14,464 (5303)
in CAN $ (S.D.)
S.D. ¼ Standard deviation.
a
Rounded to the nearest 10 individuals for conﬁdentiality reasons.
b
The cohort was restricted to those 35 years of age and older who completed an
income tax return in 1982, in contrast, the census included all households including
a portion of individuals with low income who did not ﬁle taxes; these reasons
contribute to the observed differences in household income.
c
Immigrant population (or foreign born population) is deﬁned as those who are,
or who have been landed immigrants in Canada.

Table 2
Number of deaths among Toronto residents of the Ontario Tax Cohort, 1982e2004.
Underlying cause of death

ICD-9a

ICD-10b

Number of
deaths

Non-accidental
Cardiovascular
Cancer
Lung cancer
Respiratory disease

<800
400e440
140e239
162
460e519

<V01
I10-I70
C01-C097
C33-C34
J00-J99

18,020
6060
5970
1470
1410

a
ICD-9: International Classiﬁcation of Diseases 9th Revision was used to determine underlying cause of death between 1982 and 1999.
b
ICD-10: International Classiﬁcation of Diseases 10th Revision was used to
determine underlying cause of death between 2000 and 2004.
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Table 3
Partial correlation coefﬁcients for the predictors included in the NO2, benzene, total hydrocarbon and n-hexane land use regression surfaces, Toronto.
Model predictor

Land use

a

Expressway (m)
Major road (m)
Local road (m)
Rail (m)

0.674 (350)
0.364 (50)

Commercial (ha)
Industrial (ha)
Number of chimneys
Open (ha)

0.579 (3000)

n-Hexane

Total hydrocarbons

0.292 (100)
0.479 (50)
0.412 (50)

0.318 (1100)

Population density (number per ha)
Soil brightness index
X coordinate
a

Benzene

NO2

Road network

0.356 (2900)
0.515 (1200)

0.402 (100)
0.648 (2050)
0.493 (50)
0.341 (1150)
0.563 (1650)

0.497 (3000)
0.591

0.603
0.601
0.338
0.327

(100)
(1850)
(50)
(1200)

0.328 (1650)

( )’s represent buffer distances in meters that were used to create the LURs.

for THC it was industrial and chimney counts. Table 4 shows the
distributions of concentrations of the three VOCs and NO2. The
greatest range in concentrations was observed for total hydrocarbons. As anticipated, NO2 and n-hexane and benzene had
correlation coefﬁcients above 0.5 and the correlation between
NO2 and hydrocarbons was about 0.3 (Table 5), and the spatial
variability of the benzene, n-hexane, and total hydrocarbons in
Toronto is presented in Fig. 1. The corresponding surfaces for NO2
are provided in Fig. 2.
Positive associations between all three VOCs were found for
each cause of death examined (Table 6). The rate ratios for nonaccidental mortality in relation to an interquartile range increase
in benzene, n-hexane and total hydrocarbons were 1.05 (95%
CI ¼ 1.03, 1.08), 1.04 (95% CI ¼ 1.02, 1.06), and 1.03 (95% CI ¼ 1.01,
1.05). The addition of ambient concentrations of land use regression
estimates of NO2 decreased these rate ratios to 1.04, 1.03, and 1.02,
respectively. We provided exposureeresponse plots for benzene in
Fig. 3. For cancer and non-accidental mortality these plots were
consistent with a linear relationship with benzene. Indirect
adjustment for the joint effects of smoking and body mass index
attenuated these associations slightly to 1.03, 1.02, and 1.01,
respectively.
Table 7 shows the rate ratios in relation to the period of followup (5 years, 10 years, entire period). On average, stronger associations were observed when the follow-up interval was limited to the
ﬁrst 5 years of follow-up. In this follow-up interval, the strongest
association was observed between benzene and lung cancer as the
rate ratio in relation to an interquartile range increase in benzene
was 1.26 (95% CI ¼ 0.98, 1.61) for the ﬁrst 5 years, which dropped to
1.09 (95% CI ¼ 0.94, 1.28) when follow-up was extended to 10 years.
Despite the large differences in these rate ratios, the conﬁdence
intervals were quite broad and overlapping, and this was due
mostly to the small number of deaths in the ﬁrst ﬁve years of follow-up.

Table 4
Descriptive statistics for air pollutants based on land-use regression surfaces among
Toronto residents of the Ontario Tax Cohort.
Pollutants

Units

Mean (Standard
deviation)

IQR

Median

Range

NO2
Benzene
n-Hexane
Total
hydrocarbons

ppb
mg/m3
mg/m3
mg/m3

28.93
0.64
2.30
28.83

5.92
0.13
1.20
9.02

26.54
0.62
1.91
26.54

13.59e60.60
0.47e1.17
0.24e11.22
5.83e98.90

(6.34)
(0.10)
(1.27)
(8.18)

Fig. 4 shows the impact that each of the VOCs had on the associations between NO2 and each cause of death. Ambient concentrations of NO2 were associated with non-accidental mortality,
respiratory mortality, and cardiovascular mortality but not with all
cancers combined or with lung cancer. The addition of any of the
three VOCs, on their own, to the models that already included NO2
did not fundamentally alter the elevated rate ratios for NO2 that
were observed for non-accidental and cardiovascular mortality. In
contrast, in multi-pollutant models that contained all four pollutants the effects of NO2 were diminished (Table S1), which is
a reﬂection of the high degree of correlation amongst the four
pollutants.
To assess the possibility that uncontrolled confounding from
cigarette smoking or obesity may have confounded our associations, we compared mean concentrations of the VOCs across
these risk factors among 937 participants of the 2001 Canadian
Community Health Survey who lived in Toronto and who were
over 35 years of age. We found little difference in the mean
concentrations of the VOCs across smoking status categories.
Speciﬁcally, the mean benzene levels among current, former, and
never smokers were 0.66, 0.65, and 0.64 ppb, respectively. Similar
mean concentrations were also noted across the categories of
smoking status for n-hexane, and total hydrocarbons, and the
means were similar across body mass index categories [data not
shown].
4. Discussion
In this cohort of adults living in Toronto, an increase in the
interquartile range of ambient concentrations of VOCs was associated with approximately 3%e8% increased mortality rate. There
was no evidence of effect modiﬁcation between NO2 and any VOC
for any cause of death, and our previously reported association
between NO2 and cardiovascular disease (Chen et al., 2013) was
not confounded by any of the VOCs. While benzene and total

Table 5
Pearson correlation coefﬁcients between concentrations of select volatile organic
compounds and nitrogen dioxide, among Toronto residents in the Ontario Tax
Cohort.

Benzene
Hydrocarbons
n-Hexane

NO2

Benzene

Hydrocarbons

0.57
0.29
0.50

0.58
0.58

0.55

Fig. 1. Land-use regression surfaces for total hydrocarbon, benzene, and n-hexane concentrations, Toronto, Canada.

Fig. 2. Land-use regression surfaces for NO2, Toronto, 2002 and 2004
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Table 6
Adjusted rate ratios (RR) and associated 95% conﬁdence intervals (CI) of cause-speciﬁc mortality in relation to an increase in the interquartile range of selected volatile organic
compounds, with and without adjustment for NO2, Toronto residents of the Ontario Tax Cohort, 1982e2004.
Cause of death

Benzene
Non-accidental causes
Cardiovascular disease
Non-malignant respiratory disease
Cancer
Lung cancer
n-Hexane
Non-accidental causes
Cardiovascular disease
Non-malignant respiratory disease
Cancer
Lung cancer
Total hydrocarbons
Non-accidental causes
Cardiovascular disease
Non-malignant respiratory disease
Cancer
Lung cancer

IQR (mg/m3)

Adjusted RR

Adjusted RR þ NO2

Adjusted
RR þ NO2 þ indirect
adjustment

RR (1)

95% C.I.

RR (2)

95% C.I.

RR (3)

95% C.I.

0.13

1.05
1.03
1.07
1.05
1.06

1.03e1.08
0.99e1.07
0.98e1.16
1.01e1.10
0.97e1.14

1.04
1.02
1.03
1.06
1.07

1.01e1.07
0.97e1.06
0.94e1.13
1.02e1.11
0.98e1.18

1.03
1.03
1.04
1.04
1.05

1.01e1.06
0.98e1.07
1.00e1.09
0.99e1.09
0.96e1.14

1.20

1.04
1.03
1.07
1.03
1.03

1.02e1.06
1.00e1.06
1.01e1.14
1.00e1.05
0.97e1.08

1.03
1.02
1.05
1.03
1.05

1.01e1.05
0.98e1.05
0.98e1.12
1.00e1.07
0.98e1.11

1.02
1.00
1.05
1.01
1.03

1.00e1.04
0.97e1.03
0.99e1.11
0.97e1.05
0.97e1.10

9.02

1.03
1.00
1.04
1.05
1.05

1.01e1.05
0.97e1.04
0.97e1.10
1.02e1.09
0.99e1.11

1.02
1.00
1.02
1.06
1.05

1.00e1.04
0.97e1.03
0.96e1.09
1.02e1.09
0.99e1.12

1.01
0.98
1.01
1.03
1.04

0.99e1.03
0.94e1.01
0.95e1.07
1.00e1.06
0.98e1.10

IQR, Interquartile range; RR, rate ratio.
RR(1): adjusted for single-year age, sex, family income, marital status, and census area measures of income, immigration, and unemployment; RR(2): adjusted for all the terms
in (1) and land-use regression estimates of NO2; RR(3) adjusted for all the terms in (1), land-use regression estimates of NO2, and indirect adjustment for smoking and body
mass index.

hydrocarbons were associated with an increased risk of cancer, NO2
was not. Given that the highest partial correlation coefﬁcients for
the NO2 surface were observed with roadways measures while for
benzene and total hydrocarbons they were from industrial and
chimney sources, this suggests that non-trafﬁc sources of VOCs
contribute to the positive associations that were observed with
cancer. By the same reasoning, this also suggests that increases in

trafﬁc-related pollution contributed to increased cardiovascular
mortality. Benzene is a recognized carcinogen that has been consistently associated with an increased incidence of leukemia in
many occupational studies (Galbraith et al., 2010), and recently,
reports have suggested links between ambient benzene concentrations and childhood leukemia (Steffen et al., 2004; Vinceti et al.,
2012). Unfortunately, we did not have a sufﬁcient number of cases

Fig. 3. Exposure response functions between benzene and different causes of deaths.
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Table 7
Adjusted rate ratiosa (RR) and associated 95% conﬁdence intervals (CI) of cause-speciﬁc mortality in relation to an increase in the interquartile range of selected volatile organic
compounds by follow-up period, Toronto residents of the Ontario Tax Cohort, 1982e2004.
IQR (mg/m3)

Cause of death

Benzene
Non-accidental causes
Cardiovascular disease
Non-malignant respiratory disease
Cancer
Lung cancer
n-Hexane
Non-accidental causes
Cardiovascular disease
Non-malignant respiratory disease
Cancer
Lung cancer
Total hydrocarbons
Non-accidental causes
Cardiovascular disease
Non-malignant respiratory disease
Cancer
Lung cancer

First 5 years of follow-up

First 10 years of follow-up

Follow from 1982 to 2004

Deaths

RR

95% C.I.

Deaths

RR

95% C.I.

Deaths

RR

95% C.I.

0.13

2099
814
768
176
142

1.09
1.11
1.10
1.07
1.26

1.01e1.18
0.99e1.26
0.82e1.48
0.95e1.22
0.98e1.61

5534
2045
2007
493
363

1.05
1.04
1.08
1.06
1.09

1.00e1.10
0.97e1.13
0.90e1.31
0.98e1.15
0.94e1.28

18,020
6020
1410
5970
1410

1.04
1.02
1.03
1.06
1.07

1.01e1.07
0.97e1.06
0.94e1.13
1.02e1.11
0.98e1.18

1.20

2099
814
768
176
142

1.06
0.97
1.06
1.08
1.09

1.00e1.12
0.88e1.07
0.86e1.31
0.98e1.16
0.92e1.26

2099
814
768
176
142

1.04
1.00
1.07
1.05
1.06

1.01e1.07
0.95e1.06
0.94e1.22
0.99e1.06
0.95e1.18

18,020
6020
1410
5970
1410

1.03
1.02
1.05
1.03
1.05

1.01e1.05
0.98e1.05
0.98e1.12
1.00e1.07
0.98e1.11

9.02

2099
814
768
176
142

1.06
1.02
0.96
1.06
1.01

1.00e1.12
0.94e1.12
0.77e1.20
0.98e1.16
0.84e1.21

2099
814
768
176
142

1.02
1.00
1.06
1.04
1.01

0.99e1.06
0.95e1.06
0.93e1.21
0.99e1.10
0.91e1.13

18,020
6020
1410
5970
1410

1.02
1.00
1.02
1.06
1.05

1.00e1.04
0.97e1.03
0.96e1.09
1.02e1.09
0.99e1.05

a
All presented rate ratios were adjusted for single-year age, sex, family income, marital status, and census area measures of income, immigration, unemployment, and landuse regression estimate of NO2.

to analyze leukemia. Evidence has been accumulating that benzene
may also increase the risk of lung cancer. For example, an exposureresponse pattern between benzene soluble materials and the risk of
lung cancer that was independent of smoking was observed in
a cohort of aluminum reduction plant workers (Spinelli et al.,
2006). Elsewhere, two papers from a cohort of Chinese workers
exposed to benzene found a 2.3 fold increased risk of lung cancer
among non-smokers relative to an unexposed control cohort (Yin
et al., 1989), while the second study reported a 40% increased risk
of developing lung cancer relative to unexposed workers (Yin et al.,
1996). In a cohort study of 70,000 US male veterans, ambient pollution was found to increase the risk of overall mortality by up to

10%, with some of the strongest associations observed with
benzene.
We assigned concentrations of ambient pollution to residential
addresses based on measures obtained from sampling campaigns
that were done after the follow-up of the cohort had ended.
Therefore, our associations are based on the assumption that the
spatial variability in exposures in the mid 2000s was representative of intra-urban differences in VOC concentrations during
follow-up. To evaluate changes in the spatial variability of NO2 in
Toronto over time, we back-extrapolated the land use regression
models to each year between 1982 and 2002 using previously
developed methods (Chen et al., 2010). We then estimated the

1.3
1.25
1.2

Adjusted Rate Ratio and 95% C.I.

Non-accidental

Cardiovascular

Cancer

Lung cancer

Respiratory

1.15
1.1
1.05
1
0.95
0.9
0.85
(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

(a)

(b)

(c)

(d)

Fig. 4. Adjusted rate ratios of cause-speciﬁc mortality in relation to an increase in the interquartile range of NO2 (5.9 ppb) with adjustment for each of the other volatile organic
compounds, Toronto residents of the Ontario Tax Cohort, 1982e2004.
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pairwise correlations between the historically extrapolated estimates of NO2 and those from the original land use regression
models that were developed for 2002 and 2004 at 5000 random
sites in Toronto. The Pearson correlation coefﬁcients were fairly
stable over time (varied from 0.85 to 0.95, depending on the year),
suggesting that variability in the concentrations of NO2 in Toronto
was primarily spatial, and not temporal, in nature (Chen et al.,
2013). Unfortunately, historical ﬁxed-site monitoring data for
ambient VOCs in Toronto were lacking and we could not directly
evaluate spatial changes in their concentrations over time using
this approach. However, published VOC data for a nearby city
(Windsor, Ontario), suggests that the rank ordering of high to low
concentrations remained consistent over a three-year interval
(Miller et al., 2012).
It is likely there would be some exposure misclassiﬁcation
introduced by relying on exposure assignment to the place of residence at time of entry given the lengthy follow-up interval and
that a portion of the cohort would have moved. Under a classical
error model assumption, this would introduce non-differential
exposure measurement error that would serve to understate any
true association. Our sensitivity analysis by restricting follow-up to
the ﬁrst 5 and 10 years suggested this was indeed the case. While
these estimates from this restricted time interval had slightly
poorer precision, they were slightly higher especially for the benzene and lung cancer association than those derived from the entire
follow-up period.
We did not adjust our tests of signiﬁcance for multiple comparisons, as this approach has been criticized for creating more
problems than intended to solve (Goldberg and Silbergeld, 2011).
The two-pollutant models that were ﬁt to explore whether NO2
associations were altered with the addition of VOC exposure
revealed that there was little attenuation of the NO2 effects for
cardiovascular and non-accidental mortality. Our results from
modeling all pollutants simultaneously are more difﬁcult to interpret due to a high degree of correlations amongst them. As noted by
others (Goldberg, 2007; Mauderly et al., 2010), under such a scenario, it becomes difﬁcult to interpret the independent effects of
the pollutants given their interrelationships, the inﬂuence of
meteorology, and the fact that many of the pollutants are derived
from common sources. As there are few published studies of health
outcomes that have NO2 and VOC data, further research is needed
to conﬁrm our ﬁndings.
Although we had individual-level risk factor sociodemographic
information (income and marital status) as well as neighborhood
level measures from the Canadian census, an important limitation
of our study was the lack of individual-level data for risk factors
such as smoking and body mass index. Despite this, uncontrolled
confounding appears unlikely to change our key ﬁndings. A
necessary condition for confounding to occur is that the confounder
is associated with both the health outcome and exposure of interest. Our analyses of individual-level data from those who participated in the Canadian Community Health Survey (a separate study
population) revealed little difference in VOC concentrations across
categories of smoking status or body mass index. In addition, we
applied an indirect adjustment method to jointly account for body
mass index, and smoking status and the risk estimates changed
only slightly. Other studies in Toronto that used this same NO2
surface in a separate cohort of susceptible subjects attending
a respiratory clinic in Toronto also reported signiﬁcant associations
between pollution and mortality (Jerrett et al., 2009) and ischemic
heart disease (Beckerman et al., 2012) even after controlling
directly for smoking status.
This study adds to the growing literature that suggests: (i)
long-term exposure to ambient air pollution contributes to
increased mortality risks, (ii) intra-urban variation in exposures
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are important, and (iii) ambient VOC concentrations may be relevant for cancer outcomes. Our exploratory multi-pollutant
modeling implicated benzene rather than nitrogen dioxide as
the pollutant that may be responsible for the increase in cancerrelated mortality, whereas the opposite held true for cardiovascular disease mortality. Like other observational epidemiological studies of long-term exposure to ambient pollution some
exposure misclassiﬁcation is inevitable and the possibility remains
that there is some residual confounding from the effects of other
risk factors. For these reasons, and because few studies have
evaluated associations between VOCs and mortality, further work
is needed so we can better understand the sources of harmful
ambient pollution concentrations.
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Appendix I
Indirect adjustment method
The relationship between predictors of mortality available in the
cohort (i.e., air pollution, marital status, income) and survival was
examined using the Cox Proportional Hazards regression model
which has the form:
ðsÞ

hðsÞ ðtÞ ¼ h0 ðtÞexpfg0 xg
where h(s)(t) is the probability of the occurrence of death at time t
for a subject in strata s, g is an unknown parameter vector relating
ðsÞ
the vector of covariates x to the hazard function with h0 ðtÞ the
baseline hazard function deﬁned as the hazard when x ¼ 0. Strata
were deﬁned by single-year age and sex groupings.
Let the vector of L estimates of the regression parameters be
b from the Cox regression model. We wish to indirectly
denoted by g
adjust these parameter estimates for a set of R missing risk factors,
~ be a n  R design
such as cigarette smoking status and obesity. Let U
matrix of the R risk factors for n subjects from the Canadian Community Health Survey (CCHS) representing indicator functions of
~
cigarette smoking and categories of body mass index. Further let X
be a n  L design matrix of the L risk factors that are available in the
Ontario Tax Cohort dataset with values obtained from the CCHS. We
~ to include a vector of 1s to represent the baseline hazard
augment X
function and additional indicator variables representing the agesex strata.
b, is given by
The indirectly adjusted parameter vector b

 0 1 0
b
e~
~X
~
~U
~~
b X
b D
b ¼ g
lh g
l;
X

(A1)

l is a R  1 vector of the regression parameter estimates of
where ~
the R risk factors on the response obtained from the literature. We
note that the indirect adjustment for the lth regression parameter,
~ is given by
corresponding to air pollution for example, b
l
e ~
e
e
bl  D
b~l ¼ g
ðlÞ l, where DðlÞ is the lth row of D. Then the variance of
b~l is given by
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  0

0
~
~ ¼ var g
e Cov ~
e þ~
e
bl þ D
l D
l Cov D
var b
l
ðlÞ
ðlÞ l
ðlÞ

who completed the 2001 CCHS. The six-digit postal code represents
a block face in cities but can represent a much large area in rural
settings.
~ data from the CCHS for the
We included in the design matrix X,
same variables and category deﬁnitions as in the survival model
applied to the cohort of Toronto residents. These variables consisted of: age, sex, marital status, household income.

b l Þ obtained directly from the primary dataset analysis
with varð g
lÞ is obtained from the literature and
model. Here Covð~


 0 1

e
~X
~
~
¼ X
Cov D
*S
ðlÞ
ðl;lÞ

Table S1
Adjusted rate ratios per interquartile increase in VOCs and NO2 with all terms included simultaneously in the model, Toronto residents of the Ontario Tax Cohort
Underlying cause of death

Total hydrocarbons

n-Hexane

Benzene

NO2

Non-accidental
Cardiovascular
Cancer
Lung cancer
Non-malignant respiratory

1.01
0.99
1.04
1.03
1.00

1.02
1.02
1.01
1.02
1.05

1.03 (1.00e1.06)
1.02 (0.97e1.07)
1.03 (0.98e1.08)
1.04 (0.94e1.15)
1.01 (0.91e1.12)

1.01
1.02
0.98
0.96
1.04

(0.98e1.03)
(0.95e1.02)
(1.01e1.08)
(0.96e1.11)
(0.93e1.08)

(1.00e1.04)
(0.98e1.06)
(0.97e1.05)
(0.96e1.10)
(0.98e1.13)

(0.99e1.04)
(0.98e1.05)
(0.95e1.02)
(0.89e1.03)
(0.97e1.12)

*All presented rate ratios were adjusted for single-year age, sex, family income, marital status, and census area measures of income, immigration, and unemployment.
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where

 0 1 0 

~ X
~X
~
~ U=n
~
~ 0 In  X
~ ¼ U
X
S
~ 0 XÞ
~ 0 XÞ
~ 1 is the lth diagonal element of ðX
~ 1 and In an
with ðX
ðl;lÞ
identity matrix of order n.
The indirect adjustment Equation (A1) can be written in terms
of hazard ratios. Denote the hazard ratio for the lth indirectly
b g, the unadjusted hazard ratio
¼ expf b
adjusted variable by HRadj
l
l
unadj
b l g, and the hazard ratio of the rth missing co¼ expf g
by HRl
lr g. Then we have
variate by HRr ¼ expf~
unadj

HRadj
¼
l

HRl

e
Dðl;rÞ
r¼1 HRr

QR

;

e
e
where D
ðl;rÞ is the (l,r) element of D representing the linear association between the lth indirectly adjusted variable and the rth
adjusting variable. The amount of adjustment is dependent on the
magnitude of both the hazard ratios of the adjusting variables and
the relationship between the adjusted and adjusting variables.
We simultaneously indirectly adjusted the regression coefﬁcient
for air pollution for two missing covariates by characterizing cigarette smoking habits using two binary variables: former versus
never cigarette smoker and current versus never smoker. We
modeled the effects of obesity on cause-speciﬁc mortality with
body mass index (kg/m2) by using four binary variables describing
ranges: 25e30, 30e35, 35e40, and >40 compared to <25. We
obtained hazard ratio estimates for current versus never smokers,
and former versus never smokers based on the American Cancer
Society Cancer Prevention II (ACS CPS II) cohort (Malarcher et al.,
2000; Pope et al., 2004). We also obtained an estimate of the
hazard ratio of mortality, for each cause of death, associated with
body mass index (Whitlock et al., 2009). The hazard ratio per 5 kg/
m2 increase in body mass index above 25 kg/m2 was 1.39 (95%CI:
1.34e1.44). We then calculated the hazard ratio based on the difference between the group mean body mass index and 25 kg/m2.
The association between the variables in the survival model and
the six indirect adjustment variables was also required. This relationship was estimated using CCHS (Statistics Canada, 2005), a biannual population based cross-sectional survey of Canadians that
started in 2001. We assigned the concentrations of the three VOCs
and NO2 to the centroid of the home address of the six-character
postal code of all subjects 35 years old who lived in Toronto and
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Association between Exposure to Alkylbenzenes
and Cardiovascular Disease among
National Health and Nutrition Examination Survey
(NHANES) Participants
XIAOHUI XU, NATALIE C. FREEMAN, AMY B. DAILEY, VITO A. ILACQUA,
GREG D. KEARNEY, EVELYN O. TALBOTT
Numerous studies have demonstrated that air pollution
is associated with an increased risk of mortality and
morbidity due to cardiovascular disease (CVD). Alkylbenzenes are ubiquitous in outdoor and indoor air
environments. Yet few studies have evaluated the potential links between exposures to alkylbenzenes and CVD
independent of tobacco smoking. In this study, we used
the 1999-2004 National Health and Nutrition Examination Survey (NHANES) to examine the relationship
between alkylbenzenes (toluene, styrene, ethylbenzene, and the xylenes) and CVD prevalence. All five
alkylbenzenes suggested linear trends. Subjects in
higher exposure categories of blood alkylbenzenes had
higher prevalence of CVD, as compared to subjects in
the reference group, of below the limit of detection
(LOD) and less than the 50th percentile in the case of
toluene and styrene. For the remainder of the alkylbenzes, similar statistically significant associations were
observed. Further studies are needed to explore associations between these highly prevalent pollutants and
CVD. Key words: cardiovascular disease, NHANES, alkylbenzenes, volatile organic compounds (VOC)
I N T J O C C U P E N V I R O N H E A LT H 2 0 0 9 ; 1 5 : 3 8 5 – 3 9 1

INTRODUCTION
Alkylbenzenes are a class of aromatic hydrocarbons
with various alkyl groups attached to the benzene ring.
Toluene, styrene, ethylbenzene, and the xylenes—all
alkylbenzenes—are among the most prevalent contaminants in the environment.1 These chemicals are used
extensively as solvents, thinners, and as raw materials in
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the synthesis of a variety of other substances such as
benzene. Toluene and xylenes are also commonly
found in a variety of consumer products, especially
paints, automotive-related goods, and adhesives;2 they
are among the most widely used indoor volatile organic
compounds (VOC) across a range of climates and
building types.3 Considerable quantities of alkylbenzenes have been released into the environment each
year through solvent and fuel evaporation, accidental
spills, and misuse.4 All environmental media have been
contaminated with these chemicals through their use
as solvents, primarily in industrial applications. However, alkylbenzenes have been recognized primarily as
atmospheric pollutants because they can be released
into the air as byproducts from a variety of combustion
sources, including automobile exhaust, emission from
hazardous waste sites, and coal burning.
Epidemiological studies have consistently shown
that exposure to air pollution is associated with an
increased risk of mortality or morbidity due to cardiovascular diseases (CVD).5–7 Automobile vehicle emissions are one of major sources of ambient air pollution
in the modern world. Traffic-related pollution has also
been linked with cardiovascular health effects.8 Moreover, as vehicle emissions have been found to have high
concentrations of alkylbenzenes, they may play an
important role in the development of CVD.9 The possible direct role of exposure to organic solvents (such as
alkylbenzenes) in CVD etiology has been identified as
an area in need of critical epidemiological research.10
However, few studies have been able to examine the
potential relationships between these chemicals and
risk of CVD due to lack of data, high costs associated
with personal exposure assessment of the specific
chemicals, and the large sample size required to have
adequate power to test these associations. Measurements of these chemicals in blood reflects individuallevel recent exposure, and perhaps chronic exposure,
to these compounds, providing an overall measurement of chemical exposures from all sources and an
accurate measurement of internal dose.11,12 Exposure
to alkylbenzenes, including toluene, styrene, ethylbenzene, and the xylenes, was measured using blood samples in a subpopulation of the National Health and
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Nutrition Examination Survey (NHANES). In addition
to these alkylbenzene exposure measures, detailed
information on blood cotinine levels and CVD risk factors were available, providing for the first time a unique
opportunity to examine these associations in a largescale population-based sample.

METHODS
Study Population
Alkylbenzenes, including toluene, styrene, ethylbenzene, and the xylenes, were measured in a subset of
participants of 20–59 years of age in the NHANES data
cycles 1999-2000, 2001–2002, and 2003–2004 (n =
3789). For the NHANES 1999–2000 data cycle, 25% of
persons aged 20–59 years of age were chosen for a subsample in 1999 and 33% of that subsample was tested
for blood alkylbenzenes in 2000 (n = 851). For
NHANES 2001–2002, data were available on 33% of
participants aged 20–59 years (n = 1449). For NHANES
2003–2004, data were available on 50% of participants
aged 20–59 (n = 1489). Each subsample was representative of the total population in each NHANES data
cycle and the appropriate weight was calculated for the
subsample after considering the additional stage of
sampling, the unequal probability of selection, and the
non-response rate.13 After excluding the records of
non-respondents (n = 381), the sample size was 3408, a
response rate of 89.9%. The final sample size also
varied due to the missing values of the dependent variable, exposures, or covariates.

phy and benchtop quadrupole mass spectrometer. This
method can minimize the interference and chemical
noise associated with whole-blood samples; the limit of
detection (LOD) is below 50 ppt (pg/ml) for most of
tested chemicals.14 For results below the LOD, the CDC
imputed the value for the chemical as the LOD for that
specific compound divided by the square root of 2.15
Quality control procedures follow the standard practices, which was described in the CDC’s laboratory procedure manual for VOCs.15 For each alkylbenzene, participants whose level of blood alkylbenzene was above
the LOD were categorized by the cutoff points of 50th
and 85th percentiles of detectable values and subjects
with the value below the LOD and less than the 50th
percentile were regarded as the reference group.

Covariates
Some important covariates related to the development
of CVD were selected and controlled for while evaluating the associations between exposure to alkylbenzenes
and CVD. Covariates from the household interview
included age (20–39/40–59), gender, race/ethnicity
(non-Hispanic white, non-Hispanic black, and others),
poverty income ratio (< 1.0, 1.0–2.0, or > 2.0), serum
cotinine (continuous), alcohol consumption (yes/no),
and hypertension status (yes/no). Other covariates
from physical examinations or laboratory tests such as
body mass index (BMI: < 25.0, 25–29, or ≥ 30), total cholesterol (continuous), and HDL (high-density lipoprotein)-cholesterol (continuous) were also selected.

Statistical Analysis
Dependent Variable
The primary dependent variable was a binary selfreported variable: physician-diagnosed CVD (yes/no).
The participant was considered as a prevalent CVD case
if she/he answered “yes” to any following questions:
• “Has a doctor or other health professional ever told
you that you had congestive heart failure?”
• “Has a doctor or other health professional ever told
you that you had coronary heart disease?”
• “Has a doctor or other health professional ever told
you that you had angina/angina pectoris?”
• “Has a doctor or other health professional ever told
you that you had heart attack?”
• “Has a doctor or other health professional ever told
you that you had a stroke?”

Alkylbenzene Exposure
Exposure to toluene, styrene, ethylbenzene, and the
xylenes was measured by blood sample. All individual
chemicals were measured by headspace solid-phase
microextraction in conjunction with gas chromatogra-

386

•

Xu et al.

All statistical analyses were performed using SAS 9.1
software (SAS Institute Inc, Cary, NC) survey procedures, which account for the complex sampling design
used in NHANES. The sample weights, stratification,
and clustering design variables were incorporated into
all SAS survey procedures to ensure the correct estimation of sampling error. A six-year subsample weight was
calculated for the combined 1999 to 2004 data by following the NHANES analytic and reporting guidelines:
we assigned one-third of the two-year VOC subsample
weight (WTSVOC2Y) for 2003 to 2004, if a participant
was sampled in 2003 to 2004, and merged it with twothirds of the 1999 to 2002 four-year VOC subsample
weight (WTSVOC4Y) for those sampled in 1999 to
2002.16 This calculated weight was used to analyze the
merged six-year data of NHANES 1999–2004.
Spearman rank correlation coefficients between
individual chemicals were calculated. Descriptive statistics, including two-sided Student t-tests and Wald chisquare analyses, were also performed where appropriate. Moreover, logistic regression models were used to
evaluate the associations between exposure to alkylbenzenes and CVD. Unadjusted associations between
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TABLE 1 Distribution of Demographic Factors and Selected Categorical Covariates by Status of Self-reported CVD
among US Adults Aged 20–59 Years, 1999–2004 NHANES Survey

Characteristics (95% CI)
Age (%)
20–39 years
40–59 years

CVD
_____________________________________________________________________
Yes
No
________________________________
________________________________
n
Percent %
n
Percent %

p-value

19
117

16.21 (7.24–25.19)
83.78 (74.81–92.76)

1,847
1,415

52.53 (50.12–54.94)
47.47 (45.06–49.88)

< 0.001

Race (%)
Non-Hispanic White
Non-Hispanic Black
Others

75
35
26

73.28 (63.80–82.76)
17.36 (8.44–26.29)
9.35 (3.92–14.79)

1,571
674
1,020

70.52 (67.28–73.77)
11.52 (9.25–13.78)
17.96 (14.87–21.04)

0.01

Gender (%)
Male
Female

69
67

58.40 (50.29–66.50)
41.60 (33.49–49.71)

1,538
1,727

48.78 (46.93–50.63)
51.22 (49.36–53.07)

0.04

Poverty income ratio (%)
< 1.0
1.0–2.0
> 2.0

36
31
63

22.68 (15.74–29.62)
19.10 (11.92–26.28)
58.22 (47.63–68.81)

548
741
1,752

12.73 (10.91–14.56)
19.38 (17.32–21.44)
67.89 (64.87–70.91)

0.02

Smoking (%)
Never
Former
Current

51
37
48

35.72 (26.72–44.73)
29.94 (20.37–39.51)
34.33 (26.67–42.00)

1,762
633
867

51.07 (48.39–53.75)
21.34 (19.37–23.30)
27.59 (25.11–30.08)

0.02

Hypertension (%)
Yes
No

80
56

54.22 (43.44–65.01)
45.78 (34.99–56.56)

601
2,617

18.28 (16.75–19.80)
81.72 (80.19–83.25)

< 0.001

Body mass index (%)
< 25.0
25–29
≥ 30

22
43
71

14.82 (8.46–21.18)
36.04 (27.48–44.60)
49.14 (39.34–58.94)

1,163
1,067
1,032

38.93 (36.83–41.03)
31.73 (29.92–33.53)
29.34 (27.18–31.50)

< 0.0001

Alcohol consumption (%)
Yes
No

87
41

70.91 (63.15–78.68)
29.09 (21.32–36.85)

2,169
852

74.88 (71.55–78.21)
25.12 (21.79–28.45)

0.28

exposure to individual chemicals and CVD were calculated. Furthermore, multivariate logistic regression was
used to examine these associations, with adjustment for
different combinations of selected and known risk factors. Odds ratios (OR) and 95% confidence intervals
(95%CI) were reported.

RESULTS
A total of 3398 participants aged 20–59 years from the
NHANES 1999–2004 survey were analyzed in this study.
We identified 136 CVD cases and 3262 non-CVD controls. Table 1 shows the distribution of demographic
factors and selected categorical covariates by selfreported CVD status. The adults who were diagnosed
with CVD were more likely than those without CVD to
be in the older age group (83.78% vs. 47.47%), male
(58.40% vs. 48.78%), poor (22.68% vs. 12.73%), cigarette smokers (never smoked: 35.72% vs. 51.07%),
hypertensive (54.22% vs. 18.28%), and obese (49.14%
vs. 29.34%). However, there was no significant difference in alcohol use between participants diagnosed
with CVD and those without CVD.
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Table 2 shows the comparison of means of log-transformed blood concentrations of alkylbenzenes and
selected continuous covariates by CVD status. Adults
who reported physician-diagnosed CVD had higher
means of log-transformed blood concentrations of
alkylbenzenes than adults without a CVD diagnosis
(ethylbenzene: 0.05 ng/ml vs. 0.037 ng/ml; styrene:
0.055 ng/ml vs. 0.04 ng/ml; toluene: 0.248 ng/ml vs.
0.152 ng/ml; o-xylene: 0.058 ng/ml vs. 0.045 ng/ml;
and m-/p-xylene: 0.210 ng/ml vs. 0.159 ng/ml). Participants with CVD also had a lower average of blood
HDL (44.36 mg/dl vs. 50.20 mg/dl) and a higher geometric mean of blood total cholesterol (205.9 mg/dl vs.
197.20 mg/dl) and serum cotinine (1.93 ng/ml vs. 0.80
ng/ml) compared to those without CVD.
Relationships between all 15 pairwise combinations
of five alkylbenzenes as well as serum cotinine are presented in Table 3 using the Spearman rank correlation
test. The results indicated that significant correlations
exist between all alkylbenzene pairwise combinations.
The Spearman rank correlation coefficients ranged
from 0.43 to 0.88. Ethylbenzene was highly correlated
with toluene (0.74), o-xylene (0.71), and m-/p-xylene
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TABLE 2 Comparison of Means of Log-transformed Blood Alkylbenzenes and Selected Continuous Covariates by
Status of CVD
CVD
___________________________________________________________________
Cases
Non-cases
________________________________
________________________________
N
Mean (95%CI)
N
Mean (95%CI)

Characteristics (95% CI)
Ethylbenzene (ng/ml)
Styrene (ng/ml)
Toluene (ng/ml)
o-Xylene (ng/ml)
m-/p-Xylene (ng/ml)
Total cholesterol (mg/dl)
HDL (mg/dl)
Serum cotinine (ng/ml)

94
109
109
112
104
127
127
126

–3.0
–2.90
–1.39
–2.85
–1.56
5.33
3.79
0.66

(–3.17, –2.83)
(–3.10, –2.71)
(–1.62, –1.16)
(–2.98, –2.72)
(–1.75, –1.37)
(5.28, 5.38)
(3.74, 3.84)
(–0.04, 1.36)

(0.88). M-/p-xylene was also highly correlated with
toluene (0.74) and o-xylene (0.72). In addition, serum
cotinine is correlated with all alkylbenzenes; the correlation coefficients ranged from 0.21 to 0.43.
Table 4 shows the associations between blood alkylbenzenes and the prevalence of CVD based on both
univariate and multivariate logistic regression models.
Results from the unadjusted model show significant
linear trends for all five alkylbenzenes (p = < 0.001).
After controlling for other important covariates,
including age, gender, race, social economic status,
alcohol consumption, history of hypertension, and
serum cotinine, there was little change in the estimates
of the associations between blood alkylbenzenes and
CVD, and the significant linear trend remained for all
five alkylbenzenes. Greater exposure to toluene was
associated with prevalence of CVD, compared to the
reference group (50th–85th percentiles: OR, 2.30;
95%CI, 1.25–4.23; ≥ 85th percentile: OR, 3.49; 95%CI,
1.81–6.73; p < 0.001). Greater exposure to styrene was
also associated with prevalence of CVD (OR, 2.03;
95%CI, 0.91–4.54 for the category of 50th-85th percentiles; OR, 4.64; 95%CI, 2.49–8.64 for the category of
≥ 85th percentile; p < 0.001). For the remainder of the
alkylbenzes, similar statistically significant associations

2,461
2,605
2,632
2,674
2,615
3,145
3,145
3,129

–3.30(–3.38, –3.22)
–3.22(–3.32, –3.12)
–1.88(–2.01, –1.76)
–3.10(–3.16, –3.04)
–1.84(–1.95, –1.73)
5.28(5.28, 5.29)
3.91(3.90, 3.93)
–0.23(–0.49, 0.033)

P-value
0.001
< 0.001
< 0.001
< 0.001
0.04
0.10
< 0.001
0.02

were observed. As compared with the reference group,
the adjusted ORs are 0.81 (95%CI, 0.43–1.56) for the
50th–85th percentile and 3.10 (95%CI, 1.40–6.86) for
the ≥ 85th percentile of ethylbenzene. For m-/pxylene, the adjusted ORs are 1.12 (95%CI, 0.65–1.93)
for the 50th-85th percentile and 2.31 (95%CI, 1.40–
3.82) for ≥ 85th percentile compared with the reference group (p = 0.001). For o-xylene, the adjusted ORs
are 1.49 (95%CI, 0.93–2.38) and 2.68 (95%CI, 1.14–
6.25) from the 50th–85th to ≥ 85th percentile of
detectable range compared with the reference group
(p = 0.023), respectively. Additional adjustment for
plasma glucose, triglycerides, serum HDL, and total
cholesterol did not appreciably change the results.

DISCUSSION
There are few population-based epidemiological studies available to assess the potential associations between
exposure to alkylbenzenes, such as toluene, styrene,
ethylbenzene, m-/p-xylene and o-xylene, and CVD.
This cross-sectional study suggested that exposure to
alkylbenzenes was positively associated with the prevalence of CVD in the US general population aged 20–59
years. Moreover, this study also suggested linear trends

TABLE 3 Spearman Correlations Matrix between Blood Alkylbenzenes as well as Continine (ng/ml) among the
Subsample of NHANES 1999–2004 Participants Aged 20–59 Years
Chemicals

Ethylbenzene

Styrene

Toluene

o-Xylene

m-/p-Xylene

Cotinine

1.0
(N=2,560)

0.56*
(N=2,494)

0.74*
(N=2,512)

0.71*
(N=2,555)

0.88*
(N=2,511)

0.42*
(N=2,548)

Styrene

—

1.0
(N=2,718)

0.64*
(N=2,639)

0.43*
(N=2,684)

0.60*
(N=2,620)

0.43*
(N=2,701)

Toluene

—

—

1.0
(N=2,747)

0.52*
(N=2,736)

0.74*
(N=2,697)

0.49*
(N=2,730)

o-Xylene

—

—

—

1.0
(N=2,792)

0.72*
(N=2,712)

0.21*
(N=2,775)

m-/p-Xylene

—

—

—

—

1.0
(N=2,725)

0.32*
(N=2,709)

Cotinine

—

—

—

—

—

1.0
(N=3,546)

Ethylbenzene

*p < 0.001
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TABLE 4 Concentration (ng/ml), Number of Cases/Total Number, and Crude (COR) and Adjusted ORs (AOR)* for
Prevalence of Self-reported Cardiovascular Diseases by Categories of Five Alkylbenzenes
Detection
Rate (%)

Chemicals
Toluene (ng/ml)

Exposure Categories
______________________________________________
< 50th*
50th to < 85th
≥ 85%

P-value

94.4
Concentration(ng/ml)
Cases/n
COR
AOR

Styrene (ng/ml)

0.064
39/1435
1.0
1.0

0.0237
40/917
1.94 (1.10–3.44)
2.30 (1.25–4.23)

0.751
30/389
3.46 (2.01–5.96)
3.49 (1.81–6.73)

< 0.001
< 0.001

0.021
62/1994
1.0
1.0

0.084
25/502
1.75 (0.84–3.63)
2.03 (0.91–4.54)

0.180
22/218
3.58 (2.31–5.57)
4.64 (2.49–8.64)

< 0.001
< 0.001

0.024
54/1682
1.0
1.0

0.058
17/594
0.82 (0.44–1.54)
0.81 (0.43–1.56)

0.135
23/239
2.96 (1.76–5.00)
3.10 (1.40–6.86)

< 0.001
0.005

0.095
45/1381
1.0
1.0

0.200
30/941
1.12 (0.65–1.93)
1.27 (0.7–2.32)

0.478
29/397
2.31 (1.40–3.82)
2.36 (1.19–4.67)

0.001
0.014

0.035
73/2192
1.0
1.0

0.077
23/411
1.85 (1.21–2.84)
1.49 (0.93–2.18)

0.143
16/183
3.14 (1.61–6.14)
2.68 (1.14–6.25)

0.001
0.023

52.1
Concentration
Cases/n
COR
AOR

Ethylbenzene (ng/ml)

68.1
Concentration
Cases/n
COR
AOR

m-/p-Xylene (ng/ml)

97.5
Concentration
Cases/n
COR
AOR

o-Xylene (ng/ml)

42.5
Concentration
Cases/n
COR
A OR

*OR adjusted for age, gender, race, social economic status, alcohol consumption, BMI, hypertension, and serum cotinine.

for all five alkylbenzenes studied. Alkylbenzenes could
come from tobacco smoking and other sources, including traffic emissions. The moderate correlations
between serum cotinine, a biological marker of both
passive and active smoking, and the alkylbenzenes suggest that tobacco smoking is not the sole source of
alkylbenzenes in the US general population. Moreover,
the high correlations between the different alkylbenzenes may indicate a potential common source of alkylbenzenes, such as traffic pollution. After controlling
for the effects of serum cotinine, the observed independent associations between alkylbenzenes and the
prevalence of CVD suggest that alkylbenzenes may play
a significant role in the development of CVD. These
findings are in general agreement with the limited epidemiological evidence from previous occupational
cohort studies. Some occupational epidemiological
studies have suggested that exposure to alkylbenzenes,
such as styrene, were likely associated with an increased
risk of CVD.17,18 Matanoski et al. have also reported an
increase in CVD among styrene-exposed workers in a
case-cohort study.19,20
However, the biological mechanisms underlying the
associations between exposure to alkylbenzenes and
CVD remain unclear. Studies have suggested that the
carcinogenicity of polycyclic aromatic hydrocarbons
(PAH) is relevant to the mechanisms involved in the
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pathogenesis of atherosclerotic lesions21 and the development of atherosclerotic plaques.22 Studies have also
demonstrated the carcinogenic effects of alkylbenzenes.23–26 It was hypothesized that alkylbenzenes could
play a similar role as PAHs in development of atherosclerotic lesions and atherosclerotic plaques. In addition, oxidative stress has been suggested as one of the
mechanisms in development of CVD. Oxidative stress
could cause inflammation, alter the vascular system,
and lead to DNA damage.27 Studies have found that
exposure to alkylbenzenes can reduce the level of glutathione, decrease activity of antioxidant enzymes, and
cause oxidative damage of biological macromolecules.28–31 Moreover, alkylbenzenes could also potentially play an important role in acute changes in cardiovascular systems, such as changes in plasma viscosity,
increasing heart rates, and alterations of heart rate variability, which have been reported to be associated with
air pollution.32–35 Further studies are required to examine these potential underlying biological mechanisms.
The potential links between exposure to akylbenzenes and CVD have not been well studied, likely due to
the expense and resources needed to collect, store, and
analyze biological samples. The NHANES survey data
provided a rare and unique opportunity to assess the
relationships between blood concentrations of alkylbenzenes and CVD in a large population-based random
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sample of US adults. In addition to the availability of
these biological samples, NHANES data also allowed for
adjustment for a wide range of potential confounders,
such as demographic characteristics; lifestyle factors
such as smoking and alcohol consumption; and physical, medical, and laboratory factors including BMI,
status hypertension, blood cholesterol, and HDL. The
ability to control for these covariates makes the results
from the present study more convincing.
The present study also has several limitations. First,
this is a cross-sectional study, and the information on
the dependent variable of CVD and other variables was
collected based on interview questionnaires. The crosssectional study design could limit the value of the study
in casual inference due to the temporal sequence of
exposure and outcome, and the possibility that the
presence of the disease may alter the exposure.
Second, an additional limitation lies in the measurement of chemical exposures using a blood sample. We
are unable to determine if the blood levels are indicators of chronic exposure or if there are great differences between current exposure sources and past exposure sources for each subject. Furthermore,
misclassification of exposure could result from the heterogeneity of measurement error and categorization of
continuous exposure variables in the study sample.36,37
However, these misclassifications of exposure biases are
likely to be non-differential errors, making them
unlikely to explain the observed positive association.
While we were able to compare estimates from different statistical models that adjusted for many potential
confounders, it is possible that additional unmeasured
variables, such as diet and physical activity, could have
confounded our results. Although we were able to control for smoking-related alkylbenzene exposure via
serum cotinine levels, there may be additional sources
of alkylbenzenes, such as occupational exposures, that
we were unable to identify with this dataset. Therefore,
we cannot rule out the possibility that other sources of
alkylbenzenes, besides traffic emission-related sources,
are responsible for the associations we found. While we
hypothesize that traffic emissions are a likely contributor to these associations, future studies will need to clarify alkylbenzene sources. Finally, a relatively small of
number of CVD cases (n = 137) were observed in the
1999–2004 NHANES population samples. At this time,
the relevant data from NHANES 2005–2008 have not
been released to the public, but it will be important to
update this analysis when these data become available.
Despite these limitations, our study suggested that
exposure to environmental alkylbenzenes may have
adverse cardiovascular effects on the general population. As both CVD and alkylbenzenes are highly prevalent in the US population, the public health significance of a potential causal relationship between
alkylbenzenes exposure and CVD should be noted. If
the findings of this study are confirmed by additional
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analytical epidemiological studies, we can begin using
this information in interventions designed to target
reductions in alkylbenzene exposures, which can lead
to lessening the health burden due to CVD.
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CORRECTION
An error appeared in the abstract, as well as on page 717, of the
article “Mesothelioma Mortality in Brazil, 1980–2003” in the
July–September issue (Int J Occup Environ Health. 2008;14(1):
18-24). This information should have appeared as follows:
“Mesothelioma mortality rates increased over the period studied,
from 0.56 to 1.01 deaths per 1,000,000 habitants.”
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Abstract
Background: In the last decade unconventional oil and gas (UOG) extraction has rapidly proliferated throughout
the United States (US) and the world. This occurred largely because of the development of directional drilling and
hydraulic fracturing which allows access to fossil fuels from geologic formations that were previously not cost
effective to pursue. This process is known to use greater than 1,000 chemicals such as solvents, surfactants,
detergents, and biocides. In addition, a complex mixture of chemicals, including heavy metals, naturally-occurring
radioactive chemicals, and organic compounds are released from the formations and can enter air and water.
Compounds associated with UOG activity have been linked to adverse reproductive and developmental outcomes
in humans and laboratory animal models, which is possibly due to the presence of endocrine active chemicals.
Methods: Using systematic methods, electronic searches of PubMed and Web of Science were conducted to
identify studies that measured chemicals in air near sites of UOG activity. Records were screened by title and
abstract, relevant articles then underwent full text review, and data were extracted from the studies. A list of
chemicals detected near UOG sites was generated. Then, the potential endocrine activity of the most frequently
detected chemicals was explored via searches of literature from PubMed.
Results: Evaluation of 48 studies that sampled air near sites of UOG activity identified 106 chemicals detected in
two or more studies. Ethane, benzene and n-pentane were the top three most frequently detected. Twenty-one
chemicals have been shown to have endocrine activity including estrogenic and androgenic activity and the ability
to alter steroidogenesis. Literature also suggested that some of the air pollutants may affect reproduction,
development, and neurophysiological function, all endpoints which can be modulated by hormones. These
chemicals included aromatics (i.e., benzene, toluene, ethylbenzene, and xylene), several polycyclic aromatic
hydrocarbons, and mercury.
Conclusion: These results provide a basis for prioritizing future primary studies regarding the endocrine disrupting
properties of UOG air pollutants, including exposure research in wildlife and humans. Further, we recommend
systematic reviews of the health impacts of exposure to specific chemicals, and comprehensive environmental
sampling of a broader array of chemicals.
Keywords: Endocrine disruption, Unconventional oil and gas, Hydraulic fracturing, Fracking, Air pollutants,
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Background
Advanced techniques used to develop oil and gas resources, including horizontal drilling and hydraulic fracturing (fracking), have unlocked fossil fuels from
formations previously unavailable for extraction, including shale and tight sands. Research has found that unconventional oil and gas (UOG) development and
production is associated with air pollution [1–7], contamination of surface, ground, and drinking water [8–10], as
well as soil and sediment contamination [11–13]. Contaminants released from UOG sites enter the air readily
during well pad development and continue for the life of
the well, impacting both local and regional air quality. Industry wide there are hundreds of different products composed of a mixture of chemicals used during drilling,
fracturing, and the cleaning and maintenance of well pads
and equipment. Many of them are volatile and include
several known carcinogens and hazardous air pollutants
(HAPs) listed under the Clean Air Act [14]. Air pollutants
are released both from the products and mobile and stationary equipment commonly used during UOG operations [6, 15, 16]. Further, unprocessed natural gas contains
many volatile compounds that surface with methane and
are released to the environment through venting and flaring and through fugitive emissions from well pipe fittings
and equipment [6, 16–18]. Additionally, open evaporation
pits that contain fracking fluids that return to the surface
(flowback) and water produced from fracturing the formation (produced water) further impact air quality in these
areas [19–21]. Due to the potential for wide-spread exposure to air pollutants released from UOG activity and the
growing number of oil and gas wells being drilled in close
proximity to neighborhoods, including schools and recreational areas, the health of nearby communities may be at
risk. Indeed, several studies have shown that UOG activity
may adversely impact the health of humans and animals
[22–26] and the environment [27–29].
These concerns have led to a growth in epidemiologic
research with many studies suggesting a link between
UOG proximity and adverse health impacts. Selfreported symptoms by Pennsylvania residents living near
UOG operations in the Marcellus Shale include impacts
to the upper respiratory system, irritation of the skin
and sensory organs, and increased headaches [25, 30].
Additional studies also considered well activity or density, a method used to estimate exposure to air pollutants.
McKenzie et al., found an increased risk of neurological
and respiratory effects, blood disorders, and adverse developmental outcomes in Colorado residents living within
one-half mile of natural gas wells [31]. These observations
were more pronounced during well completion activities
[31]. Increased odds of asthma exacerbations [32], nasal
irritation, migraine headaches, and fatigue symptoms were
more often reported by residents living near sites with
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higher UOG activity compared to a control population
[33]. Risk of childhood hematologic cancer was also increased with increased density of UOG wells [34]. Further,
retrospective cohort studies have linked UOG activity to
adverse reproductive and developmental outcomes, such
as preterm birth [35, 36], low birth weight [37], congenital
anomalies [38], and infant mortality [36, 39]. These outcomes suggest a possible relationship between maternal
exposure to endocrine disrupting chemicals and birth outcomes; however, results across studies are mixed.
In addition to epidemiological studies, recent studies
using in vitro and experimental animal models to assess
the connection between UOG activity and endocrinerelated outcomes have been published. In these initial
studies chemicals detected in water collected near UOG
operations such as spill sites and surface water near
wastewater injection sites were shown to have activity in
estrogen, androgen, progesterone, glucocorticoid, and
thyroid hormone in vitro receptor assays [10, 40]. In laboratory experiments exposure has resulted in similar
impacts across several different models. Specifically,
male rodents exposed prenatally to a mixture of chemicals used during hydraulic fracturing were shown to
have increased organ weights of the testes and thymus,
decreased sperm counts, and increased serum testosterone levels [41]. Effects in female rodents included hormone suppression, changes in uterine, ovary, heart, and
body weights, and disrupted folliculogenesis [42]. Emerging research in zebrafish embryos found that exposure
to flowback/produced water from UOG increased embryo
deformations and mortality, reduced metabolic rates, and
altered cardio-respiratory gene expression [43, 44]. Further, embryonically exposed juveniles demonstrated decreased metabolic rates and fitness as judged by swim
performance [45]. In exposed juvenile rainbow trout
mRNA expression was elevated for several genes including
vitellogenin and estrogen receptor alpha 2. Additionally,
expression of oxidative stress and biotranformation genes
in the liver and gills was observed [46]. Finally, exposure
of Daphnia to flowback/produced water resulted in decreased reproduction and altered gene expression [47].
The purpose of this evaluation was to employ systematic screening-level methods to begin to prioritize air
pollutants associated with UOG that have evidence of
endocrine activity. This work could be used to identify
avenues for primary research to understand endocrine
disrupting properties of air pollutants; provide the
groundwork for in-depth reviews of the health impacts
of exposure to specific chemicals (i.e., systematic or
scoping reviews); offer rationale for further exposure research in wildlife and humans; and lastly, identify research gaps. Specifically, two objectives were completed;
1) identification of the most commonly detected chemicals in the air near UOG activity, as reported in original
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research, and 2) to determine if this subset of air pollutants has been shown to have endocrine activity or have
effects that could be linked to disrupted endocrine
signaling.

Methods
Identification of air pollutants near sites of UOG activity

Comprehensive literature searches were performed in
order to identify studies that measured compounds in
air near or on sites of UOG development in the United
States (US). We used Web of Science and PubMed to
complete electronic searches for all years to June 2016.
The search logic was developed using terms for major
geologic formations in the US where UOG activity occurs and terms that linked the formations to air emissions (Additional file 1: Table S1). The titles and
abstracts of these articles were then screened for relevance using Distiller SR® [48] by two independent reviewers. For inclusion, studies had to present primary
findings, be in the English language, and measure air
pollutants near sites of UOG production. Studies that
only measured methane were excluded. Discrepancies
regarding inclusion were discussed and resolved by the
two reviewers. Summary level data from relevant studies
were collected. Parameters included publication date,
chemicals detected, and the location of measurement.
These data were used to develop the list of compounds
detected in air. This initial list was then used to yield a
list of the chemicals detected in greater than 10 UOG
air sampling studies.
Determination of endocrine activity of UOG related air
pollutants

The list of air pollutants associated with UOG production ascertained from peer-reviewed literature was crossreferenced with the Endocrine Disruption Exchange
(TEDX) List of Potential Endocrine Disruptors (http://
endocrinedisruption.org/interactive-tools/tedx-list-of-potentialendocrine-disruptors/search-the-tedx-list: accessed October
2016) to determine if any of the chemicals had been
characterized as having endocrine activity [49]. The
TEDX List of Potential Endocrine Disruptors is a database that contains expert verified citations illustrating
evidence of endocrine disruptive properties of a variety
of chemicals; this database is continually updated as new
evidence about chemicals becomes available [49]. Crossreferencing yielded the initial list of chemicals with evidence of endocrine activity. For this initial list, citations
from the TEDX List of Potential Endocrine Disruptors
were used as evidence of endocrine activity. We then
performed searches in PubMed using the chemical name
and CAS number for the remaining chemicals detected
in greater than 10 UOG air sampling studies to determine whether or not those chemicals had evidence
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documented in the peer-reviewed literature regarding
their potential endocrine activity (for the individual
chemical search terms see Additional file 1: Table S2).
The following 15 chemicals were searched in PubMed:
ethane, n-pentane, propane, n-butane, isopentane, isobutane, m,p-xylene, o-xylene, ethylene, methylcyclohexane, n-heptane, acetylene, n-octane, propylene, and
cyclohexane. The PubMed records were imported into
Sciome Workbench for Interactive computer-Facilitated
Text-mining (SWIFT)-Review [50] and filtered using
search terms (modified from [51, 52]) intended to identify articles that assessed the endocrine activity of the
compounds (see Additional file 1: Table S3). Though xylenes (the isomeric mixture) is listed on the TEDX List
of Potential Endocrine Disruptors we performed
searches for the compounds as represented in the air
sampling studies (i.e., m,p-xylene and o-xylene). In
addition, studies that evaluated the effects of exposure
to m-xylene and p-xylene separately and citations from
the TEDX List of Potential Endocrine Disruptors that
assessed the xylenes were included.

Results
Our search of the literature from PubMed and Web of
Science yielded 1366 and 2907 potential records, respectively (including any duplicate records). Screening of
titles and abstracts by two reviewers identified 97 relevant articles. Full text review of the articles yielded 43
inclusions and 54 exclusions (30 duplicates, five that did
not assess specific chemicals, 10 reviews, four conference abstracts, and five categorized as other [e.g.,
methods development]). In addition, hand searching
yielded five other studies that met inclusion criteria,
resulting in a total of 48 included studies.
Table 1 lists the 48 citations of the articles that measured air pollutants on or near sites of UOG production.
A distribution of the studies measuring UOG air pollutants in sites across the US is shown in Fig. 1. The majority of studies were done on the Barnett Shale in Texas
(11 studies). The least studied were Eagle Ford Shale in
Texas, Haynesville Shale in Louisiana, Arkansas, and
Texas, Fayetteville Shale in Arkansas, and Powder River
Basin in Montana and Wyoming, all with only one study
each. One hundred six chemicals were detected in two
or more of the 48 studies that measured air pollutants
near UOG sites and another 115 were detected only
once (see Additional file 1: Table S4 for full list of detected chemicals). These chemicals represented a variety
of classes including alkanes, alkenes, alkynes, aromatics,
aldehydes and polycyclic aromatic hydrocarbons (PAHs).
Twenty chemicals were detected in 10 or more studies
with ethane and benzene being the most detected, appearing in 56% and 54% of studies, respectively. Fifty-four
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Table 1 List of citations for UOG air papers
Author

Title

Sampling Location (Geologic Formation)

Brantley, HL. et al., 2015 [70]

Assessment of volatile organic compound and
hazardous air pollutant emissions from oil and
natural gas well pads using mobile remote
and on-site direct measurements

Denver-Julesburg

Colborn, T. et al., 2014 [1]

An exploratory study of air quality near natural
gas operations

Piceance

Eapi, GR. et al., 2014 [71]

Mobile measurement of methane and
hydrogen sulfide at natural gas production
site fence lines in the Texas Barnett Shale

Barnett

Eisele, AP. et al., 2016 [72]

Volatile organic compounds at two oil and
natural gas production well pads in Colorado
and Texas using passive samplers

Barnett; Denver-Julesburg

Esswein, EJ. et al., 2014 [73]

Evaluation of some potential chemical
exposure risks during flowback operations in
unconventional oil and gas extraction:
Preliminary results

Denver-Julesburg; Green River; Piceance

Field, RA. et al., 2015 [20]

Influence of oil and gas field operations on
spatial and temporal distributions of
atmospheric non-methane hydrocarbons and
their effect on ozone formation in winter

Green River

Field, RA. et al., 2015 [74]

Distributions of air pollutants associated with
oil and natural gas development measured in
the Upper Green River Basin of Wyoming

Green River

Gilman, JB. et al., 2013 [2]

Source signature of volatile organic
compounds from oil and natural gas
operations in northeastern Colorado

Denver-Julesburg

Goetz, JD. et al., 2015 [75]

Atmospheric emission characterization of
Marcellus Shale natural gas development sites

Marcellus

Helmig, D. et al., 2014 [3]

Highly elevated atmospheric levels of volatile
organic compounds in the Uintah Basin, Utah

Uintah

Katzenstein, AS. et al., 2003 [76]

Extensive regional atmospheric hydrocarbon
pollution in the southwestern United States

Not reported

Koss, AR. et al., 2015 [77]

Photochemical aging of volatile organic
compounds associated with oil and natural
gas extraction in the Uintah Basin, UT, during
a wintertime ozone formation event

Uintah

Lan, X. et al., 2015 [78]

Atmospheric Mercury in the Barnett Shale
Area, Texas: Implications for emissions from oil
and gas processing

Barnett

Lee, L. et al., 2015 [79]

Particulate organic nitrates observed in an oil
and natural gas production region during
wintertime

Uintah

Li, C. et al., 2016 [80]

Satellite observation of pollutant emissions
from gas flaring activities near the Arctic

Bakken

Li, R. et al., 2014 [81]

Measurements of hydrogen sulfide (H2S)
using PTR-MS: Calibration, humidity dependence, inter-comparison and results from field
studies in an oil and gas production region

Uintah

Lyman, S. and Tran, T., 2015 [82]

Inversion structure and winter ozone
distribution in the Uintah Basin, Utah, USA

Uintah

Macey, GP. et al., 2014 [4]

Air concentrations of volatile compounds near
oil and gas production: a community-based
exploratory study

Denver-Julesburg; Fayetteville; Green River;
Marcellus; Powder River; Utica

McKenzie, LM. et al., 2012 [31]

Human health risk assessment of air emissions
from development of unconventional natural
gas resources

Piceance
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Table 1 List of citations for UOG air papers (Continued)
Author

Title

Sampling Location (Geologic Formation)

Olaguer, EP. et al., 2015 [83]

Updated methods for assessing the impacts
of nearby gas drilling and production on
neighborhood air quality and human health

Eagle Ford

Oltmans, S. et al., 2014 [84]

Anatomy of wintertime ozone associated with
oil and natural gas extraction activity in
Wyoming and Utah

Green River; Uintah

Omara, M. et al., 2016 [85]

Methane emissions from conventional and
unconventional natural gas production sites in
the Marcellus Shale basin

Marcellus

Paulik, LB. et al., 2016 [59]

Emissions of polycyclic aromatic hydrocarbons
from natural gas extraction into air

Utica

Peischl, J. et al., 2015 [86]

Quantifying atmospheric methane emissions
from oil and natural gas production in the
Bakken Shale region of North Dakota

Fayetteville; Haynesville; Marcellus

Pekney, NJ. et al., 2014 [87]

Measurement of atmospheric pollutants
associated with oil and natural gas exploration
and production activity in Pennsylvania's
Allegheny National Forest

Marcellus

Petron, G. et al., 2012 [88]

Hydrocarbon emissions characterization in the
Colorado Front Range: A pilot study

Denver-Julesburg

Petron, G. et al., 2014 [89]

A new look at methane and nonmethane
hydrocarbon emissions from oil and natural
gas operations in the Colorado DenverJulesburg Basin

Denver-Julesburg

Prenni, AJ. et al., 2016 [90]

Oil and gas impacts on air quality in federal
lands in the Bakken region: An overview of
the Bakken Air Quality Study and first results

Bakken

Rappengluck, B. et al., 2014 [5]

Strong wintertime ozone events in the Upper
Green River basin, Wyoming

Green River

Rich, A. et al., 2014 [16]

An exploratory study of air emissions
associated with shale gas development and
production in the Barnett Shale

Barnett

Rich, AL. and Orimoloye, HT., 2016 [91]

Elevated atmospheric levels of benzene and
benzene-related compounds from unconventional shale extraction and processing: Human
health concern for residential communities

Barnett

Roscioli, JR. et al., 2015 [15]

Measurements of methane emissions from
natural gas gathering facilities and processing
plants: Measurement methods

Not reported

Rutter, AP. et al., 2015 [92]

Sources of air pollution in a region of oil and
gas exploration downwind of a large city

Barnett

Schnell, RC. et al., 2009 [93]

Rapid photochemical production of ozone at
high concentrations in a rural site during
winter

Green River

Schwarz, JP. et al., 2015 [94]

Black carbon emissions from the Bakken oil
and gas development region

Bakken

Smith, ML. et al., 2015 [95]

Airborne ethane observations in the Barnett
Shale: Quantification of ethane flux and
attribution of methane emissions

Barnett

Swarthout, RF. et al., 2013 [96]

Volatile organic compound distributions
during the NACHTT campaign at the Boulder
Atmospheric Observatory: Influence of urban
and natural gas sources

Denver-Julesburg

Swarthout, RF. et al., 2015 [97]

Impact of Marcellus Shale natural gas
development in southwest Pennsylvania on
volatile organic compound emissions and
regional air quality

Marcellus
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Table 1 List of citations for UOG air papers (Continued)
Author

Title

Sampling Location (Geologic Formation)

Thompson, CR. et al., 2014 [98]

Influence of oil and gas emissions on ambient
atmospheric non-methane hydrocarbons in
residential areas of Northeastern Colorado

Denver-Julesburg

Townsend-Small, A. et al., 2015 [99]

Integrating source apportionment tracers into
a bottom-up inventory of methane emissions
in the Barnett Shale hydraulic fracturing
region

Barnett

Vinciguerra, T. et al., 2015 [100]

Regional air quality impacts of hydraulic
fracturing and shale natural gas activity:
Evidence from ambient VOC observations

Marcellus

Warneke, C. et al., 2014 [6]

Volatile organic compound emissions from
the oil and natural gas industry in the Uintah
Basin, Utah: Oil and gas well pad emissions
compared to ambient air composition

Uintah

Warneke, C. et al., 2015 [101]

PTR-QMS versus PTR-TOF comparison in a region with oil and natural gas extraction industry in the Uintah Basin in 2013

Uintah

Weyant, CL. et al., 2016 [102]

Black carbon emissions from associated
natural gas flaring

Bakken

Yacovitch, TI. et al., 2015 [103]

Mobile laboratory observations of methane
emissions in the Barnett Shale region

Barnett

Yuan, B. et al., 2015 [104]

Airborne flux measurements of methane and
volatile organic compounds over the
Haynesville and Marcellus Shale gas
production regions

Haynesville; Marcellus

Zavala-Araiza, D. et al., 2014 [105]

Atmospheric hydrocarbon emissions and
concentrations in the Barnett Shale natural
gas production region

Barnett

Zielinska, B. et al., 2014 [7]

Impact of emissions from natural gas
production facilities on ambient air quality in
the Barnett Shale area: A pilot study

Barnett

chemicals were detected in 3-9 studies and 147 were detected in 2 or fewer.
The list of chemicals detected near UOG activity was
cross-referenced with the TEDX List of Potential Endocrine Disruptors. Twenty-six were already identified and
listed in the TEDX List of Potential Endocrine Disruptors [49]. There were 15 additional chemicals that were
reported as being detected in 10 or more UOG studies,
but that were not currently included in the TEDX List of
Potential Endocrine Disruptors that were searched. A
chemical’s absence on the TEDX List of Potential Endocrine Disruptors does not necessarily mean there is no
evidence for endocrine activity. Rather, it is possible that
the literature available for that chemical has not yet been
investigated for endocrine activity. The searches of
PubMed for the 15 frequently detected chemicals yielded
eight with evidence from the literature indicating at least
one study had shown the chemicals to be endocrine active (including findings related to potential endocrine activity). Those chemicals were m-xylene, p-xylene, oxylene, methylcyclohexane, n-heptane, isopentane, propane, propylene. There were no studies that evaluated
the endocrine activity of ethane, n-butane, isobutane,

ethylene, cyclohexane and acetylene found in our
searches. In studies identified by our search that assessed
the effects of n-pentane [53] and n-octane [54] endocrine activity was not shown. Table 2 characterizes possible endocrine activities for the individual chemicals.
The studies listed in this table tested more direct indicators of endocrine activity such as estrogenic, androgenic,
thyroidogenic, progestrogenic, glucocorticodogenic, and
steroidogenic activities. In Table 3, chemicals identified
as having evidence of physiological activity that may be
linked to endocrine disruption are shown. This includes
evaluations of reproduction, aryl hydrocarbon signaling,
development, neurophysiology, and other endocrine related effects. Notably, a few of these air pollutants (e.g.,
benzene, n-hexane, and isopentane) may impact less
commonly evaluated endocrine related endpoints such
as insulin signaling and adrenal physiology (see Table 3).
Roughly half of the chemicals in Tables 2 and 3 are PAHs,
although it should be noted that few studies detected PAHs
near UOG (see Fig. 2). Single ring aromatics such as benzene, toluene, ethylbenzene, xylene, and styrene are also
shown in Tables 2 and 3 with evidence suggesting possible
estrogenic, androgenic, reproductive, and developmental
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Fig. 1 Number of UOG air sampling studies by geologic formation. Air sampling has been performed in various UOG sites in the US. The most
commonly sampled site in studies identified by our search was the Barnett Shale located in TX. The least frequently studied were Eagle Ford
Shale, Fayetteville Shale, Haynesville Shale, and Powder River Basin. TX, Texas; AR, Arkansas; OK, Oklahoma; LA, Louisiana; MT, Montana; WY,
Wyoming; NY, New York; MD, Maryland; PA, Pennsylvania; WV, West Virginia; OH, Ohio; VA, Virginia; KY, Kentucky; TN, Tennessee; CO, Colorado;
ND, North Dakota; UT, Utah; KS, Kansas; NE, Nebraska; UOG, unconventional oil and gas

effects. Styrene seems to be of particular concern because
in addition to the aforementioned evidence of endocrine
activity it also appears to have evidence for glucocorticodogenic, thyroidogenic, and progestrogenic, activity and alterations of steroidgenesis.
In Fig. 2, the air sampling data (Table 1) was combined
with the data that assessed possible endocrine activity
(Tables 2 and 3). The chemicals identified as potentially
endocrine active are listed along with the number of
studies that detected them in air near sites of UOG activity. This list included 34 chemicals with m-xylene and
p-xylene counted separately, however they are combined
(i.e., m,p-xylene) for the number of papers that detected
them in the air to be consistent with how they are reported in that literature. In total, this list includes the 26
chemicals that were already on the TEDX List of Potential Endocrine Disruptors and the eight frequently detected UOG associated air pollutants that were found to
have potential endocrine activity. Benzene, toluene,
ethylbenzene, and xylenes (BTEX) were detected more
frequently than PAHs and heavy metals such as
mercury.

Discussion
Our study revealed more than 200 air chemicals in association with UOG activity at sites in the US. We identified 26 as being on the TEDX list, which identifies
chemicals with endocrine activity, and an additional

eight of the most frequently detected air pollutants were
identified as having potential endocrine activity. Endocrine activities included estrogenicity, androgenicity and
altered steroidogenesis. In addition, we included evidence from studies assessing endpoints related to developmental, neurophysiological and reproductive changes
commonly mediated by hormones [55].
The BTEX compounds were among the top 10 most
detected chemicals across the studies in our sample.
This is likely due to the existence of less expensive detection methods and their recognition as HAPs according to the United States Environmental Protection
Agency (US EPA) [56]. The toxicity of the BTEX chemicals has been extensively studied with respect to respiratory, cardiovascular, neurological, and carcinogenic
impacts, yet according to recent studies it is becoming
apparent that they may also have impacts on endocrine
function [41, 57]. Styrene, a structurally related compound, was also frequently detected and appears to have
the ability to interfere with several endocrine pathways
potentially resulting in alterations in development and
neurophysiology. This compound has been studied extensively for cancer related outcomes and is “reasonably
anticipated to be a carcinogen,” according to the
National Toxicology Program [58]. Likewise, naphthalene is a possible carcinogen as well as a HAP [14] and
appears to affect several different endocrine pathways.
Few studies measured PAHs near UOG. One study that

Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

toluene^

n-hexane^

ethylbenzene^

xylenes^

Barregard et al., 1994 [118]

Monteiro et al., 2000a [111];
Monteiro et al., 2000b [114]

Monteiro et al., 2000a [111];
Monteiro et al., 2000b [114]

Evanson and Van Der Kraak,
2001 [112]; Pollino et al.,
2009 [113]

Twenty-one air pollutants had evidence indicating that they impact hormone production, mimic hormones, or inhibit hormone signaling. There were 19 chemicals listed on the TEDX List of Potential Endocrine
Disruptors and two that were identified via PubMed searches of frequently detected UOG air pollutants. The studies listed in the table tested estrogenic, androgenic, thyroidogenic, progestrogenic,
glucocorticodogenic, and steroidogenic activity in various manners including: in vitro steroidogenesis, receptor mediated reporter gene activity, vitellogenin induction assays, and epidemiological, in vivo and ex vivo
experimental animal assessments. ^hazardous air pollutant (HAP) * Note: all possible endocrine activities for the individual chemicals are not described.

mercury^

dibenzothiophene^

Vinggaard et al., 2000 [110]

Vondracek et al., 2002 [109]

pyrene^

Brinkmann et al., 2014 [116];
Petersen and Tollefsen,
2011 [117]

Vondracek et al., 2002 [109]

fluorene^

dibenz(a,h)anthracene

Vinggaard et al., 2000 [110];
Araki et al., 2005 [115]

Vondracek et al., 2002 [109]

fluoranthene^

Vinggaard et al., 2000 [110]
Vinggaard et al., 2000 [110]

benz[a]anthracene

chrysene^

Vondracek et al., 2002 [109]

Vondracek et al., 2002 [109]

anthracene^

^

Vondracek et al., 2002 [109]

Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

phenanthrene^

Kassotis et al., 2014 [10];
Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

Kassotis et al., 2014 [10];
Kassotis et al., 2015 [41]

naphthalene^

Vinggaard et al., 2000 [110]

Monteiro et al., 2000a [111]

Vondracek et al., 2002 [109]

Kassotis et al., 2015 [41]

benzo[a]pyrene^

Kassotis et al., 2014 [10];
Kassotis et al., 2015 [41]

Kassotis et al., 2014 [10];
Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

cumene^

Kassotis et al., 2015 [41]

Ungvary et al., 1981 [106]

Steroidogenesis

Takao et al., 2000 [108]

Kassotis et al., 2015 [41]

Glucocorticodogenic

Kassotis et al., 2014 [10];
Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

Progestrogenic

styrene^

Kassotis et al., 2014 [10];
Kassotis et al., 2015 [41]

Thyroidogenic

Kim et al., 2011 [107]

Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

Kassotis et al., 2015 [41]

Androgenic

methylcyclohexane

^

Kassotis et al., 2015 [41]

benzene^

p-xylene^

Estrogenic

Chemical

Table 2 Selected studies indicating endocrine activity*
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^

xylenes

Thomas, 1990 [133]

Machala et al., 2001 [134];
Vinggaard et al., 2000 [110]

fluorene

pyrene^

methylene chloride^

indeno(1,2,3-c,d)pyrene^

^

fluoranthene^

chrysene

Machala et al., 2001 [134]

Machala et al., 2001 [134]

Machala et al., 2001 [134]

Machala et al., 2001 [134]

Machala et al., 2001 [134]

benzo[k]fluoranthene^

^

Machala et al., 2001 [134];
Vinggaard et al., 2000 [110]

Hall and Oris, 1991 [137]

Evans and Nipper, 2007 [136]

Sarojini et al., 1995 [135]

Xu et al., 1998 [119]

benz[a]anthracene^

anthracene

^

phenanthrene^

naphthalene

^

hydrogen sulfide

benzo[a]pyrene

Incardona et al., 2004 [139]

Moser et al., 1995[140]

Mitran et al., 1997 [132]

Zaidi et al., 1985 [130];
Mutti et al., 1984 [131]
Mitran et al., 1997 [132]

Brown-Woodman et al., 1994 [120]

acetone

^

Quest et al., 1984 [129]

Brown-Woodman et al., 1994 [120]

Ungvary and Tatrai, 1985 [127]

Neurophysiological

2-butanone^

styrene^

propylene

n-heptane

methylcyclohexane

^

o-xylene^

Ungvary and Tatrai, 1985 [127]

Ungvary and Tatrai, 1985 [121]

ethylbenzene

Ungvary and Tatrai, 1985 [127]

Brown-Woodman et al., 1994 [120]

Brown-Woodman et al., 1994 [120]

Developmental

m-xylene^

Kim et al., 2011 [107]

Aryl hydrocarbon receptor signaling

p-xylene^

n-hexane

^

Nylén et al., 1989 [125]

Ono et al., 1996 [123]

isopentane

McKee et al., 2014 [122]

propane

Xu et al., 1998 [119]

benzene^

toluene^

Reproductive

Chemical

Table 3 Selected studies demonstrating effects potentially related to endocrine disruption*

Zorad et al., 1987 [126]

e

Benisek et al., 2011 [138]

Quest et al., 1984 [129]

c

National Toxicology
Program. 1999 [128]

Zorad et al., 1987 [126]

d

c

Yu et al., 2011 [124]

Choi et al., 2014 [121]

b

a

Other evidence of
endocrine activity
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^

Carney et al., 2006 [141]

Reproductive

Machala et al., 2001 [134];
Vinggaard et al., 2000 [110]

Machala et al., 2001 [134]

Aryl hydrocarbon receptor signaling

Fredriksson et al., 1993 [142]

Incardona et al., 2004 [139]

Developmental

Fredriksson et al., 1993 [142];
Honma et al., 1980 [143];
Shafer et al., 2005 [144]

Neurophysiological

National Toxicology
Program, 1986 [145]

b

Other evidence of
endocrine activity

Thirty-three air pollutants had evidence indicating they impacted processes and systems that are modulated by endocrine signaling. There were 25 chemicals listed on the TEDX list of Potential endocrine disruptors
and eight that were identified via PubMed searches of frequently detected UOG air pollutants. The studies listed in the table tested aryl hydrocarbon signaling, reproductive, developmental, neurophysiological, and
other endocrine related effects in epidemiological, in vivo and ex vivo experimental animal assessments, in vitro embryonic culture and receptor mediated reporter gene activity assays. a insulin resistance; b adrenal
physiology; c insulin binding; d hyperplasia of pituitary and thyroid; e retinoic acid signaling; ^hazardous air pollutant (HAP). * Note that all potentially related endocrine impacts for the individual chemicals are
not described

perchloroethylene

^

dibenzothiophene^

dibenz(a,h)anthracene

benzo[e]pyrene^

Chemical

Table 3 Selected studies demonstrating effects potentially related to endocrine disruption* (Continued)
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Fig. 2 Potentially endocrine active chemicals and the number of studies that identified them near UOG sites. The figure shows the 34 chemicals
(with m-xylene and p-xylene counted separately) that were identified as having evidence of endocrine active properties and the number of times
they were detected in the air sampling papers included in this study. The graph show that the BTEX compounds (benzene, toluene, ethylbenzene,
xylenes) were among the most frequently detected, and the polycyclic aromatic hydrocarbons (PAHs) were less frequently detected in air samples

measured a wide array of PAHs in the air near UOG
found increased concentrations at sites closest to active
wells. These levels did not exceed EPA’s acceptable risk
level for cancer, the only health effect addressed in the
study [59]. In addition to carcinogenic properties, low
level exposure to PAHs during prenatal development has
been associated with delayed mental development, decreases in intelligence quotient (IQ), and childhood
obesity [60–63]. Thus it is important to determine if
they are pollutants commonly associated with UOG.
This study does not present a comprehensive review
of research on the endocrine activity of compounds detected in the air near UOG. Rather, it serves to flag
endocrine active compounds in order to inform future
research on the potential health impacts of UOG. Further, some of the endocrine pathways have not been
studied extensively and have not been replicated across
models. In addition, some of the chemicals were not
tested as inhalants in the studies we used to document
endocrine disruption though this is the suspected primary route of exposure for the air pollutants evaluated.
Our study only surveyed studies performed in the US,

therefore it is possible that had we included studies from
other countries the patterns of chemical detections may
have differed. We also excluded foreign language studies,
for lack of interpretive resources.
The review is limited by the fact that the primary studies routinely used standardized protocols (e.g., EPA
Method TO-12, American Standard Test Method
[ASTM] D-1357-95) that were likely informed by the US
EPA’s HAPs list, which would lead to a bias in terms of
which chemicals are tested for and thus detected. In
other words, there may be more chemicals present near
UOG, particularly proprietary chemicals used in drilling
and hydraulic fracturing, that have not been assessed
near well pads or other facilities. Therefore, the present
review is also limited in identifying other potentially
endocrine active chemicals that have not yet been quantified or have been detected less frequently.
The published literature suggests a relationship between proximity to and/or density of UOG development
and adverse health impacts in humans and wildlife, including outcomes that are a result of exposure to endocrine active compounds [10, 35–38, 40, 64]. Our survey
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of the literature, while limited, supports these observations given that some of the air pollutants identified near
sites of UOG activity are potentially endocrine active.
Due to the types and hazards of the chemicals identified,
there is a need to pursue additional long-term studies in
humans and wildlife that investigate endocrine mediated
health outcomes in order to understand whether or not
exposure to endocrine active air pollutants results in disease. However, these studies are time-consuming, and a
delay in action may be considered unethical since it is
already known that 28 chemicals identified in our study
are HAPs (i.e., “are known to cause cancer or other serious health impacts [56]”) and several others have been
studied thoroughly and identified as harmful to humans
[65–68]. It was recently estimated that 17.6 million
people in the US live within a mile of a well [69]. Thus,
these populations may be exposed to air pollutants that
have been linked to health impacts. It may be prudent to
implement precautions similar to other industries that
reduce exposure to air pollutants known to be health
hazards.
For chemicals with sufficient bodies of literature but
undefined hazard classifications, strategic execution of
systematic reviews should follow as needed. These reviews would provide for a comprehensive analysis of the
bodies of literature in order to determine confidence in
the findings and/or potentially identify research gaps
that might be addressed by more primary research. In
addition, comprehensive environmental sampling of a
broader array of chemicals (i.e., beyond HAPs) using
novel laboratory techniques is necessary to establish if
other air pollutants of concern are being emitted that
are not included in standard testing protocols. Lastly,
periodic updates to reviews, such as the present study,
that assimilate new data are useful in characterizing the
changing research landscape and can be used to redirect
primary research efforts and policy actions as needed.

Conclusions
The results of this study provide a basis for directing future primary research about the endocrine disrupting
properties of air pollutants near UOG sites including exposure research in wildlife and humans. In addition,
thoughtfully designed systematic reviews of the health
impacts of specific chemicals should be conducted. Environmental testing for emerging chemicals of concern
is also recommended.
In closing, there is evidence that individual air pollutants associated with UOG activity are endocrine active.
Endocrine disruptors can have actions at low exposure
concentrations, and exposures can lead to aberrant trajectories resulting in suboptimal developmental, behavioral, reproductive, and metabolic conditions. Yet, the
magnitude of exposures specific to UOG, and the
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possible long-term health impacts, are not well understood. Further, several of the chemicals we identified are
already designated by the US EPA as suspected or
known carcinogens, are known to cause adverse developmental or reproductive effects, and are known for
other toxicities (e.g., hearing loss, and nerve damage).
Given the potential for health impacts and the lack of
safety recommendations for many of the chemicals we
identified, there is an urgent need to address these releases near human and wildlife populations.
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disease.
• Oil and gas operations produce noises
at levels that may increase health risks.
• Additional noise exposure research for
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a b s t r a c t
Modern oil and gas development frequently occurs in close proximity to human populations and increased levels
of ambient noise have been documented throughout some phases of development. Numerous studies have evaluated air and water quality degradation and human exposure pathways, but few have evaluated potential health
risks and impacts from environmental noise exposure. We reviewed the scientiﬁc literature on environmental
noise exposure to determine the potential concerns, if any, that noise from oil and gas development activities
present to public health. Data on noise levels associated with oil and gas development are limited, but measurements can be evaluated amidst the large body of epidemiology assessing the non-auditory effects of environmental noise exposure and established public health guidelines for community noise. There are a large number of
noise dependent and subjective factors that make the determination of a dose response relationship between
noise and health outcomes difﬁcult. However, the literature indicates that oil and gas activities produce noise
at levels that may increase the risk of adverse health outcomes, including annoyance, sleep disturbance, and cardiovascular disease. More studies that investigate the relationships between noise exposure and human health
risks from unconventional oil and gas development are warranted. Finally, policies and mitigation techniques
that limit human exposure to noise from oil and gas operations should be considered to reduce health risks.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Noise, or unwanted sound, is a biological stressor and potential
public health hazard in a variety of contexts. Exposure to noise modiﬁes the function of human organs and systems (Münzel et al., 2014)
and can be a contributing factor to the development and aggravation
of health conditions related to stress (e.g., high blood pressure)
(Dratva et al., 2012). Numerous large-scale epidemiological studies
have identiﬁed associations between environmental noise exposure
and adverse health outcomes, such as cardiovascular disease
(Babisch et al., 2013), diabetes (Sørensen et al., 2013), adiposity
(Christensen et al., 2015), birth outcomes (Gehring et al., 2014), cognitive impairment in children (Lercher et al., 2002), depression
(Orban et al., 2015), and sleep disturbance (Hume et al., 2012).
Health outcomes due to environmental noise exposure may also
carry economic consequences due to the size of populations exposed
to hazardous levels of noise (Swinburn et al., 2015).
Recent combinations of technologies, including high-volume hydraulic fracturing and directional drilling, have unlocked oil and gas
from low-permeability formations (e.g., shale, tight sands, etc.) that
were previously not considered to be economically viable. As a result, oil and gas development activities are being cited in a wide
array of new geographic locations, sometimes in urban areas and in
close proximity to human populations (Adgate et al., 2014). Public
concerns have advanced a large body of scientiﬁc research to assess
various impacts of unconventional oil and gas development
(UOGD). The term UOGD generally refers to oil and gas produced
from atypical reservoir types that require techniques that are different than those required for conventional oil and gas production.
However, in this paper, we use the term to refer speciﬁcally to onshore methods of oil and gas development enabled by hydraulic fracturing or “fracking” to produce oil or gas from shale and other tight
formations.
Previous UOGD impact investigations have primarily focused on fugitive methane emissions, local and regional air quality degradation,
surface and groundwater contamination, and the characterization of
chemicals used in and produced by various processes (Jackson et al.,
2014). Public health assessments have incorporated these data to assess
the potential for human exposures to pollutants associated with UOGD
through air and water pathways. Several reviews have identiﬁed health
hazards and risks associated with UOGD and there is now an emerging
body of epidemiology (Adgate et al., 2014; Shonkoff et al., 2014; Werner
et al., 2015).
Air pollution and water contamination associated with UOGD are
becoming increasingly well studied (Evans and Helmig, 2016;
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Hildenbrand et al., 2016). However, noise pollution related to UOGD remains understudied in the public health literature, even while the development of wind energy has generated a number of studies
measuring potential health effects of noise exposure from wind turbines
(Schmidt and Klokker, 2014; Van Renterghem et al., 2013). Many operations in various phases of oil and gas development produce transient
and chronic noise (Maryland Institute for Applied Environmental
Health, 2014). Although noise pollution has been cited as a primary concern among residents in areas of UOGD (Garﬁeld County, Colorado,
2011), few researchers have evaluated noise levels and noise exposure
associated with this industry. Measurements and estimates of noise
levels are sometimes included in oil and gas environmental impact
statements (Table 1), but to date there have been only a handful of reports that have evaluated noise associated with UOGD in the context
of public health.
The types of noise associated with oil and gas operations can be complex in nature, owing to a wide variety of sources. Some of these noises
are intermittent, some are continuous, and many vary in their intensity.
Certain sources, such as compressor stations, produce low frequency
noise (LFN), which is typically heard as a low rumble (Leventhall,
2003). There are also numerous source-dependent and subjective factors that may inﬂuence health outcomes, such as noise sensitivity (Hill
et al., 2014; Schreckenberg et al., 2010), noise reduction technologies,
and synergistic effects of noise and air pollution. Further, noise exposure, like other health threats, may disproportionately impact vulnerable populations, such as children, the elderly, and the chronically ill
(van Kamp and Davies, 2013).
In this article, we explore the scientiﬁc literature on environmental
noise to determine the potential hazards, exposures, and health outcomes that noise from UOGD may present. Many noise sources from
UOGD are similar to those associated with conventional oil and gas development; however, some aspects can differ in important ways. For instance, drilling a horizontal well can take 4 to 5 weeks of 24 h per day
drilling to complete whereas a traditional vertical well usually
takes less than a week (Nagle, 2009). High-volume hydraulic fracturing also requires a greater volume of water and higher pressures to
frac a horizontal well, resulting in more pump and ﬂuid handling
noise than traditional oil and gas development (Nagle, 2009). Nonetheless, because the data are limited we include noise measurements
and estimates from some traditional oil and gas activities that are
also relevant to UOGD.
This article expands on our initial ﬁndings presented in an appendix of the second volume of an independent scientiﬁc assessment of
well stimulation treatments in California, commissioned by the California Natural Resources Agency pursuant to Senate Bill 4 and
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Table 1
Noise levels associated with UOGD operations.
Category

Source

Distance (m/ft)

Average dBA
dBAa
Range

Data type

Reference

Construction and preparation

General (unspeciﬁed)

b15

b50

–

70–90

Measurement

Access road construction

15
76
152
305
457
610
191
15
76
152
305
457
610
b152

50
250
500
1000
1500
2000
625
50
250
500
1000
1500
2000
b500

89
75
69
63
59
57
58–69
84
70
64
58
55
52
–

–

Estimate

Bureau of Land Management,
2006
NYSDEC FSGEIS 2015

–
–

Measurement
Estimate

McCawley, 2013
NYSDEC FSGEIS 2015

65–85

Estimate

191
15
76
152
305
457
610
191
100
300
1055
2300
191
200
30

625
50
250
500
1000
1500
2000
625
328
984
3461
7546
625
655
100

65
76
62
56
50
47
44
54
57.4–62
52.5
36.9
30.4
75–80

56–73
–

Measurement
Estimate

Garﬁeld County, Colorado,
2011
McCawley, 2013
NYSDEC FSGEIS 2015

–
–

Measurement
Estimate
Measurement

McCawley, 2013
Ambrose and Florian, 2014

–

Measurement

Witter 2011

–

75–87

Measurement

Behrens and Associates, Inc.,
2006

200
300
400
500
600
700
800
50
250
500
1000
1500
2000
625
625
On-site

–
–
–
–
–
–
–
99–104
85–90
79–84
73–78
69–74
67–72
52
58
97.9

71–79
65–74
60–71
56–68
54–59
51–55
51–54
–

Estimate

NYSDEC FSGEIS 2015

Hydraulic fracturing/ﬂowback
Flaring

61
91
122
152
183
213
244
15
76
152
305
457
610
191
191
On-site

47–60
55–61
–

Measurement
Measurement
Estimated

McCawley, 2013
McCawley, 2013
Bureau of Land Management,
2006

Compressor station(s)

161
b305

528
b1000

66.3
63.15

35.3–94.8 Measurement

305–610
610–762
N1067
On-site

1000–2000
2000–2500
N3500
On-site

55.48
54.09
51.50
69–86

35.3–77.6
35.3–80.3
35.3–74.1
–
Measurement

1609
2012
100
140

5280
6600
328
459

58–75
54
53.8
50.9

Site preparation
Well pad preparation

Truck trafﬁc

Production and completion

Horizontal drilling

Vertical drilling
Drilling (unspeciﬁed)

Hydraulic fracturing

–

Estimate
Measurement

Maryland Institute for
Applied Environmental
Health, 2014

Bureau of Land Management,
2006

Ambrose and Florian, 2014

a
A-weighted decibel. This is a frequency dependent correction that is applied to a measurement to mimic the varying sensitivity of the ear to sound for different frequencies. dBA serves
as an expression of a sound's relative loudness in the air as perceived by the human ear.

coordinated by the California Council on Science and Technology
(Shonkoff et al., 2015). We highlight what is currently known and
identify data gaps and research limitations. Additionally, we consider how these ﬁndings may inform discussions on the deployment of
noise abatement techniques, such as the minimum surface setback
distances between human populations and oil and gas infrastructure.

2. Health impacts of environmental noise exposure
Noise exposure can lead to adverse health outcomes through direct
and indirect pathways (Fig. 1). Noise is an environmental stressor that
activates the sympathetic nervous and endocrine systems (Ising and
Braun, 2000). Acute noise effects are not limited to high decibel sound

J. Hays et al. / Science of the Total Environment 580 (2017) 448–456
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Fig. 1. Potential non-auditory health outcomes of environmental noise exposure. This ﬁgure is adapted from Shepherd et al. (2010) and depicts the relationships between exposure to
noise and primary and secondary health effects. Non-physical effects of noise are also mediated by psychological and psychophysiological processes (Shepherd et al., 2010). The
dashed lines indicate the physical effects of noise and the solid lines indicate the non-physical effects. Annoyance and sleep disturbance act as mediators between predisposing factors
and secondary health effects, such as quality of life or cardiovascular disease.

levels such as those found in occupational settings, but also are evidenced at relatively low environmental sound levels when they cause
disturbance of other activities (e.g., sleep, concentration, etc.)
(Babisch, 2002). Both the sound level of the noise (objective noise exposure) and its subjective perception can inﬂuence the impact of noise on
neuroendocrine homeostasis (Münzel et al., 2014). In other words, the
way in which an individual perceives a particular sound can inﬂuence
the impact of the noise.
Health outcomes associated with noise exposure have been studied
for decades, although there has been an increasing body of literature on
the non-auditory health effects of environmental noise exposure. Most
of these studies analyze associations between adverse health outcomes
and noise from airports, road trafﬁc, and railways. Some of the more
commonly identiﬁed non-auditory health endpoints for noise exposure
are annoyance/perceived disturbance, sleep disturbance, and cardiovascular health outcomes (Basner et al., 2014). Although there are other
health outcomes associated with noise exposure, here we focus on
these three health endpoints. We also brieﬂy discuss potential mechanisms and epidemiological evidence that considers threshold calculations and exposure-response relationships.

annoyance may produce a host of negative responses, such as feeling
of anger, displeasure, anxiety, helplessness, distraction, and exhaustion
(World Health Organization, 2011). Annoyance affects both the
wellbeing and quality of life among populations exposed to environmental noise. Noise sensitivity is a strong predictor of noise annoyance
(Paunović et al., 2009; Stansfeld, 1992) and may also predict the risk of
future psychological distress (Stansfeld and Shipley, 2015).
Annoyance is also source dependent, meaning that dBA (A-weighted
decibel) readings alone are not always sufﬁcient to gauge annoyance
thresholds (Babisch et al., 2013). However, according to a 2010 report
by the European Environment Agency (EEA), the thresholds are generally about the same for transport noises (European Environment
Agency (EEA), 2010). Other agencies have slightly higher threshold averages for annoyance while differentiating between serious and moderate annoyance as well as outdoor and indoor activity interference (Table
2). Still, the results of studies that measure levels of annoyance vary and
a number of uncertainties remain because of the noise dependent and
subjective factors related to annoyance.

2.1. Annoyance

Sleep disturbance is another common response among populations
exposed to environmental noise (Muzet, 2007). Noise can impact
sleep in a number of ways and can have immediate effects (e.g., arousal,
sleep stage changes), after-effects (e.g., drowsiness, cognitive

Annoyance appears to be one of the more common responses to
general environmental noise exposure among communities. Noise

2.2. Sleep disturbance

Table 2
Noise level thresholds associated with various health outcomes.
Category

Effect

Threshold (average dBA)

Acoustic indicator

Time domain

Reference

Annoyance

Unspeciﬁed
Serious
Moderate
Outdoor activity interference
Indoor activity interference
Sleep disturbance

42
55
50
55
45
30
45
32
42
53
50
65–70
60
50
55

Lden
LAeq
LAeq
Ldn/Leq(24)
Ldn/Leq(24)
LAeq
LAmax
Lmax,indoors
Lnight
SELindoors
Lden
LAeq
Lden
Lden
Ldn

Chronic
Chronic
Chronic
Chronic
Chronic
Chronic
Acute
Acute, Chronic
Chronic
Acute
Chronic
Chronic
Chronic
Chronic
Chronic

EEA, 2010
WHO 1999
WHO 1999
US EPA 1974
US EPA 1974
WHO 1999
WHO 1999
EEA, 2010
EEA, 2010
EEA, 2010
EEA, 2010
WHO 1999
EEA, 2010
EEA, 2010
US EPA 1974

Sleep

Cardiovascular

General

Sleep (polysomographic)
Self-reported sleep disturbance
Reported awakening
Hypertension
Ischaemic heart disease
Reported health/wellbeing
Health/welfare

L = sound level.
LA = A-weighted sound level.
Lden = Day-evening-night equivalent level.
LAeq = A-weighted, equivalent sound level (dBA Leq).
Ldn = Day-night equivalent level (A-weighted, Leq).
LAmax = A-weighted, maximum sound pressure level occurring in an interval.
Lmax indoors = Maximum sound pressure occurring indoors.
Lnight = Night equivalent level (Leq, A-weighted, sound level).
SELindoors = Sound exposure level (logarithmic measure of the A-weighted), indoors.
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impairment), and long-term effects (e.g., chronic sleep disturbance)
(World Health Organization, 2011). The body continues to respond to
stimuli coming from the environment during sleep. Similar to annoyance, noise sensitivity plays a signiﬁcant role in sleep disturbance as
well, and is inﬂuenced by both noise dependent factors (e.g., noise
type, intensity, frequency) and other subjective factors (e.g., age, personality, self-estimated sensitivity) (Muzet, 2007).
There is a large body of research on sleep and health with variable
and controversial results. Because the effects of noise exposure on
sleep are dependent on a number of objective and subjective factors, it
is difﬁcult to determine a clear dose-response relationship. However, reviews of evidence produced by epidemiological and experimental studies have identiﬁed relationships between noise exposure at night and
adverse health outcomes (Ristovska and Lekaviciute, 2013). It is generally accepted that no effects on sleep tend to be observed below the
level of 30 dBA Lnight (average sound pressure level over one night)
and there is no sufﬁcient evidence to indicate that the biological effects
that have been observed below 40 dBA Lnight are harmful to health
(World Health Organization, 2009). Adverse health effects such as
self-reported sleep disturbance, insomnia, and increased use of drugs
are observed at levels above 40 dBA Lnight and levels above 55 dBA present a major public health concern (World Health Organization, 2009).
2.3. Cardiovascular health
Reactions to noise can occur at both a conscious and non-conscious
level. Speciﬁcally, noise can trigger emotional stress reactions from perceived discomfort as well as physiological stress from interactions between the auditory system and other regions of the central nervous
system (Basner et al., 2014). Exposure to noise can increase systolic
and diastolic blood pressure, create changes in heart rate, and cause
the release of stress hormones (e.g., catecholamines and glucocorticoids) (Basner et al., 2014). Studies have found positive correlations between chronic noise exposure and elevated blood pressure,
hyptertension, ischaemic heart disease, and stroke (Halonen et al.,
2015; Münzel et al., 2014; Vienneau et al., 2015). Systematic and quantitative reviews have collated and synthesized evidence of the relationship between noise exposure and cardiovascular disease (Babisch, 2000,
2006; Stansfeld and Matheson, 2003; van Kempen et al., 2002) and
some meta-analyses have developed exposure-response curves that
are used to quantify human health risks in health impact assessments
(Argalášová-Sobotová et al., 2013). Table 2 provides EEA, World Health
Organization (WHO), and United States Environmental Protection
Agency (US EPA) threshold levels for increased cardiovascular risk.
3. Noise sources and levels during oil and gas development
There is currently no peer-reviewed literature on the noise levels
and potential health impacts from noise exposure related to oil and
gas development. However, measurements and estimates of noise
levels for oil and gas development can be found in a number of

Table 4
Trafﬁc noise levels, Wetzel County, West Virginia.a
Site 2A (next to road/construction)

Site 2C (far side of pad away from
trafﬁc)

Time above
sound level
(minutes)

% of time
above
sound level

Sound
level
(dBA)

Time above
sound level
(minutes)

% of time
above
sound level

Sound
level
(dBA)

1
254
5213
7304
7309
7309
7309

0.01
3.48
71.32
99.93
100.00
100.00
100.00

90
80
70
60
50
40
30

13
134
499
927
6363
7295
7295

0.18
1.84
6.84
12.71
87.22
100.00
100.00

90
80
70
60
50
40
30

a
These data come from a report prepared for the West Virginia Department of Environmental Protection (McCawley, 2013). Samples were continuous over the total time
duration listed in the bottom row. The total sampling time for Site 2A was 7309 min
(~122 h) and Site 2C was 7295 min (~122 h).

government reports and independent analyses in the grey literature.
These sources are subject to limitations and can vary signiﬁcantly in
terms of methodology and the type of oil or gas development for
which the measurements were taken.
The main sources of noise from oil and natural gas operational activities can be grouped into the following two categories: (1) construction
and preparation (e.g., road construction, site and well pad preparation,
truck trafﬁc) and (2) production and completion (e.g., ﬂaring operations, drilling, hydraulic fracturing, compressor stations). Table 1 summarizes noise measurements and estimates from environmental
impacts statements, reviews, and other reports. These ﬁndings are not
necessarily commensurable, however, because of the heterogeneity of
approaches and study systems across the reports (e.g., source of noise,
measurement distance, type of oil or gas operations, etc.). Furthermore,
some of the data contained in these reports are industry/consultant predictions and do not necessarily reﬂect actual ﬁeld monitoring results.
Nonetheless, these are the best available data for determining expected
noise levels from various aspects of UOGD.
In a report prepared for the West Virginia Department of Environmental Protection, McCawley (2013) monitored noise levels associated
with various stages of natural gas development from 2 to 4 sampling
sites located 190.5 m (625 ft) from the center of ﬁve different well
pads. McCawley (2013) provided actual monitoring results from a number of different sites and for a variety of stages in the development process, including site preparation, drilling, hydraulic fracturing, and truck
trafﬁc. Analysis of these data yields the percent of time particular noise
levels were exceeded in minutes (Table 3 and Table 4). In all cases, for
the ﬁve major operations the study surveyed, noise levels exceeded
55 dBA for N 24 h, though not necessarily continuously. Pad Preparation
in Wetzel County, WV was more frequently louder (on both the basis of
total time and percent of time sampled) than was Hydraulic Fracturing
in either Marion County, WV or Wetzel County, WV. As all sound levels
were measured at least 190.5 m from the center of the pad it may not be

Table 3
Hydraulic fracturing noise levels, Marion County, West Virginia.a
Site A (near impoundment above pad)

Site C (near road)

Site D (1200 ft. from pad)

Time above sound
level (minutes)

% of time above
sound level

Sound level
(dBA)

Time above sound
level (minutes)

% of time above
sound level

Sound level
(dBA)

Time above sound
level (minutes)

% of time above
sound level

Sound level
(dBA)

53
191
644
2277
4261
7353
14,845

0.357023
1.286628
4.338161
15.3385
28.70327
49.53183
100

90
80
70
60
50
40
30

6
52
930
4949
11,331
12,048
14,851

0.04
0.35
6.26
33.32
76.30
81.13
100.00

90
80
70
60
50
40
30

3
19
138
658
2760
10,028
14,817

0.02
0.13
0.93
4.44
18.63
67.68
100.00

90
80
70
60
50
40
30

a
These data come from a report prepared for the West Virginia Department of Environmental Protection (McCawley, 2013). Samples were continuous over the total time duration listed
in the bottom row. The total sampling time for Site A was 14,845 min (~247 h), Site B was 14,851 min (~248 h), and Site C was 14,817 (~247 h).
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surprising that Pad Preparation was more frequently loud. The heavy
earth moving equipment was observed to frequently pass directly
next to the sound monitoring equipment.
McCawley (2013) found that other operations also exhibited similar,
apparently anomalous results – such as the vertical drilling operation in
Wetzel County, WV, where no drilling took place during the time period
of sampling. On the far side of the pad, away from the road and out on its
own solitary point of land, but the same distance from the center of the
pad as the second sampling site, sound levels exceeded 60 dBA far less
frequently than did the sampling site next to roadway on the other
side (approximately 180 degrees opposite) of the pad. The sampling
site next to the roadway had sound levels exceed 70 dBA far more frequently than did the Hydraulic Fracturing site in Marion or Wetzel
County. Again, heavy-duty trafﬁc and construction equipment were frequently observed around the second sampling site and not around the
ﬁrst.
McCawley (2013) also concluded that air emissions should not be
assumed to necessarily be coming from the center of the pad based on
trends similar to the sound levels but for volatile organic compounds
(hypothesized to emanate from the heavy duty diesel equipment).
Since the sound levels appear to follow the same pattern, the sound
levels could be hypothesized to also be coming from the heavy-duty
equipment. Additional research is required here and the cautionary lesson is that site setbacks do not necessarily provide the expected attenuation if the source is not located solely at the center of the pad. One
might therefore expect to see results for noise similar to the levels and
frequencies in Table 4 along the roadways near the operations mentioned in the McCawley (2013) report due to trafﬁc ﬂow and ancillary
pad site operations.
A 2014 pilot study conducted as part of a report prepared for the
Maryland Department of the Environment and the Maryland Department of Health and Mental Hygiene monitored resident exposures to
noise associated with natural gas compressor stations in West Virginia
(Maryland Institute for Applied Environmental Health, 2014). The
study found an average Leq (equivalent continuous sound pressure
level) for the combined compressor stations of 60.2 dBA (range 35.3
to 94.8 dBA) and an average short term Leq of 61.4 (range 45.3 to
76.1 dBA), both of which decreased with distance from the compressor
stations. For instance, for 24-h measurements the recorded average of
63.15 dBA at b 305 m (1000 ft) decreased to 54.09 dBA at 610 to
762 m (2000 to 2500 ft). The average Leq at control homes located
N1067 m (3500 ft) from a compressor station was 51.40 dBA.
A 2006 Bureau of Land Management Environmental Impact Statement for the Jonah Inﬁll Drilling Project (JIDPA) in Sublette County, Wyoming incorporated measurements from previous investigations to
assess typical noise levels near gas ﬁeld operations (Bureau of Land
Management, 2006). Noise levels from one compressor station just
south of the JIDPA were recorded between 58 and 75 dBA about
1.6 km (1 mi) and 54 dBA about 2 km (1.25 mi) to the southeast,
while another station provided readings of about 65 dBA about 1.6 km
(1 mi) east (Bureau of Land Management, 2006). Readings from construction activities ranged from 70 dBA to 90 dBA within 15 m (50 ft)
from the source.
In 2006, the Fort Worth Gas Well Task Force commissioned Behrens
and Associates, Inc. to produce a gas well drilling noise impact and mitigation report for drilling rigs operating within and near the City of Fort
Worth, Texas (Behrens and Associates, Inc., 2006). Drilling noise levels
for three different rigs were measured at various times from four directions (e.g., generator side of rig, rear side of rig, etc.) up to 800 ft away.
Average drilling sound levels were 75–87 dBA at 30 m (100 ft), 71–
79 dBA at 61 m (200 ft), 65–74 dBA at 91 m (300 ft), 60–71 dBA at
122 m (400 ft), 56–68 dBA at 152 m (500 ft), 54–59 dBA at 183 m
(600 ft), 51–55 dBA at 213 m (700 ft), and 51–54 dBA at 244 m (800 ft).
In 2014, the Wyoming Game and Fish Department had sound levels
recorded in order to measure the threat from noise to greater sage
grouse (a species reliant on vocal communication for its propagation)
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in the Pinedale Anticline Project Area (PAPA) (Ambrose and Florian,
2014). The report provided estimates of sound levels at 100 m (328 ft)
based on measurements taken at further distances for a number of common PAPA gas ﬁeld activities (median (L50) over a 24-h period). For instance, a reading of 53.8 dBA was estimated at 100 m based on an actual
measurement of 50.9 dBA at 140 m (459 ft). Various sources produced
median sound levels at least 50 dBA at 100 m, including an active drill
rig (62 dBA), an injection well complex (56 dBA), a compressor station
(54 dBA), and a well pad with 21 well heads and a generator (50 dBA)
(Ambrose and Florian, 2014).
The New York State Department of Environmental Conservation's
Final Supplemental Generic Environmental Impact Statement On The
Oil, Gas and Solution Mining Regulatory Program provided the greatest
number of estimates for noise levels associated with various aspects of
UOGD. Composite noise levels at 15 to 610 m (50 to 2000 ft) ranged
from 57 dBA to 89 dBA for access road construction, 52 dBA to 84 dBA
for well pad preparation, 44 dBA to 76 dBA for horizontal drilling, and
52 dBA to 104 dBA for hydraulic fracturing (New York State
Department of Environmental Conservation, 2015).
A 2011 Health Impact Assessment (HIA) conducted by the Colorado
School of Public Health (CSPH) considered the health impacts of noise,
vibration, and light pollution on health in the Battlement Mesa community in Garﬁeld County, Colorado. CSPH obtained well pad noise monitoring data from Antero Resources, an oil and gas exploration and
production company. Unmitigated noise levels during drilling operations were measured below industrial noise limits at 191 m (625 ft) to
the northwest and 165 m (540 ft) to the southeast (75 and 80 dBA during night and day, respectively) (Garﬁeld County, Colorado, 2011). According to Antero's models, however, mitigation could reduce noise
from drilling to the 50–63 dBA range at 107 m (350 ft). The CSPH HIA
found that heavy truck trafﬁc, construction equipment, and diesel engines used throughout drilling and hydraulic fracturing would likely account for the most signiﬁcant sources of noise.
4. Potential health outcomes from UOGD noise exposure
To determine the potential for health outcomes, thresholds and
guidelines from Table 2 can be compared with data from Table 1. The
health literature on noise exposure considered with dBA levels associated with oil and gas operations suggest that noise from UOGD present a
number of potential adverse health outcomes. This ﬁnding is consistent
with other studies and reports that consider potential health threats of
noise exposure in the context of oil and gas development (Maryland
Institute for Applied Environmental Health, 2014; McCawley, 2013;
Witter et al., 2013). In particular, oil and gas operations have produced
sound level measurements and estimates that could lead to all three of
the non-auditory health outcomes considered in this review.
Of the potential health outcomes discussed above, there is a more
signiﬁcant risk for annoyance and sleep disturbance because these generally occur at lower noise thresholds. Although hypertension and cardiovascular diseases are associated with higher average dBAs than
annoyance and sleep disturbance, many sources of noise from UOGD
have produced noise at levels that are known to be associated with
these outcomes. Most UOGD activities are not permanent, so there
may be less of a risk for cardiovascular health outcomes, which are associated with chronic and continuous noise exposure (e.g., living next to a
busy highway). However, some sources do produce chronic noise once
drilling and other production processes are complete (e.g., compressor
stations) and may contribute to the types of exposures associated
with cardiovascular health outcomes. Further, these sources can produce LFN, which may considerably increase the adverse effects of
noise exposure (Berglund et al., 1999).
When considering the health impacts of noise from a given source,
the volume and intensity of the noise, whether it is prolonged and/or
continuous, how it contrasts with the ambient noise levels, and the
time of day must be taken into account. Noise levels depend not only
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on the type of source, but also on other factors such as distance from the
source, air temperature, humidity, wind gradient, and the topography.
The speciﬁc environment should also be taken into account, such as
whether or not the dBA level is indoor/outdoor or whether it is heard
in a hospital, school, daycare center or other facility.

status, suffering from tinnitus, mentally ill, and foetus or neonates (van
Kamp and Davies, 2013). Overall, there is very little epidemiological literature on the effects of environmental noise exposure on vulnerable
groups and so determining dose-response curves and setting speciﬁc
limit values is difﬁcult.

4.1. Co-exposures

4.4. UOGD public health literature

There are a number of health damaging air pollutants associated
with UOGD that have been measured in high concentrations, including
volatile organic compounds (VOCs), aromatic hydrocarbons, particulate
matter (PM), and ground level ozone (Helmig et al., 2014; Oltmans et
al., 2014; Pétron et al., 2014). Some of these pollutants have been
shown to increase risk factors associated with heart disease and other
adverse health outcomes. Numerous epidemiological studies have observed exposure to noise and air pollution simultaneously, since both
often accompany transportation sources (e.g., busy roadways). It can
be difﬁcult to link one or the other to increased cardiovascular risks,
and correlated exposures may lead to confounding in some epidemiological studies. It is not entirely clear from the available body of science
whether air pollution is independent, additive, or synergistic to impacts
from noise exposure.
Several papers have also acknowledged that light pollution resulting
from nighttime UOGD operations may constitute an additional stressor
and potential health hazard (Ferrar et al., 2013; Perry, 2013; Witter et
al., 2013). Evidence suggests that light at night may impact health by
disrupting normal circadian rhythms and altering melatonin and other
hormone releases (Chepesiuk, 2009; Pauley, 2004). There has also
been some epidemiological links of light at night to breast cancer
(Hurley et al., 2014) and obesity (McFadden et al., 2014), although the
research is still preliminary.

There is an emerging body of epidemiology that suggests an association between UOGD and adverse health outcomes (Hays and Shonkoff,
2016). In a study using over 95,000 inpatient records from three
counties in northeast Pennsylvania, Jemielita et al. (2015) noted an association between density of unconventional natural gas wells and increased inpatient prevalence rates for a number of medical categories,
including cardiology and neurology. The authors hypothesized that
this association could be due in part to potential toxicant exposure
and stress responses (Jemielita et al., 2015), the latter of which may
bear particular relevance to noise exposure. Several other studies have
found associations between UOGD and some adverse birth outcomes
(Casey et al., 2015; McKenzie et al., 2014; Stacy et al., 2015), which
have also been associated with noise exposure. In light of these ﬁndings
and our understanding of noise as a potential health risk factor for stress
and adverse cardiovascular outcomes, additional research on noise
levels and noise exposure associated with UOGD is warranted.
4.5. Limitations

LFN is produced by some oil and gas operations (e.g., compressor
stations), yet, there are few data available and concerns about LFN
tend to focus more on wind turbines (Mo̸ller and Pedersen, 2011).
LFN is not clearly deﬁned and presents challenges for regulation based
on conventional methods of assessing noise (based on A-weighted
equivalent level) (Leventhall, 2004). LFN generally occurs below a frequency of 100 to 150 Hz (Hertz is a unit of frequency deﬁned as one
sound vibration or cycle per second) and at very low frequencies referred to as infrasound (20 Hz) people may complain about “pressure
sensations” or describe an experience of “feeling the noise”
(Department of the Environment, Nothern Ireland, 2001).
The association between exposure to LFN and adverse health outcomes has not received as much attention in the scientiﬁc literature as
compared to higher frequency noise measured by traditional A-weighted bands (Murphy and King, 2014). However, the WHO has suggested
that LFN may considerably increase the adverse effects of noise exposure (Berglund et al., 1999). Exposure to LFN has been associated with
sleep disturbance (Leventhall, 2003), annoyance (Persson and
Björkman, 1988), and other secondary health effects (Berglund et al.,
1999). Residential exposure to LFN may even be a greater problem
than noise measured in the normal frequency range given that most
walls in buildings and homes are not able to attenuate LFN
(Leventhall, 2003). Some evidence suggests that dBA may underestimate the level of annoyance experienced by exposed populations
(Persson and Björkman, 1988).

Noise data from actual oil and gas operations are very limited and
most are based on estimations rather than actual ﬁeld measurements.
Some of the oil and gas noise data from traditional operations may underestimate average noise levels from unconventional oil and gas operations, which may be more intense in terms of infrastructure, truck
trafﬁc, duration, etc. It may be difﬁcult to assess the potential health outcomes associated with LFN from oil and gas operations due to a lack of
data and because traditional dBA may underestimate particular health
outcomes (e.g., annoyance) from LFN. Additionally, many of the noises
from UOGD are transient in nature, making them challenging to capture.
Further, some noise level thresholds included in this review (Table 2)
may not adequately reﬂect the current science on health outcomes associated with environmental noise exposure. For instance, US EPA
guidelines are now over 40 years out of date and do not incorporate
the large body of epidemiology that has been published since 1974.
Due to the psychological dimension of noise exposure, the relationship between the source and the exposed individual can vary dramatically. While most of the epidemiology on noise exposure involves
aircraft, road trafﬁc, and railways, the dBAs associated with these
sources are not necessarily transferable to oil and gas development for
all health outcomes. Depending on the individual, levels of annoyance
from noise exposure to oil and gas activities may be greater or less
than levels of annoyance associated with road trafﬁc. For instance, a
landowner who has permitted oil or gas development to obtain production royalties may have a higher threshold for noise and/or annoyance
than a landowner nearby without any economic incentive. Relatedly,
some evidence suggests that annoyance felt by residents living in the vicinity of wind turbines occurs at signiﬁcantly lower noise levels than
noise from other environmental sources (Janssen et al., 2011). It is unclear whether or not UOGD will follow a similar pattern. Regardless, individual variation presents a high degree of uncertainty for most
potential health outcomes associated with noise exposure.

4.3. Vulnerable populations

5. Research and policy considerations

As with other environmental stressors, noise exposure may disproportionately impact vulnerable populations, including children, the elderly, and the chronically ill. In addition to these groups, the literature
also considers those who are sensitive to noise, of a low socioeconomic

There are a number of factors that should be taken into account
when assessing health risks from UOGD noise. These include the distance of populations to oil and gas operations, mitigation techniques,
and differences in noise sensitivity among individuals, which are

4.2. Low frequency noise
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sometimes driven by age and pre-existing health conditions. The majority of populations living in communities with active oil and gas development may not experience many of the dBA readings and estimates
mentioned in this report, depending on the siting of oil and gas operations, topography, and infrastructure. Likewise, some communities
may already take preventive measures with policies and practices designed to limit exposure. Nonetheless, there is some evidence that oil
and gas operations can, and do, produce noise levels that may adversely
impact population and community health.
Policies aimed to protect the health and wellbeing of human populations should consider noise levels when determining minimum surface
distances between residents and sensitive receptors (e.g., schools, hospitals, etc.), as noise measurements typically decrease with distance
from the source. Setback ordinances for UOGD activities have ultimately been the result of political compromise since they have
lacked a sufﬁcient technical or empirical basis given the heterogeneity of factors that inﬂuence environmental hazards from UOGD (Fry,
2013). Proﬁts and other economic considerations are weighed
against environmental and health protection and other community
concerns (e.g., nuisance, aesthetics, etc.). However, some evidence
suggests that setback distances may not be adequate to reduce public
health threats (Haley et al., 2016). Setback distances based on noise
may offer a more empirical foundation than methods that have
been used to date.
Policies should also require noise mitigation techniques, which are
well known and already used by many oil and gas operators. These
may include perimeter sound walls, sound control systems, acoustical
enclosures and buildings, and the use of sound absorbing materials. Natural terrain can also play a role in mitigation and where possible pads
may be sited to make use of hills, trees, and other natural objects to reduce exposure. Signiﬁcant restrictions on nighttime operations should
be put into place in order to minimize sleep disruption. Maximum allowable noise levels should take into account location and sensitivities
of surrounding populations, which may be more vulnerable to noise exposure from UOGD. For instance, the data suggest that maximum allowable noise levels should be lower for schools and hospitals than for
industrial or commercial areas.
As previously discussed, both the nature and duration of noise are
relevant to potential health outcomes. Many of the noise levels associated with UOGD are transient in nature and only occur during certain development activities. For instance, some activities, such as
well pad preparation, drilling, and hydraulic fracturing will only be
encountered prior to the completion of a well. Certain adverse health
outcomes usually only result from long-term noise exposure and
may be less of a concern with most development activities. On the
other hand, some sources, such as compressor stations, produce
chronic noise that will continue for years after wells are put out of
production. Although noise levels may fall under municipal and industrial noise limits, data indicate these limits may not be low
enough to protect public health.
More research is needed to clarify noise exposure from UOGD as a
potential health risk. Field campaigns to measure noise levels from
UOGD activities should be undertaken to inform policies and to protect
public health. Cohort or longitudinal studies should be developed to address the question about causal links between UOGD noise and adverse
health outcomes. In particular, studies should be designed and implemented to investigate the following in the context of UOGD:
• the effectiveness of noise mitigation measures as well as the adequacy
of setback distances;
• the implications of noise exposure on vulnerable populations, including children, the elderly, and communities with multiple and cumulative socioeconomic and environmental burdens;
• potential co-exposures of noise, air, and light pollution;
• LFN levels and associations between exposure to LFN and adverse
health outcomes;
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• relationships between noise exposure and stress related health outcomes associated with UOGD, such as cardiology inpatient prevalence.
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Abstract
Objective: Noise associated with nontraditional gas industry (NTGI) sites (e.g., hydraulic fracturing well pads, compressor stations, processing plants) may create disturbances and anxiety in rural populations. This study evaluated levels of concern
among residents of Southwestern Pennsylvania residing near NTGI sites.
Design: Noise measurements were collected inside and outside residences, and surveys were administered to residents.
Results: Daytime instantaneous sound levels ranged between 45.0 and 61.0 dBA.
Dosimeter studies recorded day–night levels (Ldn) of 53.5–69.4 dBA outside and
37.5–50.1 dBA inside, exceeding United States Environmental Protection Agency
guidelines. Respondents indicated the NTGI noise disturbed their sleep, and the
majority of respondents (96%) reported being worried about their overall health as a
result of the noise.
Conclusions: Health care professionals serving rural areas impacted by hydraulic
fracturing (fracking) should be aware of potential noise stressors on the populations
they serve.
KEYWORDS

fracking, hydraulic fracturing, noise, rural health concerns

1 | BAC KG RO U N D

development. It entails injecting large volumes of a water, sand, and
chemical compound mixture into a drilled well at high pressure in

Hydraulic fracturing, or “fracking,” have become common words to

order to break up the shale rock and release natural gas. Because of

rural Pennsylvanians and others situated on top of the Marcellus

this injection process and the noise associated with the drilling and

shale natural gas field formation. Although common, the words (and

processing of the shale rock, two areas of concern surround non-

industry) are not always well received. For example, New York state

traditional gas industry sites: the contamination of the water, soil,

has banned fracking altogether, citing health risks (Kaplan, 2014),

and air caused by the injection process, and the high levels of noise

and Maryland has a moratorium on fracking in place. However,

generated by the development and drilling process.

Pennsylvania, Ohio, and West Virginia have welcomed the industry.
Between 2004 and 2016 in Pennsylvania alone, the industry has developed more than 9,000 well sites (Bradwell, 2016), mostly in the

1.1 | Water, soil, and air contamination

southwestern and northeastern regions (“Pennsylvania Frack Wells,”

Researchers have been studying effects of nontraditional gas in-

n.d.). One report predicted between 7,000 and 16,000 new sites in

dustry activities on air quality (Brown, Lewis, & Weinberger, 2015;

the state by 2030 (Johnson et al., 2010).

Colborn, Schultz, Herrick, & Kwiatkowski, 2014; McKenzie, Witter,

Fracking, used to access oil and natural gas trapped in shale rock,

Newman, & Adgate, 2012; OSHA & NIOSH, 2012), soil quality

is known as an “unconventional” or “non-traditional” form of gas

(Finkel, Hays, & Law, 2013), and water quality (Osborn, Vengosh,

Public Health Nurs. 2019;36:3–10.
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Warner, & Jackson, 2011; Vengosh, Warner, Jackson, & Darrah,

when a gas pipeline is taken offline for maintenance, in the event

2013) for several years. Radioactive contaminants, gas seepage,

of emergencies, or to accommodate fluctuating demand (Hamilton,

hydrocarbons, heavy metals, benzene, toluene, diesel fuel, and

2017; Transcanada, 2005). The Generic Environmental Impact

radon gas have all been identified in air, soil, and water samples col-

Statement (GEIS) acknowledged that “construction of well pads and

lected throughout many fracking sites (Finkel et al., 2013). People

wells associated with high-volume hydraulic fracturing will result in

living within 0.8 km (1/2 mile) of a well site are at greater risk for

temporary, but adverse, impacts relating to noise.” (New York State

health effects, including benzene-related cancers and neurologic,

Department of Environmental Conservation, 2011).

respiratory, hematologic, and developmental problems (McKenzie

Although the development phase of fracturing is noisier, the

et al., 2012). Asthmatics in close proximity to active well sites

processing phase is also loud. Well pads often have multiple wells on

are 1.5–4 times more likely to experience an attack (Rasmussen,

one site, so drilling may be extended over several months. Multiple

Ogburn, McCormack, Casey, Bandeen-Roche, Mercer, & Schwartz,

well sites feed into compressor stations and processing plants;

2016). An increase in newborn health problems has also been as-

these are a less noisy but constant source of noise for decades. For

sociated with proximity to fracking sites (McKenzie et al., 2014).

example, 11 West Virginia homes located near compressor stations
exceeded United States Environmental Protection Agency (USEPA)

1.2 | Noise generation

and World Health Organization (WHO) day–night guideline levels
(Boyle, et al., 2017).

The fracking process can be divided into two main phases: well development (which involves drilling and fracturing) and production.
The development phase is noisier than production, with the majority

1.3 | Health concerns from fracking noise

of fracking noise occurring within the first 50–100 days. This is from

Health symptoms and stressors specifically associated with hydrau-

access road construction, well pad preparation and construction,

lic fracturing (Ferrar et al., 2013) are skin, digestive, upper respira-

drilling and fracturing processes, and the increased traffic to and

tory, and central nervous system symptoms. The most frequently

from the well site. Up to 2,000 truck trips are required during the

described symptom was “stress,” while a “concern for health” was

first year of a well’s operation, not including the removal of fuel

the predominant stressor (Ferrar et al., 2013). In addition to noise

(Dobb, 2013). For access road construction, New York state esti-

pollution, additional stressors include fear of information withhold-

mated truck and equipment noise levels in the range of 57 dBA at

ing or falsification, fear of having complaints/concerns ignored, and

610 m (2000 ft), up to 89 dBA at 15 m (50 ft). The well pad prepara-

the feeling that corruption was occurring (Ferrar et al., 2013).

tion and construction noise estimates ranged from 52 dBA at 610 m

Noise and vibrations have documented negative health effects,

up to 84 dBA at 15 m. Estimated noise levels at the well site ranged

including high blood pressure, low birth weights, birth defects,

from 44 dBA at 610 m up to 76 dBA at 15 m for the drilling process

annoyance, anxiety, stress, emotional instability, argumentative-

and 72 dBA at 610 m up to 104 dBA at 15 m for the pumper trucks

ness, increase in social conflicts, neurosis, hysteria, and psycho-

(New York State Department of Environmental Conservation,

sis (Belojević, Jakovljević, Stojanov, Slepcević, & Paunović, 2008;

2011).1

Berglund, Lindvall, & Schwela, 1999; Stansfeld & Matheson, 2003).

People living near well pads, compressor stations, and process-

Although a recent study of 4,548 participants did not associate self-

ing plants are exposed indirectly to the noise created by the heavy

reported occupational noise exposure to blood pressure problems

earth-moving equipment used to shape the site, and to the noise

(Gan & Mannino, 2018). However, much of this research concerns

created by any additional equipment needed for placing and oper-

airport, traffic, and other industrial noise. To date, the health-related

ating the drilling rig. The drilling rig noise is usually created by die-

concerns associated with fracking noise have not been thoroughly

sel engines; noise will fluctuate depending on the engine speed and

investigated, with most estimates in the form of extrapolations, al-

load. As drill pipe is placed into the wellbore for the tubular prepa-

gorithms, or construction noise models (New York State Department

ration and cleaning processes, noise levels increase. As more pipe is

of Environmental Conservation, 1992, 2011).

connected, the release of air pressure continues to generate intense
noise.
But engine and equipment noises are not the only cause of industrial noise in this case. Anecdotal reports from residents living around

1.4 | Regulatory agencies and noise
recommendations

well pads and compressor stations indicate that 2–3 hr “blow-downs”

The Pennsylvania Oil and Gas Act (Act 223) requires that compres-

are primary concerns for noise, that is, the processes by which solids

sor stations and processing plants have a setback distance of 229 m

or liquids are removed from a pipe using pressure. Blow-downs occur

(750 ft). The Act also requires that noise not exceed an instantaneous
sound level of 60 A-weighted decibels (dBA) at the nearest property

1

For reference purposes, noise levels produced by a normal conversation or dishwasher
are recorded around 60 dB, while noise levels produced by a lawn mower or leaf blower
are recorded around 90 dB. Sound measured from the environment is “A-weighted,” thus
noises are reported as “dBA” and account for the way in which the ear responds to different frequencies of sound.

line. The setback distance is 152 m (500 ft) from existing buildings or
water wells, unless the owner grants consent (Ellis, Reed, Scarnati, &
White, 2011). To avoid sleep disturbances, the WHO recommends
indoor noise levels in sleep areas to be below 30 dBA averaged over
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the 8 hr of night (L Aeq) with continuous maximum level (L Amax) limited

eight Likert scale questions (Q1-Q8), 13 yes/no questions, and 12

below 45 dBA for single sound events. Daytime indoor levels should

perception questions (N1-N12) participants were asked to place an

be limited to L Aeq of 35 dBA, and outdoor daytime levels to 55 dBA

“X” next to if the statement applied to them.

for serious annoyance or 50 dBA for moderate annoyance averaged

Twenty-four surveys were returned; one was removed from the

over the 16 hr of daytime and evening (Berglund et al., 1999). The

study due to the resident’s extended distance from the well pad

USEPA recommends that a 24-hr equivalent level (Leq(24)) should be

(>2.2 km) for a total sample of 23. The number of surveys distributed

≤70 dBA to prevent hearing loss, and a day–night level (Ldn) should

from 2014 through 2016 is unknown; therefore, a response rate can-

be ≤55 dBA for outdoor activity or ≤45 dBA for indoor residential

not be calculated.

areas (USEPA, 1974). Day–night levels are 24-hr equivalent levels
with a “penalty” of 10 dB added to levels measured at night between
22:00 hours (10:00 pm) and 07:00 hours (7:00 am).

2.3 | Noise measures
Sound pressure levels were measured in all three neighborhoods

1.4.1 | Research question

using two sound level meters: a SoundTrack LxT (Larson Davis) and
the SoundMeter+ App on an iPhone. In the Valencia and Yellow

This study measured sound pressure levels in neighborhoods

Creek/Evans City locations, Edge eg4 dosimeters (3M-Quest) were

adjoining hydraulic fracturing well pads, compression stations, and

added to measure noise levels for 64± hr time intervals. The sound

processing plants in Southwest Pennsylvania, and residents in those

measurements were taken for 1-min intervals at various locations in

areas were surveyed on hearing and health concerns. The sound

neighborhoods near the well pad, processing plant, and compres-

levels and survey responses were used to probe for perceived

sor station. The dosimeters measure sound levels over the course

health effects and perceptions from the fracking noise generated

of the 1-min period, then calculate and record the average equiva-

in those locations. This research is the first to look at actual noise

lent level during the minute (Leq). The dosimeters also have a floor

levels (not modeled levels or algorithms) and perceived impacts on

of 62 dBA. Therefore, the minute-by-minute data was reviewed and

rural communities when regulations do not challenge or prevent

levels at the noise floor were replaced by an assumed 0 dBA. The

nontraditional gas industry development in a specific area.

noise floor correction of averaging 0 dB for those minutes below the
floor would allow the calculated value to be below the noise floor

2 | M E TH O D

of 62 dBA, but the calculation would likely underestimate the actual sound level. In the end, the calculated values should be assumed
to be at least that high. Also, 10 dB was added to each minute Leq

2.1 | Design

within the 22:00–07:00 hours time zone as the nighttime penalty
for day–night levels, and then the Ldn calculated across 24 hr periods.

Sound level data (using sound level meters and dosimeters) and

Measurement sites were located within yards in which a family may

survey responses were collected from residential areas north and

routinely play, complete yard work, or enjoy the outdoors (e.g., next

south of Pittsburgh, Pennsylvania. The residents were identified

to porches, pools, and/or sheds). Sound level measurements were

and recruited by three sources: employees at the Southwest

taken in 13 separate locations throughout the three neighborhoods,

Pennsylvania Environmental Health Project (SWPA-EHP), a nonprofit

but dosimeter measures were taken in only four separate locations

health organization; members of Moms Clean Air Force, a concerned

throughout two of the neighborhoods (no dosimeter readings were

citizens’ group based near Pittsburgh; and an employee with the Oil

taken in Finleyville).

and Gas Accountability Project of Earthworks, a New York-based
nonprofit organization dedicated to protecting the environment
from adverse impacts caused by mineral and energy development.

3 | R E S U LT S

The study was conducted with the approval of the Indiana University
of Pennsylvania Institutional Review Board, protocol 14-097. Sound

Participants consisted of 8 males and 15 females, aged 29–67

measurements and survey collection occurred from February 2014

(average = 53.8) years who lived 151 m to 2.2 km from the site for

until July 2016.

4 months to 200 months (average = 59 months). Table 1 summarizes
the demographics of the participants.

2.2 | Sample

Instantaenous sound levels measured outside in the Yellow
Creek/Evans City neighborhoods near the compressor station and

Three locations were sampled. Participants lived near a well pad in

processing plant ranged from 48.3 to 56.0 dBA with the sound level

Finleyville, southeast of Pittsburgh, in a neighborhood adjacent to a

meters, all during daylight hours. Dosimeter studies in those areas

well pad in Valencia, northeast of Pittsburgh, and around a compres-

produced calculated day–night levels (Ldn) of 53.5–69.4 dBA outside

sor station and processing plant in the Yellow Creek/Evans City area,

and 50.1 dBA inside one residence.

north of Pittsburgh. All surveys were self-administered in paper and

The instantaneous measured outside daylight hours sound lev-

pencil format (see Data S1 for complete survey form). There were

els in the Valencia and Finleyville neighborhoods near the pad were

6

|

RICHBURG and SLAGLEY

Particpant demographic

Question wording

M

Age

Age in years

53.83

Gender

8 = male (35%), 15 =
female (65%)

Distance

Your approximate
distance from the well
site: ________ yards
(converted to meters)

Time

The length of time you
have been living with the
well site in place
____________ (converted
to months)

Range

SD
9.32

29–67

504.39

535.51

151–2,287

59.05

63.92

4–200

48.4–56.5 dBA, and 45.0–61.0 dBA, respectively. Dosimeter stud-

TA B L E 1 Participant demographic
descriptive statistics

loudest noise I have ever experienced.” Only a few of the respondents

ies completed in the Valencia neighborhood produced calculated

(n = 2; 9%) described it as “not very loud” and “not a problem.” This was

day–night levels (Ldn) of 57.3–61.5 dBA outside and 37.5–42.3 dBA

supported by a similar number (n = 3; 13%) describing it as “not too

inside one residence. Table 2 summarizes results of noise surveys.

loud” (Table 3). Age was correlated with being bothered by noise, with

Measurements from all outside areas had at least some levels ex-

older respondents more likely to be annoyed. Also, distance to the site

ceeding the USEPA recommended Ldn limits of 55 dBA for outside

was negatively correlated to noise disturbing sleep, so that folks living

noise. One measurement from inside a residence near the compres-

closer were more likely to be disturbed. Lastly, time living near the site

sor station exceeded the recommended Ldn limit of 45 dBA for noise

was negatively correlated to noise disturbing sleep. This suggests that

measured inside homes (USEPA, 1974).

the more recent intrusion of noise was more disturbing to sleep.

Figure 1 illustrates the fluctuation in noise levels over a 2-day
period. Residents reported this fluctuation in noise levels as being
particularly bothersome. The fluctuations are greater than those
typically experienced in rural areas.

3.2 | Health concerns
Likert question Q7 stated, “I believe that my overall health is being
affected by the noise created by the well site near my home,” and
the majority (n = 15; 65%) believed their overall health was being af-

3.1 | Noise concerns

fected by the noise, with about half of those respondents (n = 11;

Likert questions Q1 (bothered) and Q4 (sleep disturbed) were related

48%) believing it “a great deal.”

to the noise experienced by participants in their neighborhoods and

Additionally, when asked about their health concerns with different

homes. The majority (n = 13; 57%) were bothered “a great deal” by

formats of questioning, respondents consistently reported concern. An

the noise, and the majority (n = 12; 52%) indicated their sleep was dis-

overwhelming number of respondents (n = 22; 96%) responded “Yes”

turbed “a great deal” by the noise. When asked to place an “X” next

to “Since people have begun preparing and working on the well site

to a series of applicable statements, most respondents (n = 16; 70%)

near my home, I have worried about my health.” A majority (n = 19;

indicated that they found the noise “extremely bothersome,” but few

83%) also reported noticing changes in their health, and more than half

(n = 2; 9%) felt the noise was “not very bothersome.” Likewise, many

(n = 13; 57%) self-reported having been diagnosed with health prob-

(n = 16; 70%) considered the noise damaging to their health, many

lems during that same time (Table 4). Many respondents (n = 15; 65%)

(n = 15; 65%) considered it dangerous to their family’s health, and

indicated they felt the noise was “dangerous to my family’s health,” and

many (n = 18; 78%) reported it disturbing their sleep. At the extreme

similar numbers (n = 16; 70%) indicated they thought the noise “dam-

perception, some of the respondents (n = 5; 22%) felt it was “the

aging” to their own health (N8 and N9 in Table 3).

Location and noise
source

Outside daylight instantaneous noise levels (dBA)

Outside day–night
levels (Ldn, dBA)

Inside day–night
levels (Ldn, dBA)

Valencia, PA (well
pad)

48.4–56.5

57.3–61.5

37.5–42.3

Finleyville, PA (well
pad)

45.0–61.0

Yellow Creek/Evans
City, PA (processing plant)

48.3–56.0

53.5–69.4

50.1

≤55

≤45

USEPA limits

TA B L E 2 Noise survey results from the
three locations
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F I G U R E 1 Example noise dosimetry data taken outside a residence [Color figure can be viewed at wileyonlinelibrary.com]
Notes. L asmx-1 denotes the maximum measured sound level, in A-weighted decibels, on slow response settings, for a given minute. Leq-1
denotes the equivalent sound level (the average) in dBA, on slow response settings, for the given minute. Lzpk-1 denotes the peak (highest)
instantaneous sound level, in unweighted (Z-weighted) decibels, and independent of time response settings.

Only one item on this survey addressed “safety” concerns (see
S1). One “Yes/No” statement asked, “Since people have begun preparing and working on the well site near my home, I have worried

TA B L E 3 Participant response rates to “I consider the noise
created by the well site near my home as…”
Survey identifier

Statement

Response rate

rectly to the noise around the well site, most respondents (n = 20;

N1

“not very bothersome.”

9% (2/23)

87%) had a concern for overall safety.

N2

“the loudest noise I have
ever experienced.”

22% (5/23)

N3

“not very loud.”

9% (2/23)

N4

“damaging to my
hearing.”

26% (6/23)

N5

“pleasant to listen to.”

0% (0/23)

about my safety.” Although this safety concern cannot be linked di-

3.3 | Hearing concerns
Likert question Q8 stated, “I believe that my hearing is being affected
by the noise created by the well site near my home,” and about a third
of the respondents (n = 8; 35%) believed their hearing was not being

N6

“disturbing to my sleep.”

78% (18/23)

affected by the noise at all. Only a few respondents (n = 3; 13%) were

N7

“not too loud.”

13% (3/23)

concerned “a great deal.” Hearing concerns were positively correlated

N8

“dangerous to my family’s
health.”

65% (15/23)

bothered by noise or having sleep disturbed by noise. These results

N9

“damaging to my health.”

70% (16/23)

were supported with alternate format survey items. Only a quarter of

N10

“not a problem.”

9% (2/23)

the respondents (n = 6; 26%) considered the noise “damaging to my

N11

“not as bothersome as
the lights.”

4% (1/23)

N12

“extremely bothersome.”

70% (16/23)

to being bothered by people and health concerns, but not to being

hearing” (N4 in Table 3). Also, an equal number (n = 11; 48%) reported
being worried about their hearing as did those who reported not being
worried about their hearing (Table 4). A majority of respondents had
not noticed hearing changes (n = 15; 65%) or been diagnosed with
hearing loss (n = 20; 87%).

1. People may accept the increased noise of technologically
advancing society as a necessary evil.
2. Society may ignore environmental noise the way tobacco use was

4 | D I S CU S S I O N

ignored in the 1950s (Goines & Hagler, 2007).
3. Many factors affect environmental noise levels. Distance from well pad
to homes, schools, offices, and other living areas decreases the noise

The health-
related concerns associated with higher noise levels

levels. Background noise masks the fracking noise. Also, large outdoor

caused by the fracking process are relatively unstudied and often

spaces, atmospheric pressure, relative humidity, topography, and veg-

anecdotal in nature. There are several possible reasons for this:

etation affect sound levels (Driscoll, Stewart, & Anderson, 2000).

8

|

RICHBURG and SLAGLEY

Statement

Yes

I have worried about my health.

96% (22/23)

No
4% (1/23)

I have noticed changes in my health.

83% (19/23)

17% (4/23)

I have thought about going to a physician because of
changes in my health.

74% (17/23)

26% (6/23)

I have gone to my doctor because of changes in my
health.

52% (12/23)

48% (11/23)

I have been diagnosed with health problems.

57% (13/23)

43% (10/23)

I have worried about my safety.

87% (20/23)

13% (3/23)

I have worried about my hearing.**

48% (11/23)

48% (11/23)

I have noticed changes in my hearing.

35% (8/23)

65% (15/23)

I have noticed ringing or other noises in my ears.**

52% (12/23)

43% (10/23)

I have noticed dizziness and/or loss of balance.**

39% (9/23)

52% (12/23)

I have thought about going to an audiologist or hearing
specialist because of changes in my hearing.**

26% (6/23)

70% (16/23)

I have gone to a hearing specialist because of changes
in my hearing.

13% (3/23)

87% (20/23)

I have been diagnosed with hearing loss.

13% (3/23)

87% (20/23)

TA B L E 4 Percentages of responses to
the health statements in the “Yes/No”
section of the survey when asked to
complete the statement “Since people
have begun preparing and working on the
well site near my home…”

Asterisks (**) indicate not all respondents gave an answer to all items.

4. The health-related problems associated with noise created by

excursions of 70 dBA up to 85 dBA. This would be a noteworthy

fracking may seem diminished, since actual hearing loss may not

change in ambient background noise, such as the instantaneous

be associated with the community noise around well pads. Air,

readings of 48–56 dBA.

ground, and water pollution may seem more “urgent” for exposed
persons than noise pollution.

Overall, health concerns outweighed hearing concerns in the
group of respondents for the current study. As indicated within the
survey responses, the noise experienced by many of these partic-

A key component of residents’ perception of concerns for noise

ipants was bothersome, disruptive, and worrisome. Also indicated

seems to be the change in environmental noise due to an identifiable

by these respondents was the fact that noise concerns outweighed

source. The USEPA presented information on levels of annoyance and

concerns about lighting and the presence of workers. These results

attitudes in communities for noise in the environment. Driscoll et al.

corroborated reports in the Ferrar et al. (2013) study. In that study,

(2000) summarized the information into table format. For instance, the

45% of the original 33 participants reported noise pollution as a

typical background Ldn levels range from 35 to 50 dBA in rural areas

stressor (Ferrar et al., 2013).

and 50–55 dBA in suburban areas. Unexpected noise events, or a

The results of this study must be taken with consideration of

change in background noise, can cause anxiety in residents. In fact, an

underlying limitations. First is the small sample size (n = 23). The

increase of more than 5 dBA will tend to cause “many complaints,” an

survey questionnaire was pilot tested and feedback incorporated,

increase of 14 dBA “Threat of legal action,” and an increase of 21 dBA

but not evaluated for reliability. Also, the survey was sent out to

“Vigorous reaction.” Figure 1 illustrates changes of greater than 5 dBA

groups of individuals already concerned about the impacts from

over a relatively short period of time.

hydraulic fracturing activities. Several residents were unwilling to

This study did not collect background environmental noise

complete the survey, citing renting concerns, preconceived beliefs

levels in the residents’ areas before energy industry operations

that their concerns would not be heard, disagreements with neigh-

began, so it is difficult to assess the residents’ concerns com-

bors, ongoing legal battles between residents and gas companies,

pared to the change in objective noise measurements. However,

etc. The collected noise samples were biased, convenience sam-

day–night sound pressure levels of the ambient outdoor noise

ples obtained on public property or where residents allowed the

conditions obtained in the three neighborhoods (53.5–69.4 dBA)

collection of measurements. Finally, the dosimeters used for mea-

exceeded the typical levels listed in Driscoll et al. (2000) for

suring sound had an artificial “floor” as explained in the methods

both rural and suburban areas. It is of interest that instanta-

section, in which noise levels could not be recorded below 62 dBA.

neous measurements taken during the day in December 2015

The actual calculated L dn levels seen in dosimeter recordings would

of 48.4–56.5 dBA indicated the Valencia neighborhood ambient

have been greater had the equipment been able to measure levels

noise near the well pad during development was above suburban

below 62 dBA. Regardless of these limitations, the research sug-

levels, as well. The time history of the dosimetry day–night lev-

gests that residents are concerned about the impacts of fracking

els showed numerous repeated and randomly timed noise level

noise to their health.
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4.1 | Future research and implications
The presence of nontraditional gas industry activities in and around
residential areas has been, and will continue to be, of concern to
many. This study has the potential to provide results that public
health nurses, future investigators, and prospective homeowners
may find useful. These results should lead to further investigation
involving more specific sound measures and survey questions.
While this current research is limited in scope (by a small, select
sample size, as well as equipment measurement limitations) the results clearly show the need for more research on the effects of
noise in communities affected by nontraditional gas industry operations, and any synergistic effects resulting from the combination
of noise exposure and other pollutants. Coordinated efforts are
needed for the further evaluation of environmental impacts and
health consequences resulting from increased noise levels, as well
as consideration of regulations and community recommendations
for control and abatement. Public health nurses serving rural communities impacted by fracking should consider adding questions
related to noise concerns to patient interviews. Specific attention
should be given to questioning regarding changes in sleeping patterns, changes in mood, feelings of anxiety or stress. Nurses should
also watch for, and explicitly ask about, indicators of stress-related
health outcomes in areas near nontraditional gas industry sites.
Cases involving hypertension should be explored more fully. Nurses
should note unexpected changes in blood pressure, heart rate, or
pulse amplitude with no physiological explanation. Appropriate referrals should be made for patients exhibiting psychological impact.

AC K N OW L E D G E M E N T S
We would like to thank Emily Romberger, Katlyn Plotzer, and Mina
Matuizek for their data collection and entry.

FUNDING SOURCES
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.

D I S C LO S U R E S
None.

DISCL AIMER
This document is the work of the authors and does not represent the
position of the United States Department of Defense or the United
States Air Force.

ORCID
Jeremy Slagley

http://orcid.org/0000-0001-6696-4257

9

REFERENCES
Belojević, G. A., Jakovljević, B. D., Stojanov, V. J., Slepcević, V. Z., &
Paunović, K. Z. (2008). Nighttime road-traffic noise and arterial hypertension in an urban population. Hypertension Research: Official
Journal of the Japanese Society of Hypertension, 31(4), 775–781.
https://doi.org/10.1291/hypres.31.775
Berglund, B., Lindvall, T., & Schwela, D. (1999). Guideline for Community
Noise. Geneva. Retrieved from http://www.who.int/docstore/peh/
noise/guidelines2.html
Bradwell, M. (2016, March 30). Public health professionals seek more protections from fracking. Observer-Reporter, pp. 1–5. Washington County.
Retrieved from http://www.observer-reporter.com/20160330/
public_health_professionals_seek_more_protections_from_fracking
Boyle, M. D., Soneja, S., Quiros‐Alcala, L., Dalemarre, L., Sapkota, A. R.,
Sangaramoorthy, T., … Sapkota, A. (2017). A pilot study to assess residential noise exposure near natural gas compressor stations. PLoS
ONE, 12(4), 1–15.
Brown, D. R., Lewis, C., & Weinberger, B. I. (2015). Human exposure to
unconventional natural gas development: A public health demonstration of periodic high exposure to chemical mixtures in ambient air.
Journal of Environmental Science and Health. Part A, Toxic/Hazardous
Substances & Environmental Engineering, 50(5), 460–472. https://doi.
org/10.1080/10934529.2015.992663
Colborn, T., Schultz, K., Herrick, L., & Kwiatkowski, C. (2014). An exploratory study of air quality near natural gas operations. Human and
Ecological Risk Assessment: An International Journal, 20(1), 86–105.
https://doi.org/10.1080/10807039.2012.749447
Dobb, E. (2013). The New Oil Landscape. National Geographic Magazine,
(March), 28–59. Retrieved from http://ngm.nationalgeographic.
com/2013/03/bakken-shale-oil/dobb-text
Driscoll, D., Stewart, N., & Anderson, R. (2000). Community Noise. In E.
H. Berger, L. H. Royster, J. D. Royster, D. P. Driscoll, & M. Layne (Eds.),
The Noise Manual (5th ed., pp. 602–636). Fairfax, VA: AIHA Press.
Ellis, B. L., Reed, D. L., Scarnati, J. B., & White, M. J. (2011). House Bill
1950. Retrieved from http://www.legis.state.pa.us/cfdocs/billinfo/
billinfo.cfm?sind=0&syear=2011&body=H&type=B&bn=1950
Ferrar, K. J., Kriesky, J., Christen, C. L., Marshall, L. P., Malone, S. L.,
Sharma, R. K., … Goldstein, B. D. (2013). Assessment and longitudinal analysis of health impacts and stressors perceived to result from
unconventional shale gas development in the Marcellus Shale region.
International Journal of Occupational and Environmental Health, 19(2),
104–112. https://doi.org/10.1179/2049396713Y.0000000024
Finkel, M. L., Hays, J., & Law, A. (2013). Modern natural gas development
and harm to health: The need for proactive public health policies.
ISRN Public Health, 2013, 1–5. https://doi.org/10.1155/2013/408658
Gan, W. Q., & Mannino, D. M. (2018). Occupational noise exposure, bilateral high-frequency hearing loss, and blood pressure. Journal of
Occupational and Environmental Medicine, 60(5), 462–468. https://
doi.org/10.1097/JOM.0000000000001232
Goines, L., & Hagler, L. (2007). Noise pollution: A modern plague.
Southern Medical Journal, 100(3), 287–294. https://doi.org/10.1097/
SMJ.0b013e3180318be5
Hamilton, M. (2017). More than a pipeline: It’s a toxic industrial infrastructure. Retrieved from http://nopipelies.org/compressor-stations/
Johnson, N., Gagnolet, T., Ralls, R., Zimmerman, E., Eichelberger, B., Tracey,
C., & , …, S. (2010). Pennsylvania Energy Impacts Assessment Report
1: Marcellus Shale Natural Gas and Wind. The Nature Conservancy.
Retrieved from http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Pennsylvania+Energy+Impacts+Assessment;+Report+1:+Marcellus+shale+natural+gas+and+wind#0
Kaplan, T. (2014). Citing Health Risks, Cuomo Bans Fracking in New
York State, New York Times. Available from https://www.nytimes.
com/2014/12/18/nyregion/cuomo-to-ban-fracking-in-new-yorkstate-citing-health-risks.html [last accessed January 17, 2018].

10

|

McKenzie, L. M., Guo, R., Witter, R. Z., Savitz, D. A., Newman, L. S., &
Adgate, J. L. (2014). Research | Children’s Health Birth Outcomes and
Maternal Residential Proximity to Natural Gas Development in Rural
Colorado. Environmental Health Perspectives, 4, 412–417. https://doi.
org/10.1289/ehp.1306722
McKenzie, L. M., Witter, R. Z., Newman, L. S., & Adgate, J. L. (2012). Human
health risk assessment of air emissions from development of unconventional natural gas resources. Science of the Total Environment,
424, 79–87. https://doi.org/10.1016/j.scitotenv.2012.02.018
New York State Department of Environmental Conservation. (1992).
Generic Environmental Impact Statement on the Oil. Albany, NY: Gas
and Solution Mining Regulatory Program.
New York State Department of Environmental Conservation. (2011).
Supplemental generic environmental impact statement regulatory
program well permit issuance for horizontal drilling and high-volume
hydraulic fracturing to develop the Marcellus shale and other low-permeability gas reservoirs. Albany, NY. Retrieved from http://catdir.loc.gov/
catdir/toc/ecip082/2007041719.html%5Cnhttp://www.dec.ny.gov/
data/dmn/rdsgeisfull0911.pdf
Osborn, S. G., Vengosh, A., Warner, N. R., & Jackson, R. B. (2011).
Methane contamination of drinking water accompanying gas-well
drilling and hydraulic fracturing. Proceedings of the National Academy
of Sciences of the United States of America, 108, 8172–8176. https://
doi.org/10.1073/pnas.1100682108
OSHA & NIOSH. (2012). Worker exposure to silica during hydraulic fracturing. Hazard Alert. Retrieved from https://www.osha.gov/dts/hazardalerts/hydraulic_frac_hazard_alert.html
Pennsylvania Frack Wells. (n.d.). Retrieved from www.fracktracker.com
Rasmussen, S., Ogburn, E., McCormack, M., Casey, J., Bandeen‐
Roche, K., Mercer, D., & Schwartz, B. (2016). Association Between

View publication stats

RICHBURG and SLAGLEY

Unconventional Natural Gas Development in the Marcellus Shale and
Asthma Exacerbations. JAMA Internal Medicine, 176(9), 1334–1343.
Stansfeld, S. A., & Matheson, M. P. (2003). Noise pollution: Non-auditory
effects on health. British Medical Bulletin, 68(1), 243–257. https://doi.
org/10.1093/bmb/ldg033
Transcanada. (2005). Blowdown notification. Calgary, Alberta. Retrieved
from www.transcanada.com
USEPA. (1974). Information on levels of environmental noise requisite
to protect public health and welfare with an adequate margin of
safety.
Vengosh, A., Warner, N., Jackson, R., & Darrah, T. (2013). The effects of shale gas exploration and hydraulic fracturing on the
quality of water resources in the United States. Procedia Earth
and Planetary Science, 7, 863–866. https://doi.org/10.1016/j.
proeps.2013.03.213

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Richburg CM, Slagley J. Noise
concerns of residents living in close proximity to hydraulic
fracturing sites in Southwest Pennsylvania. Public Health
Nurs. 2019;36:3–10. https://doi.org/10.1111/phn.12540

RESEARCH ARTICLE

A pilot study to assess residential noise
exposure near natural gas compressor
stations
Meleah D. Boyle1, Sutyajeet Soneja1, Lesliam Quirós-Alcalá1, Laura Dalemarre1, Amy
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U.S. natural gas production increased 40% from 2000 to 2015. This growth is largely related
to technological advances in horizontal drilling and high-volume hydraulic fracturing. Environmental exposures upon impacted communities are a significant public health concern.
Noise associated with natural gas compressor stations has been identified as a major concern for nearby residents, though limited studies exist.

Objectives
We conducted a pilot study to characterize noise levels in 11 homes located in Doddridge
County, West Virginia, and determined whether these levels differed based on time of day,
indoors vs. outdoors, and proximity of homes to natural gas compressor stations. We also
compared noise levels at increasing distances from compressor stations to available noise
guidelines, and evaluated low frequency noise presence.

Methods
We collected indoor and outdoor 24-hour measurements (Leq, 24hr) in eight homes located
within 750 meters (m) of the nearest compressor station and three control homes located
>1000m. We then evaluated how A-weighted decibel (dBA) exposure levels differed based
on factors outlined above.

Results
The geometric mean (GM) for 24-hour outdoor noise levels at homes located <300m
(Leq,24hr: 60.3 dBA; geometric standard deviation (GSD): 1.0) from the nearest compressor
station was nearly 9 dBA higher than control homes (Leq,24hr: 51.6 dBA; GSD: 1.1). GM for
24 hour indoor noise for homes <300m (Leq,24hr: 53.4 dBA; GSD: 1.2) from the nearest compressor station was 11.2 dBA higher than control homes (Leq,24hr: 42.2 dBA; GSD: 1.1).
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Indoor average daytime noise for homes <300m of the nearest compressor stations were
13.1 dBA higher than control homes, while indoor nighttime readings were 9.4 dBA higher.

Conclusions
Findings indicate that living near a natural gas compressor station could potentially result in
high environmental noise exposures. Larger studies are needed to confirm these findings
and evaluate potential health impacts and protection measures.

Introduction
In recent decades, there has been a sharp increase in unconventional natural gas development
across the United States. From 2000 to 2015, natural gas production increased 40%, from
19.2 quadrillion British Thermal Units (BTU) to 27.0 quadrillion BTUs, and is expected to
continue to increase to 33.1 BTUs by 2040 [1,2]. Much of this growth is related to technological advances in horizontal drilling and high-volume hydraulic fracturing that have allowed
access to shale gas deposits. Production from shale gas deposits increased 2,588% from
2000 to 2013 and this trend is expected to continue [2]. A number of emerging studies have
highlighted public health concerns regarding exposures to chemical, physical, and psychosocial hazards from unconventional natural gas development and production (UNGDP) and its
impact on nearby communities [3–5].
Noise, or unwanted sound, is a physical hazard associated with UNGDP that has been identified as a major environmental health concern for nearby residents and communities [6–8].
Previous studies have linked chronic noise exposures in other settings to a wide variety of
adverse effects. For example, long-term exposure to noise levels ranging from 32 to 75 Aweighted decibels (dBA) have been associated with sleep disruption, poor academic performance, and hypertension [9]. Other adverse health effects reported include noise-induced
hearing loss, oxidative stress, increased cardiovascular effects, endocrine disruption, and an
increased risk of developing diabetes [9,10]. There is also a growing concern that low frequency noise (10–250 Hz) can disrupt sleep, contribute to poorer performance (e.g., poor concentration and attention span), and cause annoyance [11,12]. The adverse health effects from
noise are dependent on several factors, including duration, frequency, and intensity of exposure as well as individual physical and personal characteristics (e.g., age, pre-existing medical
conditions, and intake of medications that are ototoxic) [13,14]. Children, elderly, and hearing
impaired individuals may be more susceptible to the adverse effects associated with environmental noise exposures [13].
Recent reports indicate that noise levels associated with natural gas development, including
truck traffic, well pad construction, and hydraulic fracturing are likely to be higher than 55
dBA [7,15,16], the U.S. Environmental Protection Agency’s (EPA) recommended outdoor
noise limit to prevent activity interference and annoyance [17]. While increased noise levels
are associated with both natural gas development and production, noise exposure associated
with the development process is temporary. In contrast, exposures associated with the production and delivery of natural gas can be prolonged, impacting communities for extended periods of time. For example, compressor stations are permanent fixtures in communities where
the production is active, and noise resulting from such facilities will continue to have an impact in the communities for decades to come [6,18]. Still, limited information exists regarding
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noise exposures associated with natural gas compressor stations and how they may impact
nearby communities.
As part of a health impact assessment (HIA) on UNGDP in the Marcellus Shale in Western
Maryland [6], we conducted a pilot study in West Virginia to assess whether compressor stations could pose a noise hazard and impact nearby community residents. In this study, we
characterize compressor station related noise exposure at varying distances, locations (indoors
vs. outdoors), and time of day (day vs. night) to help inform future studies and measures to
protect public health [19].

Methods
Noise monitoring was conducted around two natural gas compressor stations near a UNDGP
site in Doddridge County, West Virginia between April 11th to 17th, 2014, using 3M Quest
SoundPro SE/DL series (3M Personal Safety Division, St. Paul, MN) sound level meters (SLMs),
hereafter referred to as noise monitors. These noise monitors were used to assess area noise
exposure levels. Compressor stations and participants were identified with the help of a local
community group and were selected based on convenience. All monitors were set to collect
slow response, A-weighted sound levels (dBA) (i.e., Leq, equivalent or average sound level during a given period; Lmin, minimum sound level during the measurement period; Lmax, maximum sound level during the measurement period; Lpeak, peak sound level; L5, noise level
exceeded 5% of the time; and L95, the level exceeded for 95% of the time and representing the
background level), as well as C-weighted decibel (dBC) sound levels (i.e., Leq, Lmin, Lmax, and
Lpeak). Sound level meters were set to the A-weighting scale to filter out much of the low-frequency noise (i.e., considered the "normal" limit of human hearing). The C-weighted scale was
used to identify impulse noise, defined as “noise consisting of single bursts with a duration of
less than one second with peak levels 15 decibels higher than background noise” in 1-minute
intervals to estimate exposure to low frequency noise as detailed below [20]. Monitors were factory calibrated prior to use and then pre-calibrated using a Quest QC-10/QC-20 Calibrator
(Quest Technologies, Oconomowoc, WI) onsite prior to each measurement. Following each
measurement, the monitor was post-calibrated and the data were downloaded using QuestSuite
Professional II (Quest Technologies, St. Paul, MN). To protect outdoor monitors, we encased
each monitor in an environmental protection kit (3M SoundPro Outdoor Measuring System
(SP-OMS), Quest Technologies, Oconomowoc, WI). The University of Maryland, College
Park’s Institutional Review Board approved all study protocols. We obtained written informed
consent from all study participants prior to any data collection and copies of the consent forms
were provided to participants and also retained by the research team.

Site selection and noise monitoring
We collected 24-hour noise measurements in a total of 11 homes in Doddridge County, WV.
Homes were located <300 meters (m) (n = 3 homes); between 300 and 600 m (n = 3 homes),
between >600 and 750 m (n = 2 homes), or more than 1000 m (n = 3 homes) from the nearest
compressor station. Homes located >1000 m from the nearest compressor station were considered the control homes. Geographic coordinates of the monitor locations were recorded,
with sampling locations selected based on convenience and access. None of the homes in our
study were located near more than 1 compressor station as verified by visually inspecting a
1000 m radius around each home with Google Earth Pro (version 7.1.7.2602). Because this
study was conducted as part of an HIA on UNGDP in the Marcellus Shale in Western Maryland, the minimum proximity distance selected for our study (<300 m) was based on the State
of Maryland’s proposed 1,000-foot (304.8 m) setback distance [21] to evaluate whether this
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distance protects nearby residents from noise levels previously associated with adverse health
effects. The setback distance is the minimum distance between natural gas industrial activities
and natural or anthropogenic structures [19]. Based on the proximity of our study homes to
the nearest compressor station, we generated cutoff points of <300 m (proposed setback distance for the State of Maryland [21]), 300–600 m, >600–750 m, and >1000 m to assess the
extent to which increasing the setback distance could potentially reduce noise exposure to
nearby residents. Noise monitors were placed inside and outside each home for 24 hours.
Indoor monitors were typically placed in a bedroom since it is the room where people spend
most of their time when at home, and outdoor monitors were placed in the yard facing the natural gas compressor station. Participants were asked not to play loud music or use the television for 24 hours in the room where the indoor monitor was placed. No other human activity
was restricted in the study homes during the monitoring period.

Data analysis
Summary noise measures were calculated using logarithmic averages and were stratified by distance from the compressor stations (<300 m, 300–600 m, >600–750 m, and >1000 m), time of
day (daytime: 7:00 am to 10:00 pm; nighttime: 10:00 pm to 7:00 am), and location (indoors and
outdoors), as illustrated in Fig 1. Daytime and nighttime hours were defined as outlined by the
U.S. EPA’s “Protective Noise Levels: EPA Levels Document” [17]. The logarithmic averages
were calculated utilizing Eq (1) below as described previously by Kheirbek et al. [22]:
 
1 P L10eq
Leq;T ¼ 10log10
10
ð1Þ
Nt
Where Leq,T is the average equivalent sound level for the time period of interest (T), Leq is the
1-minute interval sound level during the period, and Nt is the number of 1-minute interval Leq
sound levels taken during the time period of interest [22]. We generated descriptive statistics to
assess how A-weighted decibel exposure levels (Leq,T) differed based upon select conditions
described above (i.e., proximity to compressor stations, indoors versus outdoors, and daytime
versus nighttime), and to compare noise levels of the exposed homes (i.e., those located <750 m
from the nearest compressor station) to control homes (i.e., those located >1000 m from the
nearest compressor station).
We also calculated the combined day-night average sound level or Ldn for each home which
consists of the A-weighted equivalent sound level for a 24-hour period with a 10 dB penalty to
nighttime hours as outlined by the U.S. EPA in the following equation [17]:
 Ln þ10 ii
1 hh  L10d 
ð2Þ
Ldn ¼ 10log
15 10 þ 9 10 10
24
Where Ld is the Leq for daytime hours (7:00 am-10:00 pm) and Ln is the Leq for the nighttime
hours (10:00 pm-7:00am). The 10 dB nighttime penalty is incorporated in the Ldn since noise
can be more intrusive at night. For each home, we calculated two Ldn values: one consisting of
indoor measurements (Ldn, indoors) and the other consisting of outdoor (Ldn, outdoors) measurements. These values were generated to compare environmental noise exposure levels observed
(i.e., Ldn, indoors, Ldn, outdoors) to recommended guidelines set by the U.S. EPA. According to
these guidelines, the Ldn should not exceed 55 dBA and 45 dBA for outdoor and indoor areas,
respectively [17]. We also compared Leq,T values indoors and outdoors during the daytime and
nighttime (i.e., Leq, indoor daytime, Leq, indoor nighttime, Leq, outdoor daytime, Leq, outdoor nighttime) to
guidelines set forth for community noise by the World Health Organization (WHO) [23,24].
WHO guidelines are based on the potential health effects of noise.
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Fig 1. Study design of aggregated noise measurements by exposed homes vs. controls, location (indoors vs. outdoors), and time of day
(daytime vs. nighttime).
https://doi.org/10.1371/journal.pone.0174310.g001

Due to growing community concerns for low frequency noise, we also followed the method
used by Murphy and King [25] to evaluate the difference between the C-weighted decibel and
the A-weighted decibel sound level readings to determine the presence of low-frequency noise.
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Noise level measurements (dBC and dBA) were aggregated as depicted in Fig 1, via the calculation of logarithmic averages. Subsequently, the difference for each group was calculated. A difference greater than 15 dB indicates a potential for low frequency noise problems and is used
as a simple indicator of whether further investigations are necessary.
All statistical analyses were performed using the R Statistical Computing Environment
(Version 3.0.2; R Project for Statistical Computing, Vienna, Austria).

Results
In total, 29,612 one-minute measurements were collected from 11 homes on 22 total sites (11
indoors and 11 outdoors). Six of the homes were trailer homes and five were single-family
homes. Environmental noise levels associated with compressor stations were dependent on
proximity of residences to the nearest compressor station, sampling location within homes
(indoors vs. outdoors), and time of day (daytime vs. nighttime) as outlined below. Additional
summary statistics (e.g., L5, Lmin, Lmax, Lpeak) by location within the home and distance category are provided as part of the Supplemental Material (S1 Table).

Noise levels based on proximity of homes to nearest compressor station
and location within homes (indoor vs. outdoor)
As depicted in Table 1, we found that 24-hour indoor average noise levels (Leq,24h, indoor) and
combined day-night averages (Ldn, indoor) were higher for homes located within 750 m of the
nearest compressor station compared to control homes (i.e., those located >1000 m from the
nearest compressor station) (Table 1, Fig 2). Five out of 6 homes located within 750 m of the
nearest compressor station that were monitored for the full 24 hour period had combined daynight indoor average sound levels greater than 60 dBA (Fig 2). For 24-hour outdoor measurements, we found that average noise levels in homes located <300 m from the nearest compressor station were higher than average levels observed in homes located >1000 m from the
nearest compressor station (Leq,24hr, indoor = 60.3 dBA vs. 51.6 dBA, respectively). Although we
did not observe a clear inverse relationship between 24 hour average outdoor noise levels and
proximity of homes to the nearest compressor station (Table 1), we did find that seven of nine
homes monitored for the full 24 hours had combined day-night outdoor average sound levels
(Ldn, outdoor) greater than 55 dBA (Fig 2). We also observed that the average outdoor L95 (i.e.,
the sound level exceeded for 95% of the time and representing the background level) for
homes located <300 m of the nearest compressor station was 57.5 dBA.

Noise levels based on location within homes (indoors vs. outdoors) and
time of day (daytime vs. nighttime)
We found that average 24-hour indoor daytime noise levels in homes were higher the closer in
proximity they were to compressor stations (Table 2). The geometric mean (GM) for indoor
daytime noise levels at the control homes was 43.5 dBA (geometric standard deviation (GSD):
1.2), compared to 56.6 dBA (GSD: 1.3) for homes located within 300 m. The average indoor
nighttime noise level in control homes was 41.0 dBA (GSD: 1.0), while the corresponding
value for the homes located within 300 m was 50.4 dBA (GSD: 1.1), an increase of 9.4 dBA
(Table 2). Similarly, the average outdoor daytime noise level in homes located within 300 m of
the compressor station was 61.0 dBA (GSD: 1.0) compared to control home noise levels (GM:
52.7 dBA; GSD: 1.1) (Table 3). The average outdoor noise level at night for homes <300 m
from the nearest compressor station was 59.6 dBA (GSD: 1.1), compared to 50.5 dBA (GSD:
1.2) observed outside the control homes during nighttime (Table 3). Outdoor noise levels
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Table 1. Summary statistics for 24-hour A-weighted noise levels (dBA) by proximity to nearest compressor station stratified by location within
home (indoors vs. outdoors).
Indoor

Number of 1-minute measurements

<300 m

300–600 m

>600–750 m

>1000 m

<300 m

300–600 m

>600–750 ma

>1000 m

4320

4320

2880

4384

4320

4320

748

4320

3

3

2

3

3

3

2

3

53.4 (61.0)

53.5 (59.2)

51.2 (57.2)

42.2 (47.9)

60.3 (66.5)

50.3 (56.0)

54.6 (62.3)

51.6 (57.5)

Number of homes
Mean Leq,24hr (Ldn)b

Outdoor

GSDb

1.2

1.2

1.1

1.1

1.0

1.1

1.1

1.1

L95c

45.9

41.8

41.3

37.9

57.5

46.4

48.8

50.2

# homes with Ldn, indoors >45 dBAd

3/3

3/3

2/2

2/3

—

—

—

—

# homes with Ldn, outdoors >55 dBAe

—

—

—

—

3/3

2/3

N/Af

2/3

a

Number of measurements reduced due to equipment failure; thus sound levels reported include the period sampled which was under 24 hours (i.e., Leq, T

not Leq, 24hr).
b
c

Geometric mean and standard deviation of logarithmic averages for Leq,24hr and Ldn; GSD for Leq,24hr and Ldn were found to be the same.
The level exceeded for 95% of the time and representing the background level.

d

EPA recommended limit for indoor noise to prevent activity interference and annoyance [17].

e
f

EPA recommended limit for outdoor noise to prevent activity interference and annoyance [17].
The # of homes above the EPA recommended limit for outdoor noise is not reported because we were not able to monitor noise levels for an entire 24-hour

period due to equipment malfunction.
https://doi.org/10.1371/journal.pone.0174310.t001

Fig 2. Twenty-four hour A-weighted noise levels indoors and outdoors (Ldn, indoor, Ldn outdoor) for each home (dBA) by
distance. aOutdoor measurements for Control homes 2 and 3 are similar and thus overlap. bThe 55 dBA dashed line denotes the
24-hour EPA recommended limit for outdoor noise level to prevent activity interference and annoyance. The 45 dBA dashed line denotes
24-hour EPA recommended limit for indoor noise level to prevent activity interference and annoyance. cLdn, outdoor for house 7 and 8 is
not included in the figure because equipment failure prevented us from measuring for the full 24-hours.
https://doi.org/10.1371/journal.pone.0174310.g002
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Table 2. Summary statistics for A-weighted indoor noise levels (dBA) stratified by distance and time of day.
Time of day
home was
monitoreda

Distance to nearest
compressor station
(meters)

# of
homes

# of 1-minute
measurements

Meanb GSDb L95b,c

# of homes with # of homes with LeqC-LeqAf
Leq, indoors daytime Leq, indoors nighttime
>35 dBAd
>30 dBAe

Day
<300

3

2,700

56.6

1.3

44.9

3/3

–

9.0

300–600

3

2,700

56.1

1.1

42.6

3/3

–

2.3

>600–750

2

1,800

54.2

N/Ag

40.2

2/2

–

7.5

>1,000

3

2,764

43.5

1.2

39.0

3/3

–

10.1

Night
<300

3

1,620

50.4

1.1

47.0

–

3/3

16.6

300–600

3

1,620

51.0

1.3

41.1

–

3/3

4.2

>600–750

2

1,080

48.3

N/Ag

42.5

–

2/2

7.7

>1,000

3

1,620

41.0

1.1

37.0

–

3/3

10.1

a

Daytime hours are 7:00am-10:00 pm and nighttime hours are 10:00 pm-7:00 am.

b

Geometric mean of logarithmic averages for Leq; GSD = Geometric standard deviation

c

The level exceeded for 95% of the time and representing the background level.
d
WHO recommended limit for indoor daytime noise to protect against speech intelligibility and moderate annoyance [23].
e

WHO recommended limit for indoor nighttime noise to protect against sleep disturbance [23].

f

Low frequency noise assessment: Leq(C)-Leq(A) was calculated by finding the logarithmic average for the Leq(C) and the Leq(A) and then obtaining the
difference.

g

N = 2, therefore a standard deviation was not calculated.

https://doi.org/10.1371/journal.pone.0174310.t002

(Leq, 24hr, outdoor) observed indicate that homes located <300 m from a compressor station
had the highest noise levels, regardless of when noise levels were monitored (Tables 2 and 3).
Although we observed higher average noise levels in homes located <300 m compared to
homes located >1000 m from the nearest compressor station, we did not always observe a
clear relationship between noise levels and proximity of homes to the nearest compressor station when we stratified by time of day and location (outdoors vs. indoors) within the home.
That is, we did not always observe decreasing average noise levels the further away homes were
located from the nearest compressor station.

Comparison of average noise levels observed to U.S. and WHO
guidelines
In our study, we found that average outdoor Leq, 24h and Ldn levels for homes <300 m exceeded
55 dBA (i.e., EPA’s recommended limit for outdoor noise levels to prevent activity interference
and annoyance) 100% of the time (Table 1). The average outdoor Ldn sound levels were also
above the EPA’s recommended limit for homes located 300–600 m (GM: 56.0 dBA), as well as
control homes (57.5 dBA). We also found that seven of nine homes monitored for the full 24
hours had Ldn, outdoor values exceeding 55 dBA (Fig 2). Average indoor levels (Leq, 24 and Ldn)
were also above 45 dBA (i.e., EPA’s recommended limit for indoor noise to prevent activity
interference and annoyance) for homes located within 750 m from the nearest compressor station. As seen in Fig 2, we found that all but one home (one control home) had indoor combined day-night sound levels (Ldn, indoor) that exceeded 45 dBA.
We also observed that average Leq levels under different scenarios (e.g., indoors/daytime,
outdoors/daytime, etc.) for homes located <300 m of the nearest compressor station exceeded the respective noise levels recommended by the WHO (Tables 2 and 3). In fact, regardless of the proximity of homes to the nearest compressor station, average Leq values
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Table 3. Summary statistics for A-weighted outdoor noise levels (dBA) stratified by distance and time of day.
Time of day
home was
monitoreda

Distance to nearest
# of
compressor station homes
(meters)

# of 1-minute
measurements

Meanb GSDb L95b,c

# of homes with
# of homes with
LeqC-LeqAf
Leq, outdoors daytime > Leq, outdoors nighttime >
55 dBAd
40 dBAe

Day
<300

3

2,700

61.0

1.0

56.9

3/3

—

300–600

3

2,700

52.0

1.1

46.3

1/3

—

8.9

>600–750

2

678g

54.2

N/Ah

47.1

N/Ai

—

10.5

>1,000

3

2,700

52.7

1.1

51.1

2/3

—

6.8

11.5

Night
<300

3

1,620

59.6

1.1

58.2

—

3/3

13.4

300–600

3

1,620

48.6

1.1

46.6

—

3/3

10.3

>600–750

2

70g

55.4

N/Ah

52.4

—

N/Ai

8.0

>1,000

3

1,620

50.5

1.2

49.3

—

3/3

4.5

a

Daytime hours are 7:00am-10:00 pm and nighttime hours are 10:00 pm-7:00 am.

b
c

Geometric mean of logarithmic averages for Leq; GSD = Geometric standard deviation
The level exceeded for 95% of the time and representing the background level.

d

WHO recommended limit for outdoor daytime noise to protect against moderate annoyance [23].

e

WHO recommended limit for outdoor nighttime noise to protect against adverse effects such as insomnia, sleep disturbance, sleep quality, and biological
effects [24].

f

Low frequency noise assessment: Leq(C)-Leq(A) was calculated by finding the logarithmic average for the Leq(C) and the Leq(A) and then obtaining the

difference.
g
Number of measurements reduced due to equipment failure; thus sound levels reported include the period sampled which was under 24 hours (i.e., Leq, T
not Leq, 24hr).
h

N = 2, therefore a standard deviation could not be calculated.
The # of homes above the WHO recommended limit is not reported because we were not able to monitor noise levels for full daytime and nighttime periods

i

due to equipment malfunction.
https://doi.org/10.1371/journal.pone.0174310.t003

observed for indoors (daytime and nighttime), and outdoors (nighttime) exceeded WHO
recommendations.
With regards to low frequency noise exposure, we observed a difference between the
24-hour dBA and dBC greater than 15 dB indoors during the night at two homes located <300
m from the nearest compressor station, indicating that residents may be exposed to low frequency noise.

Discussion
Noise exposure in communities near natural gas compressor stations is a public health concern
that has not been adequately addressed. In this pilot study, we found that homes located in
close proximity (<300 m) to a compressor station have higher average noise levels, both
indoors and outdoors, compared to homes located further away. Residents in these homes
could thus potentially be exposed to higher noise levels compared to individuals living in
homes located further away. We also found that when examining noise levels for indoors vs.
outdoors, a smaller difference existed for homes <300 m relative to the control homes. Additionally, we observed that, in general, daytime noise levels were higher than those observed
during the nighttime, and that residents in homes located <300 m from the nearest compressor station may be exposed to low frequency noise. Findings presented herein are from compressor stations in-use and are not related to development activities. As such, they represent
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chronic noise exposure that community members could potentially experience for years, not
transient exposures that cease after the completion of well construction.
In this study, we observed that indoor noise levels (Leq, 24hr) for homes located <300 m of a
compressor station were on average 6.9 dBA lower compared to outdoors, while for control
homes indoor noise levels were 9.4 dBA lower relative to outdoors. The contribution of outdoor noise to indoor noise levels may vary depending on the type of home and whether the
windows are opened or closed [17]. For example, based upon recommendations set by the U.
S. EPA, a 17 dBA reduction in noise levels would be expected in a cold-climate home with windows open and a 27 dBA reduction with windows closed [17]. In contrast, we only observed a
relatively small difference in indoor versus outdoor noise levels at homes near compressor stations. Possible explanations for this small difference include: 1) the homes near the compressor
stations were more likely to be trailer homes (6 trailer homes were located within 750 m),
while the control homes were single family homes, 2) the indoor noise levels were often higher
in the homes <750 m, which would minimize the difference in noise levels, and 3) monitoring
took place over the course of one week in April when temperatures ranged from 1 to 21
degrees Celsius, so it is possible that participants had their windows and doors open on the
warmer days and closed on cooler days.
In 1974, as a response to the Noise Control Act of 1972, the EPA published a document that
outlined noise levels determined to protect public health with an adequate margin of safety.
The EPA identified an Leq, 24hr and Ldn of 55 dBA for outdoor areas and 45 dBA for indoor residential areas, hospitals, and schools for preventing activity interference and annoyance, and
an Leq, 24hr of 70 dBA as the level of environmental noise which will prevent any measurable
hearing loss over a lifetime [17]. In 1999, the World Health Organization (WHO) published
community noise guidelines, which recommended that outdoor daytime noise levels not
exceed 55 dBA and outdoor nighttime noise levels not exceed 45 dBA in order to protect
against serious annoyance [23]. Ten years later, the WHO lowered their recommended outdoor nighttime noise level to 40 dBA [24]. In this study, we found that average sound levels
routinely exceeded these noise guidelines. However, these comparisons should be interpreted
with caution as measurements in this pilot study are for single 24-hr measurements, whereas
the limits designated by the U.S. EPA and the WHO represent averages over a period of a year
[23,26]. Also, the WHO guidelines provide “values for the onset of health effects from noise
exposure” rather than for exposure-response relationships [23]. In addition, some of these
guidelines were generated over a decade ago and do not consider the most recent literature on
noise exposure and related health effects.
To date, no federal noise standards exist for oil and gas operations; however, several states with
active oil and gas development have enacted noise-controlling regulations utilizing a variety of
noise standards and/or zoning controls. The noise standards vary by state and generally range
from 50 to 60 dBA [27]. To our knowledge, the state of West Virginia does not have any noise
standards associated with compressor stations. However, the State of Colorado and the City of
Fort Worth in Texas both have noise standards for natural gas compressor stations [28,29]. The
noise standards for residential areas in both Colorado and Fort Worth are 55 dBA from 7:00 am to
7:00 pm (daytime) and 50 dBA from 7:00 pm to 7:00 am (nighttime). In Colorado, these standards
apply to any well site, production facility, or gas facility with compliance determined by 1-minute
measurements collected over a 15 minute sampling period taken at 350 feet from the noise source
[29]. In Fort Worth, the measurements are taken at the property line of the receiver [28]. We did
not conduct direct comparisons with these standards due to the longer sampling time in our study
and the fact that our measurements were not taken at the property line of each home.
With regards to the current proposed setback distance of 300 m for the State of Maryland,
our data suggests that this distance may not be sufficient to protect public health based on the
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average noise levels observed in homes located <300 m from the nearest compressor station
and the literature which has reported adverse health effects at noise levels at or below those
observed in these homes; however, more studies are needed to confirm this.
While no epidemiological investigations have evaluated health outcomes associated with
noise exposures among community members living near natural gas compressor stations,
numerous studies have evaluated the health impact of long-term exposure to environmental
noise in other contexts (e.g., transportation and urban development). For example, Miedema
and Oudshoorn (2001) showed an exposure-response relationship between environmental
noise exposure and annoyance level as a result of urban development, including transportation
networks and traffic [30]. A growing body of evidence also indicates that exposure to nighttime noise levels as low as 32 dBA can cause a reduction in sleep period, awakenings, sleep
stage modifications and autonomic responses, as well as other secondary effects such as inability to concentrate and irritability [9,24,25,31]. In addition, recent research also indicates that
nighttime noise exposure to levels greater than 55 dBA may be more relevant for cardiovascular effects than daytime noise exposure [24]. While average indoor nighttime noise levels in
our study did not exceed 55 dBA, we did find that average noise levels were greater than 40
dBA; and adverse health effects at or above this level have been reported previously, including
sleep disturbance, environmental insomnia, and increased use of somnifacient drugs and sedatives [24]. Studies of noise levels near well pads have also reported higher noise levels during
the night, however, we did not observe this in our study [32]. Larger studies are needed to evaluate the effects of time of day on residential noise exposures.
Of importance to consider in future studies is that, in addition to noise-related health outcomes, there may be synergistic effects of noise and air pollution exposure resulting from
unconventional natural gas development and production. This is a particular concern for compressor stations that have been found to emit nitrogen oxides (NOx), particulate matter (PM),
and volatile organic compounds (VOCs) [33,34]. Several studies have evaluated the relationship between air quality and noise on health, but results have been inconsistent [22,35–37].
One study by Huang et al. (2013) found that both air pollution and noise were associated with
altered heart rate variability in a study on short-term exposure [37]. Authors reported that
noise levels greater than 65.6 dBA seemed to amplify the effects of air pollution when compared with noise levels below this value [37].
To our knowledge, this is the first study to conduct noise monitoring inside and outside of
homes located at varying distances from nearby natural gas compressor stations. Our work
provides baseline data that can be used to inform future studies. Furthermore, the varying
distances of the homes included in our study provide some information on the potential
adequacy of current setback regulations. Our study also has some limitations that require
acknowledgment. First, the sample size (n = 11 homes) was small with 8 homes located <750
m and 3 homes >1000 m from the nearest compressor station. This was primarily related to a
very short deadline the study team had for completing the HIA on the potential public health
impacts associated with unconventional natural gas development and production in Maryland
[6]. Additionally, participants were recruited through word of mouth by a local community
group thus results may not be generalizable; however, they do provide some baseline data to
inform larger studies. Also, study homes were selected based on convenience and access. Due
to equipment malfunction, outdoor measurements for the two homes located >600–750 m
away were not collected for the full 24-hours (daytime period covered 2:30 pm-10:00 pm and
the nighttime period covered 10:00 pm-11:09 pm). While these measurements were for only a
portion of the 24-hour period, they were still reported as they still provide valuable data for
our initial analyses. In addition, other factors that may impact noise levels including topography, weather, wind direction, type of home, and seasonal variation (measurements were
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collected in early spring over the course of a one-week period) were not captured. Nearby traffic, including traffic count and vehicle type was also not collected, but should be considered in
future studies. Other potential noise sources not captured include a major roadway approximately 2 km away from the study homes monitored, occasional heavy truck traffic on the
neighborhood road, and natural gas activity along the northern border of the 1000 m radius
around one of the compressor stations monitored. However, the L95 was found to be similar
between day vs. nighttime readings indicating that the background noise level was still high
regardless of other potential noise sources. Furthermore, our study only included area-level
measurements and did not account for personal noise exposures. Although we searched State
public records for permit information on the gas compressor stations in our study, we were
not able to get more detailed information such as the volume of gas handled by each compressor that would tell us whether these are “typical” and are representative of compressor noise
levels near fracking sites. Finally, choosing appropriate control sites with similar characteristics
to the test homes was challenging. The control homes selected for this study were located near
a major roadway and also had some local traffic. Selecting controls located in an area with
some local traffic potentially introduced additional noise that may not have been found in a
completely rural location.
Our study highlights the need for larger noise monitoring studies to be conducted in areas
near natural gas development to further assess noise levels, taking into consideration factors
such as season, weather, topography, type of home, and to evaluate whether noise levels associated with living in close proximity to compressor stations are associated with adverse health
effects to nearby residents. Prolonged exposures to the sound levels observed in this study
could increase the risk of adverse health effects to nearby residents. Due to the potential synergistic effects between noise and air pollution, future research should also evaluate both air and
noise exposures associated with living near gas compressor stations.

Conclusion
This pilot study indicates that residents living near a compressor station are potentially
exposed to noise levels that are higher than the recommended U.S. EPA levels of 55 dBA (outdoor/daytime) and 45 dBA (indoor/night time). While our results suggest that the currently
proposed setback distance by the State of Maryland may not be protective enough, our sample
size was small and more research is warranted to determine the exact distance at which future
compressor stations should be located to minimize the potential health impacts to nearby residents. States with current UNGDP activities should also consider taking a proactive approach
by creating noise and health outcomes surveillance programs to monitor noise levels, as well as
the health of residents living in close proximity to natural gas activity.

Supporting information
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ABSTRACT

KEYWORDS

In cooperation with The Colorado Oil and Gas Conservation Commission, researchers at Colorado State
University performed area noise monitoring at 23 oil and gas sites throughout Northern Colorado.
The goals of this study were to: (1) measure and compare the noise levels for the different phases
of oil and gas development sites; (2) evaluate the effectiveness of noise barriers; and (3) determine if
noise levels exceeded the Colorado Oil and Gas Conservation Commission noise limits. The four phases
of oil and gas development include drilling, hydraulic fracturing, completion and production. Noise
measurements were collected using the A- and C-weighted sound scales. Octave band analysis was
also performed to characterize the frequency spectra of the noise measurements.
Noise measurements were collected using noise dosimeters and a hand-held sound-level meter at
specified distances from the development sites in each cardinal direction. At 350 ft (107 m), drilling,
hydraulic fracturing, and completion sites without noise barriers exceeded the maximum permissible
noise levels for residential and commercial zones (55 dBA and 60 dBA, respectively). In addition, drilling
and hydraulic fracturing sites with noise barriers exceeded the maximum permissible noise level for
residential zones (55 dBA). However, during drilling, hydraulic fracturing, and completion operations,
oil producers are allowed an exception to the noise permissible limits in that they only must comply with the industrial noise limit (80 dBA). It is stated in Rule 604.c.(2)A. that: “Operations involving
pipeline or gas facility installation or maintenance, the use of a drilling rig, completion rig, workover
rig, or stimulation is subject to the maximum permissible noise levels for industrial zones (80dBA).”[8]
Production sites were within the Colorado Oil and Gas Conservation Commission permissible noise
level criteria for all zones. At 350 ft (107 m) from the noise source, all drilling, hydraulic fracturing, and
completion sites exceeded 65 dBC.
Current noise wall mitigation strategies reduced noise levels in both the A- and C-weighted scale
measurements. However, this reduction in noise was not sufficient to reduce the noise below the residential permissible noise level (55 dBA).

Drilling; fracturing; gas;
hydraulic; noise; oil; well site
completion

Introduction
One emerging environmental noise concern is noise
related to oil and gas operations. The oil and gas industry is rapidly expanding across the U.S. As a result of
this advancement, oil and gas operation sites are being
developed near communities and within city boundaries. Among other potential environmental concerns
such as air and water quality, noise attributed to oil
and gas operations is a significant and persistent concern that has proved to be difficult to manage. The
state of Colorado established the Colorado Oil and Gas
Conservation Commission (COGCC) in 1951 to protect

mineral rights owners and to prevent the waste of oil
and gas resources.[1] The COGCC promotes the responsible development of oil and gas natural resources in
Colorado. The Commission also ensures that oil and gas
exploration and production is performed in a manner
that protects the health, welfare, and safety of the public
and the environment. Each year, the COGCC responds
to numerous complaints related to oil and gas activities.
From 2008–2012, the COGCC received 1,175 complaints
from Colorado residents. The most common complaint
was about groundwater (439 complaints) and the second
most common involved noise (119 complaints; 10% of all
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complaints).[2] Possible sources of noise attributed to
oil and gas development include truck traffic, drilling,
hydraulic fracturing, completion activities, production
well pumps, and air compressors. These noise sources
exhibit different frequencies, durations, and overall sound
pressure levels that make it difficult to control all of the
noise emitted at one site.[3] The focus of this study was
threefold: (1) to characterize and compare the noise
levels produced by the different phases of oil and gas
development; (2) to evaluate the effectiveness of noise
barriers; and (3) to determine if noise levels exceeded the
current COGCC noise limits.

Process description and background
Each phase of oil and gas development has different contributing noise sources. Drilling and hydraulic fracturing operations have large air compressors, generators,
and engines that power the drilling rig and hydraulic
fracturing equipment. These compressors, generators,
and engines contribute the most noise to drilling and
hydraulic fracturing sites. Drilling operations also have
mud pumps on site that are used to circulate drilling fluid.
Mud pumps on drilling sites can be a substantial noise
source. Truck traffic may contribute a significant amount
of noise in every phase of oil and gas production.[4]
In an attempt to mitigate noise produced by drilling
and fracturing operations, oil and gas operators commonly install noise barriers or noise walls to control the
noise. These barriers range from 16–32 ft (4.9–9.8 m) in
height. The barriers are commonly constructed from 8ft high by 20-ft long (2.4 by 6.1 m) acoustic blankets that
are mounted on steel frames but some operators choose to
use hay bales. The acoustic blankets are rated at a sound
transmission class (STC) of 25 and are designed to reduce
equipment noise levels by 15 to 22 dBA.[5] While collecting noise measurements, it is important to consider the
“sound shadow” that is produced by the installation of
these noise walls. The noise or acoustic shadow is an area
where acoustic waves do not propagate due to an obstruction such as a noise wall. The acoustic shadow results
in decreased sound pressure levels within the shadow.[6]
In the scenario involving noise walls, the sound waves
can be absorbed by the barrier, reflected back toward the
noise source, passed through the barrier, or be diffracted
around the barrier.
Those sound waves that are transmitted through the
noise wall barrier are frequency dependent. While collecting measurements outside of the perimeter of a noise
wall, it is important to take measurements outside of the
acoustic shadow to ensure accuracy. The size of the acoustic shadow can vary depending on the frequency of the
noise source. Typically, lower frequency noises are not
diffracted as sharply at an angle toward the ground as

Table . COGCC noise zone regulations.
Zone
Residential/
Agricultural/Rural
Commercial
Light Industrial
Industrial

: am to next : pm

: pm to next : am

 dBA

 dBA

 dBA
 dBA
 dBA

 dBA
 dBA
 dBA

higher frequency noise, resulting in a larger shadow.[7] In
order to be effective, the noise wall must be significantly
larger compared to the wavelength of the noise. If the
noise wall is too short, diffraction of the noise will occur
ultimately limiting the effectiveness of the wall.[7]
Oil and gas well sites and production facilities can
be located in several zoning areas. The zoning areas
include residential/agricultural/rural, commercial, light
industrial or industrial. In Colorado, each zoning area has
an associated maximum permissible noise level at a distance of 350 ft (107 m) from the noise source. These limits
are set forth by the current COGCC aesthetic and noise
control regulations. The current maximum permissible
noise levels for each zone are listed in Table 1.[8]
Oil and gas operations must comply with the maximum permissible noise levels mandated for the specific
zone. However, during drilling, hydraulic fracturing, and
completion operations, the oil producers are provided an
exception to the permissible noise levels in that they must
only comply with the industrial noise limit of 80 dBA.
In response to a noise complaint, COGCC regulations
require that the noise level be measured at a distance of
350 ft (107 m) from the noise source. If the oil and gas site
is located closer than 350 ft (107 m) from an existing occupied structure, noise levels shall be measured 25 ft (7.6 m)
from the structure toward the noise source.[8] If noise level
measurements at 350 ft (107 m) are impractical due to
topography, measurements can be taken at a lesser distance and can be extrapolated to a 350-ft (107 m) equivalent using the inverse square law for noise. The COGCC
noise control regulations also briefly address C-weighted
sound pressure levels. According to the COGCC noise
standard, if a measurement collected 25 ft (7.6 m) from
a residence exceeds 65 dBC, further action must be taken
to reduce low frequency noise. It has been suggested that
below 65 dBC, vibrational issues are minimized and the
majority of people do not experience an annoyance or
unwanted disturbances from low frequency noise.[9]

Methods and materials
Area noise sampling was performed at 23 oil and gas sites
between November 2014 and March 2015 in Northern
Colorado. Only sites with perceived low ambient background noise were selected. That is, the sites were located
away from major roadways or potentially noisy industrial
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areas. The aim for this research was to accurately analyze
the noise produced by specific oil and gas operations.
Therefore, it was important to limit the effect of ambient
noise as much as possible. The most common ambient
noise sources included busy highways and industrial
facilities. The researchers actively selected oil and gas
sites located away from these potentially confounding
noise sources to ensure measured noise levels could be
attributed to oil and gas operations. As a result of the site
selection methodology, the number of acceptable sites
was limited. Sampling locations included sites owned by
various operators, and the researchers did not target sites
owned by any specific operator.
Before collecting noise measurements, the researchers
met with oil and gas personnel at each site to ensure that
the site was operating at maximum capacity to obtain the
“worst-case” noise level measurements (i.e., operations
were running at 100%). The researchers used model
706RC Larson Davis noise dosimeters (Provo, Utah) and
a Larson Davis sound-level meter/octave-band analyzer
(SLM/OBA) model 824 (Provo, Utah) to collect the noise
measurements at each oil and gas site. The noise monitoring instruments were pre- and post-calibrated at 94 dB
and 114 dB to maintain data quality and assure accuracy.
In addition, the following environmental conditions were
measured: ambient temperature, humidity, and wind
speed. Noise data were not collected when temperatures
were below 20°F or when the wind speed exceeded 10
miles per hour (mph). Also, measurements were not
collected when there was snow on the ground due to
mitigating effects. Global positioning system (GPS) coordinates were recorded for each noise measurement to
identify measurement locations. All data were downloaded and analyzed using Larson Davis Blaze Software
(Provo, Utah) and Noise at Work Software (Den Haag,
Netherlands). GPS coordinates and the Noise at Work
software were also used to develop noise contour maps
when feasible. Noise contours of potential zones of noncompliance were identified on the maps and can be used
to identify areas where a residence or business may be at
risk for excessive noise. The noise data were compared to
the maximum permissible noise levels for each land-use
zone as stated in the COGCC Aesthetic and Noise Control
Regulations.[8] The average noise dosimeter and
SLM/OBA equivalent sound pressure levels (Leq ) for
each oil and gas site type were calculated and compared
to COGCC regulations.

Noise dosimeter measurements at unmitigated
sites
Four noise dosimeters were used at each site to collect a
minimum Leq of 15-min located 350 ft (107 m) from the
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most significant noise source at each site in each cardinal direction (i.e., north, south, east, west). The distance
of 350 ft (107 m) was used based on the current COGCC
Aesthetic and Noise Control Regulations.[8] The most significant noise source was centrally located at each oil and
gas site and included the machine or group of machines
that contributed the greatest amount of noise originating from the site. The noise dosimeters met the American
National Standards Institute Standard ANSI S1.4, 1983[10]
specifications for use as sound-level meters. Noise measurements were collected using the A- and C-weighting
scales, slow response, and a three-decibel exchange rate.
The dosimeters were attached to tripods at a height of 5 ft
(1.5 m) per the methods outlined in the Noise Manual.[6]
The sampling times ranged from 20–45 minutes. Larson
Davis Blaze Software (Provo, Utah) was used to obtain the
15-min Leq that represented the highest Leq for the sampling period.

Sound level meter measurements at unmitigated
sites
The SLM/OBA was used to collect 5-sec Leqs at specified
distances from the noise source in each cardinal direction
during the site maximum operating capacity. Octave band
measurements were taken to identify the major frequency
noise levels at each site. The researchers attempted to collect SLM/OBA measurements at 117 yd (107 m), 58.5 yd
(53.5 m), 29 yd (26.5 m), 14 yd (12.8 m), and as close as
possible from the most significant noise source (in each
cardinal direction) to develop a noise map for each site.
A Nikon 550 Rangefinder (Tokyo, Japan) was used to precisely record the distances of measurement points.

Noise measurements at mitigated sites
Noise measurements were collected at three drilling sites
and one hydraulic fracturing site with noise wall mitigation in place using the noise dosimeters and SLM/OBA
time of collection and distances as described above. All
four sites had the same noise wall mitigation that included
noise blankets mounted on a steel frame. Noise measurements were collected inside and outside of the noise
walls. 5-sec Leq measurements were collected with the
SLM/OBA starting at 10 ft (3 m) from the inside of the
wall and then halving the distance until the researchers
could collect measurements as close as possible to the
noise source. 15-min Leq measurements were also collected 10 ft (3 m) from the inside of the wall in each cardinal direction using the noise dosimeters. At a distance
of 350 ft (107 m) in each cardinal direction outside of
the noise walls, researchers collected 15-min Leq measurements using the noise dosimeters. To avoid the acoustic
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Table . Noise levels at drilling sites  ft ( m) from source.
Site Number

-sec Leq
(dBA)

-sec Leq
(dBC)

-min Leq
(dBA)

-min Leq
(dBC)





Mean (SD)

Drilling Sites without Walls












 (.)
 (.)
 (.)




No Data
 (.)




Mean (SD)




 (.)

Drilling Sites with Walls






 (.)
 (.)




 (.)

Table . Noise levels at hydraulic fracturing sites  ft ( meters)
from source.
Site Number

-sec Leq
(dBA)





Mean (SD)

Hydraulic Fracturing Sites without Walls












 (.)
 (.)
 (.)





 (.)

Hydraulic Fracturing Sites with Walls








-sec Leq
(dBC)

-min Leq
(dBA)

-min Leq
(dBC)

shadow created by the 32 ft (9.8 m) tall noise walls, a distance of 350 ft (107 m) from the walls was chosen.
It was observed that noise measurements collected
within 100 yards (91.4 m) outside of the noise wall had the
potential to be skewed due the acoustic shadow. At several
sites, the site orientation and operating equipment were
located in such a way that the exact distances described
above could not be achieved. For example, on some sites
the researchers were limited on how close they could get
to the noise source due to safety factors. Measurements
were collected using the same protocol for mitigated sites
as unmitigated sites to allow for data comparison between
the two types of sites.

Table . Noise levels at production sites without walls  ft
( m) from source.
Site
Number









Mean (SD)

-sec Leq
(dBA)

-sec Leq
(dBC)










 (.)










 (.)

distance of 350 ft from the noise source, including all four
of the following cardinal directions.
r The A-weighted 15-min Leqs for drilling sites without walls were 5 dBA lower than hydraulic fracturing
sites without walls.
r The C-weighted 15-min Leqs for drilling sites without walls were 1 dBC lower than hydraulic fracturing
sites without walls.
r The A-weighted 15-min Leqs for drilling sites with
walls were the same as the hydraulic fracturing site
with walls.
r The C-weighted 15-min Leqs for drilling sites with
walls were 1 dBC lower than the hydraulic fracturing
site with walls.
r The average A-weighted Leq measurements collected
at production sites were at least 15 dBA lower than
the A-weighted 15-min Leq measurements collected
at drilling, hydraulic fracturing, and completion
sites.
The differences in A- and C-weighted noise measurements between drilling and hydraulic fracturing sites are
depicted in Figure 1. The current COGCC permissible
noise limit of 65 dBC is indicated by the solid horizontal line. The current COGCC permissible noise limit of
55 dBA for residential zones during the daytime is indicated by the dotted horizontal line. It is clear that the

Results
The results of the 5-sec and 15-min Leqs for each oil and
gas site type are presented in Tables 2–5. On average at a
Table . Noise levels at completions sites without walls at –
and  yd ( m) from source.

Site Number



 Second Leq
(No. of measurements)

 Second Leq
(No. of measurements)

 Minute
Leq (No. of
measurements)

 Minute
Leq (No. of
measurements)

 dBA ()
 dBA ()

 dBC ()
 dBC ()

 dBA ()
 dBC ()

 dBC ()
 dBC ()

Figure . Measured sound levels at drilling and hydraulic fracturing
sites with and without sound walls.
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A- and C-weighted noise levels were reduced when noise
walls were installed at drilling and fracturing sites. With
the installation of noise walls, noise levels at drilling sites
were reduced from 65 dBA to 59 dBA and 79 dBC to
73 dBC at 350 ft from the noise source (see Table 2).
Noise levels at fracturing sites were reduced from 70 dBA
to 59 dBA and 80 dBC to 74 dBC at 350 ft from the
noise source (see Table 3). With the noise walls in place,
the average C-weighted noise levels were measured at 74
dBC for fracturing sites and 73 dBC for drilling sites at
350 ft from the noise source (see Tables 5 and 3). These
C-weighted noise levels still exceeded the maximum permissible noise level of 65 dBC per COGCC Aesthetic and
Noise Control Regulations.[8]
It is important to note that Site 13 was configured in
such a way that noise measurements could not be collected at 350 ft (107 m) from the most significant noise
source. Due to the site configuration, noise measurements
were collected between 44 and 77 yards (40–70 m) from
the most significant noise source in each cardinal direction. As a result, the average noise measurements between
the two completion sites could not be compared to one
another. Additionally, only 5-sec Leq measurements from
the SLM were obtained from production sites. The noise
levels at production sites were below the gain detection
settings for the noise dosimeters that were used to collect
15-min Leq measurements. The gain was adjusted to 20 dB
which limited the instruments’ measurement range from
53–123 dB. Noise levels lower than 53 dB were not collected by noise dosimeters.

Octave band analysis
One-third octave band noise data were collected at each
site using the SLM/OBA (see Table 6). The dominant
sound frequencies at each oil and gas site were at or below
125 Hz. This is at the low end of the frequency spectrum,
indicating that the noise sources emitted predominantly
lower noise frequencies.

Noise contour maps
Noise contour maps were developed using the Noise at
Work Software to create a visual representation of noise
Table . Dominant octave center band frequencies during each
phase of operation.
Operation Phase
Drilling
Hydraulic Fracturing
Completion
Production

Dominant Octave Center Band Frequency
 Hz
 Hz
 Hz
–. Hz
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contours at drilling and fracturing sites. Individual average noise level measurements collected using the SLM at
various distances in each cardinal direction were used to
create the maps illustrating the average overall noise levels at a typical oil and gas site in each phase. GPS coorR
dinates were used in conjunction with Google Earth
and the Noise at Work Software to create detailed noise
maps overlapping with individual sites. This technique
allowed the researchers to provide the COGCC and operators a way of visualizing the noise contours at specific
sites. This information can be used to identify areas of
concern regarding noise at different types of oil and gas
sites and it can be used to determine how the noise travels beyond the confines of the site. An example of a
noise contour map created using Noise at Work Software
R
is provided in Figure 2. Using noise
with Google Earth
contour maps, the propagation of sound can be easily
visualized.

Discussion
The researchers determined that there was a difference in
noise levels between the different phases of oil and gas
development. Given the limited number of available sampling sites, the researchers could not determine if these
differences were statistically significant. It was concluded,
however, that hydraulic fracturing sites had the highest
noise levels while sites in the production phase had the
lowest noise levels. Hydraulic fracturing sites appeared to
have the highest noise levels at the noise source, however,
as the distance from the noise source increased, the average noise levels for hydraulic fracturing sites become very
similar to the average noise levels of drilling sites. At a distance of 117 yd, drilling and hydraulic fracturing sites with
sound wall installations had almost identical A- and Cweighted sound levels. Hydraulic fracturing sites had considerably higher sound levels in the A- and C-weighted
scale when sound walls were not installed. This finding
suggests that at a distance, sound walls mitigate the sound
of the louder hydraulic fracturing sites to a level similar to that of drilling sites. During the hydraulic fracturing phase, large trucks, and specialized machinery pump
hydraulic fracturing fluid, comprised of mostly sand and
water, into the hole created during the drilling phase. The
hydraulic fracturing fluid is pumped at 10,000 psi more
than a mile below the surface.[13] The high pressure fluid
is pumped into the well to separate (fracture) the shale
rock structure to stimulate the release of natural gas or oil.
Each phase of oil and gas development has different contributing noise sources. Hydraulic fracturing operations
have large air compressors, generators, and engines that
power the hydraulic fracturing equipment. These compressors, generators, and engines contribute to the noise
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Figure . Noise contour map of a hydraulic fracturing site.

at hydraulic fracturing sites. Truck traffic appears to contribute a significant amount of noise in every phase of oil
and gas production. However, hydraulic fracturing sites
have a heavier volume of truck traffic due to the continual
flow of sand and other materials in the fracturing process.
The amount and types of heavy equipment involved in
the hydraulic fracturing process and the fracturing itself
appear to make hydraulic fracturing the loudest phase of
oil and gas production.
Considering that the accuracy of the noise monitoring
instruments was ±1 or 2 dB, it was difficult to conclude
that hydraulic fracturing sites were significantly louder
than drilling sites at 350 ft (107 m) on average. Four of four
(100%) of the A-weighted, 15-min Leqs at 350 ft (107 m)
for drilling sites without noise wall installations exceeded
the current COGCC regulations for residential and commercial zones. Three of three (100%) of the A-weighted,
15-min Leqs at 350 ft (107 m) for drilling sites with noise
wall installations exceeded the current COGCC regulations for residential zones. No A-weighted 15-min Leq at
350 ft (107 m) for drilling sites with or without noise wall
installations exceeded the current COGCC limit for light
industrial or industrial zones. Two of four (50%) of the Aweighted 15-min Leqs at 350 ft (107 me) for hydraulic fracturing sites without walls exceeded the current COGCC
limit for light industrial zones, while four of four (100%)
of the A-weighted Leqs for the same hydraulic fracturing
sites exceeded the limits for residential and commercial
zones. The hydraulic fracturing site with the noise wall
installation had an A-weighted 15-min Leq that exceeded
the current COGCC limit for residential zones but not
commercial zones.

The C-weighted noise level measurements were higher
than the A-weighted noise measurements at every oil and
gas site. This indicated a low frequency noise issue at oil
and gas sites, which was confirmed with the octave band
analysis. The dominant frequency at every oil and gas site
was in the low frequency range, with the highest dominant frequency at 125 Hz at hydraulic fracturing and
completion sites. While noise levels were decreased when
noise wall installations were present, the C-weighted
noise level measurements with walls continued to exceed
65 dBC.
A very limited amount of research has been performed
regarding environmental noise from the oil and gas industry, making this an interesting but challenging area of
research. Researchers from Behrens and Associates[12] as
well as Earthworks[11] investigated environmental noise
from oil and gas operations using different methodologies to obtain noise measurements as compared to the
current study. Some researchers collected measurements
at different distances from the noise source while other
researchers measured completely different types of sites
and equipment.[11,12] This made it difficult to compare
the results of the current study and earlier studies to one
another.
An unpublished COGCC study, performed in 2015,
addressed both A-weighted and C-weighted noise levels.[4] The COGCC study followed similar protocol as
the current study. Measurements were collected at 350 ft
(107 m) from the noise source at drilling and hydraulic
fracturing sites with and without noise wall installations.
The only difference in protocol was that the COGCC personnel collected measurements over a one-hour period

JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE

Table . Comparison of COGCC and CSU noise results.
Site Type
Measured at
 ft

COGCC
Study Mean
Noise Level

CSU Study
Mean Noise
Level

COGCC
Study Mean
Noise Level

CSU Study
Mean Noise
Level

Drilling Site
without
Wall
Drilling Site
with Wall
Fracturing
Site
without
Wall
Fracturing
Site with
Wall

 dBA

 dBA

 dBC

 dBC

 dBA

 dBA

 dBC

 dBC

 dBA

 dBA

 dBC

 dBC

 dBA

 dBA

 dBC

 dBC

compared to the current study that used 15-min measurements. In general, the COGCC monitoring results were
within ±2 dB of the current study results. A comparison
of the results between the COGCC study and the current study are presented in Table 7. The largest discrepancy was between the A-weighted noise levels for drilling
sites with noise wall installations. The COGCC reported
an average one-hour noise level of 54 dBA for drilling
sites with noise walls while the current study reported
an average 15-min noise level of 59 dBA for drilling sites
with noise walls. The difference in these observations
may be a result from the differing sampling periods. The
CSU researchers coordinated with the oil and gas operators to ensure that the site was operating at full capacity
during the 15-min sampling period. COGCC researchers
used an hour-long sampling period without coordinating
with operators. Thus, drilling operations may not have
been running at full capacity during their measurements.
The COGCC reported similar decreases in noise levels
between sites with and without noise wall installations. In
both the COGCC and the current study data, there was
a greater reduction in A-weighted noise than C-weighted
noise when noise walls were in place. It can be concluded
that the COGCC one-hour noise measurement data support the current study’s 15-min noise level measurement
protocol for drilling and fracturing sites. The similarities
between the one-hour COGCC results and the 15-min
measurement results in the current study may indicate
that noise at oil and gas operations are in a relatively steady
state. Once a site is operational, there may not be much
variation in the noise that is produced.

Study limitations
A very limited number of oil and gas sites appeared on
R
to create the noise contour maps. Future
Google Earth
evaluations using the noise contour software should
employ aerial images of each specific site. This way, a
noise contour map can be created on top of a layered
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image of each oil and gas site, not just the sites that appear
R
. Another limitation in this study was
on Google Earth
that the gain setting of the noise dosimeters was set at a
range that the 15-min Leq measurements from production
sites was not recorded (i.e., the production sites produced
noise below the threshold of the dosimeter). Instead of
using the dosimeters, 5-sec Leq measurements were collected at production sites using the SLM/OBA. Additionally, the inverse square law for noise was used to predict noise attenuation over certain distances. The inverse
square law assumes the attenuation of noise in a free field.
In reality, the noise most likely did not travel in a free field.
There may have been some attenuation of noise due to
topography and other environmental factors.
Noise measurements were collected during five-second
and 15-min intervals. Even though sampling occurred
while oil and gas operations were running at full capacity to obtain a “worst-case” noise scenario, variability in
noise levels throughout the day or night could not be
determined. Without a 24-hr sampling period, community noise parameters such as L90 values and the community noise equivalent level could not be calculated. It
would be useful in future studies to measure the average noise level over a 24-hr period for a comprehensive evaluation. With the limited number of active oil
and gas sites in the Northern Colorado area that were
acceptable to sample, the researchers were able to sample
twenty-three sites in total during the study time frame.
Ideally, to evaluate consistency, a greater number of fracturing sites with walls and completion sites should be
measured. It would also be valuable to sample oil and gas
sites in different parts of Colorado with diverse topography during different times of the year to investigate
any variations in noise levels. Finally, the contribution of
oil and gas operations to overall noise pollution in areas
with other predominant noise sources was not assessed in
this study.

Conclusion
Each phase of oil and gas operations demonstrated different average noise levels at 350 ft (107 m) from the
noise source. The highest noise level measurements in the
A- and C-weighted scales, on average, were collected at
hydraulic fracturing sites. At a distance of 350 ft (107 m)
from the noise source, drilling and hydraulic fracturing
sites had similar noise measurements. The greatest difference between drilling and hydraulic fracturing sites was
a 5 dBA lower A-weighted average 15-min Leq at drilling
sites without walls than hydraulic fracturing sites without
walls 350 ft (107 m) from the noise source. Drilling and
hydraulic fracturing sites were within 1 dBC of each other
with and without noise walls at a distance of 350 ft (107 m)
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from the noise source. The average A-weighted noise
level measurements collected at production sites were at
least 15 dBA lower than the A-weighted 15-min Leq measurements collected at all drilling, hydraulic fracturing,
and completion sites. The average C-weighted noise level
measurements collected at production sites were at least
8 dBC lower than the C-weighted 15-min Leq measurements collected at all drilling, hydraulic fracturing, and
completion sites.
Oil and gas sites with noise wall installations had lower
noise levels in both the A- and C-weighted measurement
scales than those without noise wall installations. However, this reduction in noise was not sufficient to reduce
the noise below the residential permissible noise level
(55 dBA). On average, production sites without mitigation did not exceed current COGCC noise regulations.
It is recommended that additional measures be taken
to further reduce noise levels at drilling and hydraulic
fracturing sites. It is essential to control low-frequency
noise present in the C-weighted measurements. If the Cweighted noise is controlled, the A-weighted noise will be
reduced as well.
It is important to highlight that every drilling and
hydraulic fracturing site with and without noise walls
had average noise measurements at 350 ft (107 m) that
exceeded the current COGCC residential daytime and
night time noise limits. Every drilling and hydraulic
fracturing site without noise walls exceeded the current
COGCC commercial daytime and night-time limits. 75%
of drilling sites without walls and 100% of hydraulic fracturing sites without walls exceeded the current COGCC
light industrial night-time limits. A lower proportion
of production sites exceeded the COGCC limits for Aweighted noise levels. Regarding C-weighted noise level
measurements, every drilling, hydraulic fracturing, and
completion site exceeded the current COGCC limit of
65 dBC. The average C-weighted noise level at production sites was 64 dBC. A slight increase of 1 dB places
the average production site at the current COGCC limit
of 65 dBC. Considering the accuracy of the type one and
type two noise measuring instruments that were used, it
could not be concluded that the average production site
was below the current COGCC limit of 65 dBC.

Recommendations
There are a plethora of sources on an oil and gas site
that contribute to noise. While oil and gas operators commonly use different mitigation techniques, oftentimes
those techniques aren’t enough to significantly decrease
the noise level. There are several possible mitigation techniques that may be used in addition to installing sound
walls to further abate the noise at oil and gas sites to help

achieve the permissible noise levels. Several techniques
aside from sound wall installations are listed below. This
list is not a comprehensive list of all possible mitigation
techniques that can be used to reduce sound levels at oil
and gas sites.
r Motor vehicles used to access well sites generate
noise. Remote automated monitoring systems can be
used to eliminate some traffic to and from well sites.
r Sound barriers and partial enclosures can be constructed next to or around specific noise generating
equipment.
r Sound-insulating buildings (full enclosures) may
be constructed around permanent noise producing
structures such as compressors and pump-jacks.
r Installing silencers on engines and compressors may
help to minimize the noise impact of these sources.
r Rig orientation may be a key control method. Directing the noise sources away from residential areas
may reduce the noise propagated toward the residential areas (e.g., pointing the exhaust side of machinery away from neighbors).
r The use of electric rigs and equipment may reduce
sound levels. However, additional research is needed
to assess the effectiveness of electric rigs in terms of
reducing sound levels.
It is recommended that the oil and gas industry continue to collaborate with private and government entities
to work toward reducing sound levels produced by oil and
gas operations, specifically drilling and hydraulic fracturing operations.
There has been little research on evaluating and characterizing environmental noise produced by oil and gas
operations. With the increase in hydraulic fracturing in
the U.S., it is important to continue to evaluate the community and environmental impacts of noise resulting
from these sites. This study has opened the door for
additional researchers to evaluate and further understand
environmental noise in the oil and gas industry. Further
research to control low-frequency noise produced by oil
and gas operations is essential. Also, there is a need for
additional sound surveys to be conducted encompassing a larger sample size of oil and gas sites. In future
studies, it would be beneficial to collect sound measurements over a longer period of time to understand how
noise may fluctuate between day-time and night-time
levels.
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Abstract
Public concern about oil and gas (O&G) operations in residential areas is substantial. Noise from construction and drilling
related to O&G operations may be greater than other phases of O&G operations; yet the impacts of audible and lowfrequency noise during these operations are not extensively explored nor the effects on health well understood. This study
documents the noise levels at a multi-well O&G well pad during construction and drilling in a residential area in Colorado.
A-weighted (dBA) and C-weighted (dBC) noise measurements were collected at four locations during development over a 3month period. The maximum 1-min equivalent continuous sound levels over a 1-month period were 60.2 dBA and 80.0
dBC. Overall, 41.1% of daytime and 23.6% of nighttime dBA 1-min equivalent continuous noise measurements were found
to exceed 50 dBA, and 97.5% of daytime and 98.3% of nighttime measurements were found to exceed 60 dBC. Noise levels
exceeding 50 dBA or 60 dBC may cause annoyance and be detrimental to health; thus, these noise levels have the potential
to impact health and noise levels and associated health effects warrant further investigation.
Keywords Oil and gas operations Drilling Construction Noise Low-frequency noise Sound Health
●

●

●

Introduction
Oil and gas (O&G) development and operations has
increasingly occurred near populated areas and has raised
public health concerns [1–4]. Research near O&G sites to
date has largely focused on chemical emissions from these
sites or the potential risks and health effects in nearby
populations [5–11]. While noise from O&G operations has
been raised as a potential public health concern for communities near these sites [1, 4, 12, 13], the levels of audible
and low-frequency noise during O&G operations in residential areas are not well documented in the peer-reviewed
scientiﬁc literature.
Noise is generated during all stages of the O&G well
development and operation life cycle (i.e., exploration, well
development, production, and site decommissioning) and
can come from numerous sources such as trucks, heavy
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equipment, generators, compressors, and gas ﬂaring [1]. For
example, in Garﬁeld County, Colorado, audible noise levels
at a distance of 1000 ft (304.8 m) were reported to be 69 Aweighted decibels (dBA) during drilling operations [12].
Low-frequency noise is also present during O&G operations [14, 15]. Low-frequency noise is measured using Cweighted decibels (dBC) and can measure audible noise in
addition to the perception of pressure [16]. Boyle et al.
(2017) found the nighttime C-weighted noise levels to be
more than 15 dB greater than A-weighted noise levels for
some homes near a compressor station, indicating increased
potential exposure to low-frequency noise. Radtke et al.
(2017) reported a mean noise level of 80 (SD = 2.1) dBC
during hydraulic fracturing with operations running at full
capacity without a sound wall. At present, we lack an
understanding of the impacts of low-frequency noise levels
from O&G operations in urban areas or the effect of
incorporating best management practices, which can
include noise mitigation by adding sound controls to
equipment, constructing a sound wall, and using noise
absorbing material [4]. Low-frequency noise and the
impacts of mitigation approaches have been evaluated at
O&G operations and this previous research has shown that
the levels based on testing at isolated areas without outside
sound interference and the presence of a sound wall would
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Fig. 1 : Map of location. The
map highlights the proposed
location of the wells, tank
battery, area disturbed from well
pad development, and the
regulatory setback buffer

be of concern if these operations were near homes [14].
Still, the levels and public health implications of audible
and low-frequency noise levels from the various stages
occurring during O&G operations are not well understood.
Public complaints and health concerns from increased noise
are a common issue at many O&G operation sites. For
example, between 35 and 55% of survey respondents in the
Marcellus Shale region reported noise pollution as a stressor
from O&G operations and development [17]. In the State of
Colorado, noise was reported to be responsible for 10.4% of
the complaints sent by the public to the Colorado Oil and
Gas Conservation Commission from November 2001 to
June 2013 (COGCC) [18]. More recently, 123 out of 330
(37.3%) complaints received by the COGCC in 2015 were
related to noise [19], demonstrating that public concern
from the noise related to O&G operations is likely
increasing.
In Colorado, the COGCC regulates noise from O&G
operations [20]. COGCC Rule 802 states that the maximum
permissible noise level is not to exceed 55 dBA during
daytime hours (7 am to 7 pm) and 50 dBA during nighttime
hours (7 pm to 7 am) at 350 ft (106.7 m) from the noise
source in residential, agricultural, and rural zones. COGCC
Rule 802.b(1) increases the maximum permissible noise

levels to 80 or 70 dBA during daytime and 75 or 65 dBA
during nighttime, varying based on the distance of the
nearest building unit, “for pipeline or gas facility installation
or maintenance, or the use of a drilling rig, completion rig,
workover rig, or stimulation.” Furthermore, during the
daytime, the permitted A-weighted noise levels may be
increased by 10 dB for up to 15 min in a 1-h period. For
low-frequency noise, levels greater than 65 dBC require the
operator to send a low-frequency noise impact analysis to
the COGCC that identiﬁes any reasonable noise control
measures.
While there is relatively little research on residential
exposures and health concerns due to noise at O&G sites,
several studies have documented health effects from noise
exposure from other sources, such as trafﬁc, wind turbines,
airports, and railways. These studies indicate that noise
starting at in the 50–55 dbA range can cause annoyance,
nausea, and headaches, disturb sleep, impair cognitive
performance, and is associated with an increased incidence
of arterial hypertension, arterial stiffness, myocardial
infarction, and stroke [16, 21–25]. For example, exposure to
railway noise exceeding 50 dBA is related to an increased
risk of cardiovascular diseases [26]; trafﬁc noise in the
range of 45–75 dBA was positively associated with
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hypertension per 5 dBA increase [27]; and the relative risk
of coronary heart disease increased with every 10 dBA
increase in weighted day–night trafﬁc noise levels between
52 and 77 dBA [28]. Exposure to low-frequency noise may
cause issues such as stress, fatigue, nausea, headache, and
sleep disturbance [24, 25, 29]. For low-frequency noise
levels, 60 dBC is recommended (65 dBC maximum) for
continuous operations in residential areas to minimize
health concerns and issues [16]. Furthermore, if the ﬂuctuation in dBC levels are substantial (±5 dBC), the lowfrequency noise criteria should be reduced by 5 dBC, to
55 dBC, to minimize health impacts from low-frequency
noise [16].
This study measured and evaluated A-weighted and Cweighted noise levels during construction and well drilling
at a 22 O&G well pad in a residential area of Greeley,
Colorado USA. To the best of our knowledge, this is the
ﬁrst study evaluating residential audible and low-frequency
noise levels during petroleum drilling activities; drilling is
often considered to have greater noise levels than other
O&G operations, such as production [4]. Our objective was
to compare measured noise levels around a multi-well pad
to regulatory levels and noise levels that are documented
in the literature to have potential for detrimental effects
such as annoyance, sleep disturbance, headaches, nausea, or
increased cardiovascular risk.

Materials and methods
Site information
We conducted noise monitoring at four residences located
between 320 m (1049.9 ft) and 550 m (1804.5 ft) from the
center of a large multi-well O&G site (Fig. 1) between
February and April 2017. The site is permitted for 22 wells,
22 oil tanks, 22 separators, 4 vapor recovery units, 2 water
tanks, 3 modular large volume tanks, and 2 lease automatic
custody transfer units [30]. The well pad site, with the
expected location of the wells, tank battery, area of disturbance from well pad construction, and 152.4 m (500 ft)
setback buffer, is shown in Fig. 1 [30]. 1The dates when the
drilling commenced for the location and wells at the site
ranged between 29 November 2016 and 23 February 2017;
therefore, our sampling period was during a period of well
pad construction and drilling activity. The operations at this
site used sound mitigation best management practices
including the use of a sound wall that is 32 ft in height
surrounding the site and use of electronic or modern lownoise equipment [30].
1

The exact location of noise sampling is not shown to protect the
identity of the property owners.
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Sound level meter measurements
Noise monitoring was conducted at four residential locations: one each to the south, east, northeast, and northwest
of the site. Landowner permission was obtained to access
the sites. The locations were conﬁrmed at each subsequent
date using a Garmin (Schaffhausen, Switzerland) eTrex
VentureCx handheld global positioning system (GPS). The
SLM measurements were conducted to exclude other noise
sources to evaluate the noise speciﬁcally from the O&G
operations, rather than from other industrial or community
sources, such as the trucking activity from this site.
Therefore, when using the SLM, if nearby intermittent
community or city noises (e.g., barking dogs, lawn mowers,
vehicles/trucks) were encountered during sampling, the
researchers waited for those intermittent noises to stop
before proceeding with their measurements.
A-weighted and C-weighted noise levels were recorded
using a Larson Davis Sound Expert LxT1-SE-FF Sound
Level Meter (SLM; Depew, New York) with a PRMLXT1L
preampliﬁer, 377B02 microphone, and a WS001 3.5-inch
diameter windscreen. The SLM was calibrated by the
manufacturer prior to data collection and re-calibrated
before and after each sampling date using a Larson Davis
CAL200 set at 114 dBA. The SLM was mounted on a
portable tripod and raised to approximately 1.4 m (4.6 ft) off
the ground during measurement. Three 5-s measurements of
the sound pressure level were taken at each location and the
arithmetic average of these three measurements was used.
The SLM measurements were collected at the same time as
the continuous noise measurement maintenance visits.
Noise measurements with a corresponding hourly or gust
wind speeds of less than 16.1 kilometers per hour (10 mph)
were included in the ﬁnal data set; all other data were
omitted [14]. Wind speed data were obtained from a nearby
weather station from wunderground.com and noise measurements were matched with the nearest documented wind
speed measurement. A total of 42 dBA and 40 dBC measurements were included in the 5 s SLM results.

Continuous noise measurements
Continuous noise measurements were conducted at the
same four locations surrounding the well pad during the
same period and location as the SLM measurements. Data
were collected for approximately 1 month at the South and
East locations from 27 January 2017 to 24 February 2017
and for 2 months at the Northeast and Northwest sites from
24 February 2017 to 24 April 2017.
Noise measurements were collected with Larson Davis
(Depew, NY) Spark 703+ and Spark 706RC dosimeters
each with a detachable 10.6 mm microphone/preamp with
integrated 1 m cable (MPR001) and a windscreen. Noise
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Fig. 2 Heat density of 1-min noise results for A-weighted noise data by time of day. A lighter shade is a greater count of values

measurements were recorded as the 1-min equivalent continuous noise level. The dosimeters were calibrated prior to
deployment and were factory calibrated in November 2016.
The dosimeter microphones were mounted 1.3 m from the
ground and oriented towards the well pad site. Noise was
not measured for short periods (30 min to an hour) during
data downloads and equipment maintenance, which occurred every three to four days. A total of 244,584 dBA and
250,158 dBC 1-min noise measurements were recorded.
Similar to the 5 s measurements, noise measurement with a
corresponding average or gust speed greater than 16.1 kilometers per hour were omitted from our data analysis. As a
result, 173,521 dBA (70.9% of the total) and 176,969 dBC
(70.7% of the total) measurements were included in the analysis.
To consider the difference in day and night noise levels,
measurements were divided at the benchmarks described in
the COGCC regulations: daytime levels were considered
from 7 am to 7 pm and nighttime levels were those between
7 pm and 7 am [20]. The noise levels at the various times in
Figs. 2 and 3 were calculated using R v3.2.2 [31] and the
ggplot2 package [32].

such as increased risk of cardiovascular diseases and hypertension [26, 27]. For low-frequency noise we used the 60 dBC
benchmark for operations with continuous daytime and nighttime noise recommended to minimize known health impacts,
such as nausea and headaches [16]. As we do not know the
exact equipment operating at any given moment on the site, we
also used the COGCC Rule 802 residential guidelines, which
specify a maximum permissible level of 55 dBA during daytime and 50 dBA at night [20]. A noise level less than or equal
to 55 dBA is also the US Environmental Protection Agency
outdoor level recommended to prevent annoyance and activity
disruption [33]. For low-frequency noise, we used the Cweighted noise level that would initiate a noise investigation,
which is 65 dBC [20].

Comparison to health endpoints and COGCC rules

Leq;T ¼ 10 log10

We used a 50 dBA threshold as a benchmark for all noise
measurements regardless of time of day, which is the low
end of noise levels that may cause adverse health effects,

where N is the number of 1-min intervals and Leq is the
measured sound level over the 1-min time period [34, 35].

Statistics
We calculated the A-weighted and C-weighted average
equivalent continuous sound level for the time period of
interest (Leq T) using the following:
 X

1
1 0:1L
0 eq
N
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Fig. 3 Heat density of 1-min noise results for C-weighted data by time of day. A lighter shade is a greater count of values

Table 1 Short-term sound level meter 5-s data for A-weighted and Cweighted noise levels at the four locations
Location

East

South

Northeast

Northwest

Weight

dBA

dBC

dBA

dBC

dBA

dBC

dBA

dBC

Counta

7

7

Minimum

43.2

59.8

8

8

13

12

14

13

34.8

58.5

41.7

62.3

42.2

Median

45.4

63

66.2

40.4

62.1

50

65.9

45.2

65.6

Maximum

50

68.1

50.1

67.6

59.8

82

50.8

76.7

a
Count includes the number of 5 s noise measurements taken at each
site over a 3-month period after omitting the data with high wind

We used the absolute difference between decibel levels
when describing the difference between recorded or
equivalent continuous noise measurements values.

Results
The summary of the results of the periodic three 5 s Aweighted and C-weighted SLM daytime noise level measurement at the four sampling locations are shown
(Table 1). These measurements were taken during time
periods without outside community noise or noise from

trafﬁc or trucking associated with the O&G operations. The
median audible noise measurements ranged from 40.4 dBA
at the South location to 50 dBA at the Northeast location.
The median low-frequency noise levels ranged from 62.1
dBC at the South location to 66.2 dBC at the East location.
The maximum A-weighted noise measurement was 59.8
dBA at the Northeast location and the maximum Cweighted noise measurement was 82 dBC at the Northeast
location.
The summary of the results from the monthly continuous
noise monitoring are shown for A-weighted (Table 2) and
C-weighted (Table 3) noise levels. The monthly equivalent
continuous levels ranged from 51.5 dBA at the northwest
location to 60.2 dBA at the northeast location. The median
levels were similar to arithmetic means and variance across
locations were similar. The minimum 1-min equivalent
continuous level recorded was 35.9 dBA and the maximum
1-min equivalent continuous noise measurement was 89.2
dBA. The low-frequency monthly equivalent continuous
noise measurements ranged from 73.1 dBC at the northwest
location to 80.0 dBC at the northeast location. The minimum observed 1-min equivalent continuous noise level was
52.4 dBC and the maximum was 106.4 dBC.
The percentage of 1-min noise measurements over levels
of concern are also shown by location for dBA (Table 2)
and dBC (Table 3). The maximum percentage of
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Table 2 Summary statistics for the 1-min A-weighted noise levels collected at varying distances around an oil and gas production site measured
over 3 months
East

South

Northeast Visit 1

Northwest Visit 1

Northeast Visit 2

Northwest Visit 2

Dates

1 Jan 2017 to 1 Jan 2017 to
24 Feb 2017 24 Feb 2017

24 Feb 2017 to 24 24 Feb 2017 to 24 24 Mar 2017 to 24 24 Mar 2017 to 24
Mar 2017
Mar 2017
Apr 2017
Apr 2017

Count of included 1-min
measurementsa

22,742

26,239

30,343

30,234

32,017

31,946

Count of measurements
excluded due to wind

11,913

14,030

9,803

9,912

12,737

12,668

Minimum (dBA)

38.4

37.2

38.3

35.9

38.8

37.0

Arithmetic average (dBA)

48.7

47.0

50.5

46.3

51.1

46.8

Equivalent continuous
sound level (Leq) (dBA)

54.6

54.2

60.2

51.5

57.8

53.5

Median (dBA)

48.2

46.6

50.4

45.8

50.9

45.8

Standard deviation (dBA)

4.3

4.5

5.3

4.1

4.8

5.1

Maximum (dBA)

81.5

82.0

89.2

79.2

87.4

81.7

Percentage of
measurements >50 (day)

30.2%

17.6%

71.2%

13.9%

77.5%

27.5%

Percentage of
measurements >55 (day)

7.4%

5.9%

19.3%

5.0%

24.2%

11.1%

Percentage of
measurements >50 (night)

24.4%

13.9%

36.2%

11.5%

42.8%

11.6%

a

Only includes data when hourly average wind speed or wind gust speed is less than 10 mph

measurements found to exceed 50 dBA was 77.5% during
the day and 42.8% during the night, both occurring at the
Northeast location during the second visit. During the day,
the maximum percentage of measurements that exceeded
55 dBA was 24.2%, also at the Northeast location. For
low-frequency noise, 100% of the measurements were
found to exceed 60 dBC for both day and night measurements at the Northeast location during visit 2. More than
98% of the measurements during the day and night at the
east, northeast, and northwest locations were greater than
60 dBC.
Across all locations from the 3-month period, 41.1% of
daytime and 23.6% of nighttime 1-min equivalent continuous noise measurements exceeded 50 dBA and 12.7%
of daytime and 4.5% of nighttime measurements exceeded
55 dBA. For low-frequency noise, 97.5% of daytime and
98.3% of nighttime measurements exceeded 60 dBC and
80.0% of daytime and 78.8% of nighttime measurements
exceeded 65 dBC.
A time series of daily dosimeter A-weighted and Cweight noise level readings are shown for each of the four
locations in Fig. 2 and Fig. 3, respectively. For each location, A-weighted noise increased in the morning, between 7
am to 8 am, decreased around 11 am, and a second increase
was observed again around 4 pm (16:00). The C-weighted
noise level results follow a similar pattern as the Aweighted noise levels; however, the peaks are less
pronounced.

Discussion
This study measured and evaluated continuous audible and
low-frequency noise levels during O&G well pad construction and drilling in a residential area. The monthly
equivalent continuous noise levels were as low as 51.5 dBA
and 73.1 dBC and as high as 60.2 dBA and 80.0 dBC. This
work advances the literature on the environmental noise
from O&G operations by collecting continuous 1-min Aweighted and C-weighted noise level data over a 3-month
time period. The data were collected during construction
and drilling of a large, multi-well pad in a residential area, a
phenomenon that is increasingly common in the US as
O&G development transitions towards larger operations on
fewer pads, especially in more populated areas.
The maximum and monthly equivalent continuous Aweighted noise measurement results are of note because
they are in excess of the 50 dBA threshold that may cause
adverse health effects, such as increased risk of cardiovascular diseases and hypertension [26, 27]. The lowfrequency noise levels we observed are of concern as they
often exceeded the level of 60 dBC recommended to
minimize impacts such as nausea and headaches [16]. The
equivalent continuous noise measurement levels recorded at
the northeast location were 60.2 dBA and 80.0 dBC from 24
February 2017 to 27 March 2017, which signiﬁcantly
exceeds the 50 dBA and 60 dBC recommended levels. Also,
41.1% of daytime and 23.6% of nighttime dBA 1-min
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Table 3 Summary statistics for the 1-min C-weighted noise levels collected at varying distances around an oil and gas production site measured
over 3 months
East

South

Northeast Visit 1

Northwest Visit 1

Northeast Visit 2

Northwest Visit 2

Dates

1 Jan 2017 to
24 Feb 2017

1 Jan 2017 to
24 Feb 2017

24 Feb 2017 to 24 24 Feb 2017 to 24 24 Mar 2017 to 24 24 Mar 2017 to 24
Mar 2017
Mar 2017
Apr 2017
Apr 2017

Count of included 1-min
measurementsa

26,187

26,241

30,333

30,219

32,026

31,963

Count of measurements
excluded due to wind

14,032

14,026

9,813

9,927

12,728

12,663

Minimum (dbC)

56.2

52.4

57.1

56.9

59.6

54.5

Arithmetic average (dbC)

69.7

64.4

67.9

68.5

68.7

68.3

Equivalent continuous
sound level (Leq) (dbC)

77.3

73.8

80.0

73.1

78.2

74.6

Median (dbC)

69.1

63.6

67.0

68.2

67.6

67.4

Standard deviation (dbC)

4.9

4.9

4.9

3.9

4.8

5.3

Maximum (dbC)

100.9

100.3

105.5

99.0

106.4

100.8

Percentage of
measurements >60 (day)

99.1%

86.7%

99.9%

98.4%

100.0%

99.2%

Percentage of
measurements >65 (day)

91.8%

33.6%

87.2%

85.0%

95.6%

79.3%

Percentage of
measurements >60 (night)

98.7%

91.4%

99.8%

100.0%

100.0%

99.6%

Percentage of
measurements >65 (night)

90.1%

35.1%

83.0%

87.9%

80.1%

93.1%

a

Only includes data when hourly average wind speed or wind gust speed is less than 10 mph

equivalent continuous noise measurements were found to
exceed 50 dBA and 97.5% of daytime and 98.3% of
nighttime measurements were found to exceed 60 dBC. As
the review by Basner et al. (2014) notes, nighttime average
outdoor noise levels between 40 and 55 dBA are associated
with adverse health effects, which highlights the long-term
impact of continuously operating O&G sites. The lowfrequency noise from O&G operations are at levels that may
cause the common symptoms reported by individuals who
reside in close proximity to O&G operations, such as sleep
disturbance and headaches [11].
The 5-s SLM data were collected to explore the shortterm noise levels without background noise or noise from
nearby trucking activity. These results were collected in
person so that the noise levels were attributable to the well
pad alone and the methods more closely align with the
shorter-term data collection often used to evaluate industrial
noise levels. The maximum SLM measurements were 59.8
dBA at the Northeast location and 82 dBC at the Northeast
location, which also exceed associated health concerns.
Overall, the SLM values reported are indicative of the noise
directly attributable to the O&G operations during the
construction and drilling of this well pad.
The results of the operator’s baseline noise test at this site
conducted on 11 November 2016 found a 42.8 dBA and
55.8 dBC average noise level over a midday 1-h period with
calm wind (Session Report 12/20/2016, downloaded from

COGIS). The operator baseline levels were recorded at the
south end of the site, approximately 40 ft from the nearest
home. Our monthly equivalent continuous noise measurement results indicate an increase of between 8.7 to 17.4
dBA and 17.3 to 24.2 dBC over the operator’s 1-h baseline
measurement, depending on the time and location. Thus, the
noise levels increased substantially over the baseline measure during the well pad construction and drilling. While
there may be some differences between the operator’s
baseline noise measured at the well pad site and the noise
levels recorded at our monitoring sites near homes, the
operator’s baseline measurements are likely a good
approximation of baseline noise at four monitoring locations in this residential area.
The site we studied incorporated numerous best management practices for noise reduction. Their sound mitigation best management practices included: (1) 9.75 m (32 ft.)
sound walls around the perimeter of the location during
drilling and completion; (2) compliance with the municipal
noise regulations (which includes requirements such as
venting exhaust away from occupied buildings and special
mitigation strategies for sensitive areas such as near schools
and hospitals; (3) use of electric or modern low-noise diesel
to power equipment; (4) continuous monitoring of noise by
the operator; (5) completion of a baseline noise study; and
(6) the operator to remedy sound levels exceeding 65 dBC
measured from the nearest building unit within 48 h [30].
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We ﬁnd that the use of these best management practices was
not sufﬁcient to reduce noise levels to those below the
operator ﬁnd that the use of these best management practices was not sufﬁcient to reduce noise levels to those below
the operator proposed levels or levels associated with
potential health concerns in the scientiﬁc literature.
Previous research evaluating noise under maximum
operating conditions in unpopulated areas found all drilling,
hydraulic fracturing, and completion at O&G sites to
have noise levels greater than 65 dBC at locations with
and without sound walls [14]. Based on our results, the
dBC levels around this O&G operations site were also
consistently greater than 65 dBC. For example, 93.1%
of the nighttime measurements were found to exceed
65 dBC at the Northwest location from 24 March 2017 to
24 April 2017. Yet, the direct comparison of studies relating
to noise from O&G operations is challenging due to the
varying site equipment and operations, sound mitigation
practices in place, and the presence of other community
noise sources.
This study has several features that are improvements over
existing studies, including long-term noise measurements at
multiple locations and the simultaneous measurement of both
low- and high-frequency noise. The continuous noise measurements demonstrate the environmental noise levels in this
residential area from all activities, including from other
community noises and trucking activity commonly associated
with O&G development, were well into the range thought to
affect health. Trucking activity at this site was reported as a
concern to the COGCC by residents [30]. The concerns
reported by community members near this location conﬁrm
that the noise levels from O&G trucking activity may be
considered a nuisance for those residing near these operations
and have the potential to cause stress, annoyance, sleep disruption, and cardiovascular impacts. Furthermore, the comparison of the 3 months of noise levels to the operator’s
baseline data collected from this site highlight the relevance
and usefulness of the continuous noise data. Through the use
of 1-min noise data collected continuously over a month at
each location, which is over a much longer duration and
offers more information than is generally reported at one of
these sites, this work offers a more thorough understanding of
the noise levels experienced by local residents living near a
site with 24-h O&G operations.
The limitations of this work include representativeness of
our measures and the averaging approach used to capture
levels over time. These results, based on the continuous
sampling at a single large multi-well pad over 3 months,
may not be indicative of the noise from O&G operations at
other locations with different topography, wind patterns, or
noise mitigation strategies. Other noise sources from the
community, such as local trafﬁc or other household noises
including other electronic or mechanical equipment, are

present and will differ from site to site. Therefore, the noise
levels we observed may not translate to the construction and
drilling of all well pads and our results may or may not be
representative of other multiwall pads with similar equipment. A second limitation is that due to the methods used to
estimate long-term averages, the ﬂuctuations from shortterm loud noise levels that are less than 1 min in length may
not be captured [16]. Future studies should consider pairing
continuously collected noise data with operations data to
separate noise from O&G operations from other residential
or community noise sources.
Additional studies are needed to determine if the noise levels
we measured are representative of other communities with
large, multi-well O&G construction and drilling sites. These
studies could also assess the impact of these levels on resident
health, and whether mitigations that have been implemented,
such as sound walls and electric powered equipment that
reduce engine noise, can be further modiﬁed or managed to be
more effective in reducing community noise exposure for
nearby residents. Future efforts will document noise and air
pollution levels at this site during hydraulic fracturing
(“fracking”) and the production stage. The noise levels surrounding these operations could also potentially be recorded
using crowdsourcing methods and smartphone technology [36–
39]. Overall, future research should focus on documenting
noise level and resident health concerns due to high level,
shorter duration audible and low-frequency noise as well as
impacts on susceptible populations that may be disproportionally impacted by noise from O&G operations [4].
The measured noise levels in this and another study
highlight the inadequacy of the current 152.4 m regulatory
setback distance between O&G operations and residential
buildings in Colorado [14, 20]. These data indicate that
exposures to both audible and low-frequency noise exceed
the level that can cause annoyance, sleep disturbance, cardiovascular impacts, and other health effects. We measured
the noise levels at distances between 320 m (1049.8 ft) and
550 m (1804.5 ft) from the center of the well pad, which
exceeds the regulatory setback distance. To the extent that
this site is representative of O&G operations in Colorado,
these results suggest that a setback distance of more than
500 ft (152.4 m), or other noise mitigation, will likely be
needed to reduce community noise to levels below both
health-based and COGCC standards.
Speciﬁc to Colorado regulatory efforts, we recommend
that equivalent continuous noise levels for 24/7 operations
should be required to be kept below 60 dBC to minimize
annoyance and other impacts related to low-frequency noise
[16]. Given the typical variation in dBC levels, it may also
be appropriate to decrease the low-frequency noise criteria
to 55 dBC to minimize health impacts from low-frequency
noise. The current COGCC recommendation that 65 dBC
will trigger an investigation by a noise consultant is in
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our judgment unlikely to reduce noise levels without
changes in both site operations, mitigation approaches, and
enforcement. Indoor low-frequency noise levels should also
be considered as low-frequency noise is often less attenuated by homes and buildings potentially creating higher
indoor levels through standing wave patterns in rooms [25].
The investigation of noise often requires a complaint and
may not capture the highest noise levels. Publicly available
continuous real-time noise monitoring results may offer
much greater reporting, transparency, and accountability for
both operators and nearby residents. Furthermore, the
COGCC noise levels for residential areas (50 dBA) and
other speciﬁc activities, such as the use of drilling rigs (75
or 70 dBA), should be reconsidered to align with the 40
dBA nighttime levels that are recommended to prevent
health effects from nighttime noise [24].

Conclusion
Average noise levels at an O&G well pad during
construction and drilling exceeded levels associated
with annoyance, sleep disturbance, and cardiovascular
health effects in studies involving noise sources such as
trafﬁc, airport, wind turbine, and railway related noise
pollution. Furthermore, while low-frequency noise has
received less attention than traditional A-weighted noise
level research, these results highlight the need to further
understand both the levels and health impacts of lowfrequency noise in residential areas during drilling operations. The measurements collected during this study
were also found at a distance greater than 152.4 m, thus
highlighting that homes in closer proximity to operations
will likely experience noise exposure at levels of concern
even with the implementation of sound mitigation best
management practices. Overall, further research is needed to
address noise levels and test appropriate noise mitigation
interventions to reduce exposure near O&G operations in
residential areas.
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Associations of unconventional
natural gas development with
depression symptoms and
disordered sleep in Pennsylvania
Joan A. Casey1, Holly C. Wilcox2, Annemarie G. Hirsch3, Jonathan Pollak4 &
Brian S. Schwartz3,4,5
Environmental and community factors may influence the development or course of depression and
sleep problems. We evaluated the association of unconventional natural gas development (UNGD) with
depression symptoms and disordered sleep diagnoses using the Patient Health Questionnaire-8 and
electronic health record data among Geisinger adult primary care patients in Pennsylvania. Participants
received a retrospective metric for UNGD at their residence (very low, low, medium, and high) that
incorporated dates and durations of well development, distance from patient homes to wells, and
well characteristics. Analyses included 4,762 participants with no (62%), mild (23%), moderate (10%),
and moderately severe or severe (5%) depression symptoms in 2014–2015 and 3,868 disordered sleep
diagnoses between 2009–2015. We observed associations between living closer to more and bigger
wells and depression symptoms, but not disordered sleep diagnoses in models weighted to account for
sampling design and participation. High UNGD (vs. very low) was associated with depression symptoms
in an adjusted negative binomial model (exponentiated coefficient = 1.18, 95% confidence interval [CI]:
1.04–1.34). High and low UNGD (vs. very low) were associated with depression symptoms (vs. none)
in an adjusted multinomial logistic model. Our findings suggest that UNGD may be associated with
adverse mental health in Pennsylvania.
Unconventional natural gas development (UNGD) is a long-lasting industrial process with potential environmental and social impacts, including noise, light, vibration, truck traffic, air, water, and soil pollution, social
disruption, crime, and stress and anxiety related to these features as well as rapid industrial development 1–3.
UNGD involves pad preparation, drilling, stimulation (“fracking”), and production1. Operators in Pennsylvania
had drilled 9,669 wells in the Marcellus shale by the end of 20154 and Pennsylvania led the country in shale gas
production in 20165.
Growth in energy production has resulted in both local economic benefits and concern about potential health
consequences. Economists have reported inconsistent effects on property values6 and increased employment and
increased wages in counties with UNGD7,8, but the permanency of these benefits remains uncertain9,10. Public
health researchers have found associations between UNGD and adverse birth outcomes11–14, asthma exacerbations15, and self-reported health problems or symptoms16–18, all outcomes with environmental and social risk
factors. No prior epidemiologic study, however, has considered clinically-diagnosed sleep problems or a mental
health outcome measured via a validated scale19. We considered these outcomes as important to evaluate in relation to UNGD given the biologically plausible relationship with UNGD and the significant societal costs of these
outcomes. Major depressive disorder cost $210.5 billion and accounted for 3.7% of total U.S. disability-adjusted
life years in 201020,21, and over one-third of U.S. adults did not meet recommended sleep durations in 201422.
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Figure 1. Hypothesized relationships between unconventional natural gas development (UNGD), associated
physical and psychological exposures, disordered sleep and depression symptoms measured via the eight-item
Patient Health Questionnaire-8 (PHQ-8) depression scale. The solid rectangle identifies factors measured in this
study and the dashed rectangle identifies unmeasured factors.

Evidence suggests that depression and sleep problems may co-occur23,24 and that UNGD could influence these
outcomes via several pathways (Fig. 1). Individuals living near UNGD have reported reduced life satisfaction,
feelings of disempowerment, social stress, negative psychological states, and disruption in sense of place (i.e.,
meaning and attachments that residents have for their community)25–31. A growing body of evidence also links
particulate air pollution, an environmental hazard associated with UNGD, to depression and anxiety32,33. Further,
nighttime noise and light pollution can disrupt sleep, with potential consequences for mental health34–37.
Here, we evaluated the association of UNGD in the Marcellus shale in Pennsylvania with depression symptoms and disordered sleep diagnoses, measured via questionnaire and electronic health record (EHR) data,
respectively. We also explored effect modification of the UNGD-depression symptoms association by antidepressant medication use under the hypothesis that those not receiving treatment may respond more strongly to
UNGD exposure.

Results

Of the 4,932 subjects in the study, 170 did not answer any PHQ-8 questions, 2,976 had no significant depression
symptoms, 1,075 had mild depression symptoms, 454 had moderate depression symptoms, and 257 had moderately severe/severe depression symptoms in 2014–2015 (Table 1). Participants with more severe depression symptoms, compared to those with no or less severe symptoms, were more likely to be female, on Medical Assistance,
take antidepressants, and have heavy alcohol use (all p < 0.01). We identified 8,578 disordered sleep diagnoses
between January 2009 and June 2015 using EHR data among 1,699 of the 4,932 study subjects. The remaining
study subjects did not have disordered sleep diagnoses using our criteria. After randomly selecting one disordered
sleep diagnosis per person per year, we included 3,868 disordered sleep diagnoses over 6 years. Participants with
at least one disordered sleep diagnosis, compared to those with none, were more likely to be female and to be
older (both p < 0.05).
By December 31, 2014, companies had drilled 8807 unconventional wells in the Pennsylvania Marcellus
shale4. In unadjusted truncated-weighted multinomial logistic regression models, the high and low groups of the
UNGD activity index (vs. very low) were associated with increased odds of mild depression symptoms (vs. none,
odds ratios [95% confidence interval] = 1.49 [1.11–1.99] and 1.52 [1.13–2.04], respectively). We also observed
associations between the high and low groups of the UNGD activity index (vs. very low) and mild depression
symptoms (vs. none) in an adjusted multinomial logistic model (Table 2) and the number of depression symptoms (continuous variable) in an adjusted negative binomial model (Table 3). There was no significant association between the medium UNGD activity group (vs. very low) and depression symptoms in either model. In
the adjusted multilevel model for the longitudinal disordered sleep outcome, UNGD was not associated with
disordered sleep diagnoses between 2009–2015 (Table 4) or in analyses restricted to diagnoses in 2014–2015 (see
Supplementary Table S3). We also observed no association between UNGD and encounters that resulted in both
a disordered sleep diagnosis and sleep-related medication order (see Supplementary Table S4).
When we added a cross-product between UNGD and antidepressant medication use to the model we found
no evidence of multiplicative interaction, the p-value from the Wald test of the cross-product was 0.14 and 0.12
in the multinomial logistic and negative binomial models, respectively. In the sensitivity analysis to evaluate
the influence of weighting on associations, we observed stronger associations between UNGD and depression
symptoms using full weights, and no association between UNGD and depression symptoms using no weights
(Tables S5 and S6). Additionally, results did not change when we limited the multinomial logistic models to participants that completed all 8 questions on the PHQ-8 (Table S7).

Discussion

In this study of nearly 5,000 adults in Pennsylvania in 2015, we observed an association between living closer to
more and bigger UNGD wells and more depression symptoms as measured by the PHQ-8. Antidepressant use did
not appear to act as an effect modifier. We found no evidence of an association between UNGD and disordered
sleep diagnoses. To our knowledge, this study represents the first to evaluate associations between UNGD and
mental health and sleep using a validated instrument and clinical diagnoses.
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Depression symptoms
Variable

0; None

1–9; Mild

9–14;
Moderate

15–24; Moderately
severe/severe

Missing

Total numbera, n (%b)

2,976 (100)

1,075 (100)

454 (100)

257 (100)

170 (100)

UNGDc metric, n (%)
Very low

756 (25.4)

259 (24.1)

117 (25.8)

62 (24.1)

39 (22.9)

Low

726 (24.4)

285 (26.5)

113 (24.9)

66 (25.7)

43 (25.3)

Medium

776 (26.1)

253 (23.5)

101 (22.2)

58 (22.6)

45 (26.5)

High

718 (24.1)

278 (25.9)

123 (27.1)

71 (27.6)

43 (25.3)

pd = 0.65
Race, n (%)
White

2766 (92.9)

1005 (93.5)

420 (92.5)

228 (88.7)

158 (92.9)

Black

88 (3.0)

33 (3.1)

14 (3.1)

8 (3.1)

3 (1.8)

Hispanic

122 (4.1)

37 (3.4)

20 (4.4)

21 (8.2)

9 (5.3)

721 (67.1)

294 (64.8)

191 (74.3)

87 (51.2)

107 (10.0)

80 (17.6)

84 (32.7)

12 (7.1)

p = 0.11
Female, n (%)

1829 (61.5)
p < 0.01

Medical Assistance, n (%)

138 (4.6)
p < 0.01

Smoking status, n (%)
Never

1774 (59.6)

588 (54.7)

233 (51.3)

107 (41.6)

83 (48.8)

Current

278 (9.3)

162 (15.1)

81 (17.8)

67 (26.1)

18 (10.6)

Former

924 (31.0)

325 (30.2)

140 (30.8)

83 (32.3)

69 (40.6)

p < 0.01
Community type, n (%)
Borough

799 (26.8)

284 (26.4)

131 (28.9)

80 (31.1)

46 (27.1)

City

202 (6.8)

99 (9.2)

45 (9.9)

34 (13.2)

9 (5.3)

Township

1975 (66.4)

692 (64.4)

278 (61.2)

143 (55.6)

115 (67.6)

410 (38.1)

147 (32.4)

66 (25.7)

75 (44.1)

p < 0.01
Well water, n (%)

1129 (37.9)
p < 0.01

Alcohol status, n (%)
No

1256 (42.2)

431 (40.1)

183 (40.3)

121 (47.1)

82 (48.2)

Yes, not heavy

1505 (50.6)

524 (48.7)

191 (42.1)

92 (35.8)

78 (45.9)

Yes, heavy

215 (7.2)

120 (11.2)

80 (17.6)

44 (17.1)

10 (5.9)

396 (36.8)

213 (46.9)

138 (53.7)

43 (25.3)

p < 0.01
On depression medication, n (%)

601 (20.2)
p < 0.01

Number of PHQ-8 questions missing, n (%)
0

2796 (94)

977 (90.9)

411 (90.5)

235 (91.4)

0 (0)

1–7

180 (6)

98 (9.1)

43 (9.5)

22 (8.6)

0 (0)

All 8

0 (0)

0 (0)

0 (0)

0 (0)

170 (100)

30.5

31.5

32.1

29.4

p < 0.01
BMI (kg/m2), mean

29.6

Table 1. Descriptive statistics by depression symptoms identified via the eight-item Patient Health
Questionnaire-8 (PHQ-8) depression scale, 2014–2015. Abbreviations: BMI = body mass index; PHQ-8 = Patient
Health Questionnaire-8; UNGD = unconventional natural gas development. aThe follow-up responders outside
of Pennsylvania (n = 34) were excluded. bColumn percent. cThe UNGD metric was a composite for four phases
of well development (pad preparation, drilling, stimulation, and production) and was assigned for the two weeks
prior to survey return. dp-values from chi-squared tests of each covariate with the different levels of depression
symptoms (no, mild, moderate, moderately severe/severe depression symptoms; missing).

Our results align with prior qualitative studies finding mental distress among members of UNGD communities19. For example, in an analysis of letters to the editor about UNGD in a newspaper in Pennsylvania, stress was
a major theme2, and a sample of people living near UNGD reported stress as their most common symptom38. In
Texas, Maguire and colleagues used county-level Behavioral Risk Factor Surveillance System data and found an
association between UNGD and reduced life satisfaction among women and an increased number of poor mental health days among both sexes26. Perceived changes in quality of life30,39,40, health effects29, or resource loss25,
as well as feelings of disempowerment31,41, a disrupted sense of place25,27, and a loss of community cohesion10,25
could potentially explain our observed association between UNGD activity and depression symptoms.
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Mild depression
symptomsc,d

Moderate depression
symptomsc,d

Moderately severe/severe
depression symptomsc,d

UNGD groupb

OR (95% CI)

OR (95% CI)

OR (95% CI)

Very low

1.00

1.00

1.00

Low

1.63 (1.21–2.19)

1.22 (0.80–1.86)

1.13 (0.61–2.06)

Medium

1.25 (0.92–1.71)

1.04 (0.68–1.60)

0.89 (0.47–1.69)

High

1.51 (1.12–2.04)

1.26 (0.83–1.92)

1.39 (0.76–2.54)

Table 2. Association of UNGD and depression symptoms identified via the eight-item Patient Health
Questionnaire-8 (PHQ-8) depression scale in weighted survey multinomial logistic models (n = 4,762a).
Abbreviations: CI = confidence interval; OR = odds ratio; UNGD = unconventional natural gas development.
a
Excludes the follow-up responders outside of Pennsylvania (n = 34) and those who answered no depression
symptom questions (n = 170). bThe UNGD metric was a composite for four phases of well development (pad
preparation, drilling, stimulation, and production) and was assigned for the two weeks prior to follow-up survey
return. cModels used truncated survey weights and adjusted for race/ethnicity (White non-Hispanic, Black nonHispanic, Hispanic), sex (male, female), Medical Assistance (no, yes), age (years, linear and quadratic terms),
smoking status (never, former, current), alcohol status (no; yes, not heavy; yes, heavy), body mass index (BMI,
kg/m2, linear and quadratic terms), community socioeconomic deprivation (linear and quadratic terms), and
water source (municipal water, well water). dNo depression symptoms was the base outcome.

Depression symptomsc
UNGD group

b

Exponentiated coefficientd (95% CI)

Very low

1.00

Low

1.14 (1.01–1.29)

Medium

1.03 (0.91–1.17)

High

1.18 (1.04–1.34)

Table 3. Association of UNGD and depression symptoms identified via the eight-item Patient Health
Questionnaire-8 (PHQ-8) depression scale in weighted survey negative binomial models (n = 4,762a).
Abbreviations: CI = confidence interval; UNGD = unconventional natural gas development. aExcludes
follow-up responders outside of Pennsylvania (n = 34) and those that answered no depression symptom
questions (n = 170). bThe UNGD metric was a composite for four phases of well development (pad preparation,
drilling, stimulation, and production) and was assigned for the two weeks prior to follow-up survey return.
c
Models included truncated survey weights and adjusted for race/ethnicity (White non-Hispanic, Black nonHispanic, Hispanic), sex (male, female), Medical Assistance (no, yes), age (years, linear and quadratic terms),
smoking status (never, former, current), alcohol status (no; yes, not heavy; yes, heavy), body mass index (BMI,
kg/m2, linear and quadratic terms), community socioeconomic deprivation (linear and quadratic terms), and
water source (municipal water, well water). dRatio of mean symptom counts.

Disordered sleep diagnosisc
UNGD group

OR (95% CI)

Very low

1.00

Low

0.96 (0.73–1.25)

Medium

1.06 (0.80–1.40)

High

1.06 (0.79–1.42)

b

Table 4. Association between UNGD and disordered sleep in a weighted generalized estimating equations
model (n = 3,658a). Abbreviations: CI = confidence interval; OR = odds ratio; UNGD = unconventional
natural gas development. aIncludes 1699 cases and frequency-matched controls. Excludes follow-up responders
outside of Pennsylvania (n = 34) and those that answered no depression symptom questions (n = 170). bThe
UNGD metric was a composite for four phases of well development (pad preparation, drilling, stimulation,
and production) and was assigned for the three months prior to each event. cModels included truncated survey
weights and adjusted for race/ethnicity (White non-Hispanic, Black non-Hispanic, Hispanic), sex (male,
female), Medical Assistance (no, yes), age (years, linear and quadratic terms), smoking status (never, former,
current), alcohol status (no; yes, not heavy; yes, heavy), body mass index (BMI, kg/m2, linear and quadratic
terms), community socioeconomic deprivation (linear and quadratic terms), and water source (municipal
water, well water).

In a previous study, we found an association between UNGD and nasal and sinus, migraine, and fatigue
symptoms18. These outcomes may co-occur or lie on the pathway between UNGD and mental health outcomes
and sleep disturbances42,43. In addition, the findings could have relevance to our prior reported associations of
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UNGD with asthma exacerbations15; as stress could be a plausible mediator between both UNGD and depression
symptoms and UNGD and asthma exacerbations44,45.
UNGD could also influence mental health via an air, noise, or light pollution pathway. Our model incorporated all phases of UNGD (from well pad development to production), each of which releases air pollutants from
truck traffic, diesel powered machinery, and fugitive emissions1. Short- and long-term exposure to air pollution
has been associated with depression symptoms. For example, in a study in Korea that evaluated long-term exposure, a 10 µg/m3 increase in PM2.5 over the prior year was associated with 1.47 times the risk of a diagnosis of
major depression disorder33. Air pollution may increase pro-inflammatory markers in the blood46 and overall
oxidative stress47, both factors previously associated with depression48,49. Nighttime noise and light can affect
sleep duration and quality, which in turn could lead to adverse mental health outcomes34–37. For example, Orban
et al. reported an association between 24-hour traffic noise and high depressive symptoms, an association that was
stronger among participants reporting insomnia at baseline50.
More extreme environmental exposures, like those resulting from disasters, have been associated with adverse
mental health outcomes51. Telephone interviews after the Deepwater Horizon oil spill revealed increased depressive symptoms and mental distress among women with physical exposure to the event52. Oil and gas wastewater
injection into class II injection wells in Oklahoma has triggered felt earthquakes over the past decade53. A recent
study reported an association between earthquakes with magnitude greater than four and increased Google
search episodes for anxiety54. UNGD, a human-made industry with several resulting individual and community
exposures in Pennsylvania, could perhaps result in a similar mental health impacts.
This study had several strengths, in particular its large sample size. It assessed depression symptoms with a validated questionnaire and scale, a strength because EHR data may not capture depression and its symptoms well55. In
addition, prior population-based studies have reported high sensitivity and specificity using PHQ-8 scores ≥ 10 to
identify individuals with major depression56,57. A small portion of participants did not answer all PHQ-8 questions,
but we observed no difference in results when stratifying analyses by participants with complete and incomplete
questionnaires. Our study questionnaire did not mention UNGD, which should have reduced the possibility of
over-reporting of symptoms among participants around higher UNGD activity (i.e., same source bias). Additionally,
the UNGD metric captured the time-varying nature of well development and incorporated distance to multiple wells
and size and phase of wells in the activity metric. The metric, however, did not allow us to determine which, if any,
of the hypothesized pathways in Fig. 1 may account for the association between UNGD and depression symptoms.
This study had additional limitations. Exposure assignments likely included some misclassification for two
reasons. First, we used patient address at the time of questionnaire mailing to assign the UNGD activity metric.
Previous work has shown, however, that the Geisinger population exhibits residential stability with just 4% of the
population moving >16 km from their original address over a 3-year period11. Second, we succeeded in geocoding at the address-level for 89.1% of the sample. Associations did not change appreciably when we restricted
analyses to this population.
Responders tended to be sicker than the general population because the original survey was designed to oversample patients with nasal and sinus symptoms18,58. This could limit the generalizability of our results as sicker
individuals may represent vulnerable populations who might more readily develop UNGD-related depression
or sleep problems59 or exhibit a stronger response to psychosocial stressors60, air61 or noise pollution62. Further,
individual factors including age, race/ethnicity, sex, and underlying health may affect survey response63. While we
used survey weights to account for the survey design and non-response, differences may still have existed between
the weighted population and the source population. A previous study of pediatric patients suggested that the use
of International Classification of Diseases, 9th Revision (ICD-9) codes to identify sleep disorders likely underestimates the true prevalence64. Our use of ICD-9 codes and medication orders to identify these conditions likely also
led to under-ascertainment. Participants may have treated disordered sleep over-the-counter; only a portion of
individuals with sleep problems seek medical attention and only a subset of care-seekers receives a diagnosis or
medication65. Future studies could consider identifying disordered sleep in clinical notes or by questionnaire66.
We lacked biologic measures of stress (e.g., cortisol) as well as information on survey responders’ attitudes about
their community generally or about UNGD specifically, factors that could have influenced their psychological and
physical response to the development25,27,67. We did not know if survey responders had signed a lease with a drilling company. Leaseholders receive economic benefit from UNGD, making them more supportive of UNGD and
possibly less likely to experience adverse psychological outcomes as a result68. Lastly, we did not make air quality,
light, vibration, traffic, or noise level measurements, so cannot evaluate which, if any, environmental hazards were
present at higher levels in the highest UNGD activity group.
In conclusion, we combined information from a mailed questionnaire, EHR data, and a time-varying measure
of residential proximity to more and bigger UNGD wells to conduct the most comprehensive study to date on the
potential mental health and sleep consequences of UNGD. We found an association between UNGD and depression symptoms but not with disordered sleep diagnoses. Individuals require access to mental health services with
clinicians trained to screen, monitor, and treat psychological problems among populations potentially affected
by UNGD19,69. At the same time, further research is required to disentangle the multifactorial pathways through
which UNGD may influence mental health. Our findings should be interpreted in the context of prior reports of
associations of UNGD with other health outcomes and suggest the need to incorporate potential mental health
consequences of UNGD in risk-benefit calculations.

Methods

Study area. We conducted this study among Geisinger’s adult patients58, located in over 40 counties in central and northeast Pennsylvania in a region with a range of UNGD activity. Geisinger’s primary care population
is representative of the general population of the region based on distributions of age, sex, and race/ethnicity11.
Geisinger has had a fully-operational EHR installed since 2005. All Geisinger patients had the option to opt out of
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all research, but less than 0.1% did so at the time of the study. Those that did not opt out were informed that their
EHR data could be used for research.

Survey design and study population.

Our study population came from a cohort originally designed to
study the epidemiology of chronic rhinosinusitis and related nasal and sinus symptoms18,58. The survey design
oversampled racial/ethnic minorities and people more likely to have nasal and sinus symptoms. In April 2014, a
baseline questionnaire, a cover letter that explained the study, and a $1 bill as incentive was sent to 23,700 adults
18 years of age and older. The cover letter explained that study participation was voluntary and that if participants
did not return the questionnaire they would not be included; by returning the questionnaire participants provided
informed consent. Of the 23,700 letters sent, 7,847 participants responded (response rate = 33.1%)58. Six months
later, a follow-up questionnaire, which included the eight-item Patient Health Questionnaire-8 (PHQ-8), was
sent to all responders of the baseline questionnaire, of whom 4,966 responded (secondary response rate = 63.3%).
Follow-up questionnaires were received from November 2014 to May 2015 (median of November 12, 2014).
Using previously described methods70, we geocoded study subjects to their residential address listed in the EHR,
89.1% to street address, 3.1% to ZIP + 4, and 7.7% to ZIP code centroid. After excluding respondents living outside Pennsylvania (n = 34), the analysis consisted of 4,932 participants. All study protocols were reviewed and
carried out in accordance with guidelines approved by the Geisinger Institutional Review Board.

Outcome ascertainment. Depression symptoms. The PHQ-8 asked individuals to report symptoms in the

prior two weeks, for example, “how often have you been bothered by feeling down, depressed, hopeless?”56. Each
question on the PHQ-8 has response options: “not at all”, “several days”, “more than half the days”, or “nearly every
day”, scored as 0–3 respectively. Over 90% of participants answered all eight questions, for whom we calculated
their total score by summing scores from the eight questions57. For participants who answered fewer than eight
questions, we calculated their total score as a pro-rated sum using the formula: (sum of answered questions ×
8)/(number of questions answered). Of participants who answered 1–7 questions, 81% answered 7 questions.
We defined current depression symptoms using the total PHQ-8 score based on previously established categories56, but combined the two most severe groups because few participants had a “severe” total score. Scores were
categorized into 0 to <5, no significant depression symptoms; 5 to <10, mild depression symptoms; 10 to <15,
moderate depression symptoms; and 15 to 24, moderately severe/severe depression symptoms57. We excluded
participants who did not answer any PHQ-8 questions (n = 170) from statistical analyses.
Disordered sleep diagnoses. Disordered sleep diagnoses (case-events) among the study population were identified in Geisinger’s EHR from January 2009 to June 2015. We identified encounters (98% outpatient) in the EHR
that were accompanied by ICD-9 codes for disordered sleep (see Supplementary Table S1). We also identified
orders for disordered sleep medications, using drug class “hypnotics” as well as drug subclass and name. We
included all medications in the drug subclass antihistamine hypnotics, selective melatonin receptor agonists, hypnotics – tricyclic agents, and orexin receptor antagonists. In the subclass non-barbiturate hypnotics, we included
all medications except midazolam hydrochloride, which is more often used for procedural sedation. We considered either an appropriate medication order or an encounter with a disordered sleep ICD-9 code as a disordered
sleep outcome. We only retained disordered sleep diagnoses from when the participant was 18 years of age or
older and randomly selected one disordered sleep diagnosis per participant per year so that study subjects with
many encounters for sleep disorders would not unduly contribute (see Supplementary Figure S1).
For control dates, we identified all their dates of contact with the health system, excluded contact dates within
one year of a disordered sleep diagnosis, and randomly selected one encounter date per year per participant.
Control dates were frequency-matched to cases on age category (i.e., 18–44, 45–61, 62–74, 75+ years), sex, and
year. We used encounter dates, rather than patients, to match as controls because of the time-varying nature of
UNGD and many covariates.

Well data and activity metric assignment. We compiled well data from the Pennsylvania Department of

Environmental Protection, the Pennsylvania Department of Conservation and Natural Resources, and SkyTruth,
as described previously11,15,18. These data, collected for all unconventional natural gas wells in Pennsylvania from
2005–2015, included: latitude and longitude; dates of well pad construction, drilling, stimulation, and production;
total well depth; and volume of natural gas produced biannually or annually.
We assigned UNGD activity for the four phases of well development (pad preparation, drilling, stimulation,
and production) to each study subject (in the depression symptom analysis) or index date (in the disordered sleep
analysis) using metrics that incorporated distances from participant residence to wells, and the density and size
of wells, as in prior studies11,15,18. The metric has the potential to incorporate a variety UNGD-related hazards that
exist on different temporal and spatial scales (e.g., regional air pollutants, local noise, truck traffic, activities that
may lead to stress)71. We calculated the metric for each phase of well development:
Metric for participant j =

d

n

s

∑ ∑ mi2
t =t i=1

ij

where d was the date of return of the questionnaire, n was the number of wells in the given phase, mij2 was the
squared-distance (meters) between well i and participant j, and si was 1 for the pad production and drilling
phases, total well depth (meters) of well i for the stimulation phase, and daily natural gas production volume
(m3) of well i for the production phase. For the depression symptom analysis, for each phase of development, the
metric was summed for the 14 days prior (t = d − 14) to the date of the returned follow-up questionnaire (d). We
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chose 14 days prior to the survey return because the PHQ-8 ascertained depression symptoms over the past two
weeks. For the disordered sleep analysis, we summed the UNGD activity for the three months prior to the date
of the sleep disorder diagnosis (t = d − 90). In both analyses, we z-transformed the activity metrics for each of
the four phases of development, summed the transformed values, and calculated quartiles of the sums to create
a composite UNGD metric that represented very low, low, medium, and high residential proximity to more and
bigger UNGD wells.

Covariates.

Using the EHR and questionnaire, we created covariates for potential confounding variables:
race/ethnicity; sex; Medical Assistance (a means-tested program used as a surrogate for family socioeconomic
status)72; age at time of questionnaire return, disordered sleep diagnosis, or control date; smoking and alcohol use status; and body mass index. Antidepressant medication use in the month prior to survey return was
ascertained with medication orders based on drug group (e.g., antidepressants), class (e.g., selective serotonin
reuptake inhibitors [SSRIs]), sub-class, and name. We evaluated antidepressant use as an effect modifier; we
hypothesized that antidepressant medication could attenuate associations of UNGD with depression symptoms.
Time-varying-covariates (all but race/ethnicity and sex) were assigned before the date of questionnaire return (for
the depression symptom analysis) or before the disordered sleep diagnosis or comparison date (for the disordered
sleep analysis). Based on the participants’ geocoded coordinates, we assigned them to a community using a mixed
definition of place (township, borough, or census tract in cities)70. For each community, we used the 2006–2010
American Community Survey to calculate community socioeconomic deprivation73. We used public water supplier service areas from the Pennsylvania Department of Environmental Protection to assign residential water
source (municipal water or ground water)74. Patients residing in homes outside the public water supplier service
area were assumed to use ground water.

Statistical analysis. We employed sampling weights to estimate unbiased measures of association while
accounting for the survey stratified sampling design, the response rate to the baseline questionnaire, and loss to
follow-up from the baseline to the follow-up questionnaires (see Supplementary Table S2). Because one weight
was much larger than the others, we truncated the largest weight to the next largest for our primary analyses75.
To build models, we first included the UNGD variable representing residential proximity to more and bigger
wells (quartiles: very low, low, medium, high), and then added potential confounding variables identified a priori:
race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic), sex (male, female), Medical Assistance (no,
yes), age (years), smoking status (never, former, current), alcohol use status (heavy [based on the Centers for
Disease Control definition of heavy drinking as 8 or more drinks per week for females and 15 or more drinks for
males76]; vs. not heavy [which included no alcohol use]), body mass index from the EHR at the visit closest to
questionnaire return (BMI, kg/m2), community socioeconomic deprivation, and water source (municipal water,
well water). We centered the continuous covariates (age, BMI, and community socioeconomic deprivation) and
included them as linear and quadratic terms to allow for non-linearity. We did not include community type (i.e.,
township, borough, or city) in final models because it may lie on the causal pathway between UNGD and sleep
and mental health. We used a 2-sided type 1 error rate of 0.05 for significance testing and Stata version 11.2
(StataCorp Inc.) and R version 3.2.2 (R Foundation for Statistical Computing) for analyses.
We fit multinomial logistic models to estimate the association UNGD with each level of depression symptoms
(mild, moderate, moderately severe/severe) compared to no depression symptoms (reference outcome). We also
evaluated the association of UNGD with depression symptoms using negative binomial regression, which treated
the PHQ-8 score as a continuous outcome, allowing us to evaluate associations between UNGD and the continuous burden of depression symptoms, rather than with the screening tool’s categories77. To assess the association
of proximity to more and bigger UNGD wells with disordered sleep diagnoses, we fit a survey-weighted generalized estimating equations model, to account for multiple diagnoses within participants. Because sleep diagnoses
spanned 2009–2015 but most UNGD began after 2010 and attitudes towards UNGD may have changed over time,
in a secondary analysis we restricted the sleep analysis to diagnoses between January 2014 and June 2015. To test a
definition with a higher positive predicative value for sleep disorder, we also ran a model where a case had to have
both a diagnostic code for a sleep disorder and a sleep-related medication order.
We hypothesized reduced susceptibility to stressors like UNGD among participants taking antidepressants78,79. To test this, we evaluated effect modification by antidepressant use by including cross-products of the
UNGD variables and antidepressant medication use to our final depression symptom models. We used a Wald
test to evaluate the significance of the cross-products.
In a sensitivity analysis, we evaluated the influence of our sample weights by examining associations of UNGD
with depression symptoms among all subjects using the final multinomial logistic and negative binomial models
without weights and with full and truncated weights. In theory, weighted models will provide less precise, but
more unbiased estimates than unweighted models80, our rationale for using truncated weighted models as the
primary analysis.
Data Availability.

Data on unconventional natural gas development in Pennsylvania are publicly available
from the Pennsylvania Department of Environmental Protection, the Pennsylvania Department of Conservation
and Natural Resources at http://www.dcnr.state.pa.us/topogeo/econresource/oilandgas/resrefs/wis_home/. The
health data that were used in this study are protected health information and subject to many restrictions. Data
may be available from the corresponding author upon reasonable request and with specific required agreements
in place.
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We examined community perspectives and experiences with fracking in Doddridge County, West Virginia, USA as part of a larger assessment to investigate the potential health impacts associated with
fracking in neighboring Maryland, USA. In November 2013, we held two focus groups with community
residents who had been impacted by fracking operations and conducted ﬁeld observations in the
impacted areas. Employing grounded theory, we conducted qualitative analysis to explore emergent
themes related to direct and indirect health impacts of fracking. Three components of experience were
identiﬁed, including (a) meanings of place and identity, (b) transforming relationships, and (c) perceptions of environmental and health impacts. Our ﬁndings indicate that fracking contributes to a disruption
in residents' sense of place and social identity, generating widespread social stress. Although community
residents acknowledged the potential for economic growth brought about by fracking, rapid transformations in meanings of place and social identity inﬂuenced residents' perceptions of environmental
and health impacts. Our ﬁndings suggest that in order to have a more complete understanding of the
health impacts of fracking, future work must consider the complex linkages between social disruption,
environmental impacts, and health outcomes through critical engagements with communities undergoing energy development.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords:
US
Fracking
Energy development
Sense of place
Social and psychological stress
Health impacts
Qualitative research

1. Introduction
Discovering new sources of energy along with independence
from foreign oil has become increasingly important as the demand
for fossil fuels continues to rapidly increase. Recent innovations in
extractive technologies have made it possible to develop previously
inaccessible natural gas and oil reserves. Unconventional natural
gas development and production, or fracking, the horizontal drilling of a rock layer and the injection of a pressurized mixture of
water, sand, and other chemicals to release gas and oil, is one such
new technique employed to extract natural gas or oil reserves
dispersed within shale formations. These methods have allowed for
the rapid expansion of oil and natural gas development throughout
the United States, Europe, Asia, and Australia, and are predicted to
make the United States a key exporter of natural gas in the near
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future (Boersma et al., 2015).
One of the largest shale formations in the United States, Marcellus Shale, is abundant in gas resources and is found deep beneath
the surface of the Northern Appalachian regions of Pennsylvania,
Ohio, West Virginia, New York, and Western Maryland (Fig. 1).
Although fracking has been established in the Western United
States, in states like Colorado and Texas, it has only recently been
implemented in states like West Virginia and Pennsylvania. However, despite shale production beginning in 2005, Marcellus Shale is
currently the largest producing shale gas basin in the United States,
accounting for almost 40% of US shale gas production. Production in
the Marcellus Shale has increased dramatically, from 2 billion cubic
feet per day in 2010 to its current level of 16.5 billion cubic feet per
day (U.S. Energy Information Administration, 2015).
The process of extracting gas from shale formations is complex
and involves several phases. Negotiating mineral rights with
landowners, clearing land for well pads, construction of road and
infrastructure including pipelines and compressor stations,
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Fig. 1. Extent of the Marcellus shale in Western Maryland.

transporting and processing extracted gas as well as water and
wastewater, and the inﬂux of transient workers and populations
into established communities are also important aspects of fracking. These stages of development may have signiﬁcant environmental, health, and social effects for communities undergoing
fracking (Ferrar et al., 2013; Jacquet, 2014).
Because fracking is relatively new and has expanded rapidly,
there is a lack of substantive population-based studies of the public
health effects of fracking operations. However, current research
indicates that there is signiﬁcant potential for adverse direct and
indirect health outcomes as a result of fracking. A growing body of
work has identiﬁed several key environmental, physical, and social
stressors associated with fracking as well as the exposure pathways
by which the health of communities may be impacted (Adgate
et al., 2014; Shonkoff et al., 2014; Ziemkiewicz et al., 2014). Air
pollutants, reported in various phases of fracking, have been a cause
of concern since they are known respiratory, skin, and neurological
toxicants; can cause drowsiness and headaches; and can lead to
blood disorders, reproductive and fetal conditions, and cancer
(McKenzie et al., 2012). Contamination of surface and groundwater
has also been noted as a serious concern because of the large
amounts of water used and generated through the fracking process
(Environmental Protection Agency, 2015; Rahm and Riha, 2014).
Although few studies have attempted to link chemicals used in
fracking to direct health effects, these ﬂuids are known to cause
cancer and other mutations, disrupt endocrine functioning and
normal immune responses, and damage neurological, cardiovascular, and kidney functioning (Colborn et al., 2011). Stressors
emanating from the physical environment as a result of the fracking
process such as noise and light pollution and accidents and injuries
also have raised alarm among communities and researchers (Ferrar
et al., 2013). Noise and light pollution can increase stress among
residents living near fracking sites and may have serious impacts on
workers; occupational hazards and trafﬁc and industrial accidents

can increase mortality related to fracking operations (Boudet et al.,
2014).
Finally, social stressors related to rapid community change as a
result of frackingdindustrialization, uneven economic beneﬁts,
diminishing social cohesion, and increases in crime and substance
abusedhave been noted as potentially contributing to health effects attributable to psychosocial stress (Brasier et al., 2011;
Shandro et al., 2011; Stedman et al., 2012). Some of this literature
has examined nonspeciﬁc health symptoms reported by residents
living near fracking sites including upper respiratory tract issues,
nosebleeds, eye irritation, headaches, vomiting, diarrhea, and skin
rashes (Saberi et al., 2014; Werner et al., 2015). Others have focused
on residential risk perceptions where fear of uncertainty around
fracking and lack of trust surrounding government and industry
regulations has led to increased levels of stress and anxiety
(Willow, 2014). This scholarship indicates that fracking represents a
signiﬁcant dilemma for communities, who often welcome the potential economic growth but are also concerned about socioenvironmental risks (Ladd, 2014).
In 2011, former Maryland governor Martin O'Malley issued an
executive order establishing the Marcellus Shale Safe Drilling
Initiative, the purpose of which was to assist state policymakers
and regulators in determining whether and how gas production
from the Marcellus Shale formations in Maryland can be accomplished without unacceptable risks to public health, safety, the
environment, and natural resources (O'Malley and McDonough,
2011). As part of this initiative, the State of Maryland contracted
us to conduct an assessment of the potential public health impacts
associated with drilling in the Marcellus Shale in Western Maryland, especially those that would be concentrated in and unique to
communities living and working near fracking sites. We employed
a health impact assessment (HIA) methodology to conduct a study
of potential public health impacts of fracking. A HIA is a process that
utilizes a variety of data and analytic methods to determine a broad
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range of potential health impacts, including those that may result
from social, economic, and environmental changes, of a proposed
project, plan, or policy before it is implemented (Witter et al., 2013).
Our HIA included a comprehensive description of risks and potential public health responses to fracking using a baseline
assessment of current regional population health, an assessment of
potential public health impacts, and possible adaptive and public
health mitigation strategies. The ﬁnal HIA report and supporting
documents are available on the project website (Maryland Institute
for Applied Environmental Health, 2014).
In this paper, we report on qualitative data collected at the
beginning of the HIA using focus groups and observational data. A
necessary initial step in any HIA is the scoping process where the
plan for the HIA is outlined and potential health risks and beneﬁts
are identiﬁed in consultation with a wide range of stakeholders.
Through input from multiple stakeholders in Western Maryland,
we conducted focus groups with residents from nearby West Virginia, where drilling operations were already underway, to
examine how community residents perceive and experience
fracking to better understand the potential health impacts for
Western Maryland residents.

29

Maryland and West Virginia. All three counties are rural and have
populations that are older and racially homogenous and experience
high rates of poverty. The health proﬁle of Allegany and Garrett
County residents is also comparable to that of Doddridge County
residents.
Scholarship on Appalachia indicates that place-based identity is
complex and diverse, resulting from a shared sense of regional
geography, history, political economy, and culture. The Appalachian
mountain range deﬁnes the region geographically, extending from
Southern Alabama into Canada, encompassing nearly 400 counties
in 13 different states (Mencken, 1997). Although rooted in placebased meanings related to physical and metaphorical homeplace
of mountains, Appalachia also extends to a shared social identity
rooted in regional politics, economic history, and social struggles
(Cooper et al., 2011). Recent work has focused on how modern
Appalachian identity rejects “hillbilly” and “culture of poverty”
stereotypes as those in the region redeﬁne themselves in the face of
global capitalism (Fisher and Smith, 2012). Communities
throughout the region are forming broader alliances and social
movements to advocate for social and health justice in response to
years of political, economic, and cultural marginalization (Taylor,
2009).

1.1. Western Maryland and West Virginia in context
1.2. Place-based approaches to fracking
Potential fracking operations in Maryland are predicted to occur
in Allegany and Garrett counties, the westernmost counties in the
state, nestled in the foothills of the Appalachian Mountains.
Although West Virginia ﬁgures prominently in the social science
and health literature on Appalachia, Western Maryland often has
been overlooked. The limited scholarship on Western Maryland has
noted that Allegany and Garrett counties are more similar to
neighboring West Virginia and other states that encompass the
Northern Sub region of Appalachia than to the rest of the state of
Maryland due to closely-aligned economic and cultural histories
(Hanna, 1995). Coal mining and oil and gas development greatly
inﬂuenced regional settlement patterns and still have considerable
environmental and economic impacts on the area (Bell and York,
2010). Much of the region is in economic and population decline
after being major coal, oil, and gas production centers in the past
century (Thorne et al., 2004). Tables 1 and 2 show current
geographical, sociodemographic, and health outcome data for
Allegany, Garrett, and Doddridge counties and for the states of

Although fracking is a global phenomenon, experiences with
fracking are localized and often tied to individual and collective
sense of place (Jacquet and Stedman, 2014). Scholars have long
documented the deep and substantial connections between people
and environments, and in particular psychosocial conceptions and
meanings of place, individual and collective attachment to particular places, and the formation of identities strongly linked with
place (Low and Altman, 1992; Proshansky et al., 1983). Although
public health literature, for the most part, has focused on distinguishing between contextual or compositional effects of place,
evidence indicates that people and places are mutually-reinforcing
reciprocal systems and that personal and collective identities are
situated and shaped by both social relations and place (Cummins
et al., 2007). Proshansky and colleagues argue that the “subjective
sense of self is deﬁned and expressed not simply by one's relationship to other people, but also by one's relationships to the
various physical settings that deﬁne and structure day-to-day life”

Table 1
Demographic proﬁle.

Total population (Est. 2014)a
Total land area (mi2)a
Pop. density (per mi2)a
Pop. growth rate (% change. April 2010eJuly
2014)a
Demographics
Pop. Id as non-hispanic whitea
Median ageb
Economics
Median household incomea
Poverty (% pop.)a
Employment
Civilian labor force (% pop. >16 yrs)a
Leading employment by sector (% of
pop. > 16yrs employed)a
Sources:
a
United States Census Bureau (2015a).
b
United States Census Bureau (2015b).

State of Maryland

Garrett County, MD

Allegany County, MD

State of West
Virginia

Doddridge County, WV

5,976,407
9707.24
594.8
3.5%

29,679
647.10
46.5
1.4%

72,952
424.16
177.0
2.8%

1,850,326
24,038.21
77.1
0.1%

8391
319.72
25.7
1.7%

52.6%
38

96.6%
43.4

87.4%
41.2

92.5%
41.5

95.8%
43.2

$73,538
10.1%

$45.206
15.9%

$39,293
18.6%

$41,043
18.3%

$34,043
18.1%

68.8%
Healthcare, Government,
Professional

61.2%
Healthcare,
Construction, Retail

52.9%
Administrative, Sales,
Production

54.5%
Healthcare, Retail,
Education

46.7%
Healthcare, Retail, Oil &
Gas Industry
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Table 2
Regional health proﬁles.
Maryland State
Life expectancy (years at birth)d
Mortality (Age-adjusted per 100,000 population)a
All cause mortality rate
Malignant neoplasms
Diseases of the heart
Chronic lower respiratory diseases
Accidents
Intentional self-harm
Morbidity
Diabetes prevalence (Age-adjusted rate per 100 adults)c
Disability
(% pop. <65 yrs)e
Quality of life (Avg. in past 30 days)b
Poor physical health days
Poor mental health days
Health behaviors (% pop > 18 yrs)b
Adult obesity
Adult smoking
Excessive drinking
Health access
Without Health Insurance (% pop. <65yrs)f

Garrett County, MD

Allegany County, MD

West Virginia State

Doddridge County, WV

78.8

78.0

77.2

75.4

76.1

797.5
189.6
273.7
36.6
25.8
8.8

808.0
172.8
351.5
50.4
39.6
10.7

885.3
191.7
314.2
53.8
31.8
11.7

938.7
212.0
325.9
61.2
57.7
14.6

915.2
199.5
317.4
63.5
57.0
13.3*

9.2
7.0%

3.0
3.2
28%
15%
15%
8.9%

12.3
9.4%

12.1
13.5%

11.2
14.2%

12.2
11.5%

3.6
3.7

4.5
3.8

4.9
4.4

3.7
3.8

31%
20%
17%
12.8%

28%
23%
16%
11.0%

33%
26%
10%
10.4%

33%
14%
10%
18.4%

Sources:
a
Centers for Disease Control and Prevention (2015a).
b
Robert Wood Johnson Foundation (2015).
c
Centers for Disease Control and Prevention (2015b).
d
Social Science Research Council (2015).
e
United States Census Bureau (2015b).
f
United States Census Bureau (2015a).

(1983, 58). These routine experiences and understandings
contribute to how people come to construct complex meanings to
their social and physical environments, especially in attributing
social, cultural, and environmental values to place (Manzo, 2005).
They also inﬂuence emotional ties and attachment to place
(Korpela, 1989). Social and environmental changes to place,
therefore, can have critical consequences for people's sense of self
and their meanings and attachment to place (Fried, 2000; Siegrist,
2000).
Recently, literature on place meaning, place attachment, and
place-based identity has found that disruptions to cultural attributes and social identities as a result of environmental degradation
result in considerable psychosocial stress (Albrecht et al., 2007;
Crighton et al., 2003; Kondo et al., 2014; Van Haaften and Van de
Vijver, 1996). An emerging literature on the psychological and social impacts of fracking suggests that similar levels of stress may be
occurring along the Marcellus Shale. For instance, Perry (2012),
through long-term ethnographic work in Bradford County, Pennsylvania, uses “collective trauma” to describe community experiences of acute social disruption and stress ranging from altered
connections with place and ruptures in sense of belonging and
identity. In Eastern Ohio, researchers found that local residents who
oppose fracking used narratives of disempowerment and vulnerability to document drastic alterations to their sense of place and
identity which compounded their sense of health and environmental risk (Willow et al., 2014). Given the complex nature and
relative novelty of fracking, we contribute to the literature by
examining how changing relationships of place and social identity
can result in multiple stressors that have a signiﬁcant effect on
people's perceptions of health and environmental impacts.
2. Methods
2.1. Data collection
We used methods traditionally employed in HIAs, utilizing the

scoping process to understand community concerns related to
natural gas exploration and development (Korfmacher et al., 2013;
Witter et al., 2013). As part of the scoping phase, we conducted
focus groups in November 2013 among Doddridge County, West
Virginia residents to gain insight into how individuals living in
communities where fracking is underway are being impacted.
Focus groups allow individuals to use others' ideas as prompts to
stimulate their own perspectives allowing for a deeper exploration
of challenges, issues, and concerns about fracking (Kreuger, 1988;
Lobdell et al., 2005). We determined that because of participants'
shared history as landowners impacted by fracking, the focus group
method was appropriate for a deeper exploration of community
perspectives. The study was approved by the University of Maryland Institutional Review Board.
Flyers, email blasts, and an announcement on the project
website were used to recruit study participants. Our aim was to
understand the perspectives of residents who were engaged and
impacted by fracking, rather than to seek a representative sample
of the public (Marshall, 1996). Thirteen individuals, composed of
ten women and three men, participated in two focus groups lasting
90 minutes each. Both focus groups were conducted in West
Union, West Virginia in two private rooms in a local cafe, with
staggered start times to accommodate all participants. All participants were 18 years or older, residents impacted by fracking, and
signed consent forms agreeing to participate in the focus group. All
focus group participants were non-Hispanic whites, reﬂecting the
racially homogenous demographics of the county. Table 3 summarizes two key characteristics of participants, related to residency and land ownership rights, that featured prominently in the
study.
A limitation of this study is that we were not able to recruit
representative numbers of residents impacted by fracking at the
county or state level. We also recognize that the individuals who
chose to participate may have been likely to be the most concerned
members of the community. Finally, although the vast majority of
our sample consisted of women, who have been documented to be
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Focus group transcripts were compared with the original voice
recordings for completeness and accuracy. The ﬁrst and second
authors coded the transcripts using a thematic approach to data
analysis in Atlas ti 7.0, and initial broad coding were guided by
major themes from the interview guides, but new codes and
themes were developed on the basis of the data (Huberman and
Miles, 2002). Following the constant comparative method, data
coding and analysis occurred simultaneously in an iterative process
of inductive reasoning (Glaser and Strauss, 1967). Excerpts and
analytical memos were reviewed to identify common themes and
differing views. Data was analyzed a second time to further detail
the initial broad codes into sub-themes using grounded theory to
develop ﬁne codes (Strauss and Corbin, 1990). The deﬁnitions of
these emerging ﬁne codes were discussed and reﬁned among the
ﬁrst two authors. After ﬁnalizing the coding scheme, printed reports of each ﬁne code were discussed among all team members
and used to write a detailed analytical report.

peacefully raise a family or retire. They came for the peace, quiet,
and pristine environmentdthe very qualities that they felt were
critically compromised when fracking commenced.
For instance, a woman who had moved to the area from Baltimore told us, “When my husband and I moved here, our intent was
to retire and disappear into the hollows so to speak.” Similarly, an
older woman, another newcomer explained her family's move, “We
retired here because it was clean and beautiful. Most people who've
grown up here love it because it is clean and beautiful but now it's
being turned into an industrial wasteland.” A man, also a
newcomer, who had bought property in the area with his wife so
that she could ﬁnd relief for her health conditions stated, “I've been
here about three years. I came to get away. My wife has a chronic
illness, liver disease, and a whole lot of other things. Found the
place, the furthest away from pollution. That's what brought us
here but now we're trying like hell to get out.”
“Natives” or long-term residents, those who have lived in the
area their entire lives and are able to trace their lineage back
multiple generations, also described the same sense of loss and
distress over the transformation of their land and their sense of
place. One long-time resident, who was struggling to maintain
her property as fracking operations commenced, explained, “I
love where I live. I just love the area and I'm distressed. I'm
grieving, grieving the loss of [my] environment. Grieving home
when [I'm] still at home. It has been overwhelming. Lost the
road. Living with the dust. Pipe yard within a 100 yards of my
home that has since been converted to have a heavy equipment
yard. Wood pallets. Trucks all hours. Gas well. Industrialized
bottom line …”
Many individuals expressed that they couldn't afford to leave or
lacked the desire to leave, which also compounded their distress. A
newcomer who debated leaving said, “I wish we and a lot of other
people could afford to get out.” Another newcomer told us, “It's like
I moved out here because I wanted to have some place for my
grandkids to be able to go. It's like, where do you go from here?
We're ﬁghting back the best we can, and we've had our hands tied,
and we're spent. I mean, we're not rich people. This was supposed
to be my house fund, but we've had to pay the lawyer.”

3. Results

3.2. Transforming relationships

3.1. Meanings of place and identity

Discussions of the impact of fracking also signiﬁcantly centered
on the topic of split estates and mineral rights. Split estates, the
separation of surface (above ground portion of land) and mineral
(sub-surface) rights, is fairly common in the Appalachian region
and throughout the Western United States as a result of several land
grant and homesteading acts which were designed to encourage
Western migration in the early twentieth century, while allowing

more involved and vocal about environmental injustices (Xiao and
McCright, 2013), we did not observe gender differences in perspectives related to fracking or suppression of pro-fracking sentiments that might have been voiced from either male or female
participants.
The ﬁrst and last author, both experienced moderators, led
each focus group. Each session was audio-recorded and transcribed verbatim. Focus group questions explored participants'
perspectives and experiences with fracking; the factors which
structured these perspectives and experiences; narratives, metaphors, and judgments employed by participants to justify and
support particular perspectives; and participant priorities for
public health research related to fracking. Four of the authors also
participated in a multi-day trip in November 2013 to local fracking
sites and residences and recorded observations through photos
and notes. These observations were discussed extensively among
all authors in subsequent team meetings and were crucial in
shaping analysis.
2.2. Data analysis

Narratives about land, geography, and the history of place
ﬁgured prominently in how participants framed their experiences
and perspectives of fracking. Many participants described themselves as “newcomers” or non-natives to the area who were
attracted to the quiet of the West Virginia hills as a place to

Table 3
Sample characteristics and representative quotes references.
Dimension Context

Quote

“My family has lived in West Virginia for a long time, my ancestors came here
from Maryland like several of the rest of you - but a little bit earlier - 1799 they
arrived at Falls Creek”.
Newcomers Residents who moved to Doddridge were seen as “newcomers” regardless of “I'm a newcomer, like some of the people here in the sense that I bought the land in
how many decades they had been in the county.
1975, and moved in 1977, which means in another 30 or 40 years I might be
considered local.”
Mineral
Residents who retained control of their subsurface property and were
“I'm 64 years old and my grandfather purchased the property that we called a
owners perceived to have more control over interactions with the gas industry.
home place. He owned 100% of the mineral rights and the surface.”
Surface
Residents who did not own rights to subsurface property and had to allow “I don't own my rights. No one around me owns our rights.”
owners companies “reasonable access” to the underground gas and minerals. Some “I'm a surface owner, you're taking away my right to exist on my land. “
had sold their rights, others had purchased land without mineral rights, and
still others inherited property from ancestors who had ceded mineral rights.
Long term Residents who could trace their lineage back for multiple generations with
residents connections to the land.
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the federal government to retain access to any future mineral discoveries (Collins and Nkansah, 2013). Under common law, mineral
rights trump surface rights, and surface owners have to allow the
necessary use of surface property for mineral access (Ryder and
Hall, 2014). In West Virginia, legislation allows surface owners to
be compensated for surface damages caused by horizontal drilling
and property taxes on surface lands altered by fracking operations
(Collins and Nkansah, 2013). Split estates have emerged as paramount issues in West Virginia because of rapid increases in natural
gas drilling and fracturing technology.
Many participants discussed experiences in which gas development operations occurred on their property without their consent because oil and gas rights took precedence over the their rights
as surface owners. However, participants also pointed to the substantial differences between the drilling of the past and fracking. To
them, the older methods were less invasive and less dangerous. As
a newer technology used only by a few large and powerful energy
companies, the fracking process increased concern because of the
uncertainty related to the use of more chemicals, deeper faults, and
heavy machinery. As a long-term resident and surface-owner
explained, his relationship with gas companies evolved over time:
These leases originally were beautiful symbiotic relationships.
They would come in to punch some vertical wells and people
got a little bit of money. They got free gas. They didn't destroy
your property. It was a little pad. I've got two of them on my
property. The guy comes once a week on a little four wheel and
checks it, doesn't bother a thing. A beautiful symbiotic relationship. Now these leases are no longer symbiotic. Now these
leases are being used to devastate and destroy our property
while the gas companies get all the beneﬁts.
Another long-term resident and surface-owner further
explained how fracking changed the nature of social relationships:
A conventional well goes down 2000 feet vertically. What
happens on your property, if it gets contaminated, it's you.
When you drill a Marcellus, and you're going out a mile or more,
you are impacting others and that's the difference. It takes a
quarter million to drill a well; your little mom-and-pop drilling
companies can't afford it. Their kids went to school with our
kids. They had a vested interest in the community. When Marcellus came into the county, they saw the writing on the wall.
They couldn't compete with the Exons, the AEPs, the multibillion dollar, and multi-national companies that wanted to
come.

“reasonable access” to underground minerals on her land. She
continued, “A hundred years ago ‘reasonable access’ was bringing a
horse-drawn rig and drilling while today, it means that surface
owners can have a well pad set up in their yard without warning.”
Another woman who had purchased land in the 1970's knew she
didn't own the mineral rights, but pointed out that this was decades
before fracking technology made large-scale drilling a possibility.
She discussed her fears, “They could come to me tomorrow and say
they're going to start a Marcellus crop and I would have no say
because I don't own the minerals.” This scenario was reported by an
older man whose family had given up their mineral rights generations ago. He described how blindsided he and his wife felt when
drilling operations commenced on their property, “That's how we
found outdsurvey ﬂags in our ﬁeld. We contacted the company …
they came into our house and said, ‘We'll have our pit made at the
end of the week. We're putting a well there. If you don't like it, sue
us.’” Fig. 2 shows a road and storage pond that was constructed on a
surface owner's property.
Meanwhile, residents living near fracking operations are left
with rising insurance costs and plummeting property values. A
surface owner complained, “I have catastrophic homeowners now;
I dropped it because it went up a thousand dollars year after year.
I'm a single individual with a kid in college. I can't pay $2000 a year
for homeowner's insurance!” Other surface owners were more
concerned with property values. Another surface owner said, “They
need to compensate people for the value of the property. These are
people's life savings. I invested everything we had, and I was happy
to live here, but now I'm just trying to get my money out of it. It's
been on the market for over two years now. No one will touch it!” A
prevailing sentiment among surface owners was summed up by a
frustrated participant, “We've got no rights. No rights at all.”
Many surface owners felt that there was little they could do to
ﬁght back. Those who did seek legal recourse recounted facing
well-funded corporate lawyers and evasive courtroom techniques.
Without legal protection, these landowners felt powerless and
resigned to their fate. While acknowledging that she and her husband were wealthy enough to move if they needed to, a long-term
resident described how there were larger issues at play and how
her community was powerless, “The major problem in West Virginia is we don't have a say so. Landowners who have owned their
property for hundreds of years never had to ﬁght about being
poisoned on their own property, but now somebody can come in
and say, ‘We're on your land, this is what we're doing, sorry but
we've got the right.’”

Additionally, participants perceived that fracking increased
tensions between surface and mineral owners. Individuals who
maintained their mineral rights claimed that they (or their ancestors) were “smart enough” to hold on to their rights. Mineral
owners today recognize that they have the power to choose
whether to get involved with fracking operations on their property.
A mineral rights owner defended his support of the industry,
acknowledging that sometimes the industry takes advantage of
individuals but that “there are people who are beneﬁtting.” He
explained his advantageous position was due to generations of his
family retaining their mineral rights, “Whether it's just luck or not,
my grandfather a hundred years ago decided he wasn't going to let
go of the mineral rights. It wasn't any choice that I made. I could
have sold and I can sell right now, but I'm not going to sell.”
However, most participants were surface owners who had far
fewer options. As one surface owner explained, under current
regulations, whoever purchases the mineral rights has the right to
Fig. 2. Road and storage pond constructed on surface owner's property.
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Participants described the role that poverty plays in structuring
interactions between companies and Doddridge residents. One
participant, a tax preparer and mineral rights owner, told us, “The
amount of money that a lot of people here in the county live on
would appall some of you. As for the economic part of it, our county
until this started to happen ﬁve or six years ago was doomed for
failure. I mean we had no activity, we had no businesses …” Such
dire economic circumstances made fracking appealing for many, as
a long-term resident explained, “I get up every morning and I smile,
because I prayed for something like this to happen for our county
and for this region.”
Others spoke of both beneﬁts and disadvantages of fracking. One
participant said that she felt that all the beneﬁts went to non-local,
transient workers, while locals, like her son, are forced to take on
lower paying jobs. She explained that the majority of the workers
weren't local, “They travel, they follow the industry, they're out of
state, and those paychecks are going home.” However, she
expressed her deep conﬂict with fracking by saying that without
the industry, her son would need to leave West Virginia to ﬁnd
work, but by working for the oil and gas companies, he'd be
working in dangerous conditions, “I'm not so against the industry
all together. He knows the dangers. You know what? Just like
everyone else in West Virginia, he needs a job.”
A few participants, however, saw the appeals of an economic
boom as “propaganda.” Participants described fracking companies
as “predatory” because they were aware of how poorer residents
could be swayed with the promise of extra income. One concerned
surface owner described an encounter with an executive at an industry presentation in the neighboring township, “One of the
things he said that couldn't be more condescending was that he
wanted people going to the mailbox to get a ‘little check’ instead of
just their bills.” Others opposed what they saw as predatory
employment practices. An elderly man, retired from years in the oil
industry, explained that the dangerous working conditions within
fracking operations was not worth any amount of compensation,
“Some laborers appear to be relatively well off, but they're not
really that well off considering how they're treated. They work
exceedingly long hours, and often under very dangerous circumstances, they're exempt from safety rules almost completely.” He
concluded that “from a very high level, it's all controlled by ﬁnancial interests.”
Participants described the “corrupt” relationship between state
and local governments and big energy companies as further
contributing to their distress. Many participants expressed
concern that the money being offered by rich companies was
potentially corrupting government ofﬁcials, who continued to pass
“pro-wells legislation.” A surface owner described an instance
where well-pad construction started before proper permits could
be procured, saying “That tells me that they spend millions of
dollars in labor and construction and they have not even been
given the permit, and that implies to me that there is an understanding that this is a done deal.” As a newer resident, she
described herself as someone who was not a “radical activist” but
“pretty conservative and very pro-business” but started turning to
local activist groups for answers because of the failures of the local
government.
Participants also saw evidence of this “pro-wells” bias in the lack
of government regulation and enforcement. A long-term resident
had witnessed workers cleaning up fracking ﬂuid without adequate
safety equipment at a spill near her property. She tried to contact
the proper authorities but could not reach them, “The West Virginia
Department of Environmental Protection (DEP)dtheir oil and gas
division had tremendous inﬂuence from the industry, and they only
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have 14 to 16 inspectors and that is intentional.” Participants felt
this lack of oversight made enforcement nearly impossible. Another
woman told us that she observed a truck accident where wastewater was leaking into a local creek, but when she followed up
with authorities, there was a lack of response, “They never tested it
… they asked for all of my pictures and I sent them the e-mail from
DEP that said it wasn't necessary to test the creek water. This is
every day. This happens every day.” These experiences led her to
turn to grassroots activism that focused on calls for better industry
regulation, “We know what is supposed to be, but in West Virginia
they think that is perfectly okay to have a station next door and not
have the oversight.”
3.3. Perceptions of environmental and health impacts
During the focus groups and observational activities to fracking
sites and residences, residents expressed concern about environmental changes brought about by fracking operations such as
increased trafﬁc, land erosion and mudslides, wastewater, chemical
runoff, and changes in air and water quality (Fig. 3). They told us
that these concerns contributed to increasing levels of stress and
growing sense of uncertainty about the future. Many participants
repeatedly made connections between contaminated environments and poor health, reﬂecting what researchers have described
as the interconnectedness of Appalachian health, identity, and
place (Behringer and Friedell, 2006).
Few participants experienced health concerns themselves but
spoke of neighbors, co-workers, and others who had symptoms
such as nosebleeds, sore throats, skin rashes, chemically induced
asthma, and headaches. Participants who directly experienced
symptoms or expressed concern about symptoms were those
living in close proximity to fracking operationsdcompressor stations, well pads, and increased truck trafﬁc. A participant who
lived so close to a well pad that she had been “breathing
condensate” described, “I'm very sensitive to anything right now.
Itching all over. I had burning skin. I have headaches. I have pains
that is in all different parts of my body.” An older woman who lived
meters from an active drill site told us she worried about
contamination of her well water as well as poor air quality, “I've
been breathing this crap for two years. The condensation tank was
a nightmare, but I've just gotten really ill, really bad sore throats,
really bad rashes.” In addition to her own health problems, she
reported that her grandson, who periodically stays at her house,

Fig. 3. Increased truck trafﬁc related to fracking.
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had come back from the pediatrician with an unconﬁrmed diagnosis of asthma:
I took him to the doctor who said he had a bad sore throat but no
traces of bacterial infection. So the doctor asked, “How long has
he had asthma?” I tell her, “He doesn't have asthma.” She goes,
“Are you sure?” and I say again, “Yeah, he's never been diagnosed with asthma!” When they checked, he almost had
pneumonia in his right lung and that was when we started
turning the gas on in the house so that could have had something to do with that too. So now we're taking him to an ENT
doctor and they had to treat him with two doses of antibiotics,
just for the lung. So I ask, “Does he have asthma or not?” They
say, “We're not going to say he doesn't!” The doctors won't get
involved in this. They're not even allowed to discuss it with
people.
The most mentioned health effect was psychosocial stress.
Participants frequently expressed that stress was a result of
increased uncertainty, anxiety, anger, and fear related to living with
fracking. The uncertainty of the future, when combined with the
powerlessness residents feel against big companies, created stress
across the entire community. An older man who was native to the
area told us:
I have sensitivity to a lot of things because I have cancer. My
body is a little bit traumatized, so I have to be careful about what
I do. You don't smoke. You don't drink. You don't put stuff into
your body because you want to take care of your body, you want
to live, and you want to be the healthiest you can. But when you
lie in your house and you can't go outside and breathe fresh air
because somebody else has the right to come on your property
and poison it and you've got nowhere to go, it is a feeling of
helplessness. Sometimes it is overwhelming, you just want to
give up.
Likewise, the surface owner who had relocated to the region for
his wife's health described how the stress of protracted legal battles
impacted his ailing wife:
My wife with her autoimmune disease, the worst thing for her is
stress. When she gets stressed, she gets sick. She starts hurting
all over because the ﬁbromyalgia kicks in, the arthritis kicks in
… So I try to downplay it all for her. The stress level on her, and
every time this happens, she gets sick. This has happened
multiple times. When this guy showed up, she was off the wall
for a week or two … She was crying. She was absolutely
distraught that they were going to put this industrial park in our
yard. She said she'd chain herself to the tree and have news
media out here and they'd have to cut down the tree over her
dead body. She was dead serious.

4. Discussion
The current study examined community perspectives and experiences with fracking in Doddridge County, West Virginia using
qualitative data. Participants were not selected randomly and their
viewpoints may not reﬂect the perspectives of community residents. Our study focused speciﬁcally on one county in West Virginia
and local experiences of fracking. While these ﬁndings cannot be
generalized to other communities, including those in Western
Maryland, they can be helpful in understanding the role of place

and psychosocial stress in understanding the potential health impacts of fracking in other communities facing similar issues.
Participants reported deep distress over the transformation of
the physical and natural environment, which led to conﬂicted
meanings of place and compromised social identities as landowners and West Virginians. Although residents did not experience
a complete loss of property or forcible removal from their land, they
conveyed feelings of extreme anxiety, fear, and stress due to
occupying an “outsider” position while living and experiencing the
rapid transformation and destruction of their home and overall
physical environment. These rapid changes, as a result of fracking,
negatively impacted participants' sense of belonging and attachment to place. Many also expressed an unwillingness or inability to
leave their homes and the region despite these social and environmental disruptions as a result of fracking, which only deepened
their stress.
These ﬁndings corroborate a handful of studies of impacted
communities along the Marcellus Shale which suggest that participants' lived experiences of fracking contribute to a heightened
sense of fragmented individual and collective identities and
increasing loss of control over lives and personal property (Perry,
2012; Poole and Hudgins, 2013; Willow, 2014). However, our
ﬁndings indicate that Doddridge residents, despite their extensive
experience with localized gas drilling, view fracking as signiﬁcantly
different. They described longing for a past where they felt that
relations with neighbors and gas companies were not as detrimental and where meanings of place were still held intact. Uncertainty about potential environmental and social impacts, along
with the accelerated pace of industrial land development and inﬂux
of a large “non-local” labor force may be impacting the ways in
which fracking is perceived and experienced as far more disruptive
to participants' sense of place.
The issue over mineral rights was also a key factor inﬂuencing
participants' perceptions and experiences of fracking. The tension
between mineral rights and surface owners was perceived to be
intensiﬁed by fracking. Mineral rights owners generally supported
fracking operations because they beneﬁtted from it, whereas surface owners expressed feeling powerless because of what they
perceived to be the failures of government and other entities
(including health professionals) to protect their lives, livelihood,
and environment from the “greed” of gas companies. This lack of
power or agency was discussed as being part of the history of energy extraction in West Virginia, where government agencies and
elected ofﬁcials were seen as complicit in the destruction of land
and personal property. However, surface owners again felt that
there was a signiﬁcant difference in the scale of fracking operations
which exacerbated their mistrust in institutions designed to protect
their welfare. Although all participants understood how fracking
could bring about substantial economic growth, most did not
perceive these beneﬁts to be worth the cost of environmental
degradation, safe working conditions, and social fragmentation.
They felt strongly that government and elected leaders did not
share these same values as evidenced by what they reported to be a
“pro-wells” bias. Our ﬁndings contribute to research that documents increasing mistrust and community stress that results from
perceived or actual lack of governmental regulation and enforcement related to fracking (Smith and Ferguson, 2013; Willow et al.,
2014). Findings also support growing evidence of residents turning
to informal networks and grassroots activism for more information
and to advocate for their own rights in the face of fracking
(Simonelli, 2014).
Furthermore, the nascent literature on split estate policy in
energy development has documented the impact of ownership on
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environmental, social, and economic inequalities (Anderson, 2013;
Fitzgerald, 2013; Rahm, 2011). Collins and Nkansah (2013), for
instance, found that over 40% of fracking gas wells were located on
split estates in West Virginia and that surface owners reported
more problems with the fracking processdland damage, polluted
water, and storage of fracking ﬂuidsdthan those with mineral
rights. Our study indicates that surface owners may be at disproportionate risk for environmental, physical, and social stressors
because they often are unable to stop the development of their
property or sell their property should they wish to move away. Split
estate issues are serious concerns for residents of Western Maryland as well as those living in West Virginia (Maryland Institute for
Applied Environmental Health, 2014). Our work also suggests that
issues of equity brought about by split estates may intensify disruptions to sense of place and identity.
Government, planning, and regulatory bodies can make better
efforts to mitigate these stressors stemming from split estate conditions that can lead to long term community-level problems.
Others have shown that perceptions of fairness and equity in the
planning and siting process strongly inﬂuence perceived environmental and social risks in energy development (McComas et al.,
€berg and Drottz-Sjo
€ berg, 2001; Wolsink, 2007). Devel2011; Sjo
opment of fracking should include institutional capacity building, a
process in which knowledge resources, relational resources, and
mobilization capacity are increased through collaboration with
communities and various other stakeholders, ultimately leading to
more sustainable policy and planning recommendations (Breukers
and Wolsink, 2007). Once fracking operations have commenced,
existing surface owner legislation and enforcement to protect
surface owners against damages caused by fracking activities
should be strengthened. In New Mexico, for instance, the drilling
operator has to give a 30 day notice before commencing operations,
enter into a written agreement that lays out rights and obligations
regarding proposed surface activities with the surface owner, and
compensate the surface owner for damages (N.M. Stat. Ann. xx 7012-1 to 70-12-10). In addition, collaborative strategies at the local
level between communities, government experts, and conservation
groups aimed at monitoring and ensuring that setback regulations
(i.e. distance between fracking operations and occupied dwellings)
are properly implemented may also alleviate stressors and bring
about a sense of spatial equality for surface owners (Maryland
Institute for Applied Environmental Health, 2014; Ryder and Hall,
2014).
Finally, this study found that participants perceived individual
and social stress as contributing to the health impacts of fracking.
Participants who lived near fracking sites reported nonspeciﬁc
health symptoms, and others attributed community members'
physical ailments such as nosebleeds and skin rashes as directly
related to fracking operations. Almost all participants expressed
that they suffered from health impacts such as fear, anxiety, and
stress brought about by the uncertainty related to fracking. These
psychosocial health impacts are heavily inﬂuenced by disruptions
in people's sense of place, similar to those observed elsewhere
(Wester-Herber, 2004; Willow, 2014). Our ﬁndings indicate that
rapid environmental change brought about by fracking is impacting
the physical, mental, and emotional health of individuals in this
area. More thorough investigations of the multidimensional nature
of individual and social stress related to fracking are needed,
especially those which attend to the centrality of place in people's
perceptions of health and environmental impacts.
5. Conclusion
On April 2015, the Maryland Congress passed legislation that
included a moratorium on fracking until October 2017 and plans for
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further research of health and economic impacts. The emergent
themes described in this study provide several important insights
for future planning and research agendas related to fracking in
Maryland. Baseline monitoring and longitudinal studies are
essential for understanding and responding to short-term and
long-term environmental health impacts of fracking. Community
health research investigating the complex relations between
environmental and social stress should be also prioritized, especially those that identify and measure the impact of place and
community disruption on psychosocial risks. Research examining
the full spectrum of stress can aid health providers, community
leaders, and policymakers in the design and implementation of
locally-appropriate services and programs for those impacted or
potentially impacted by fracking. Social and psychological context,
especially in relation to disruptions to place meaning, attachment,
and identity, also has great potential to inform current and future
work in environmental risk analysis and health impact assessments. Additionally, a greater focus on the impact of split estates on
environmental and health outcomes is critically needed to better
understand issues that may be disproportionately affecting surface
owners. Finally, inclusive partnerships with communities
throughout the process of fracking development should be strongly
considered as they can bring about not only increased institutional
capacity, but also potentially alleviate psychosocial stress and
disruption to place-relationships.
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Introduction
Rapid growth in unconventional natural gas development
(UNGD) over the last two decades has raised serious concerns
about its impact on population health. Although the economic
boom that generally accompanies UNGD may have positive
effects on the local communities, pollutants and stressors
associated with drilling may affect public health in predictable
as well as unpredictable ways. While community members
and politicians voice extensive concern over the impact of
UNGD on health1e3 and the importance of research in this
area has been emphasized in public health literature,4e8 few
epidemiological studies have quantified its impact on a range
of health outcomes to date.
UNGD is a process to extract natural gas from shale, a
compressed fine-grained sedimentary rock, which recently
became possible because of hydraulic fracturing technology,
commonly known as fracking. In this process, a well is drilled
vertically for approximately 6 km, after which drilling proceeds horizontally. Hydraulic fracturing involves pumping a
large volume of water and chemicals under high pressure into
the drilling pipe to create fractures in the rock so that natural
gas can be released and captured from the shale formation.
The UNGD boom has been most pronounced in the United
Statesdparticularly in Pennsylvania, Texas, Colorado, West
Virginia, and Louisianadand in Canada. Europe is still amidst
a debate, with some countries allowing exploratory or smallscale UNGD and some banning the practice over concerns
about increased seismic activity, water and air contamination,
and associated health risks.
The UNGD process uses a number of toxic chemicals that
are released into the atmosphere and can enter water supply.
There is widespread consensus that these chemicals
contribute to water contamination9e11 and air pollution.12e14
Air and water pollutants from UNGD have been linked to potential harmful effects on health, including but not limited to
birth outcomes and reproductive, respiratory, skin, neurological, digestive, and cardiovascular health.3,15,16
Recent academic studies on UNGD and health confirm
some of these projections and public concerns. Multiple
studies show that community members report symptoms
associated with UNGD.3,17e19 Studies have also found that
UNGD is associated with higher odds of asthma exacerbations,20,21 increased prevalence of childhood hematologic
cancer,22 and higher rates of hospitalizations for pneumonia
among the elderly.23 A number of studies have found an
impact of UNGD exposure on birth outcomes, including low
birth weight,24e27 small for gestational age,24,25,27 premature
birth,24,25,27e29 and certain birth defects.30
Whereas most research so far has focused on the effects of
UNGD on specific health outcomes that reflect most plausible
biological mechanisms, we analyzed how UNGD may impact
hospitalizations for broad disease groups and thus identify
avenues for future research. Given that UNGD can financially
benefit local communities but is also linked to air, water,
noise, and light pollution, the impact of UNGD on health may
come from a mixture of these exposures in ways that may
not be readily thought of a priori and thus have not yet
been explored. One small-scale study has examined

hospitalizations for broad diagnosis groups thus far and found
positive associations between UNGD and hospitalizations for
cardiovascular and neurological conditions.31 This study
examined hospitalizations in three Pennsylvania counties,
two of which are exposed, in 2007e2011. Our research improves on this study in important ways. By including all
Pennsylvania counties, we examined the potential impact of
UNGD across the whole state. We also extended the studied
exposure period, including both the pre-boom period
(2003e2006) and the period following the peak of annual
drilled well count (2012e2014), allowing us to capture potential effects of approximately 3600 additional wells drilled in
these 3 years and examine long-term effects of UNGD exposure. This may be particularly important given that hospitalizations generally reflect serious underlying health conditions
that cannot be addressed in an outpatient setting or at home.
Our study offers substantial methodological improvements as
well.

Methods
Data and measures
Unconventional gas well data were obtained from the Carnegie Museum of Natural History's Pennsylvania Unconventional Gas Wells Geodatabase.32 We included unconventional
gas wells drilled into the Marcellus Shale with the start drilling
date between January 1, 2003 and December 31, 2014. We
aggregated well-level data to county-year level and used three
annual county-specific exposure measures: contemporaneous wells (i.e. unconventional gas wells drilled in a year),
cumulative well count (i.e. the total number of unconventional gas wells drilled up to the end of that year), and cumulative well density (i.e. cumulative well count divided by
the county land area in square kilometers). The contemporaneous measure represents short-term and the cumulative
measures long-term exposure to UNGD. Because the drilling
phase is the most polluting and disruptive to the local communities, we are interested in drilled wells and do not
differentiate between producing and non-producing wells or
between active wells and wells that are inactive, plugged, or
abandoned.
For our outcome variables, we abstracted inpatient
discharge records from 2003 through 2014 from Pennsylvania
Health Care Cost Containment Council (PHC4) data. Variables
used included patient's county of residence, year of discharge,
and primary diagnosis based on the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9CM). Observations were included if the principal diagnosis fell
under any of the 16 major categories, determined by the ICD9-CM groupings. We also calculated a total hospitalizations
count, encompassing all hospitalizations in the 16 groups. Our
outcome variables are annual county-level total and categoryspecific hospitalization rates per 10,000 residents that we
calculated using population estimates from the Surveillance,
Epidemiology, and End Results (SEER) program. We aggregated
hospitalizations at the county level, which aligns with previous research in Pennsylvania.23 However, the aforementioned
small-scale study of UNGD and hospitalizations31 used
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hospitalization rates at the zip code level, which requires the
assumption that zip code population did not change during
the study period. If zip code population sizes did in fact
change, our estimates would be biased. In our analyses of
county-level demographics over the same study period, we
observed demographic changes across Pennsylvania in
response to unconventional well drilling. This suggests that
zip code populations must have changed in this period as well.
To avoid introducing bias into our estimates, we chose
county-level aggregation.
We adjusted for annual county characteristics in terms of
demographics, economy, and healthcare resources. Demographics data, encompassing distributions by age, sex, and
race/ethnicity, were obtained from the SEER program. Poverty
estimates and median income data came from small area
income and poverty estimates (SAIPE) and unemployment
rates were obtained from the Bureau of Labor Statistics.
County-level hospital counts were abstracted from the Area
Health Resource File. We adjusted for uninsured rate using a
proxy variable, obtained by dividing the number of uninsured
hospitalizations in a county year by the total annual county
population. Under the assumption that the uninsured group
has a stable hospitalization rate over the years, this proxy
variable captures temporal trends in the county-level rate of
the uninsured. These adjustments allow for county-level demographic-, economic-, and healthcare systemerelated
changes that may affect hospitalization rates independently
of exposure to UNGD.
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examined further subcategories and specific diseases, if the
subcategory findings at the higher level of grouping matched
our main findings, in terms of statistical significance in
models by exposure metric and panel of counties.

Results
Descriptive statistics
Table 1 shows 2003e2014 changes in summary statistics of
our variables. Increases in all three UNGD measures over the
study period are dramatic. We demonstrate the rapid and
extensive growth of UNGD in Fig. A (see online supplementary
material). The spatial distribution of unconventional gas wells
drilled between 2003 and 2014 across Pennsylvania counties is
shown in Fig. B (see online supplementary material).
There were significant changes in hospitalization rates for
the broad disease categories and overall between 2003 and
2014 (Table 1). Fig. B (see online supplementary material) illustrates the across-county variation in total hospitalization
rate changes across Pennsylvania. Although the state overall
experienced a decrease in the total hospitalization rate as
shown in Table 1, seven counties experienced increases in
total hospitalization rate of 1.5 or more standard deviations
from the state mean. Changes in state-level mean population
characteristics from 2003 to 2014 are shown in Table 1.

UNGD and hospitalizations
Statistical analysis
We estimated a series of fixed-effects multivariate linear regressions. In the main analysis, we considered a 12-year panel
of 67 Pennsylvania counties (N ¼ 804). We included county and
year fixed effects to control for time-invariant county characteristics and secular trends in hospital admissions and
adjusted for time-varying county characteristics described
above. In a subsequent analysis, we removed the effect of
pollution in large urban areas by excluding large metropolitan
counties, defined by the 2013 National Center for Health Statistics urban-rural classification. This analysis used a 12-year
panel of 54 Pennsylvania counties (N ¼ 648). Conducting analyses for three different exposure variables on the samples of
804 and 648 county years, we obtained six subsets of results
for our 17 outcomes. Because chance findings are possible
when multiple hypotheses are tested simultaneously, we
adjusted for multiple comparisons in each subset of analyses.
We used the Benjamini and Hochberg correction method,
which relies on controlling the false discovery rate.33 We set
the false discovery rate to 0.10; in other words, we are willing
to accept up to 10% of the significant results as erroneously
significant. We used R software to obtain Benjamini and
Hochberg adjusted P-values.34
For outcomes that were significantly associated with
UNGD, we performed further analyses to explore potential
effects of UNGD on health in more detail. First, we estimated
the relationships by sex and age group: children, non-elderly
adults, and the elderly. Then, for demographic groups in
which statistically significant relationships persisted, we
analyzed disease subcategories and specific diseases. We only

For our main analyses, we first report statistically significant
findings at 5% level before the adjustment for multiple comparisons. Then, we report the findings that remain statistically significant at 5% level after the adjustment.
Tables 2 and 3 present fixed-effects regression estimates.
In the panel of all Pennsylvania counties, we found a positive
association between cumulative well count and hospitalizations for genitourinary diseases (Table 2). On average, one
additional cumulative well in a county is associated with an
increase of 0.008 hospitalizations for genitourinary diseases
per 10,000 residents (P ¼ .007, 95% confidence interval [CI]
0.002e0.01). Compared with the baseline average rate of 67.8
in 2003, this point estimate indicates that the addition of 100
cumulative wells is associated with a 1.2% relative increase in
the genitourinary hospitalization rate. We found no evidence
of association between county-level cumulative well count
and hospitalizations for the rest of the broad disease categories or overall hospitalizations in the panel of all Pennsylvania counties.
When modeling exposure as cumulative well density, we
found negative associations with hospitalizations for infectious diseases and musculoskeletal diseases and a positive
association with genitourinary hospitalizations (Table 2). An
increase of one well per square kilometer is associated with
27.7 fewer infectious disease hospitalizations per 10,000 residents (P ¼ .03; 95% CI 52.0 to 3.5; relative decrease 89.4%)
and with 13.7 fewer musculoskeletal disease hospitalizations
(P ¼ .04; 95% CI 27.1 to 0.4; relative decrease 16.7%). As for
genitourinary diseases, an increase of one well per square
kilometer is associated with 20.0 more hospitalizations per
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Table 1 e Summary statistics of UNGD exposure measures, county hospitalization rates, and county characteristics in
Pennsylvania, 2003 and 2014.
Variable

2003
Mean

UNGD exposure measure
Contemporaneous spudded wells
Cumulative well count
Cumulative well density (per sq.km.)
County hospitalizations rates, per 10,000
Total hospitalizations
Infectious diseases
Neoplasms
Endocrine, nutritional and metabolic diseases, and immunity disorders
Diseases of the blood and blood-forming organs
Mental disorders
Diseases of the nervous system and sense organs
Diseases of the circulatory system
Diseases of the respiratory system
Diseases of the digestive system
Diseases of the genitourinary system
Complications of pregnancy and childbirth
Diseases of the skin and subcutaneous tissues
Diseases of the musculoskeletal system and connective tissue
Congenital anomalies
Conditions originating in the perinatal period
Injury and poisoning
County demographic characteristics
% White
% Black
% Hispanic
% Female
% 0e19 y
% 20e39 y
% 40e64 y
% 65þ y
County economic characteristics
% In poverty
% Unemployed
Median income ($2010)
Healthcare system characteristics
Total number of hospitals
Uninsured proxy (number of uninsured hospitalizations/10,000 population)

0.015**
0.015***
7  106***

2014
SD
0.12
0.12
6  105

Mean

SD

17.8**
124.6***
0.057***

48.2
295.5
0.129

1204.6**
31.0 ***
64.6***
51.9***
11.0***
87.3*
19.6***
276.5***
135.4***
125.2***
67.8***
111.0***
21.5*
81.9**
4.2*
3.6
112.1***

216.0
8.3
12.8
14.3
4.0
31.8
6.5
60.6
35.8
25.6
14.9
18.0
6.4
13.7
1.4
1.7
20.3

1086.8**
69.3***
45.6***
39.7***
13.7***
100.0*
26.5***
195.2***
108.5***
111.9***
56.1***
99.2***
23.9*
89.9**
3.6*
3.7
100.0***

192.9
18.3
10.6
10.1
4.9
29.3
6.8
37.7
27.7
19.9
15.7
18.0
7.4
18.4
1.3
2.3
19.1

94.7
4.1
2.3**
50.7
25.8***
24.5
33.6***
16.1***

7.2
6.3
2.7
1.6
1.6
2.8
1.8
2.2

92.7
5.4
4.1**
50.0
22.9***
23.6
35.0***
18.4***

8.1
6.8
4.4
2.5
2.5
3.2
2.1
2.4

10.4***
6.1
46,462

2.5
1.4
9372

13.6***
6.1
46,139

3.3
1.0
8656

3.7
22.2

5.7
9.3

3.5
20.4

4.9
7.5

UNGD ¼ unconventional natural gas development. SD ¼ standard deviation.
The well data are from the Carnegie Museum of Natural History, 2003e2014. Hospitalization rates calculated by dividing the number of hospitalizations in a county year by the estimate of the population count in the county year. We obtained hospitalization data from Pennsylvania
Health Care Cost Containment Council (PHC4) and population count estimates from the Surveillance, Epidemiology, and End Results (SEER)
Program.
***Changes from 2003 to 2014 statistically different (t-test) at <0.001 level, ** at <0.01 level, * at <0.05 level.

10,000 residents (P ¼ .001; 95% CI 8.2e31.8; relative increase
29.5%). When contemporaneous wells were considered as the
exposure variable, we found a negative relationship with
hospitalizations for musculoskeletal diseases; an additional
well in a year is associated with a decrease of 0.025 hospitalizations per 10,000 residents (P ¼ .01; 95% CI 0.05 to 0.005)
(Table 2), translating into a 0.03% relative decrease.
When large metropolitan counties were excluded, the
positive relationships between cumulative measures of UNGD
and genitourinary hospitalizations persisted (Table 3). In
addition, both cumulative UNGD measures are positively
associated with hospitalizations for diseases of the skin: on
average, an additional cumulative well is associated with an
increase of 0.004 hospitalizations per 10,000 residents

(P < .001; 95% CI 0.002e0.007), and each additional well per
square kilometer is associated with an increase of 12.2 hospitalizations per 10,000 residents (P ¼ .002; 95% CI 4.5e20.0)
(Table 3), translating into 0.02% and 59.5% relative increases,
respectively, relative to the baseline 2003 rate of 20.5 in this
panel. There is no evidence of association between contemporaneous wells and any outcome variables in the panel of 54
counties (Table 3).
After correction for multiple comparisons, four associations remained statistically significant: the positive associations
between
genitourinary
hospitalizations
and
cumulative well density, in both panels (corrected P ¼ .02 for
both estimates) and the positive associations between skinrelated hospitalizations and both cumulative UNGD
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Table 2 e Associations of unconventional natural gas development measures and hospitalization rates, per 10,000,
Pennsylvania, all counties, 2003e2014.
Outcomes
Overall hospitalizations
Infectious diseases
Neoplasms
Endocrine, nutritional and metabolic
diseases, and immunity disorders
Diseases of the blood and
blood-forming organs
Mental disorders
Diseases of the nervous system
and sense organs
Diseases of the circulatory system
Diseases of the respiratory system
Diseases of the digestive system
Diseases of the genitourinary system
Complications of pregnancy, childbirth,
and the puerperium
Diseases of the skin and
subcutaneous tissues
Diseases of the musculoskeletal
system and connective tissue
Congenital anomalies
Conditions originating in the
perinatal period
Injury and poisoning
N

Well count, coefficient
(P-value) [95% CI]
0.05
0.01
0.00002
0.008

(0.32)
(0.07)
(0.99)
(0.09)

Well density, coefficient
(P-value) [95% CI]

[0.05 to 0.16]
[0.02 to 0.001]
[0.004 to 0.004]
[0.001 to 0.02]

64.3 (0.60)
27.7* (0.03)
1.1 (0.81)
13.3 (0.26)

0.001 (0.17) [0.003 to 0.001]

2.75 (0.14) [6.4 to 0.9]

0.0003 (0.95) [0.009 to 0.01]
0.006 (0.07) [0.0004 to 0.01]
0.023
0.006
0.006
0.008**
0.001

7.8 (0.62) [23.3 to 38.8]
10.3 (0.18) [4.7 to 25.4]

(0.19) [0.011 to 0.06]
(0.54) [0.014 to 0.03]
(0.34) [0.006 to 0.02]
(0.007) [0.002 to 0.01]
(0.63) [0.003 to 0.005]

26.6 (0.51) [54.4 to 107.7]
8.6 (0.73) [41.4 to 58.6]
4.8 (0.74) [23.3 to 32.9]
20.00** (0.001) [8.2 to 31.8]
0.4 (0.94) [10.7 to 10.0]

0.003 (0.06) [0.0001 to 0.006]
0.005 (0.11) [0.011 to 0.001]
0.0002 (0.53) [0.0004 to 0.001]
0.0006 (0.39) [0.001 to 0.002]
0.008 (0.21) [0.005 to 0.02]
804

[178.9 to 307.4]
[52.0 to 3.5]
[7.9 to 10.1]
[10.00 to 36.6]

7.9 (0.10) [1.4 to 17.3]

Contemporaneous wells,
coefficient (P-value) [95% CI]
0.002 (0.99) [0.28
0.037 (0.07) [0.08
0.002 (0.79) [0.02
0.006 (0.59) [0.02

to
to
to
to

0.28]
0.003]
0.02]
0.03]

0.003 (0.32) [0.01 to 0.003]
0.015 (0.46) [0.03 to 0.05]
0.007 (0.42) [0.01 to 0.03]
0.024 (0.59) [0.06
0.001 (0.98) [0.06
0.001 (0.97) [0.04
0.011 (0.36) [0.01
0.009 (0.14) [0.02

to
to
to
to
to

0.11]
0.06]
0.04]
0.03]
0.003]

0.003 (0.60) [0.007 to 0.01]

13.7* (0.04) [27.1 to 0.4]

0.025* (0.01) [0.05 to 0.005]

0.5 (0.55) [1.2 to 2.2]
0.6 (0.74) [2.7 to 3.8]

0.001 (0.37) [0.001 to 0.004]
0.0002 (0.92) [0.004 to 0.003]

7.4 (0.62) [22.4 to 37.2]
804

0.008 (0.66) [0.03 to 0.05]
804

We calculated hospitalization rates by dividing the number of hospitalizations in a county year by the estimate of the population count in the
county year. We obtained hospitalization data from Pennsylvania Health Care Cost Containment Council (PHC4) and population count estimates from the Surveillance, Epidemiology, and End Results (SEER) Program. The well data are from Carnegie Museum of Natural History.
P values from 2-tailed tests are reported in parentheses, 95% confidence intervals (CIs) are reported in square brackets.
*** Statistically significant at <0.001 level, ** at <0.01 level, * at <0.05 level.

measures in the panel of 54 counties (corrected P ¼ .009 and
P ¼ .02, respectively).
In further analyses, we found that the associations between
cumulative UNGD measures and genitourinary hospitalizations in the general population are driven by hospitalizations
among non-elderly adult (20e64 years old) females. The magnitudes of the associations in this demographic group are 2e3
times higher than the estimates in the general population. The
associations between cumulative UNGD measures and skinrelated hospitalizations in the general population in the
panel excluding large metropolitan counties are driven by
hospitalizations among non-elderly adult males. Estimates
across all models by sex and age group are shown in Table A
(see online supplementary material).
In further exploration of what specific diseases account for
these findings, we found statistically significant positive associations between cumulative UNGD and the following specific diseases within the genitourinary category among nonelderly adult females: kidney infections (ICD-9-CM 590), calculus of ureter (ICD-9-CM 592.1), and urinary tract infection
(ICD-9-CM 599.0), across both measures and both panels
(Table 4). As for specific diseases driving skin-related hospitalizations among non-elderly males, we found statistically
significant associations between cumulative density and
cellulitis and abscess of four body parts, but the findings were
mixed, likely because of the relative rarity of these conditions
(results not shown but available upon request).

Sensitivity analyses
We performed several sensitivity analyses. First, we
accounted for potential UNGD effects from neighboring
counties by including an additional covariate that measures
UNGD exposure in adjacent Pennsylvania counties. The
negative association between cumulative well density and
musculoskeletal hospitalizations and the positive association between cumulative well count and skin-related hospitalization rate in the reduced panel remained statistically
significant before correction for multiple comparisons
(P ¼ .03 and P ¼ .05, respectively) but lost statistical significance after the correction. The estimates of the other associations reported in the main analyses were no longer
precise.
In addition to UNGD, other industrial activity in Pennsylvania, such as coal mining and electricity production, may
confound our findings. In the second sensitivity analysis, we
adjusted our models by coal production measures (facility,
surface, and underground) in each county year. Our main
estimates for genitourinary and skin-related hospitalizations
are robust to this model specification. Additionally, estimates
for skin-related hospitalizations in the all-county panel gain
precision after the adjustment for county coal production:
0.003 (P ¼ .008) for cumulative count and 8.9 (P ¼ .02) for cumulative density. In the third sensitivity analysis, we adjusted
for the total number of power plants in each county year. Our
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Table 3 e Associations of unconventional natural gas development measures and hospitalization rates, per 10,000,
Pennsylvania, excluding large metropolitan counties, 2003e2014.
Outcomes

Well count, coefficient
(P-value) [95% CI]

Overall hospitalizations
Infectious diseases
Neoplasms
Endocrine, nutritional and metabolic
diseases, and immunity disorders
Diseases of the blood and
blood-forming organs
Mental disorders
Diseases of the nervous system
and sense organs
Diseases of the circulatory system
Diseases of the respiratory system
Diseases of the digestive system
Diseases of the genitourinary system
Complications of pregnancy, childbirth,
and the puerperium
Diseases of the skin and
subcutaneous tissues
Diseases of the musculoskeletal system
and connective tissue
Congenital anomalies
Conditions originating in the
perinatal period
Injury and poisoning
N

Well density, coefficient
(P-value) [95% CI]

0.08 (0.19) [0.04 to 0.20]
0.01 (0.13) [0.02 to 0.003]
0.00003 (0.99) [0.005 to 0.005]
0.009 (0.11) [0.002 to 0.02]
0.0005 (0.48) [0.002 to 0.001]
0.003 (0.59) [0.008 to 0.01]
0.006 (0.12) [0.002 to 0.01]

125.5
29.0
1.6
14.9

(0.44)
(0.05)
(0.77)
(0.33)

Contemporaneous wells,
coefficient (P-value) [95% CI]

[195.2 to 446.3]
[58.4 to 0.4]
[9.4 to 12.7]
[15.3 to 45.2]

0.05
0.04
0.003
0.003

1.2 (0.51) [5.0 to 2.5]

(0.76)
(0.12)
(0.76)
(0.77)

[0.3 to 0.4]
[0.09 to 0.01]
[0.02 to 0.02]
[0.02 to 0.03]

0.001 (0.63) [0.007 to 0.004]

15.7 (0.40) [21.3 to 52.8]
10.5 (0.31) [9.8 to 30.7]

0.02 (0.20) [0.01 to 0.06]
0.007 (0.55) [0.02 to 0.03]

0.03 (0.11) [0.007 to 0.07]
0.01 (0.33) [0.011 to 0.03]
0.009 (0.20) [0.005 to 0.02]
0.008* (0.02) [0.002 to 0.02]
0.002 (0.39) [0.003 to 0.007]

41.7
20.1
11.5
23.1**
1.3

0.004*** (<0.001) [0.002 to 0.007]

12.2** (0.002) [4.5 to 20.0]

0.005 (0.32) [0.005 to 0.02]

6.9 (0.41) [23.3 to 9.6]

0.02 (0.07) [0.04 to 0.002]

0.29 (0.78) [1.8 to 2.4]
0.07 (0.97) [4.1 to 4.3]

0.001 (0.43) [0.002 to 0.004]
0.0003 (0.87) [0.004 to 0.004]

0.003 (0.44) [0.009 to 0.004]
0.0001 (0.79) [0.0006 to 0.0008]
0.0005 (0.51) [0.001 to 0.002]
0.009 (0.22) [0.006 to 0.02]
648

(0.43) [63.2 to 146.6]
(0.51) [40.6 to 80.9]
(0.53) [25.2 to 48.2]
(0.002) [8.7 to 37.5]
(0.84) [11.1 to 13.6]

0.03
0.009
0.006
0.01
0.006

9.6 (0.63) [30.6 to 49.8]
648

(0.51) [0.07 to
(0.80) [0.06 to
(0.80) [0.04 to
(0.36) [0.01 to
(0.31) [0.02 to

0.13]
0.08]
0.05]
0.04]
0.005]

0.01 (0.61) [0.03 to 0.06]
648

We calculated hospitalization rates by dividing the number of hospitalizations in a county year by the estimate of the population count in the
county year. We obtained hospitalization data from Pennsylvania Health Care Cost Containment Council (PHC4) and population count estimates from the Surveillance, Epidemiology, and End Results (SEER) Program. The well data are from Carnegie Museum of Natural History.
P values from 2-tailed tests are reported in parentheses, 95% confidence intervals (CIs) are reported in square brackets.
*** Statistically significant at <0.001 level, ** at <0.01 level, * at <0.05 level.

Table 4 e Associations between cumulative UNGD measures and hospitalization rates for specific diseases within
genitourinary disease category, non-elderly adult females, Pennsylvania, 2003e2014.
Outcomes

All counties (N ¼ 804)
Well count coefficient
(P-value) [95% CI]

Genitourinary, females (20-64y)
Kidney infections
0.002* (0.027) [0.0003e0.004]
Calculus of ureter
0.003** (0.003) [0.001e0.005]
Urinary tract infection 0.003** (0.004) [0.001e0.005]

Excluding large metropolitan counties (N ¼ 648)

Well density coefficient
(P-value) [95% CI]

Well count coefficient
(P-value) [95% CI]

Well density coefficient
(P-value) [95% CI]

6.19* (0.04) [0.40e12.0]
7.91** (0.004) [2.63e13.20]
7.16** (0.003) [2.52e11.80]

0.003* (0.010) [0.0007e0.005]
0.003** (0.009) [0.0009e0.006]
0.004** (0.003) [0.001e0.006]

8.44** (0.009) [2.20e14.68]
8.21* (0.013) [1.82e14.61]
9.70** (0.001) [4.22e15.19]

We calculated hospitalization rates by dividing the number of hospitalizations in a county year by the estimate of the population count in the
demographic group (females, 20e64 years old) in the county year. We obtained hospitalization data from Pennsylvania Health Care Cost
Containment Council (PHC4) and population count estimates from the Surveillance, Epidemiology, and End Results (SEER) Program. The well
data are from Carnegie Museum of Natural History.
P values from 2-tailed tests are reported in parentheses, 95% confidence intervals (CIs) are reported in square brackets.
*** Statistically significant at <0.001 level, ** at <0.01 level, * at <0.05 level.

reported estimates for genitourinary and skin-related hospitalizations remain essentially the same.

Discussion
In the main analysis of this study, we identified two broad
categories of disease that may be affected by long-term
exposure to UNGD: genitourinary diseases and diseases of

the skin and subcutaneous tissue. Disease subgroupings as
well as examples of specific diseases within these categories are given in Appendix B of the online supplementary
material. We found that annual county-level genitourinary
hospitalization rates are strongly and positively associated
with cumulative well density in the two panels and that
skin-related hospitalizations are strongly and positively
associated with both cumulative UNGD measures in the
panel excluding large metropolitan counties. The
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associations between UNGD and genitourinary diseases and
diseases of the skin are consistent with raised concerns
over the potential effects of the chemicals found near
UNGD sites in Pennsylvania on health.3 Skin-related
symptoms were also reported in a Pennsylvania-based
household survey.18 A 2018 report on community complaints to the Pennsylvania Department of Health showed
that 39.7% of all formal health complaints about unconventional oil and gas production in the period from 2011 to
February 2018 included dermatological symptoms and
10.0% included urogenital symptoms.35
The estimated associations of hospitalizations with cumulative well count and density are generally consistent
with each other, indicating that both the total number of
wells in the county, regardless of its size, and total well
density have a similar effect on the considered outcomes.
Since we found statistically significant associations with
cumulative well measures but did not find evidence of associations with contemporaneously spudded wells, our results suggest that exposure to UNGD may have long-term
effects, especially when considering hospitalizations, which
imply serious acute illnesses or exacerbations of chronic
diseases. It is possible that the risk of developing certain
diseases accumulates with repeated exposure to drilling.
This supposition is in agreement with previous literature
that suggests a persistent effect of UNGD on health after the
initial drilling and fracking phase.18,19,24,25,27 If data on
outpatient utilization of health services were available, investigations into whether contemporaneous drilling is
related to minor health conditions and complaints would be
possible. Another explanation may be that, although the well
drilling phase generates more pollutants than other UNGD
phases and is the most disruptive for the community, later
stages of UNGD can be harmful for population health as well.
Existing studies in Pennsylvania show that UNGD sites can
remain in production for decades after the initial drilling,
which could present an ongoing public health hazard for the
affected communities.18
Whereas we did not find evidence of the association between UNGD and hospitalizations for other broad disease
categories after correction for multiple testing, the null findings do not preclude effects of UNGD on hospitalizations for
specific diseases within these categories. Previous research
found significant associations of UNGD exposure with asthma
hospitalizations20,21 and pneumonia hospitalizations among
the elderly;23 however, the corresponding outcome in our
study includes hospitalizations for all respiratory diseases at a
higher level of aggregation, and our estimation model could
not identify these relationships.
In further analyses, we found that the positive relationships between cumulative UNGD measures and genitourinary
hospitalization rates are driven by hospitalizations among
females in the 20e64 years age group and, in particular, by
their hospitalizations for kidney infections, calculus of ureter,
and urinary tract infection. To our knowledge, this is first
evidence of a potential effect of long-term exposure to UNGD
on genitourinary health of non-elderly adult women. However, we are only able to indicate strength of the associations,
and a definite causal link should not be inferred. Further
research into the causal mechanisms is needed to enhance
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our understanding of how UNGD might be affecting genitourinary health. One mechanism by which UNGD may
compromise genitourinary health, leading to hospital admissions, could be consumption of and contact with water
contaminated with UNGD-related chemicals. It has been
shown that UNGD drilling in proximity to community water
systems increases shale-related contaminants in public
drinking water in Pennsylvania.10 Another mechanism could
potentially be an increase in risk behaviors in areas with
UNGD. A recent study showed that Pennsylvania counties
with UNGD activities had higher rates of certain sexually
transmitted infections and higher prostitution-related arrests.36 It is plausible that behaviors related to these outcomes
are linked to declines in genitourinary health among nonelderly adult women observed in our study. The mechanism
may be composed of the complex mixture of pollutants from
UNGD activity, increased risky behaviors in areas with UNGD,
and economic changes that UNGD brings. Future research
should untangle how UNGD affects health and address why
these effects on genitourinary health may exist.
As for skin health, the positive relationships between cumulative UNGD measures and skin-related hospitalization
rates in counties other than large metropolitan are driven by
hospitalizations among males in the 20e64 years age group;
however, investigation into which specific diseases may account for these relationships yielded mixed findings, likely
because of the relative rarity of these diseases. More research
into potential effects of long-term UNGD exposure on skin
health is warranted.
Hospitalizations, in contrast with outpatient physician
visits, reflect acute illness or serious exacerbations of chronic
disease and are a reason for public health concern. An effect of
UNGD on hospitalization rates suggests that there are likely
effects on outpatient utilization, underlying more minor
symptoms and conditions. Public health and healthcare professionals should be aware of the potential effects of UNGD
exposure on genitourinary health among non-elderly adult
women and should encourage those who live in close proximity to unconventional well drilling and have genitourinary
symptoms to seek appropriate and timely health care, hopefully thus preventing serious disease and the need for hospitalizations. Future research can inform specific public health
interventions.
We acknowledge limitations of our study. First, we are
limited by the information included in the hospital discharge
data. Because these data do not include patients' street
address, we are unable to utilize more precise exposure
measures based on distance between place of residence and
wells, and we therefore utilize an ecological study design.
One considerable drawback of an ecological study is that
residents living near the centroid of the area are not differentiated from individuals residing near area borders, with
the latter group potentially experiencing the exposure of the
adjacent areas. To account for these potential spillover effects, we conducted a sensitivity analysis including measures of exposure in adjacent counties. Although our
estimates were no longer precise, the direction of estimates
remained the same and our conclusions do not change.
Additionally, ecological study design does not allow for
causal inference. Second, we were unable to appropriately
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adjust for annual county-level uninsured rates because of
data unavailability. Healthcare utilization depends to a large
extent on whether individuals have health insurance. If our
proxy measure does not appropriately capture temporal and
geographic variation in the uninsured rate, our estimates
may be biased.
In the absence of a large and conclusive body of evidence
on the impact of UNGD on public health, several European
countries, including France, Germany, Bulgaria, Ireland, and
Scotland, and three states in the United States e Vermont,
New York, and Maryland e as well as select counties have
taken a precautionary approach and prohibited hydraulic
fracturing. Our investigation into associations between
UNGD exposure measures and annual county-level hospitalization rates in Pennsylvania shows that UNGD may cause
or exacerbate genitourinary diseases and diseases of the
skin, leading to hospital admissions. More specifically,
genitourinary health of non-elderly adult women seems to
be particularly affected. Our findings suggest that public
health and healthcare professionals should be aware of these
potential effects and advise the exposed patients to seek care
early. If our findings are confirmed in future research as
causal, improved regulations to protect affected communities may also be needed.
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Oil and gas development emits known hematological carcinogens, such as benzene, and
increasingly occurs in residential areas. We explored whether residential proximity to oil and
gas development was associated with risk for hematologic cancers using a registry-based
case-control study design.

Methods
Participants were 0–24 years old, living in rural Colorado, and diagnosed with cancer
between 2001–2013. For each child in our study, we calculated inverse distance weighted
(IDW) oil and gas well counts within a 16.1-kilometer radius of residence at cancer diagnosis
for each year in a 10 year latency period to estimate density of oil and gas development.
Logistic regression, adjusted for age, race, gender, income, and elevation was used to estimate associations across IDW well count tertiles for 87 acute lymphocytic leukemia (ALL)
cases and 50 non-Hodgkin lymphoma (NHL) cases, compared to 528 controls with nonhematologic cancers.

Findings
Overall, ALL cases 0–24 years old were more likely to live in the highest IDW well count tertiles compared to controls, but findings differed substantially by age. For ages 5–24, ALL
cases were 4.3 times as likely to live in the highest tertile, compared to controls (95% CI: 1.1
to 16), with a monotonic increase in risk across tertiles (trend p-value = 0.035). Further
adjustment for year of diagnosis increased the association. No association was found
between ALL for children aged 0–4 years or NHL and IDW well counts. While our study
benefited from the ability to select cases and controls from the same population, use of cancer-controls, the limited number of ALL and NHL cases, and aggregation of ages into five
year ranges, may have biased our associations toward the null. In addition, absence of
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information on O&G well activities, meteorology, and topography likely reduced temporal
and spatial specificity in IDW well counts.

Conclusion
Because oil and gas development has potential to expose a large population to known
hematologic carcinogens, further study is clearly needed to substantiate both our positive
and negative findings. Future studies should incorporate information on oil and gas development activities and production levels, as well as levels of specific pollutants of interest (e.g.
benzene) near homes, schools, and day care centers; provide age-specific residential histories; compare cases to controls without cancer; and address other potential confounders,
and environmental stressors.

Introduction
Among U.S. children ages 0–14, acute lymphocytic leukemia (ALL) is the most commonly
diagnosed cancer, and non-Hodgkin lymphoma (NHL) is the most common lymphoma [1].
While ALL and NHL mortality rates in U.S. children are declining due to improved treatment,
ALL and NHL incidence rates have increased by about 1% and 0.6% per year, respectively,
between 2000 and 2010 [2, 3].
A number of factors, including genetic predisposition and susceptibility, as well as environmental factors, come together in the development of childhood cancers through a two step
process, the first of which likely occurs in utero [4]. Environmental factors that may be associated with ALL include in-utero and postnatal exposures to vehicle exhaust fumes [5, 6], polycyclic aromatic hydrocarbons [7,8], and chemicals including benzene and other hydrocarbons
[8–11]. Environmental factors that may be associated with NHL include benzene exposures
[12].
U.S. oil and gas development has grown rapidly over the past 15 years. This industrial activity, which includes drilling, hydraulic fracturing, and production, has the potential to emit
chemicals that may be associated with childhood ALL and/or NHL, including benzene and
other hydrocarbons, polycyclic aromatic hydrocarbons, and diesel exhaust, into the air and
water [13–18]. The use of hydraulic fracturing and horizontal drilling has facilitated extraction
of petroleum reserves from shale and other tight formations, resulting in an extensive de-centralized dispersion of oil and gas wells and associated facilities across populated areas [19].
This has the potential to expose a large populaton to oil and gas development related pollutants. It is estimated that over 15.3 million Americans now live within 1.6 kilometers of an oil
and gas well drilled since the year 2000 [19]. In Colorado’s most intensive areas of oil and gas
development, there may be hundreds of oil and gas wells within 1.6 kilometers of a home. The
existing literature indicates that populations living in areas with oil and gas development may
be at an increased risk for health effects, including cancers such as ALL and NHL, resulting
from these exposures [20].
Previous ecological studies on the link between childhood cancer and oil and gas development are inconclusive because they aggregated cancer outcomes and exposures and did not
consider latency periods and differentiate between types of leukemias [21, 22]. This analysis
addresses these limitations by comparing individual-level residence of incident cancer cases to
geocoded oil and gas well locations over a 10-year latency period using a registry based casecontrol approach to explore if children living near oil and gas development may be at higher
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risk for childhood ALL and NHL compared to children diagnosed with non-hematologic
malignancies and to inform the design of more comprehensive studies.

Methods
Study population
Childhood incidence cancer data for children diagnosed with cancer between 2001 and 2013
were obtained from the Colorado Central Cancer Registry (CCCR) [23] held at the Colorado
Department of Public Health and Environment (CDPHE). Our study population consisted of
975 children in the registry diagnosed with cancer at ages 0–24 years, and residing in rural Colorado at the time of diagnosis. Subjects aged 15–24 years were included in the study to account
for a possible 10 year latency period between childhood exposures before the age of 15 and
onset of cancer [24–27]. We restricted analysis to cancers occurring from 2001–2013 to focus
our analysis on growth of hydraulic fracturing and/or directional drilling, which expanded
rapidly in Colorado beginning around the year 2000 [28]. This rapid expansion resulted in a
twofold increase in active oil and gas wells in Colorado between 2000 and 2013; by 2013, Colorado had more than 51,000 oil and gas wells. We restricted the study area to rural areas and
towns with populations of <50,000 in 57 counties to reduce potential for exposure to other
pollution sources, such as traffic, and other industrial sources. Geocoded precise addresses
were not available for 232 children (including 17 and 15 children diagnosed with ALL and
NHL, respectively), so those children were excluded from the study (e.g., addresses not listed,
specified as rural routes, or only as post office boxes). Using the final study group of 743 children, we conducted two separate registry-based case control studies to explore associations
between childhood hematologic cancers and density of oil and gas development operations
around the child’s residence. Cases were children with ALL or NHL. Because we only had
access to records in the CCCR for this exploratory study, controls were all children registered
in the CCCR with a non-hematologic cancer, as has been done in previous registry based studies [29–32].

Exposure to oil and gas wells
We used information available in the publically accessible Colorado Oil and Gas Information
System (COGIS) [33] to build a geocoded dataset with latitude and longitude coordinates of
oil and gas wells in rural Colorado, and determined whether or not each well was active for
each year between 1991 and 2013, as defined by the Colorado Oil and Gas Conservation Commission (COGCC) [28] (see S1 Table). The COGCC considers oil and gas wells to be active
between the spud-in and abandon dates. “Spud-in” is the operation of drilling the first part of
a new well; “abandon” is the permanent plugging of a well [28]. No spud-date is recorded for
28% of oil and gas wells in the COGIS. If a spud-in date was not available for a well, we used
the earliest date available from other oil and gas activities which follow the spud-in (e.g., completion, first production, and treatment dates) to designate the beginning of the active well
period. We provided this dataset of geocoded well locations to CDPHE staff.
To protect the identity of the children in the study, CDPHE staff linked the well locations in
the dataset we provided to each child’s address in the registry. Geocoded residential addresses
at time of cancer diagnosis were linked to active well locations in the year of diagnosis, as well
as active well locations in each of the 10 years preceding the cancer diagnosis. Distance of each
residence from all active oil and gas wells within a 16.1-kilometer radius was then computed
using spherically-adjusted straight line distances, to account for the Earth’s curvature. Ages
were truncated into five year ranges (0–4, 5–9, 10–14, 15–19, and 20–24 years) to further protect identity. The CDPHE staff then provided the analyst (LMM) with a de-identified dataset,
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Fig 1. Number of oil and gas wells in 16.1-kilometer radius from a child’s home versus the minimum distance of an oil and gas well
from the child’s home for children with at least one oil and gas well within the 16.1-kilometer radius.
doi:10.1371/journal.pone.0170423.g001

containing subject diagnosis, age group, gender, race/ethnicity, income quintile at zip code
level, residential elevation, maternal smoking history (from linkages with birth certificates),
and distance to each active oil and gas well within a 16.1-kilometer radius.
Because the number of wells is not associated with distance of the nearest well in the
16.1-kilometer radius around a child’s home (Fig 1), we used an inverse distance weighted
(IDW) approach to estimate the density of oil and gas wells surrounding a child’s home. The
IDW approach is commonly used to estimate individual air pollutant exposures from multiple
fixed locations [34–36]. Annual IDW well counts account for the number of active wells within
the 16.1-kilometer radius [36, 37] of the residence in a specific year as well as distance of each
well from the residence, giving greater weight to wells closest to the residence. For example, an
IDW well count of 78.1 wells per kilometer could be computed from 125 wells each located 1.6
kilometers from the maternal residence or 25 wells each located 0.32 kilometers from the
child’s residence.
Based on the latency period between exposure to benzene and diagnosis of leukemia of 1 to
10 years [24–27], we computed weighted average IDW well counts (referred to herein as IDW
well count) over a 10 year period to capture IDW wells counts during the antenatal period and
childhood. Because we had age ranges rather than specific ages, we averaged the annual IDW
well count over a temporal range that would capture the latency period for five age categories as
follows. For children aged 0–4 years, annual IDW well counts for 1–5 years prior to diagnosis
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were averaged over 5 years. For children aged 5–9, 10–14 and 15–19 years, annual IDW well
counts for 1–10 years prior to diagnosis were averaged over 10 years. For young adults 20–24
years, annual IDW well counts 6–10 years prior to diagnosis were averaged over 5 years to
account for childhood exposures (i.e., occurring prior to age fifteen). If no wells existed within
16.1-kilometers of a child’s home during the latency period for each age range, the weighted
average IDW well count was 0. The final distribution of the non-zero IDW well counts was then
divided into tertiles (low, medium, and high) for subsequent logistic regression. Each tertile was
compared to the referent group of an IDW well count of zero.

Analysis
Childhood cancer outcomes considered for analysis were ALL (first primary tumor, includes
Burkitt leukemia) (87 cases), and NHL nodal and extra-nodal (includes Burkitt and lymphoblastic lymphomas regardless of bone marrow involvement) (50 cases). The number of cases
for other types of leukemia (<15 cases for each type including acute myeloid leukemia, and 26
cases combined) was too small to analyze individually. Cases diagnosed with other leukemia
types (n = 26) and those with Hodgkin lymphoma (n = 52) were excluded from the control
group. Case-control analyses were conducted separately for ALL and NHL. A total of 528 controls for each of these cancer outcomes included all children reported in the CCCR with nonhematologic cancers, (Table 1).

Statistical analysis
We used logistic regression to study associations between case-control status and IDW well
count tertiles. First, we estimated the crude odds ratio (OR) associated with IDW well counts
tertiles. We further investigated associations by adjusting for potential confounders, as well as
child covariates, based on a priori knowledge of their association with both exposure and outcome. We conducted tests to evaluate linear trends in binominal proportions with increasing
IDW well count by treating the categorical IDW well count variable as ordinal [38]. Specifically, covariates in our analysis were age category (0–4, 5–9, 10–14, 15–19, and 20–24 years)
[1,4], race/ethnicity (white Hispanic, white non-Hispanic, non-white) [1], and gender [1].
Because the age range 0–4 years and 5 years may respresent two distinct disease etiologies
for ALL [4], we analyzed separately for children ages 0–4 years and  5 years. We adjusted for
elevation of residence (< 2743 meters,  2743 meters because residential solar ultraviolet radiation exposure, which increases with elevation [39], may be associcated with ALL [40]. We
also adjusted for socio-economic status by distributing zip-code level median income into
quintiles (0–20, 21–40, 41–60, 61–80, and 81–100 percentiles) [5]. In a second model, we further adjusted for year of cancer diagnosis (2001–2002, 2003–2004, 2005–2006, 2007–2008,
2009–20110, 2011–2013). We did not adjust for maternal smoking during pregnancy in the
primary analyses because information on maternal smoking was missing for 59% of the study
population. We report estimations for each outcome associated with the IDW well count tertile (low, medium, and high) compared to no wells within 16.1-kilometers with 95% confidence intervals (CI). We considered both the statistical significance of the association for each
IDW well count category as well as the trend across categories in evaluating results, using a
2-sided alpha of 0.05.
In secondary analyses, we explored reducing IDW well counts to an 8-kilometer buffer
around the maternal residence, as well as analyzing the subset of subjects with information on
maternal smoking and adjusting for maternal smoking during pregnancy. All statistical analyses were conducted using SAS1 software version 9.3 (Cary, NC). To further protect the identity of study participants we truncated counts of less than 5 to “<5” in result tables. The
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Table 1. Cancer sites for children in rural Colorado 2001 to 20131.
Cancer Site2

Frequency

Blood and lymph system
-acute lymphocytic leukemia

104

-Hodgkin lymphoma

65

-non-Hodgkin lymphoma

65

-acute myeloid leukemia
-myeloma, other lymphocytic leukemia, chronic myeloid leukemia, other myeloid/monocytic
leukemia, other acute leukemia, aleukemic,subleukemic and NOS

18
<5 of each

Nervous System (brain, cranial and other)

169

Endocrine System

136

Male genitals
-testes

75

-penis

<5

Skin
-Melanomas

76

-Other skin cancers

<5

Soft Tissue (including heart)

46

Bones and joints

42

Female genitals
-Ovary
-Cerix Uteri
-Vagina, vulva, other

16
14
< 5 of each

Urinary System
-kidney and renal pelvis

30

-bladder

<5

Eye and orbit

15

Digestive System
-liver
-esophagus, stomach, small intestine, appendix, colon and rectum, pancreas,
retroperitoneum,cecum

6
< 5 each

Respiratory
- lung and bronchus
-trachea, mediastinum and other respiratory; nose, nasal cavity, and middle ear; larynx
Breast
Oral Cavity and Pharynx (tongue, salivary glands, gum, nasopharynx)

7
< 5 of each
8
<5 of each

1

Includes children without geocoded addresses.
17 cancers were classified as miscellaneous and less than 5 were classified as invalid.

2

doi:10.1371/journal.pone.0170423.t001

Colorado Multiple Institutional Review Board reviewed and approved our specific protocol
for this study as exempt from human subjects research (COMIRB Protocol 14–1978). We (the
researchers) only had access to de-identified data from the Colorado Cancer Registry which
had been previously collected for reasons other than research and the data we analyzed
anonymously.

Results
Geocoded addresses were missing for 24% of our study population, with a higher proportion
missing for white Hispanics and young adults aged 19–24 years, as well as controls (Table 2).
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Table 2. Study population characteristics for children residing in rural Colorado and diagnosed with cancer between 2001 and 2013 by case control status.
NotGeocodeda Geocoded
Number of children (n)

Geocoded ALL
Cases

Geocoded NHL
Cases

Geocoded
Controlsb

50

528

232

743

87

White—Non-Hispanic

76

76

77

78

77

White–Hispanic

21

15

12

<10

17

Non-white

2.8

7.8

12

16

5.7

6

0.67

0

0

0.95

52

52

60

68

50

Race/Ethnicity (% of children)

Missing
Gender (% of total)
Male
Elevation of residence (% of children)
< 1524 meters

NA

31

37

32

31

1524–1828 meters

NA

27

25

28

25

1829–2133 meters

NA

19

20

24

19

2134–2437 meters

NA

14

8.0

12

16

2438–2742 meters

NA

5.4

<6

<10

6.1

2743meters or higher

NA

3.9

6.9

<10

3.4

Age range (% of children)
0–4 years

16

20

45

10

18

5–9 years

11

9.7

26

18

6.4

10–14 years

12

12

14

18

12

15–19 yearsc

15

23

11

22

24

d

46

35

<6

32

39

0–20

7.0

9.2

9.2

<10

9.2

21–40

21

25

21

18

26

41–60

22

14

14

26

14

61–80

25

27

25

32

28

81–100

24

24

31

20

24

2001–2002

22

13

10

<10

13

2003–2004

16

16

18

22

15

2005–2006

16

14

15

14

13

2007–2008

12

16

20

12

16

2009–2010

13

18

14

24

19

2011–2013

20

23

23

18

23

20–24 years

Zip code median income quintiles (% of
children)

Year of Diagnosis (% of children)

a

Geocoded addresses were not 0061vailable (e.g., addresses not listed, or specified as rural routes or post office boxes) for 16% of ALL cases, 23% of NHL

cases and 28% of controls.
b
c

Diagnosed with non-hematologic cancer (See Table 1).
Children from 15 to 19 years were included in the study to account for a latency period of 10 years between exposure and onset of cancer.

d

Children from 20–24 years were included in the study to account for a latency period of 10 years between exposure and onset of cancer.

NA = not available.
doi:10.1371/journal.pone.0170423.t002

The ALL cases were more likely than controls to be < 10 years of age, male, a non-white race,
to live at an elevation > 2743 meters, and in the highest zip code median income quintile
(Table 2). The NHL cases were more likely than controls to be 5–14 years of age, male, a non-
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Table 3. Study population characteristics for children residing in rural Colorado with a geocoded address and diagnosed with cancer between
2001 and 2013 by exposure group.
No Wells within 16.1Kilometers

Exposure Tertiles
a

Number of children (n)

199

Low

Mediuma

Higha

180

179

185

Race/Ethnicity (% of children)
White—Non-Hispanic

75

78

79

74

White–Hispanic

17

14

13

17

Non-white

8.0

6.7

7.8

8.6

0

1.1

<1

1.1

55

45

55

56

Missing
Gender (% of children)
Male
Elevation of residence (% of children)
< 1524 meters

10

35

37

45

1524–1828 meters

16

19

33

39

1829–2133 meters

11

31

26

11

2134–2437 meters

32

13

3.9

4.9

2438–2742 meters

18

2.2

0.56

0

2743meters or higher

15

0

0

0

Age range (% of children)
0–4 years

14

21

18

26

5–9 years

9.1

6.1

12

11

10–14 years

11

11

16

13

15–19 yearsb

26

24

21

19

20–24 yearsc

41

37

32

30

0–20

17

10

7.2

0

21–40

33

28

35

5.4

41–60

9.1

11

28

8.1

61–80

19

29

17

44

81–100

20

22

12

43

2001–2002

11

17

12

12

2003–2004

13

18

17

17

2005–2006

17

8.9

17

13

2007–2008

18

18

14

15

2009–2010

16

21

19

16

2011–2013

26

18

21

26

Zip code median income quintiles (% of children)

Year of Diagnosis (% of children)

a

Low = first tertile, < 4.96 wells per 1.6 kilometers, medium = second tertile, 4.96 to 33.6 wells per 1.6 kilometers high = third tertile, more than 33.6 wells per

1.6 kilometers.
b
c

Children from 15 to 19 years were included in the study to account for a latency period of 10 years between exposure and onset of cancer.
Children from 20 to 24 years were included in the study to account for a latency period of 10 years between exposure and onset of cancer.

doi:10.1371/journal.pone.0170423.t003

white race, and to live in the middle zip code median income quintiles (Table 2). In the final
study population of 743 children with cancer, 73% resided in a home within one of the IDW
well count tertiles ( 1 active oil and gas well in a 16.1-kilometer radius) (Table 3). The IDW
well counts were higher for children living at lower elevations (< 2134 meters), among children aged 0–4 years, and for children in the high zip code median income quintiles (Table 3).
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Table 4. Association between annual inverse distance weighted well count within 16.1-kilometer radius of residence at diagnosis averaged over
exposure period and acute lymphocytic leukemia (ALL).
Inverse Distance Weighted Well Counta

0 Wells within 16.1 Kilometers

Lowa

Mediuma

Higha
25 (16%)

P-value trend testsb

Total Study Population (0 to 24 years)
Cases (N)

15 (9.2%)

21 (14%)

26 (18%)

Controls (N)

147

132

119

130

Crude OR

1.0

1.6 (0.77, 3.1)

2.1 (1.1, 4.2)

1.9 (0.95, 3.7)

Model 1 Adjusted OR (95% CI)c

1.0

2.3 (0.94, 5.5)

2.6 (1.1, 6.3)

1.9 (0.78, 4.8)

0.22

Model 2 Adjusted OR (95% CI)d

1.0

2.5 (1.0, 6.1)

2.8 (1.2, 6.8)

2.0 (0.80, 5.0)

0.21

16 (14%)

5 to 24 Years
Cases (N)

8 (5.9%)

9 (7.7%)

15 (13%)

Controls (N)

128

108

99

96

Crude OR

1.0

1.3 (0.50, 3.6)

2.4 (0.99, 5.9)

2.7 (1.1, 6.5)

Model 1 Adjusted OR (95% CI)c

1.0

2.9 (0.80, 11)

3.4 (0.99, 12)

4.3 (1.1, 16)

0.035

Model 2 Adjusted OR (95% CI)d

1.0

3.2 (0.84, 13)

3.6 (1.0, 13)

4.6 (1.2, 18)

0.032

7 (26%)

12 (33%)

11 (35%)

9 (21%)

19

24

20

34

0 to 4 Years
Cases (N)
Controls (N)
Crude OR

1.0

1.4 (0.45, 4.1)

1.5 (0.48, 4.7)

0.72 (0.23, 2.2)

Model 1Adjusted OR (95% CI)e

1.0

1.7 (0.44, 6.5)

2.3 (0.57, 9.4)

0.73 (0.18, 3.0)

0.50

Model 2 Adjusted OR (95% CI)f

1.0

1.5 (0.38, 5.9)

2.3 (0.58, 9.4)

0.51(0.12, 2.2)

0.31

a

All age groups: low = first tertile, < 4.9 wells per 1.6 kilometers, medium = second tertile, 4.9 to 33.6 wells per 1.6 kilometers, high = third tertile, more than

33.6 wells per 1.6 kilometers.
b
c

Trend tests performed by treating categorical inverse-distance well count as an ordinal.
Adjusted for age, race, gender, socioeconomic status, and elevation.

d

Adjusted for age, race, gender, socioeconomic status, elevation, and year of diagnosis.

e
f

Adjusted for race, gender, socioeconomic status, and elevation.
Adjusted for race, gender, socioeconomic status, elevation, and year of diagnosis.

doi:10.1371/journal.pone.0170423.t004

Both crude and adjusted estimates indicate an increase in odds of living near oil and gas
development at the time of cancer diagnosis, as represented by IDW well counts, in children
diagnosed with ALL (Table 4; see S2 and S3 Tables for the full logistic models). Overall, children aged 0–24 years diagnosed with ALL were more than 2 times as likely as controls to live
in areas with active oil and gas wells within 16.1-kilometers of their residence during the
latency period (p for trend = 0.22) after adjusting for age, race, gender, income, and elevation
in model 1. Children aged 5–24 years diagnosed with ALL were 4.3 (95% CI: 1.1 to 16) times
as likely as controls to live in the highest IDW well count tertile, and a monotonic increase
across the IDW well count tertiles was observed (p for trend = 0.035) (Table 4). Further adjustment for year of diagnosis in model 2 resulted in slightly larger associations. We observed no
statistically significant association between ALL and proximity to oil and gas development in
our analysis of ALL for children ages 0–4 years in either model.
In secondary analyses using an 8-kilometer radius, results for cases of ALL ages 5–24 years
and ages 0–4 years were similar to the primary analysis (S4 Table). In secondary analyses on
the subset of children for whom information on maternal smoking was available, we observed
similar associations to our primary analysis, with little evidence for confounding by maternal
smoking history (S5 Table).
We observed no statistically significant associations between density of oil and gas development and NHL in either model, based on trend analysis across categorical IDW well counts
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Table 5. Association between annual inverse distance weighted well count within 16.1 kilometer radius of residence at diagnosis averaged over
the exposure period and non-Hodgkins lymphoma (NHL).
Inverse Distance Weighted Well Count
Cases (N)

0 Wells within 16.1 Kilometers

Lowa

Mediuma

Higha
13 (9.0%)

P-value for trend testsb

13 (8.1%)

13 (9.0%)

11 (8.5%)

Controls (N)

147

132

119

130

Crude OR

1.0

1.1 (0.50, 2.5)

1.0 (0.45, 2.4)

1.1 (0.51, 2.5)

Model 1Adjusted OR (95% CI)c

1.0

1.2 (0.51, 2.9) 0.71 (0.28, 1.8)

1.0 (0.41, 2.6)

0.89

Model 2 Adjusted OR (95% CI)d

1.0

1.2 (0.49, 2.8) 0.63 (0.25, 1.6) 0.99 (0.39, 2.5)

0.61

a

low = first tertile, < 4.9 wells per 1.6 kilometers, medium = second tertile, 4.9 to 33.6 wells per 1.6 kilometers, high = third tertile, more than 33.6 wells per

1.6 kilometers.
b
Trend testsperformed by treating categorical inverse-distance well count as an ordinal.
c

Adjusted for age, race, gender, socioeconomic status and elevation.

d

Adjusted for age, race, gender, socioeconomic status, elevation, and year of diagnosis.

doi:10.1371/journal.pone.0170423.t005

(Table 5) (see S6 and S7 Tables for the full logistic models). The observed outcomes for NHL
from the analyses using an 8-kilometer radius or in the subsets of subjects with information on
maternal smoking did not change the inferences drawn from the primary analysis (see S8 and
S9 Tables).

Discussion
In this registry-based case-control study, we found that children aged 5–24 years diagnosed
with ALL were 3–4 times as likely to live in areas with active oil and gas wells as were children
diagnosed with non-hematologic cancers, and the association between ALL and residential
density of oil and gas wells increased monotonically from the lowest to highest IDW well
count categories after adjusting for age, race, gender, socioeconomic status, and elevation. Further adjustment for year of cancer diagnosis resulted in a slightly larger association in children
aged 5–24 years. We did not observe an association between ALL and density of active oil and
gas wells in children aged 0–4 years. We found no indication of an association between NHL
and density of active oil and gas wells.
In model 2, we categorized year of cancer diagnosis into six categories each containing two
to three diagnosis years (Table 2). We note that if diagnosis year is not aggregated into six categories, the association in children aged 5–24 years attenuates to 3.6 (CI: 0.93, 14) and the pvalue for the trend is 0.056 (S10 Table). Aggregating diagnosis year results in 13 categories, several of which have <5 observations. In a small data set such as the data set for the 5–24 year
age group, minor changes to subsets of the data with < 5 observations can easily lead to p-values switching from 0.03 to 0.06 or vice-versa. We selected the model with diagnosis year categorized into six categories because it is the more robust model.
Our analysis addressed the limitations of previous studies. The case-control design allowed
us to evaluate individual outcomes and IDW well counts; and we considered a 1–10 year
latency period and one specific type of childhood leukemia, rather that grouping all leukemias,
in our analysis. An ecological study on childhood cancer incidence associated with hydraulic
fracturing sites in Pennsylvania found no differences between childhood leukemia incidence
before and after hydraulic fracturing began in several Pennylvania counties [21]. That study
aggregated all leukemia cases at the county level, and did not fully consider a latency period
[41]. An ecological study in Texas aggregated cases at the zip-code level, finding higher childhood ALL incidence rates than expected in two zip codes with oil and gas development, but
that difference was not statistically significant with only 11 cases [22].
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It is thought that less than 5% of leukemia is attributed to only inherited genetic predisposition [4]; that genetic suscectibility and environmental factors combine in the development of
ALL [4]; and that the etiology of infant ALL (<1 year) may differ from that of childhood ALL
[42, 43]. Most infant ALL may develop through a one step process, the intiation of preleukemic
clone involving MLL gene rearrangement at 11q23 in utero [4, 42–44]. Childhood ALL is
thought to develop through a two step process [4, 43, 44], in which the first step also occurs in
utero, with initiation of a preleukemic clone most often involving other gene rearrangments
(e.g., TEL_AML rearrangements) [4, 42, 45]. The role played by chance versus other factors in
the generation of in-utero preleukmeic clones in both infant and childhood ALL is unclear [4].
The second step for childhood ALL, which possibly involves an interaction between genetic
suscectibiltiy and environmental factors post-utero, converts the preleukemic clone to leukemia [4,42, 46]. This two step process may partially explain why we observed stronger associations between ALL and density of oil and gas development when we evaluated children ages 5
to 24 years than among those ages 0–4 years, which includes infant ALL.
One possible environmental risk factor for childhood ALL that is associated with oil and
gas development is exposure to benzene and other petroleum hydrocarbons. Ambient air benzene levels in Colorado areas with active oil and gas development ranged from 0.03–22 parts
per billion by volume (ppbv). Median benzene concentrations ranged from 0.212–0.757 ppbv
which are greater than the Environmental Protection Agency’s (EPA) risk based screening
level (RBSL) of 0.102 ppbv for benzene in residential air [18, 20, 47–50]. Benzene concentrations in groundwater samples collected at oil and gas development sites in northeastern Colorado associated with surface spills range from less than 1–12,000 parts per billion (ppb), with a
median of 1.5 ppb [16], which is greater than EPA’s RBSL of 0.45 ppb for benzene in tap water
[50]. It is important to note that EPA’s RBSLs for benzene are based on cancer concerns.
Benzene is a well established cause of acute myeloid leukemia in adults [51]. Studies of benzene exposures and acute leukemias in children are limited and less conclusive. An ecological
study in Texas reported that census tracts with the highest benzene levels (1.6 ppbv) had elevated rates of childhood ALL [11]. A case-control study in France reported that children aged
0–14 years living in a home adjoining to a gas station or repair garage were at increased odds
of ALL [10]. Another case-control study in California reported elevated odds of ALL in children aged 0–5 years exposed to ambient levels of benzene and xylenes in the their third trimester of pregnancy [8]. However, a recent study in France found no assocation between benzene
emissions from heavy traffic and ALL [52].
Our study benefited from the ability to select cases and controls from the same population.
Because all our data were obtained from the CCCR, neither recall bias nor measurement bias
affected our results. The possibility of random errors does exist in the CCCR, but in our judgment these are unlikely to affect our findings.
Geocoded addresses were missing for 27% of our study population, with a higher proportion of missing addresses for white Hispanics and young adults aged 19–24 years, as well as
controls. These groups are more likely to include migrant workers, college students, and
undocumented residents, so our results may not be representative of these groups.
Because ALL and NHL are rare diseases, there were only a small number of ALL and NHL
cases in rural Colorado between 2001 and 2013. This limited number of cases affected the stability of our associations, as evidenced by wide confidence intervals, particularly for ALL in the
5–24 year and 0–4 year subsets and in the NHL analyses. Our controls were children diagnosed
with a non-hematologic cancer, which may share some risk factors with NHL and ALL,
including exposure to hazardous air pollutants associated with oil and gas development. This
may have biased our associations toward the null [29, 53]. We note that between 2000 and
2013: (1) in rural Colorado counties, the mean annual incidence of ALL increased more
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rapidly than the total cancer incidence with an annual mean increase of 2.9% per year compared to 0.51% per year; and (2) in urban Colorado counties, the mean annual incidence of
ALL decreased by 0.5% [23]. In addition, our observed 5.9% proportion of ALL to other cancers in the unexposed group (no wells within 16.1 km) is similar to rural population proportions populations in the neighboring states of Nebraska (6.1% and Utah (4.6%) [54]. Finally,
82% of the children in the 0–4 year age group resided in a home within one of the IDW well
count tertiles (one or more active oil and gas wells in a 16.1-kilometer radius) compared to
71% of children in the 5–24 year age groups.
Data on covariates obtained from the CCCR were limited to basic demographic information and median incomes at the zip code level. Our inability to adjust for early common infections, nutrition, family history of neoplasms, water source, proximity to other pollutants, and
daycare attendance, as well as individual income, may have resulted in residual confounding.
Meta analyses indicate that children with ALL and NHL are 10% and 22%, respectively, more
likely than controls to have a mother who smoked during pregnancy [55, 56]. We also performed secondary analyses on the small subset of children with data on maternal smoking during pregnancy. It did not indicate substantial confounding in our ALL results, though we had
limited power. Our inability to adjust for maternal smoking during pregnancy also may have
resulted in residual confounding.
Because we did not have complete residential histories, we assumed that address at time of diagnosis represented a child’s residence over the entire exposure period, so residential mobility during
the exposure period may have obscured our results. A California study on residential mobility in
children with leukemia found that 66% of children moved between birth and diagnosis, urban/
rural status changed for 20%, and neighborhood SES changed for 35% [57]. The lack of information on residence across the entire exposure period prior to diagnosis likely introduced exposure
misclassification for both controls and cases, most likely biasing our estimates toward the null.
Using IDW well counts in absence of information on O&G well activities, meteorology,
and topography likely reduced temporal and spatial specificity in IDW well counts [36]. The
overall effect of the resulting exposure misclassification is unknown, but it would most likely
have biased our associations toward the null [58, 59]. The subset of oil and gas wells for which
a spud-in date was not available, and for which we instead used the earliest available date of
activity, may have resulted in an underestimate of IDW well counts for both cases and controls, and thus may have biased our results towards the null [60]. However, this bias is likely
minimal: in the 72% of wells with spud dates, the median number of days between spud date
and the next well activity is 13 days.

Conclusion
In this exploratory study, children aged 5–24 years diagnosed with ALL were more likely than
children diagnosed with a non-hematologic cancer to live within 16.1-kilometers of an active
oil and gas well, while children aged 0–4 years diagnosed with ALL were not more likely than
children diagnosed with a non-hematologic cancer to live with within 16.1-kilometers of an
active oil and gas well. Children aged 0–24 years diagnosed with NHL were no more likely to
live in areas with active oil and gas development than children diagnosed with a non-hematologic cancer. Because oil and gas development has potential to expose a large population to
known hematologic carcinogens, such as benzene, further study is clearly needed to substantiate both our positive and negative findings. Future studies should incorporate information on
oil and gas development activities and production levels near homes, schools, and day care
centers; provide age-specific residential histories; compare cases to controls without cancer;
and address other potential confounders, and environmental stressors.
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Increasing evidence demonstrates an association between health symptoms and exposure to unconventional
natural gas development (UNGD). The purpose of this study is to describe the health of adults in communities
with intense UNGD who presented for evaluation of symptoms. Records of 135 structured health assessments
conducted between February 2012 and October 2015 were reviewed retrospectively. Publicly available data
were used to determine proximity to gas wells. Analysis was restricted to records of adults who lived within 1 km
of a well in Pennsylvania and denied employment in the gas industry (n = 51). Symptoms in each record were
reviewed by a physician. Symptoms that could be explained by pre-existing or concurrent conditions or social
history and those that began or worsened prior to exposure were excluded. Exposure was calculated using date of
well drilling within 1 km. The number of symptoms/participant ranged from 0 to 19 (mean = 6.2; SD = 5.1).
Symptoms most commonly reported were: sleep disruption, headache, throat irritation, stress or anxiety, cough,
shortness of breath, sinus problems, fatigue, nausea, and wheezing. These results are consistent with ﬁndings of
prior studies using self-report without physician review. In comparison, our results are strengthened by the
collection of health data by a health care provider, critical review of symptoms for possible alternative causes,
and conﬁrmation of timing of exposure to unconventional natural gas well relative to symptom onset or exacerbation. Our ﬁndings conﬁrm earlier studies and add to the growing body of evidence of the association
between symptoms and exposure to UNGD.

1. Background

Hydraulic fracturing is part of a larger process of extracting, processing and transporting natural gas. Taken together, it is referred to as
unconventional natural gas development (UNGD). UNGD sites include
well pads, where the hydraulic fracturing occurs, compressor stations,
metering stations, and processing plants, all of which release emissions.
Air and water monitoring near well pads have documented the
presence of multiple compounds with known human health eﬀects,
both short- and long-term. Compounds of concern are volatile organic
compounds including benzene, associated with short-term eﬀects of
headache and dizziness and long-term eﬀects of aplastic anemia and
leukemia (ATSDR, 2015); toluene, associated with headaches, sleepiness, confusion, and possible permanent neurological damage (ATSDR,
2011a) ethylbenzene, associated with symptoms of eye and throat irritation and a possible carcinogen (ATSDR, 2011b) and xylene, associated with eye, nose, throat, and skin irritation and possible long-term
neurologic eﬀects (CCOHS, 2017).
Other compounds with documented adverse health outcomes

The public's health should be a consideration when there is widespread adoption of new industrial activity such as extraction of natural
gas through hydraulic fracturing, commonly referred to as “fracking”.
Hydraulic fracturing, the injection of pressurized water, chemicals and
sand into a well bore to increase production of oil or gas, was ﬁrst used
in conventional vertical wells drilled into discrete oil or gas reservoirs.
In recent years, the development of high volume, high pressure hydraulic fracturing, combined with directional drilling, has facilitated
the extraction of oil and gas from unconventional reservoirs, such as
shale and other “tight” geologic formations, where the oil and gas is
distributed throughout the formation rather than in deﬁned reservoirs.
Proponents of hydraulic fracturing cite beneﬁts such as reduced dependence on foreign oil and job creation in local communities. Public
health professionals and others have raised concerns about short- and
long-term health and environmental impacts.
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sites since 2012. This service was developed to meet the needs of residents who were concerned about health impacts and who sought
evaluation by a health care professional. Services are advertised on the
EHP website, local media, community meetings, and word-of-mouth
and are oﬀered at no charge. The health records of these clients provide
a dataset of health symptoms reported by those living in proximity to
UNGD sites.
Between February 1, 2012 and October 31, 2015, 135 children and
adults completed the standardized health assessment, typically conducted face-to-face by a family nurse practitioner. The health assessments were conducted according to standard clinical practice for collecting a medical history and included current problems, review of
systems, past medical history, family history, and social history. When
indicated by the interview, a targeted physical examination was conducted. Individuals who completed this health assessment did so for
their own personal health information.
All 135 records were reviewed by a team of health care providers
that included a physician who is board certiﬁed occupational medicine
(LW) and at least one nurse practitioner. Records were excluded if they
were incomplete at the time of the review (n = 2); the client was <
18 years of age (n = 21); the client reported employment in the gas
industry (n = 7); client resided in a state other than Pennsylvania
(n = 28); client did not report any symptoms at the time of the health
assessment (n = 3). After these exclusion criteria were applied, 74 records remained.

include particulate matter, associated with asthma attacks, acute
bronchitis, and reduced lung function (OSHA, 2013), methylene
chloride, associated with cancer (ATSDR, 2011c), and hydrogen sulﬁde,
associated with eye, nose, and throat irritation and asthma (ATSDR,
2011d). Our understanding of the human health impacts of exposure,
however, is hampered by the absence of human toxicity information on
75–80% of the chemicals used in this process (Elliott et al., 2016). In
addition to chemical emissions, UNGD produces noise and light exposures at levels that may increase the risk of adverse health outcomes,
including annoyance, sleep disturbance, and cardiovascular symptoms
(Hays et al., 2017).
Self-report studies have consistently documented skin irritation and
rash; respiratory symptoms including diﬃculty breathing; nose, throat,
and sinus problems; gastrointestinal disturbances; headache; sleep disruption; and psychological symptoms including stress (Saberi, 2013;
Ferrar et al., 2013; Rabinowitz et al., 2015; Steinzor et al., 2013). These
studies relied on self-report of symptoms, obtained either through a
survey “check-list” that was self-administered (Saberi, 2013; Steinzor
et al., 2013) or administered by a research assistant (Rabinowitz et al.,
2015). In one study a semi-structured interview was used (Ferrar et al.,
2013). With the exception of the study conducted by Rabinowitz and
colleagues (Rabinowitz et al., 2015), these studies used convenience
samples that ranged in size from 33 to 108. Rabinowitz et al. used
randomized subject selection and did not refer explicitly to UNGD in
the survey process. Two studies included an estimate of exposure.
Steinzor et al. demonstrated compounds with known human health
eﬀects in air and water samples; symptoms reported by participants
were consistent with these eﬀects. Rabinowitz et al. found increased
prevalence of skin and respiratory symptoms was associated with increased proximity to natural gas wells.
Limitations of the self-report studies include the use of convenience
samples and possible recall bias on the part of the participant. Onset
and/or exacerbation of self-reported symptoms may be subject to recall
bias on the part of the participant, particularly if the participants have a
high level of awareness of the risks associated with exposure and/or
understand the purpose of the study. None of the self-report studies
incorporated review of data by a health care provider.
More recently, several population-based studies using publicly
available or health system data have documented an association with
poor birth outcomes (Casey et al., 2015; McKenzie et al., 2014; Stacy
et al., 2015) asthma exacerbation (Rasmussen et al., 2016), infant
mortality (Busby and Mangano, 2017), and childhood acute lymphocytic leukemia.(McKenzie et al., 2017) One other study demonstrated
an association with migraine, chronic rhinosinusitis, and fatigue,
symptoms previously documented in the other self-report studies.
(Tustin et al., 2016)
The purpose of the present study is to describe the symptoms reported in a sample of Pennsylvania residents who lived in close proximity to unconventional gas wells. We conducted a retrospective review
of 135 health assessment records of individuals who live in the
Marcellus Shale region of the United States. The health assessments had
been conducted by family nurse practitioners in collaboration with an
occupational medicine physician. Because available evidence suggests
that health impacts are related to proximity to wells, with symptoms
more likely in individuals who live in closer proximity to gas wells
(Rabinowitz et al., 2015; Casey et al., 2015; McKenzie et al., 2014;
Stacy et al., 2015; Rasmussen et al., 2016; McKenzie et al., 2017; Tustin
et al., 2016), this review was restricted to the records of individuals
who lived within 1 km of at least one gas well. The study was reviewed
and approved by the Duquesne University Institutional Review Board.

2.1. Proximity to unconventional natural gas wells
One author (BW) used publicly available data to determine the
number of unconventional natural gas wells located within 1 km of
each residence for the 74 records. Publicly available data includes location and “SPUD” date, or date drilling began. Using ArcGIS, the home
address was used to calculate the distance from the home to the nearest
well(s). Records were excluded if it was not possible to verify at least
one gas well within 1 km of the residence (n = 23). After this criterion
was applied, 51 records remained.

2.2. Symptom inclusion criteria
Prior to review of the records, the physician (LW) and nurse practitioner developed and implemented the symptom inclusion criteria.
Each symptom recorded in the health assessment was reviewed in the
context of past medical and surgical history, concurrent medical conditions, family and social history, and environmental exposures unrelated to UNGD. If a plausible cause for the symptom was identiﬁed,
the symptom was not included in the analysis. For example, if the social
history indicated a ½ pack/day smoking history, the symptom of “difﬁculty breathing” was not included. Symptoms were included only
when there was no possible cause evident in the health assessment
record. The records were not reviewed with the intent of establishing or
conﬁrming a diagnosis, but to determine if a plausible explanation for
the symptom could be identiﬁed.
Independently, BW determined timing of the exposure for each
symptom that met the inclusion criteria, using the SPUD date for each
unconventional natural gas well within 1 km. The earliest SPUD date
for wells within 1 km of the residence was considered the beginning of
exposure to UNGD. The date of onset/exacerbation of each symptom
was available in the health assessment record. If the date of onset/exacerbation of a symptom occurred prior to the earliest SPUD date for
wells within 1 km, that symptom was not included in the analysis.
Symptoms were included only if the onset/exacerbation occurred after
the date of ﬁrst exposure, estimated by the earliest SPUD date.
Descriptive statistics were used to determine frequency, distribution, and variance.

2. Method
Family nurse practitioners at the Southwest Pennsylvania
Environmental Health Project (EHP) have been systematically collecting health data from residents of communities located near UNGD
113
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4. Discussion

Table 1
Symptoms meeting inclusion criteria that were reported between February 2012 and
October 2015 by 51 adults who lived within 1 km of an unconventional natural gas well
in Pennsylvania.
Symptoms

# Reporting

% Reporting

Sleep disruption
Headache
Throat irritation
Stress/anxiety
Cough
Shortness of breath
Sinus problems
Fatigue
Nausea
Wheezing
Itchy eyes
Weak/drowsy
Abdominal pain
Irritable moody
Painful/dry eyes
Painful joints
Rash
Dizziness
Nose bleeds
Tinnitus
Aches
Memory - short term
Numbness
Chest pain
Hair loss
Itchy skin
Worry
Palpitation
Skin lesions/blisters

22
21
20
19
17
15
15
12
12
11
11
9
9
9
8
8
8
8
7
7
7
7
7
6
6
6
6
5
5

43.1%
41.2%
39.2%
37.3%
33.3%
29.4%
29.4%
23.5%
23.5%
21.6%
21.6%
17.6%
17.6%
17.6%
15.7%
15.7%
15.7%
15.7%
13.7%
13.7%
13.7%
13.7%
13.7%
11.8%
11.8%
11.8%
11.8%
9.8%
9.8%

The symptoms reported by residents of southwestern Pennsylvania
who live within 1 km of an unconventional natural gas well are consistent with those reported in other self-report studies. The most commonly reported symptoms in this sample of adults were sleep disruption, headache, throat irritation, stress/anxiety, cough, shortness of
breath, sinus problems, fatigue, nausea, and wheezing.
Limitations of this study include use of self-report data and a convenience sample. However, our methodology mitigates some of the
limitations typically associated with this type of data and strengthens
our results. Reported symptoms were abstracted from health records
obtained by a nurse practitioner in consultation with a physician. Each
symptom was evaluated using criteria to establish onset or exacerbation
of the symptom relative to exposure to UNGD and to rule out other
plausible explanations for the symptom. Only those symptoms that
could not be explained by evidence in the health record (i.e., medical,
surgical, or social history) and had a date of onset or exacerbation after
exposure to UNGD began were included in the analysis.
Both the collection of symptom data, and the inclusion criteria used,
distinguish this study from others that rely only on self-report. In
comparison to such studies, our results are strengthened by the collection of health assessment data by a health care provider, critical
review of symptoms for possible alternative causes, and conﬁrmation of
timing of exposure relative to symptom onset or exacerbation.
Health care providers whose clients live or work in communities
where unconventional techniques are used to extract natural gas and/or
oil should be alert to the possibility of environmental exposures.
Symptoms, particularly those that are unexplained by concurrent
medical conditions, may be related to environmental exposures.

3. Results

Funding

The 51 adults included in this record review had reported at least
one symptom on their health assessment, denied occupation exposure
related to natural gas extraction and lived in Pennsylvania within 1 km
of an unconventional natural gas well. The average age of this sample
was 57 (SD = 12.3), with a range of 24–85. More than half (56.8%)
were female and the majority (83%) were married. Each individual
lived within 1 km of a gas well; the number of wells ranged from 1 to
16, (mean 5.7, SD 3.6). A total of three counties in Pennsylvania are
represented in this sample: Washington (n = 47), Butler (n = 3), and
Bedford (n = 1) counties.
In this sample, all individuals reported at least one symptom at the
time of the health assessment. The number of symptoms reported
ranged from 1 to 19, with an average of 7.2 (SD = 4.9). Not all of the
symptoms reported met the inclusion criteria (i.e., symptoms began or
worsened after exposure to UNGD and could not be explained by a preexisting or concurrent health condition). Some symptoms reported by
19 individuals (37%) did not meet inclusion criteria and were excluded,
although the individuals remained in the analysis. The number of
symptoms excluded/individual ranged from 1 to 7, with an average of
2.4 symptoms. For ﬁve of the 19 individuals, all reported symptoms
were excluded.
The number of symptoms meeting inclusion criteria ranged from 0
to 19 with a mean of 6.2 (SD = 5.1) symptoms/individual. The most
frequently reported symptoms that met inclusion criteria were sleep
disturbance, headache, throat irritation, stress/anxiety, cough, shortness of breath, sinus, fatigue, wheezing, nausea (> 20% of sample).
Symptoms shown in Table 1 were reported by at least 10% of the
sample. Symptoms not shown on Table 1, reported by < 10% of the
sample were: weight change, hearing loss, vomiting, burning skin, and
depression.
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Associations between Unconventional Natural Gas Development and Nasal
and Sinus, Migraine Headache, and Fatigue Symptoms in Pennsylvania
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B ackground : Unconventional natural gas development (UNGD) produces environmental
contaminants and psychosocial stressors. Despite these concerns, few studies have evaluated the
health effects of UNGD.
Objectives: We investigated associations between UNGD activity and symptoms in a crosssectional study in Pennsylvania.
Methods: We mailed a self-administered questionnaire to 23,700 adult patients of the Geisinger
Clinic. Using standardized and validated questionnaire items, we identified respondents with
chronic rhinosinusitis (CRS), migraine headache, and fatigue symptoms. We created a summary
UNGD activity metric that incorporated well phase, location, total depth, daily gas production and
inverse distance–squared to patient residences. We used logistic regression, weighted for sampling
and response rates, to assess associations between quartiles of UNGD activity and outcomes, both
alone and in combination.
Results: The response rate was 33%. Of 7,785 study participants, 1,850 (24%) had current CRS
symptoms, 1,765 (23%) had migraine headache, and 1,930 (25%) had higher levels of fatigue.
Among individuals who met criteria for two or more outcomes, adjusted odds ratios for the highest
quartile of UNGD activity compared with the lowest were [OR (95% CI)] 1.49 (0.78, 2.85) for
CRS plus migraine, 1.88 (1.08, 3.25) for CRS plus fatigue, 1.95 (1.18, 3.21) for migraine plus
fatigue, and 1.84 (1.08, 3.14) for all three outcomes together. Significant associations were also
present in some models of single outcomes.
Conclusions: This study provides evidence that UNGD is associated with nasal and sinus,
migraine headache, and fatigue symptoms in a general population representative sample.
Citation: Tustin AW, Hirsch AG, Rasmussen SG, Casey JA, Bandeen-Roche K, Schwartz BS.
2017. Associations between unconventional natural gas development and nasal and sinus, migraine
headache, and fatigue symptoms in Pennsylvania. Environ Health Perspect 125:189–197;
http://dx.doi.org/10.1289/EHP281

Introduction
Unconventional natural gas development
(UNGD), which includes the process of
hydraulic fracturing, represents an expanding
share of energy production worldwide. Shale
gas extraction now comprises 40% of U.S.
domestic natural gas production [Energy
Information Administration (EIA 2015)]. In
the past decade, particularly rapid increases in
UNGD have occurred in Pennsylvania, where
> 8,800 unconventional wells have been drilled.
There are concerns that UNGD could
affect the environment via chemical pollutants such as diesel exhaust, volatile organic
compounds, combustion products, fugitive
emissions, and fracking chemicals (Werner
et al. 2015). UNGD has been linked to
contamination of air (Macey et al. 2014;
Paulik et al. 2015), soil (Maloney and
Yoxtheimer 2012), ground water (Jackson
et al. 2013; Drollette et al. 2015), and surface
water (Kassotis et al. 2014). UNGD also
creates contextual and psychosocial stressors
including noise, truck traffic, influxes of
nonlocal workers, and perceived negative
impacts on quality of life and on the built and
Environmental Health Perspectives •

volume

social environments (Saberi et al. 2014; Powers
et al. 2015; Adgate et al. 2014).
There have been few studies of the health
effects of UNGD, despite increasing concerns
(Mitka 2012; Kovats et al. 2014). Previous
studies have been limited by factors including
small sample size and imprecise exposure
assessment (Adgate et al. 2014). Because the
expansion of UNGD has outpaced scientific
understanding of its potential health impacts,
studies of self-reported outcomes have been
advocated as a rapid means of generating
hypotheses that could influence public policy.
Furthermore, some illnesses with plausible
links to UNGD, such as pain syndromes
and fatigue, are defined solely by symptoms.
Yet, to date there have been only two epidemiologic studies of symptoms in relation
to UNGD, each with < 500 participants
(Steinzor et al. 2013; Rabinowitz et al. 2015).
We used data from a large populationbased cross-sectional survey of Pennsylvania
adults to identify patients with nasal and
sinus symptoms, migraine headache, and
higher levels of fatigue. We selected these
outcomes because of their high prevalence,
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large economic costs, and possible links to
environmental risk factors through chemical
toxicity, irritation, odors, or stress (Hastan
et al. 2011; Bhattacharyya 2009; Shashy et al.
2004; Tan et al. 2013; Friedman and De ver
Dye 2009; Sjöstrand et al. 2010; Bell et al.
1998; Griffith and Zarrouf 2008; Ranjith
2005; Ricci et al. 2007). The purpose of this
study was to test the null hypothesis that
UNGD is not associated with these three
outcomes. To do so, we performed a case–
control analysis in which we compared individuals having one or more of these health
outcomes with selected participants having
no or minimal evidence of these diseases.

Methods
Study Overview
In early 2014, we performed a crosssectional survey of primary care patients
of the Geisinger Clinic. Information was
gathered via a questionnaire designed to
study general chronic rhinosinusitis (CRS)
Address correspondence to B.S. Schwartz, Johns
Hopkins Bloomberg School of Public Health,
615 N. Wolfe St., Room W7041, Baltimore, MD
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epidemiology (for the questionnaire, see
Supplemental Material, “Population Study
of Nasal and Sinus Symptoms”). The questionnaire did not mention UNGD because
that was not its primary purpose. We used
residential addresses and information about
Pennsylvania unconventional gas wells to
create UNGD activity metrics for four
time-varying well development phases. We
evaluated the associations between UNGD
activity and CRS, migraine headache, and
fatigue symptoms. The study protocol was
approved by the Institutional Review Board
(IRB) of the Geisinger Health System with an
IRB Authorization Agreement with the Johns
Hopkins Bloomberg School of Public Health.
Waivers of Health Insurance Portability
and Accountability Act of 1996 (HIPAA)
authorization and written informed consent
were approved by the IRB; implied consent
was considered to have been provided if the
patient returned the mailed questionnaire.

codes from the medical record. Patients with
a “higher” likelihood of CRS (n = 13,494)
had at least two ICD-9 codes for CRS (ICD-9
codes 473.x or 471.x) associated with an
outpatient, inpatient, or emergency department encounter, or they had at least one CPT
code for sinus computerized tomography,
sinus endoscopy, or sinus surgery. Patients
with “intermediate” likelihood of CRS
(n = 49,918) had at least one ICD-9 code for
asthma (493.x) or allergic rhinitis (477.x) or
a single ICD-9 code for CRS associated with
an outpatient, inpatient, or emergency department encounter. The 137,357 patients who
did not meet criteria for the higher and intermediate likelihood groups were designated as
having a “lower” likelihood of CRS.
We divided our source population into six
strata based on race/ethnicity and likelihood
of CRS. We mailed the baseline CRS survey
to a larger percentage of individuals in the
strata of interest (see Table S1).

Study Population

Covariates

The Geisinger Clinic provides primary care
services to > 400,000 patients, predominantly
in central and northeastern Pennsylvania.
Our source population consisted of 200,769
adult (age ≥ 18 years) Geisinger primary care
patients for whom we had electronic health
record (EHR) data and information on race/
ethnicity. From this source population, we
selected 23,700 survey recipients using a
stratified sampling design that is described in
“Rationale and Description of the Stratified
Sampling Method.” We mailed the baseline
questionnaire in April 2014. A total of 7,847
(33.1%) individuals returned the questionnaire after three mailings. Questionnaires were
returned between 13 April and 13 October
2014. After excluding respondents who lived
outside Pennsylvania (n = 62), the study
sample consisted of 7,785 participants.

We obtained the following covariates from
the EHR: sex, current age (years), race/
ethnicity (white non-Hispanic, other),
smoking status (never, current, former),
body mass index (BMI; kg/m2), residential
address, and history of receiving Medical
Assistance, a means-tested health insurance
program that we used as a surrogate for family
socioeconomic status (Casey et al. 2013). We
used information in the EHR to derive each
individual’s residential place type (township,
borough, or census tract in cities) and
Charlson comorbidity index. We computed
the Charlson index, which incorporates the
number and severity of comorbid illnesses,
in a manner consistent with previously
published criteria (Charlson et al. 1987). We
dichotomized race/ethnicity because only
10% of participants were nonwhite, which is
reflective of the general population in these
communities (Casey et al. 2016). Our questionnaire ascertained additional information
on educational status, marital status, household income, hay fever, nasal polyps, age at
onset of nasal/sinus symptoms (in 5-year categories), history of sinus surgery, and current
use of sinusitis medications (antibiotics and
oral, inhaled, and nasal corticosteroids). We
used U.S. Census data (Liu et al. 2012) to
derive community socioeconomic deprivation
(CSD) in townships, boroughs, and cities
using a modified version of the Townsend
index (Townsend 1987) as p reviously
reported (Liu et al. 2012).

Rationale and Description of the
Stratified Sampling Method
We oversampled racial/ethnic minorities
because a primary interest of the parent grant
was to understand racial/ethnic differences
in CRS epidemiology. Geisinger’s catchment
area only has ~8% racial/ethnic minorities.
Oversampling was necessary to ensure a sufficient number of racial/ethnic minorities in the
parent study.
Similarly, to ensure an adequate number
of CRS patients in the parent CRS study, we
oversampled individuals with higher likelihood of having CRS. To do so, we used
EHR data to identify Geisinger primary
care patients with higher, intermediate, and
lower likelihood of CRS. These assessments
were based on International Classification of
Diseases, Ninth Revision (ICD-9) codes and
Current Procedural Terminology (CPT)
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Outcome Ascertainment
The cardinal symptoms of CRS are nasal
congestion/obstruction, nasal discharge
(anterior or posterior nasal drip), smell loss,
and facial pain or pressure. Our questionnaire
volume

ascertained the frequency (“never,” “once
in a while,” “some of the time,” “most
of the time,” or “all the time”), in the past
3 months, of the aforementioned symptoms
(questions 10–15 of the questionnaire,
which is included in the Supplemental
Material, “Population Study of Nasal and
Sinus Symptoms”). Following European
Position Paper on Rhinosinusitis and Nasal
Polyps (EPOS) diagnostic criteria for CRS
in epidemiologic studies (Fokkens et al.
2012), we determined participants to have
current CRS if they experienced two or more
cardinal symptoms [one of which must be
nasal congestion/obstruction (question 10)
or discharge (question 11 and/or 12)] at least
“most of the time” in the past 3 months.
We ascertained migraine headache via
questions from the ID Migraine™ questionnaire (Lipton et al. 2003) covering the past
12 months. Those with headaches at least
“some of the time” (question 80) were asked
the frequency (“never,” “rarely,” “less than
half the time,” “half the time or more”) of
headache-associated disability, nausea, and
photophobia (questions 81–83). Using a validated scoring method (Lipton et al. 2003), we
dichotomized the three responses. Responses
of “never” or “rarely” were scored as no and
responses of “less than half the time” or
“half the time or more” were scored as yes.
Participants who answered yes to at least
two of three questions were considered to
have migraines.
We ascertained fatigue with eight questions from the Patient-Reported Outcomes
Measurement Information System
(PROMIS®) fatigue short form 8a (http://
www.assessmentcenter.net). These items
assessed the frequency (“not at all,” “a little
bit,” “somewhat,” “quite a bit,” “very much”)
of fatigue and fatigue-related disability in the
past week (questions 84–91). We used the
instrument’s standardized scoring instructions to code responses from 1 (“not at all”)
to 5 (“very much”) and summed the eight
values to produce a score ranging from 8 to
40. We excluded individuals who answered
fewer than four questions (n = 76). Individuals
who answered between 4 and 7 questions
were assigned a prorated score using the
following formula: score = (raw sum × 8)/
(number of items answered). Fractional scores
were rounded up to the nearest integer. Our
“higher levels of fatigue” outcome consisted of
individuals in the highest quartile (score ≥ 28).
Some respondents met criteria for more
than one outcome. In the analysis, we
evaluated associations of UNGD with single
outcomes (i.e., CRS only, migraine only, or
fatigue only) and with multiple outcomes
(i.e., participants with CRS and migraine,
CRS and fatigue, migraine and fatigue, or all
three outcomes).
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Reference Group
We performed an unmatched case–control
analysis in which we compared individuals
having one or more of the three primary
outcomes (“cases”) with a subset of participants having no or minimal evidence of these
outcomes (hereafter referred to as “controls”
or the “reference group”). The reference group
comprised study participants who a) did not
meet diagnostic criteria for past or current
CRS, b) reported no migraine headache
symptoms, and c) reported lower levels of
fatigue (i.e., first quartile of fatigue score).
Individuals with past CRS, intermediate likelihood of migraine, and/or moderate levels
of fatigue were excluded from the reference
group. These exclusion criteria were intended
to produce a reference group free of individuals with a moderate likelihood of having
the outcome (in the case of migraine and
fatigue) or whose disease had been aggressively
managed and treated (in the case of past CRS).
We created the reference group as follows.
First, we excluded all study participants with
one or more of the outcomes of interest.
Next, individuals who met criteria for lifetime
CRS [i.e., responses of “yes” to at least two
cardinal symptoms on questions 1–6, one of
which had to be nasal blockage (question 1)
or discharge (question 2 and/or 3)] but not
current CRS were deemed to have “past
CRS” and were excluded from the reference
group. We then excluded participants from
the reference group if they endorsed any of
the three ID Migraine™ criteria. In other
words, members of the reference group either
skipped the ID Migraine™ questions (e.g.,
because they reported a headache frequency
of “never” or “once in a while” on question 80
and were instructed to skip the following three
questions) or responded to questions 81–83
with no migraine symptom occurring more
frequently than “never” or “rarely.” Finally, we
excluded individuals from the reference group
if their fatigue score was higher than the 25th
percentile (i.e., those with fatigue score > 13)
or if they did not answer at least four of eight
PROMIS® fatigue items (questions 84–91).
No other inclusion or exclusion criteria were
applied to the reference group.

UNGD Activity Assessment
We used published descriptions, and our own
data, to estimate the duration of each UNGD
phase (Gaines and Ziegler 2013; New
York State Department of Environmental
Conservation 2015; Casey et al. 2016). Pad
preparation, which involves clearing of the
well site, lasts ~30 days. Drilling the well then
takes 1–30 days, proportionate to the total
(vertical plus horizontal) depth. After drilling,
hydraulic fracturing (fracking) occurs during
a stimulation phase that lasts an average of
7 days. Finally, the well produces natural
Environmental Health Perspectives •
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gas during a production phase that lasts
months to years.
To capture these complexities of well
development, we compiled data on UNGD
in Pennsylvania from 1 January 2005 through
31 December 2014 from the Pennsylvania
Department of Environmental Protection, the
Pennsylvania Department of Conservation
and Natural Resources, and SkyTruth (http://
skytruth.org). We obtained the following
information for each well: geographic coordinates; start dates of drilling, stimulation,
and production; total depth; and volume of
natural gas produced during 6- or 12-month
reporting windows.
Using methods described previously
(Casey et al. 2016), we created UNGD activity
metrics for each phase of well development.
Briefly, these metrics incorporated all unconventional gas wells in Pennsylvania and were
defined as follows:
Metric for participant i =
1
T

-T

n

| | w j ^t h

t = -1 j = 1

d 2ij ,

where T is an averaging period in days
(in our primary analysis, T = 90 because
CRS diagnostic criteria require 3 months of
symptoms); t is a temporal summation index
whose negative sign represents past dates (e.g.,
summing from t = –1 to –90 indicates that
the metric was averaged over 90 consecutive
days immediately before the survey); n is the
number of wells; wj(t) is the weight assigned
to the jth well on day t; and d ij2 is the squared
distance between well j and the residential
address of participant i. We set wj(t) = 0 for
wells that were inactive in the given phase
on day t. Active wells were assigned weights
during the duration of the relevant phase
as follows: for pad preparation and drilling
metrics, wj(t) was 1; for the stimulation metric,
wj(t) was the total depth in feet (a surrogate
for hydraulic fracturing chemical volumes
and the number of truck trips required to
transport stimulation materials); and for the
production metric, wj(t) was the average daily
volume in Mcf (1 Mcf = 1,000 cubic feet) of
natural gas produced during the corresponding
reporting period.
Because the four UNGD phase metrics
were highly correlated when averaged over
90 days (Spearman coefficient > 0.90 for each
pairwise comparison), we z-transformed the
metrics and summed the resulting z-scores.
For analysis, we divided this continuous
composite UNGD activity metric into quartiles for ease of interpretation and because of
its skewed distribution.

Statistical Analysis
We used descriptive statistics to compare
characteristics of participants with and
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without each outcome. To evaluate selection
bias with respect to UNGD, we compared
distributions of the UNGD activity metric in
study participants and questionnaire nonresponders. To assess the potential for nonconservative errors due to selection bias with
respect to health status, we analyzed distributions of the Charlson comorbidity index in
study participants and survey nonresponders,
stratified by UNGD quartile. Categorical and
continuous variables were compared using
χ2 tests and t-tests, respectively. For hypothesis testing, p-values < 0.05 were considered
statistically significant.
We used weighted logistic regression
to evaluate associations between UNGD
activity and symptoms while adjusting for
confounding variables. All models compared
individuals with the outcome(s) of interest
(“cases”) to the reference group described
above (“controls”). The use of sampling
weights allowed us to account for the
differential patient selection and participation rates in our stratified design while
targeting unbiased measures of association
and obtaining robust standard errors. We
assigned each participant a sampling weight
equal to the inverse probability of inclusion in
the study (see Table S1). Because the weight
in one stratum (150.8) was substantially
larger than the other weights, we truncated
this weight by reducing it to the value of the
second-highest weight (32.3).
We adjusted all models for these potential
confounders that we identified a priori: sex,
race/ethnicity (non-Hispanic white vs. other),
age [linear and quadratic terms; to avoid
collinearity, we centered the age variable by
subtracting its mean (i.e., Ac = Ai – Amean)],
receipt of Medical Assistance (never vs. ever),
and smoking status (never vs. former and
current). We tested for additional confounding
by adding linear and quadratic terms for BMI
and CSD. We retained these covariates in the
models if they changed associations between
UNGD and the outcome by ≥ 10%. Analyses
were performed in R (version 3.0.2, R Project
for Statistical Computing) and Stata 13.1
(StataCorp) using the svy command.
We reasoned that UNGD might be
associated with current CRS only for onset
of symptoms after 2006, when UNGD
commenced in Pennsylvania. To test the
associated hypothesis, we stratified the CRS
group by date of symptom onset (before/after
1 January 2006) and reran models within each
stratum. Although associations of UNGD
activity with our other outcomes could also
differ by onset date, our questionnaire did
not ascertain the onset date of migraine and
fatigue symptoms.
We performed several sensitivity analyses.
To explore the impact of sampling weight
choices, we reran models with full (i.e.,
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not truncated) weights and again with no
weights. To determine whether associations
differed by the length of the UNGD assessment period, we compared associations using
7-day, 90-day, and 365-day averaged UNGD
metrics that corresponded to the questionnaire’s recall windows for the three primary
outcomes. To explore spatial differences
among groups of participants, we mapped the
residential locations of individuals with and
without our primary outcomes stratified by
UNGD quartile and case/control status. To
assess whether UNGD was associated with
symptoms in individuals with past disease or
moderate symptoms, we created additional
CRS and fatigue models in which we reclassified some previously excluded individuals as
“cases” (for details see Supplemental Material,
“Models of Past Disease and Moderate
Symptoms”). To assess whether unmeasured
confounding, including spatial confounding,
could be responsible for the observed associations, we created “negative control outcome”
models (Lipsitch et al. 2010). These adjusted
logistic regression models evaluated associations between UNGD and self-reported
outcomes (bad breath, ear pain, and cold/flu
symptoms) that we thought were unlikely to

be related to UNGD. We expected to find
no significant associations between UNGD
and these outcomes; the presence of such
associations could indicate bias resulting from
unmeasured confounding. In these models,
we defined cases as all study participants who
reported the symptom at least “most of the
time” in the past 3 months (questions 36, 43,
and 48 for bad breath, ear pain, and cold/flu
symptoms, respectively). The reference group
for each model consisted of all individuals
who reported the symptom “never” in the
past 3 months.

Results
Characteristics of the Study
Population
Questionnaire respondents were 7,785
individuals from 39 counties in central and
northeastern Pennsylvania, in regions with
and without UNGD (Figure 1). Compared
with questionnaire recipients who did not
respond, our study population was more
likely to be female, white, and older (results
not shown). The continuous UNGD activity
metric did not differ significantly (p = 0.26)
between study participants and questionnaire

nonresponders (Table 1). Study participants
were less likely than nonresponders to be in
the highest UNGD quartile. Although the
Charlson comorbidity index was higher
in responders (mean = 3.43) than in
nonresponders (mean = 2.52, p < 0.001), the
mean Charlson values were similar across all
UNGD quartiles (Table 1).
We identified 738 participants with
current CRS and no other primary outcome,
580 with migraine headache only, and 666
with higher levels of fatigue only (Table 2).
These conditions were co-occurring in other
individuals. There were 268 individuals with
CRS and migraine, 347 with CRS and higher
levels of fatigue, 420 with migraine and
higher levels of fatigue, and 497 with all three
outcomes. There were 1,380 participants
with no current or past CRS, no migraine
headache symptoms, and lower levels of
fatigue; these individuals comprised the reference group. Compared with the reference
group, individuals with each single outcome
were more likely to be younger and current
smokers (Table 2). Those with migraine and
fatigue were more likely to be female, and
those reporting CRS and fatigue were more
likely to be white non-Hispanic.

Figure 1. Map of study area. Thick black outlines designate Pennsylvania counties with at least one participant [from U.S. Census Bureau TIGER/line files (U.S.
Census Bureau 2010)]. Numbers within the borders of each county indicate the total number of participants (T) and the number with chronic rhinosinusitis
symptoms (NS), migraine headache (H), and higher levels of fatigue (F) (data from the Geisinger Clinic). Gray circles show locations of drilled unconventional
natural gas wells as of December 2014 (Pennsylvania Department of Environmental Protection 2016). Black stars represent Geisinger hospitals and clinics. Map
was made with ArcGIS Desktop (release 10, Esri, Redlands, CA).
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Associations of UNGD with
Symptoms

The highest quartile of UNGD activity,
compared with the lowest, was associated with significantly increased odds of

the following combinations of two or more
outcomes: CRS and higher levels of fatigue
[odds ratio (OR) = 1.88; 95% confidence
interval (CI): 1.08, 3.25], migraine headache
and higher levels of fatigue (OR = 1.95;

Table 1. Comparison of selected characteristics in survey responders and nonresponders.
Responders
Characteristic
(n = 7,785)
Continuous composite UNGD activity metric, mean ± sd
–0.02 ± 1.80
UNGD activity, n (%)
Quartile 1
2,052 (26.4)
Quartile 2
1,828 (23.5)
Quartile 3
2,017 (25.9)
Quartile 4
1,888 (24.3)
Charlson index, mean ± sd
3.43 ± 2.76
Charlson index stratified by quartiles of UNGD activity, mean ± sd
Quartile 1
3.27 ± 2.61
Quartile 2
3.37 ± 2.71
Quartile 3
3.61 ± 2.83
Quartile 4
3.47 ± 2.86
p < 0.001c

Nonresponders
(n = 15,525)
0.01 ± 2.78

p-Value
0.26a
< 0.001b

3,775 (24.3)
3,996 (25.7)
3,814 (24.6)
3,940 (25.4)
2.52 ± 2.65

< 0.001a

2.46 ± 2.46
2.48 ± 2.57
2.68 ± 2.85
2.48 ± 2.70
p < 0.001c

NA

Notes: NA, not applicable; sd, standard deviation; UNGD, unconventional natural gas development.
Patients who lived outside Pennsylvania were excluded (n = 390). UNGD activity was averaged over 90 days before the
survey.
ap-Value computed using Student’s t-test.
bp-Value computed using Chi-squared test.
cWithin responders and nonresponders separately, p-values were computed with one-way analysis of variance
(ANOVA) to compare mean Charlson index across quartiles of UNGD.

95% CI: 1.18, 3.21), and all three outcomes
(OR = 1.84; 95% CI: 1.08, 3.14) (Table 3).
The second and third quartiles of UNGD
were not significantly associated with any of
the outcomes. In individuals with only one
outcome, the odds ratios for the fourth quartile
of UNGD were 1.11 (95% CI: 0.75, 1.65)
for current CRS, 1.43 (95% CI: 0.94, 2.18)
for migraine headache, and 1.47 (95% CI:
0.996, 2.18) for higher levels of fatigue
(Table 3). In general, participants in the fourth
quartile of UNGD lived farther north than
those in other UNGD quartiles (Figure 2).
When we stratified CRS patients by
onset date, the second (OR = 3.27; 95% CI:
1.21, 8.82) and fourth (OR = 3.26; 95% CI:
1.14, 9.36) quartiles of UNGD were associated with significantly increased odds of CRS
in those whose symptoms began after 2006
(see Table S2). There were no associations in
participants with earlier symptom onset.

Sensitivity Analyses
In participants with multiple outcomes,
most inferences were unchanged whether
we used the full sampling weights, truncated

Table 2. Characteristics of study population by self-reported outcome(s).
Individuals with no
primary outcome

Characteristic
Total number, n
Sex, n (%)
Male
Female
Race/ethnicity, n (%)
White non-Hispanic
Other
Age in years, mean ± sd
Smoking status, n (%)
Never
Current
Former
History of receiving medical
assistance, n (%)
Never
Ever
Body mass index (kg/m2), mean ± sd
Place type, n (%)
Township
Borough
Census tract in city
Community socioeconomic
deprivation, mean ± sd
UNGD activity metric, n (%)c
Quartile 1 [–0.61 to –0.47]
Quartile 2 [–0.47 to –0.39]
Quartile 3 [–0.39 to –0.16]
Quartile 4 [> –0.16]

Overall
study
population
7,785
2,909 (37.4)
4,876 (62.6)

Reference
groupa
1,380

Individuals with one or more primary outcomes

Individuals
who were
neither
cases nor Current CRS
controlsb
only
2,889
738

Migraine
headache
only
580

Higher
levels of
fatigue only
666

Current
CRS and
migraine
268

Current CRS,
Current CRS Migraine
migraine
and higher and higher headache, and
levels of
levels of
higher levels
fatigue
fatigue
of fatigue
347
420
497

656 (47.5) 1,242 (43.0)
724 (52.5) 1,647 (57.0)

335 (45.4)
403 (54.6)

113 (19.5)
467 (80.5)

233 (35.0)
433 (65.0)

50 (18.7)
218 (81.3)

126 (36.3)
221 (63.7)

63 (15.0)
357 (85.0)

91 (18.3)
406 (81.7)

7,043 (90.5) 1,183 (85.7) 2,653 (91.8)
742 (9.5)
197 (14.3) 236 (8.2)
55.3 ± 16.1 58.8 ± 17.0 57.6 ± 15.9

707 (95.8)
31 (4.2)
57.1 ± 14.9

508 (87.6)
72 (12.4)
46.1 ± 14.3

598 (89.8)
68 (10.2)
57.3 ± 15.1

257 (95.9)
11 (4.1)
48.5 ± 13.2

333 (96.0)
14 (4.0)
56.1 ± 14.7

357 (85.0)
63 (15.0)
46.5 ± 13.6

447 (89.9)
50 (10.1)
47.8 ± 13.1

805 (58.3) 1,615 (55.9)
134 (9.7)
353 (12.2)
441 (32.0) 921 (31.9)

404 (54.7)
100 (13.6)
234 (31.7)

340 (58.6)
96 (16.6)
144 (24.8)

334 (50.2)
113 (17.0)
219 (32.9)

141 (52.6)
57 (21.3)
70 (26.1)

178 (51.3)
61 (17.6)
108 (31.1)

220 (52.4)
86 (20.5)
114 (27.1)

231 (46.5)
130 (26.2)
136 (27.4)

6,876 (88.3) 1,286 (93.2) 2,690 (93.1)
909 (11.7)
94 (6.8)
199 (6.9)
30.2 ± 7.0 29.0 ± 6.3 29.9 ± 6.5

694 (94.0)
44 (6.0)
30.4 ± 7.0

467 (80.5)
113 (19.5)
29.7 ± 7.3

588 (88.3)
78 (11.7)
31.7 ± 7.9

216 (80.6)
52 (19.4)
29.8 ± 7.3

293 (84.4)
54 (15.6)
31.3 ± 7.4

302 (71.9)
118 (28.1)
31.7 ± 7.7

340 (68.4)
157 (31.6)
31.2 ± 8.1

4,949 (63.6)
2,135 (27.4)
701 (9.0)
0.0 ± 3.6

907 (65.7) 1,900 (65.8)
371 (26.9) 762 (26.4)
102 (7.4)
227 (7.9)
–0.3 ± 3.6 –0.1 ± 3.6

476 (64.5)
188 (25.5)
74 (10.0)
–0.1 ± 3.5

332 (57.2)
183 (31.6)
65 (11.2)
0.3 ± 3.7

417 (62.6)
192 (28.8)
57 (8.6)
0.1 ± 3.6

170 (63.4)
72 (26.9)
26 (9.7)
0.2 ± 3.5

213 (61.4)
101 (29.1)
33 (9.5)
0.1 ± 3.7

242 (57.6)
122 (29.0)
56 (13.3)
0.6 ± 3.7

292 (58.8)
144 (29.0)
61 (12.3)
0.6 ± 3.8

1,946 (25.0)
1,946 (25.0)
1,946 (25.0)
1,947 (25.0)

358 (25.9)
345 (25.0)
373 (27.0)
304 (22.0)

181 (24.5)
187 (25.3)
188 (25.5)
182 (24.7)

140 (24.1)
145 (25.0)
131 (22.6)
164 (28.3)

155 (23.3)
174 (26.1)
172 (25.8)
165 (24.8)

63 (23.5)
65 (24.3)
70 (26.1)
70 (26.1)

91 (26.2)
83 (23.9)
73 (21.0)
100 (28.8)

101 (24.0)
92 (21.9)
98 (23.3)
129 (30.7)

112 (22.5)
124 (24.9)
108 (21.7)
153 (30.8)

4,268 (54.8)
1,130 (14.5)
2,387 (30.7)

745 (25.8)
731 (25.3)
733 (25.4)
680 (23.5)

Notes: CRS, chronic rhinosinusitis; sd, standard deviation; UNGD, unconventional natural gas development.
Percentages may not total 100 because of rounding.
aIndividuals in the reference group reported no past or current CRS; no headache-related nausea, photophobia, or disability; and lower levels (≤ 25th percentile) of fatigue.
bThese individuals did not meet criteria for any primary outcome and were excluded from the reference group because of past CRS, intermediate probability of migraine headache,
moderate levels of fatigue, or a combination of any of these symptoms.
cUNGD activity was averaged over the 90 days before the survey.

Environmental Health Perspectives •

volume

125 | number 2 | February 2017

193

Tustin et al.

weights, or no weights (compare Table 3 with
Table S3). Odds ratios for the fourth quartile
of UNGD were consistently higher, and had
wider confidence intervals, in fully weighted
models than in models with truncated
weights. For example, the odds ratio for the
association of the fourth quartile of UNGD
with the coexistence of migraine and fatigue
was 2.89 (95% CI: 1.45, 5.76) in the fully
weighted model. In individuals with single
outcomes, the fourth quartile of UNGD
was significantly associated with migraine
headache (OR = 1.80; 95% CI: 1.02, 3.17)
and fatigue (OR = 1.89; 95% CI: 1.10, 3.26)
in the models with full weights; significant
associations were also present in unweighted
models (see Table S3).
UNGD activity, when averaged over 7
or 365 days, was highly correlated with the
90-day time-averaged UNGD metric used
in the primary analyses (Spearman coefficient = 0.98 for both comparisons). Most
inferences and associations were similar when
using a 7-day or 365-day averaging period
(see Table S4). The second quartile of UNGD
was associated with past CRS, but there were
no associations of UNGD with moderate
levels of fatigue (see Table S5). UNGD was
not associated with the negative control
outcomes of ear pain, bad breath, or cold/flu
symptoms (Table 4).
Because only the highest level of UNGD
was associated with our primary outcomes, we
compared demographic and socioeconomic
characteristics of individuals in the fourth
quartile of UNGD with those of participants
in other UNGD quartiles (see Table S6).
Participants in the fourth quartile of UNGD
differed on some covariates, several of which
were included in the final models. We did
not include place type in the final adjusted
models because it could be a surrogate for
mediators (e.g., individual- or place-level
socioeconomic status) of associations between
UNGD and symptoms. In a sensitivity
analysis that explored the effect of place type,
some associations were slightly attenuated
when place type was added to the models, but
inferences were similar (see Table S7).

Discussion

In our survey of primary care patients in
central and northeast Pennsylvania, residential UNGD activity was associated with nasal
and sinus symptoms, migraine headache,
and higher levels of fatigue, either alone or
in combination. Our findings are suggestive
of a threshold in the relationship between
UNGD and symptoms because associations
were present only among participants in the
fourth quartile of UNGD activity. We found
stronger associations in individuals with two
or more co-occurring outcomes. In addition,
UNGD was associated with CRS in individuals whose nasal and sinus symptoms began
after the start of UNGD in Pennsylvania,
although these estimates had lower precision
owing to the small number of subjects with
recent CRS onset.
In surveys such as ours, in which selection
is based on the outcome, regression models
must include sampling weights (or employ
another strategy to acknowledge the selection
mechanism) to avoid bias. However, extreme
sampling weights can significantly increase the
model’s variance (Potter 1988). To balance
bias reduction against variance inflation,
several techniques have been developed to
truncate large sampling weights. We employed
one such technique in our primary analyses.
We found associations between UNGD and
symptoms in the primary models as well as in
fully weighted and unweighted models.
There is limited prior evidence linking
environmental factors to CRS, migraine
headache, and fatigue. Exposure to allergens,
toxicants, and secondhand smoke may trigger
nasal and sinus symptoms (Fokkens et al.
2012). However, a recent review found insufficient epidemiologic evidence from which to
draw conclusions about occupational or environmental risk factors for CRS (Sundaresan
et al. 2015). Although migraines have a strong
hormonal and genetic component, they can
also be triggered by noise, odors, and stress
(Friedman and De ver Dye 2009; Sjöstrand
et al. 2010; Sauro and Becker 2009).
Similarly, fatigue has multiple risk factors
including sleep deprivation, psychosocial

stressors, medical disorders, psychiatric factors,
occupation, and exposure to low levels of
environmental chemicals (Bell et al. 1998;
Ranjith 2005; Ricci et al. 2007; Griffith
and Zarrouf 2008). Our UNGD activity
metrics were designed to capture all potential environmental pathways that could affect
these symptoms.
We did not measure participants’ exposure
to ambient air pollution. We also did not
account for conventional oil and gas wells.
During our study period, the production of
conventional gas wells in Pennsylvania was
very low compared with that of unconventional wells. Furthermore, Pennsylvania’s
conventional wells tend to be in the northwest and west, where Geisinger has no clinics/
hospitals. The lack of significant geographic
overlap with our study population makes
confounding of UNGD associations by
conventional oil and gas wells unlikely.
Participants in the fourth quartile of
UNGD activity lived farther north than those
in other quartiles (Figure 2). This spatial separation is due to the location of the Marcellus
shale, which constrains UNGD to the
northern portion of the Geisinger catchment
area. Given the correlation between geography
and UNGD, we cannot rule out the possibility that spatial confounding was responsible
for the observed associations. However, we
note that our models were adjusted for several
covariates (such as race/ethnicity and socioeconomic status) that could be associated with
both location and outcome. In addition, the
null results in our negative control outcome
models did not suggest spatial confounding.
CRS, migraine headache, and fatigue
are highly prevalent and produce significant
societal costs. CRS affects 2–16% of U.S.
adults and results in emergency department
visits, antibiotic prescriptions, sinus surgeries,
and direct healthcare costs (Hastan et al.
2011; Bhattacharyya 2009; Shashy et al. 2004;
Tan et al. 2013). Migraines have a prevalence
of 11–14% and cause substantial temporary
disability, emergency department visits, outpatient clinic visits, and analgesic use (Lipton
et al. 2007; Burch et al. 2015). Fatigue

Table 3. Associations of UNGD with symptoms in individuals with one or more primary outcomes, compared with a reference group.
Adjusted odds ratios (95% confidence intervals)
UNGD
quartile
1
2
3
4

Current CRS only
(n = 736)a
1.00 (reference)
1.17 (0.80, 1.72)
0.76 (0.52, 1.12)
1.11 (0.75, 1.65)

Migraine headache
only (n = 580)
1.00 (reference)
1.14 (0.74, 1.75)
0.89 (0.58, 1.36)
1.43 (0.94, 2.18)

Higher levels of
fatigue only (n = 666)
1.00 (reference)
1.48 (1.01, 2.17)
1.22 (0.84, 1.77)
1.47 (0.996, 2.18)

Current CRS and
migraine (n = 266)a
1.00 (reference)
0.82 (0.43, 1.57)
0.74 (0.38, 1.47)
1.49 (0.78, 2.85)

Current CRS and
higher levels of
fatigue (n = 347)a
1.00 (reference)
1.06 (0.62, 1.80)
0.94 (0.53, 1.66)
1.88 (1.08, 3.25)

Migraine and higher
levels of fatigue
(n = 420)
1.00 (reference)
1.06 (0.63, 1.78)
0.80 (0.49, 1.31)
1.95 (1.18, 3.21)

All three outcomes
(n = 496)a
1.00 (reference)
1.05 (0.63, 1.78)
0.73 (0.42, 1.27)
1.84 (1.08, 3.14)

Notes: CRS, chronic rhinosinusitis; UNGD, unconventional natural gas development.
For all models, the reference group consisted of individuals with no current or past CRS, no migraine headache symptoms, and the lowest quartile of fatigue score. All models included
sampling weights, with the highest weight truncated to the value of the second-highest weight. Models included the following covariates: sex, race/ethnicity (white non-Hispanic
vs. other), centered age (linear and quadratic terms), Medical Assistance (never vs. ever), and smoking status (never vs. current and former). UNGD activity was averaged over the
90 days before the survey.
aThese models included centered body mass index as an additional covariate. Because individuals with unknown body mass index were excluded, these case counts are slightly
lower than those reported in the text.
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Figure 2. Locations of study participants in the fourth quartile of unconventional natural gas develpment (UNGD) activity (A) and all other UNGD quartiles (B). Blue
crosses: participants with at least one primary outcome [current chronic rhinosinusitis (CRS), migraine headache, and/or higher levels of fatigue]. Black circles:
reference group participants with no current or past CRS, no migraine headache symptoms, and lower levels of fatigue. Yellow circles: locations of all drilled unconventional natural gas wells in Pennsylvania as of 31 December 2014. Patient residential locations were from the Geisinger Clinic; county boundaries from the U.S.
Census Bureau TIGER/line files (U.S. Census Bureau 2010); and UNGD well locations from the Pennsylvania Department of Environmental Protection (Pennsylvania
Department of Environmental Protection 2016). Maps were made with ArcGIS Desktop (release 10, Esri, Redlands, CA).
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Table 4. Associations of UNGD with negative control outcomes.
Adjusted odds ratios (95% confidence intervals)

UNGD quartile
1
2
3
4

Ear pain
yes (n = 422) vs.
no (n = 3,917)
1.00 (reference)
0.92 (0.58, 1.44)
0.53 (0.32, 0.87)
1.16 (0.74, 1.83)

Bad breath
yes (n = 846) vs.
no (n = 2,628)
1.00 (reference)
0.87 (0.61, 1.22)
1.12 (0.80, 1.57)
0.95 (0.67, 1.35)

Cold/flu symptoms
yes (n = 307) vs.
no (n = 2,442)
1.00 (reference)
1.04 (0.58, 1.84)
1.15 (0.66, 2.00)
1.14 (0.64, 2.01)

UNGD, unconventional natural gas development.
Individuals having the symptom at least “most of the time” in the past 3 months were compared with those having the
symptom “never” in the past 3 months. All models included sampling and response weights, and the highest weight
was truncated to the value of the second-highest weight. Models included the following covariates: sex, race/ethnicity
(white non-Hispanic vs. other), centered age (linear and quadratic terms), Medical Assistance (never vs. ever), and
smoking status (never vs. current and former). UNGD activity was averaged over the 90 days before the survey.

prevalence, defined in various ways across
studies, is estimated at 7–45%, and fatigue
costs U.S. employers > 100 billion USD per
year in lost productive work time (Ricci et al.
2007). From a public health and economic
perspective, it is vital to understand modifiable
risk factors for these illnesses.
Recent reviews have noted the lack of
high-quality evidence regarding the health
effects of UNGD (Adgate et al. 2014; Werner
et al. 2015). Our study of 7,785 Pennsylvania
residents is the largest survey of symptoms
with respect to UNGD and has several
strengths when compared with prior studies.
We selected a population-based adult sample
with no exclusion criteria. Reporting bias was
minimized by the fact that UNGD was not
identified as a study aim, and response rates
did not differ by proximity to UNGD. Our
time-varying UNGD activity metric incorporated well phase and intensity measures such
as total depth and gas production. We used
standardized and validated instruments to
assess fatigue and migraine, respectively, and
we used consensus epidemiologic guidelines to
assess CRS.
This study had several limitations. In
general, cross-sectional surveys such as ours
cannot assess temporal relationships between
exposures and outcomes, and we did not
ascertain the onset dates of some symptoms.
We note, however, that our UNGD activity
metrics could theoretically be used to establish
temporality because they can be computed
for any date prior to symptom onset. Our
ascertainment of self-reported outcomes was
susceptible to various types of information
bias. For example, despite the fact that our
questionnaire did not mention UNGD, individuals residing near UNGD may have overreported symptoms. There was some evidence
of selection bias because survey participants
had poorer health (measured by the Charlson
comorbidity index) than nonresponders.
However, differences in health status were
similar across levels of UNGD activity.
Another limitation is that our estimates of
well development phase durations, although
based on published average values, may have
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been incorrect for individual wells. Further
exposure misclassification could have occurred
because our UNGD activity metric was
based on residential addresses. Participants’
exposure to UNGD activity could have
been affected by unmeasured factors such as
occupation, travel, and time spent outdoors.
Additionally, our UNGD activity metric did
not allow identification of specific exposures
or exposure pathways.

Conclusions
UNGD was associated with CRS, migraine
headache, and fatigue symptoms in a large
population-based survey. Associations
were stronger in patients with two or more
outcomes. Our work has several advantages
over previous studies, making it an important addition to the growing body of evidence
that UNGD is associated with adverse health
effects. Further research, including more
sophisticated exposure and outcome measurements, is necessary to evaluate whether these
associations are causal and to elucidate the
mechanisms for these findings.
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Abstract
Over the past ten years, unconventional gas and oil drilling (UGOD) has markedly
expanded in the United States. Despite substantial increases in well drilling, the health consequences of UGOD toxicant exposure remain unclear. This study examines an association between wells and healthcare use by zip code from 2007 to 2011 in Pennsylvania.
Inpatient discharge databases from the Pennsylvania Healthcare Cost Containment Council were correlated with active wells by zip code in three counties in Pennsylvania. For overall inpatient prevalence rates and 25 specific medical categories, the association of
inpatient prevalence rates with number of wells per zip code and, separately, with wells per
km2 (separated into quantiles and defined as well density) were estimated using fixedeffects Poisson models. To account for multiple comparisons, a Bonferroni correction with
associations of p<0.00096 was considered statistically significant. Cardiology inpatient
prevalence rates were significantly associated with number of wells per zip code
(p<0.00096) and wells per km2 (p<0.00096) while neurology inpatient prevalence rates
were significantly associated with wells per km2 (p<0.00096). Furthermore, evidence also
supported an association between well density and inpatient prevalence rates for the medical categories of dermatology, neurology, oncology, and urology. These data suggest that
UGOD wells, which dramatically increased in the past decade, were associated with
increased inpatient prevalence rates within specific medical categories in Pennsylvania.
Further studies are necessary to address healthcare costs of UGOD and determine whether
specific toxicants or combinations are associated with organ-specific responses.
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Introduction
The United States now leads the world in producing natural gas from shale formations. Shale
gas accounted for 40% of all natural gas produced in 2012 [1–4]. In comparison to the early
2000s, natural gas production in the US has increased with more than a 30% increase in production, due in part to the cost-effective combination of horizontal drilling and hydraulic fracturing [1–4].
Unconventional gas and oil drilling (UGOD), including hydraulic fracturing or “fracking”,
refers to all activities that extract natural gas and oil from rock formations. At distances from 1
to 2 miles below the earth’s surface, tight rock formations impede natural gas and oil flow into
a drill-hole [3]. Common reservoirs that contain natural gas and oils include: porous sandstones, limestones, dolomite rocks, shale rocks, and coal beds. Hydraulic fracturing and horizontal drilling methods can effectively extract these resources. Typically, after drilling is
complete, fissures are formed using a perforating gun; a mixture of water, proppants and
hydraulic fracturing chemicals is then pumped into the rock [3,5]. Consequently, the fissures
remain open to liberate the gas. These substances as well as contaminants released from the
shale are present in the flowback water. Contaminants include naturally occurring radioactive
materials [3,4], toxic organics and metals that may enter ground water, contaminating water
supplies especially if leakage occurs from casement failure or from holding ponds for waste
water [6,7]. Other toxicants and volatile organic compounds, such as benzene, ethylbenzene,
toluene and xylene or radionuclides, have been seen in ground waters impacted by UGOD
spills [8] or surface waters receiving UGOD-related waste water [9]. The general lack of published baseline (i.e., pre-UGOD) data has limited efforts to associate contamination in drinking
water wells to UGOD activities [10]. Additionally, exhaust produced by diesel trucks and offsite diesel engines, as well as emissions from other UGOD activities (e.g., venting, flaring, compressor stations, etc.) may also affect local air quality with potential impact on health [11–13].
Plausibly, increased noise pollution, truck traffic, and psychosocial stress due to community
change, which occur due to increased hydro-fracking activity, could impact public health [11].
Despite the growth in hydraulic fracturing, the health consequences of UGOD are unclear
[3,4,14,15]. In Pennsylvania (PA), a rise in hydraulic fracturing has raised health concerns,
especially since the Marcellus Shale formation underlies two-thirds of Pennsylvania [16]. In
northeastern Pennsylvania, most wells were drilled for dry gas rather than gas and oil [17]. We
postulate that increases in active or producing wells in Pennsylvania from 2007 to 2011 are
associated with increases in inpatient prevalence rates. Three counties, which lie on the Marcellus Shale formation along the northern border of PA, were chosen for this study: Bradford, Susquehanna, and Wayne. Importantly, zip codes in Bradford and Susquehanna Counties
significantly increased UGOD over this time period. These counties are some of the greatest
producers of natural gas in Pennsylvania, generating 489 million cubic feet of natural gas from
598 wells in 2011 [18]. In contrast, zip codes in Wayne County have no active wells [18]. Specifically, we evaluated the association between inpatient prevalence rates and well density
within 25 different medical categories, as well as overall inpatient prevalence rates.

Materials and Methods
This study is an ecological study with the goal of assessing the association between hydrofracking activity and health care use. Zip code specific inpatient counts were obtained from the
time frame of 2007–2011. Only zip codes from the counties Bradford, Susquehanna, and
Wayne were considered. For our analysis, only inpatient records for people who resided in one
of these three counties were included. Inpatient records of people who came to a hospital in
these counties, but did not reside in one of these counties, were excluded. These counties were
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of particular interest, since Wayne had no hydro-fracking activity between 2007 and 2011, while
Bradford and Susquehanna saw increased hydro-fracking activity. Inpatient counts were then
converted into inpatient prevalence rates (details in Statistical Methods). Furthermore, for each
zip code, we obtained the number of wells for each year in 2007–2011. In total, there were 67 zip
codes considered, with five inpatient prevalence rates/well counts each. Inpatient prevalence
rates were the primary outcome of interest with wells as the primary predicator of interest.

Health Utilization Data
Truven Health Analytics (THA) purchased UB92/UB04 inpatient discharge datasets from the
Pennsylvania Health Care Cost Containment Council (PHC4). The PHC4 datasets contain all
inpatient hospital discharge records, including those for psychiatric and/or behavioral health,
rehabilitation, and drug and alcohol treatment, for patients hospitalized in Pennsylvania.
Skilled nursing facility (SNF), swing bed, transitional care unit, 23-hour observation, and hospice records are not included. After receipt of state discharge datasets, THA decoded supplied
values, checked the validity of information submitted and standardized the format. The ICD-9
diagnosis codes and MSDRGs included in the data pulls can be found in S1 Table, in the supplemental material section.
Truven Health pulled discharge records for patients residing in any of the Bradford, Susquehanna, and Wayne County zip codes for calendar years 2007, 2008, 2009, 2010, and 2011.
Treatment records for those patients hospitalized outside of Pennsylvania were not captured.
In addition, THA excluded patient records for those patients with dentistry, HIV, and neurosurgery DRGs.

Insurance Coverage Estimates (ICE) Overview
ICE reports by THA showed the total number of people covered by seven different types of
insurance by zip code, age group, and sex for every market in the United States. The seven different types of insurance are Medicaid, Medicare, dual eligible, private employer sponsored,
private exchanges, private direct, and uninsured. Every person in a zip code who is a resident is
assigned an insurance category based on his or her primary insurance coverage. Only non-residents of zip codes were excluded from the analysis.

Demographics Methodology
THA acquires all of its demographic data from The Nielsen Company statistics for every zip
code in the United States. Nielsen bases their estimates on products of the United States Census
Bureau, including the 2010 Census Summary File 1 (SF1). Details of the methodology and definitions used to create the SF1 data, including field definitions and the 2010 Census questionnaire, are available in the Census 2010 Data Definitions publication [19].

Mapping of Unconventional Gas Wells in Bradford and Susquehanna
Counties in Pennsylvania
To create maps of the unconventional gas well locations, the complete data set for 2000–2013
was downloaded as comma separated values (CSV) from the Pennsylvania Department of
Environmental Protection Oil and Gas Reporting Website [20] and imported into FileMaker
Pro Advanced 13.0.v.3 for further processing. For Fig 1, the data were filtered for unconventional, drilled wells that produced gas in the noted year. We use the state’s categorization, such
that: “An unconventional gas well is a well that is drilled into an unconventional formation,
which is defined as a geologic shale formation below the base of the Elk Sandstone or its
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Fig 1. Pennsylvania active wells over time. Pennsylvania active wells in Bradford and Susquehanna
Counties increased markedly from 2007 to 2011. Wells are shown as colored dots. From 2007 to 2011,
Wayne County effectively had no active wells. Insert in the first panel shows location of Bradford,
Susquehanna and Wayne Counties within Pennsylvania.
doi:10.1371/journal.pone.0131093.g001
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geologic equivalent where natural gas generally cannot be produced except by horizontal or
vertical well bores stimulated by hydraulic fracturing.” These data were exported as a DBF file
and imported into ESRI ArcGIS v.10.2 to map the locations of the producing wells. In any
given year, only wells that produced gas in that year are shown in Fig 1. For example, if a well
produced gas in 2007 but did not in 2011, then this well would only appear on the 2007, but
not on the 2011 map.

Statistical Analysis
Statistical analysis was performed using STATA 13 software (StataCorp LP, College Station,
Texas). Our data included the number of wells and inpatient counts for all combinations of
year, medical category (25 total), and zip code within the three chosen counties in PA. In total,
after excluding eight zip codes that had no available population information, 67 zip codes were
considered. Only inpatient counts for patients that resided in one of three counties were considered. For each zip code, population and total area per square kilometer (km) data were
obtained from the US Census 2010. Importantly, zip code specific population and total area
per square km were the same for each year in 2007–2011. Number of wells is defined as the
number of wells within a specific zip code for a certain year. All data are generated from active
wells. We assume that once a well is active in 2007, this same well remains active for the time
frame of 2007–2011. For example, if there are 3 wells in 2007 and 8 wells in 2008 for some zip
code, then we assume that there were an additional 5 wells created between 2007 and 2008.
This is in contrast to the definition of active wells for the mapping, where a well can move from
being active to inactive in any given year in 2007–2011. Given the 5-year observation period,
very few active wells became inactive. In addition, the actual date of inactivity could not be
accurately defined. Furthermore, it is possible that once a well becomes inactive, it could still
impact the surrounding community for some period of time. Thus, for the statistical analysis,
once an active well enters at any given year, we assume the well remains active for the remainder of the years. In addition to the count of wells, we also generated wells per square km (wells/
km2), which is the number of wells divided by the total area per square km (at the zip code
level); we defined this variable as well density. We analyzed both exposure variables (count and
density) because, a priori, it was unclear whether the number of wells or the density of wells
would have a stronger association with health outcomes. Zip code specific inpatient prevalence
rates for each medical category (and overall) were calculated by dividing the zip code specific
number of inpatient counts per year by the population of the zip code. The inpatient prevalence
rates were then converted into prevalence rates per year per 100 people and treated as the primary outcome for modeling. We now refer to prevalence rates per year per 100 people when
we discuss inpatient prevalence rates.
Since we examined a relatively brief interval of time (2007–2011), we postulated that in a
given zip code, inpatient prevalence rates would be relatively stable. Our goal was to obtain an
un-confounded estimate of the association between inpatient prevalence rates and wells. However, it is possible that observable or unobservable zip code characteristics will be correlated
with wells and inpatient prevalence rates. Accordingly, we used conditional fixed effects Poisson regression, where the fixed effects are the zip codes. This controls for all possible characteristics of the zip codes, both measured and unmeasured, that did not change during the period
of observation. Thus, if zip codes that consistently have high rates of inpatient prevalence rates
are more likely to have more wells over time, this will be accounted for in the model. Alternatively, if there are zip code-level changes from 2007–2011 that affect the number of wells and
inpatient prevalence rates, this model will not account for this. Essentially, our methodology
captures the association between and within zip code changes in wells and inpatient prevalence
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rates. Furthermore, to account for potential over-dispersion, we use robust standard errors
[21]. These robust standard errors are cluster-robust estimates, where the clusters are the individual zip codes in this case. Two sets of analyses are then done to investigate the relationship
between inpatient prevalence rates and wells.
The first set of analyses relates inpatient prevalence rates to number of wells. Exploratory
analyses suggested that the relationship between the log of the inpatient prevalence rates (Poisson model uses a log link) and number of wells was linear. Thus, for these analyses, prediction
variables were the number of wells and year (2007–2011). This assumes a linear relationship
between number of wells and inpatient prevalence rates, as well as a linear association between
inpatient prevalence rates and year. Note that the primary predictor of interest was the number
of wells. This will be referred to as the number of wells analysis.
Furthermore, while exploratory analyses suggested a linear relationship between the log of
inpatient prevalence rates and number of wells, we also reasoned that a quadratic relationship
between the log of inpatient prevalence rates and number of wells was plausible. Subsequently,
we also examined whether there exists a non-linear relationship between number of wells and
inpatient prevalence rates. Accordingly, a second model incorporated a quadratic relationship
between number of wells and inpatient prevalence rates, for each medical category and overall.
Prediction variables within this model were year (2007–2011)/wells, and wells2.
The second set of analyses relates inpatient prevalence rates to wells/km2 (well density).
However, the relationship between inpatient prevalence rates and well density is highly nonlinear and heavily influenced by observations that have extremely high wells/km2. For example,
one zip code located in Bradford had 16.9 wells/km2 and 23.4 wells/km2 in 2010 and 2011,
respectively, while 99% of all wells/km2 observations had fewer than 4.28 wells/km2. Subsequently, we opted to separate wells/km2 into four levels based on quantiles as shown in Table 1.
We set Q0wells to be the reference category and all the other levels (Q1wells, Q2wells, Q3wells)
to have separate dummy variables. This will be referred to as the quantile analysis.
Our analysis investigates the association of increasing wells/km2 on inpatient prevalence
rates, while allowing for separate associations depending on the magnitude of well/km2. We,
however, recognize that by using quantiles, we lose information and cannot make inference on
explicit changes in well density. Furthermore, while our cut-offs are somewhat arbitrary, the
goal is to determine whether increased well density is positively associated with inpatient prevalence rates, which is accomplished by this modeling approach. Overall, the primary predictors
for this set of analyses included Q1wells, Q2wells, Q3wells, and year. We test the overall Wald
test that the coefficients Q1wells = Q2wells = Q3wells = 0.
For all analyses, risk ratios were obtained by taking the exponential of the regression coefficient estimates. Year is recoded into 2007 = 0, 2008 = 1, 2009 = 2, 2010 = 3, and 2011 = 4. We
model each medical category separately as well as the overall inpatient prevalence rates, for a
total of 26 models per set of analyses. Furthermore, to adjust for multiple comparisons, we use
a Bonferroni correction to adjust for testing 25 different medical categories and overall inpatient prevalence rates in both sets of analyses (52 tests). Using an initial level of significance of

Table 1. Definition of quantiles by wells/km2.
Q0wells

Q1wells

Q2wells

Q3wells

wells/km2

0

(0, 0.168]

(0.168, 0.786]

>0.786

Quantile

(0, 65.97]

(65.97, 80]

(80, 90.15]

(90.15, 100]

Note: (A, B] indicates that A is excluded from the range, and B is included.
doi:10.1371/journal.pone.0131093.t001
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0.05, this means we reject the null hypothesis that wells are not associated with hospitalizations
for p<0.00096.
Sensitivity analyses were also performed to determine if removing a specific zip code with
much higher inpatient prevalence rates or with much higher well density affected inference.
Thus, we removed the specific zip code(s) and recalculated the conditional fixed effects Poisson
models, checking to see if the general inference changed.
All of the data obtained for this study were received anonymized and de-identified from
Truven Health Analytics. The data were provided as summary information, and there were no
unique identifiers. The University of Pennsylvania Committee on the Study of Human Subjects
deemed this work non-human subject research.

Results
Subject Demographics by County
The three Pennsylvania counties chosen for analysis were Bradford, Susquehanna, and Wayne.
These counties were selected given the completeness of health care utilization data from 2007
to 2011. Bradford and Susquehanna Counties also had large increases in active wells over this
time period. Wayne County, which effectively had no active wells from 2007 to 2011, served as
a unique control population whose demographics were comparable to Bradford and Susquehanna Counties. The total number of residents as per the most recent census in Bradford, Susquehanna, and Wayne Counties was 157,311. As shown in Table 2, the summary of subject
demographics for the three Pennsylvania counties obtained from US census data was comparable. Even though the statistical analysis is done at the zip code level, a county level demographic
table is an informative summary of the zip codes that are within the counties. Each county is
Table 2. Characteristics Table for PA Counties.
Bradford

Susquehanna

Wayne

Population

62,622

43,356

51,548

Overall Hospitalizations 2007–2011

30,425

39,821

22,559

Age (median)

43.4

45.1

45.9

Male %

49.5

50.4

52.8

High School Graduate, percent of person age 25+ %

86.6

88.1

87.4

Bachelor Degree or Higher, percent of person age 25+ %

16.4

16.1

18.4

Median Income (2008–2012) $
Race %

Median Number of Wells

Number of Zip Codes with >0 Wells (%)

44,650

46,815

50,153

White

97.4

98.0

94.7

Black

0.6

0.4

3.5

Asian

0.6

0.3

0.5

Other

1.4

1.3

1.3

2007

0

0

0

2008

1

0

0

2009

13

0

0

2010

81

1

0

2011

149

6

0

2007

4 (19)

2 (9)

0 (0)

2008

12 (57)

4 (17)

0 (0)

2009

16 (76)

8 (35)

0 (0)

2010

20 (95)

12 (52)

0 (0)

2011

20 (95)

16 (70)

0 (0)

doi:10.1371/journal.pone.0131093.t002
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one data point, so no formal statistical comparison is possible. There were no striking differences among the three counties. The subjects were predominantly Caucasian with few people
obtaining higher than a high school diploma. Further, the median income was similar among
the counties. Table 2 also illustrates the growth in hydro-fracking activity from 2007 to 2011
for Bradford and Susquehanna. By 2011, 95% of the zip codes in Bradford had at least one well,
while 70% of the zip codes in Susquehanna had at least one well.

Inpatient Prevalence Rates by Medical Category
Table 3 shows the median inpatient prevalence rates and median inpatient counts, along with
the interquartile range (IQR), for each medical category as well as overall. The median inpatient
prevalence rates and median inpatient counts are to be interpreted at the zip code level. Notably,
there are a number of categories with very low (or zero) median inpatient prevalence rates and
median inpatient counts. Furthermore, cardiology inpatient prevalence rates/inpatient counts
seem to be higher than the other medical categories (excluding overall), with a median cardiology inpatient prevalence rate of 1.99 and a median cardiology inpatient count of 18.
Table 3. Median Inpatient Prevalence Rates per 100 people and Median Inpatient Counts, by Medical
Category.
Medical Category

Median Inpatient Prevalence Rate (IQR)

Median Inpatient Counts (IQR)

Inpatient total

12.12 (10.05, 14.84)

106 (41, 272)

Cardiology

1.99 (1.42, 2.56)

18 (6, 46)

Dermatology

0.21 (0.09, 0.34)

2 (1, 6)

Endocrine

0.22 (0.01, 0.37)

2 (0.5, 7)

Gastroenterology

1.02 (0.71, 1.43)

10 (3, 27)

General medicine

0.58 (0.32, 0.88)

5 (2, 14)

Generals surgery

0.75 (0.47, 1.01)

6 (3, 19)

Gynecology

0.14 (0, 0.26)

2 (0, 5)

Hematology

0.05 (0, 0.14)

1 (0, 3)

Neonatology

0.12 (0, 0.23)

2 (0, 4)

Nephrology

0.34 (0.18, 0.53)

3 (1, 9)

Neurology

0.58 (0.35, 0.88)

5 (2, 16)

Normal newborns

0.68 (0.41, 0.99)

6 (2, 17)

Ob/delivery

0.84 (0.52, 1.12)

7 (2.5, 21)

Oncology

0.17 (0, 0.29)

2 (0, 6)

Ophthalmology

0 (0, 0)

0 (0, 0)

Orthopedics

1.08 (0.72, 1.42)

10 (4, 26)

Other/ob

0 (0, 0.09)

0 (0, 2)

Otolaryngology

0.08 (0, 0.17)

1 (0, 3)

Psych/drug abuse

0.52 (0.27, 0.85)

5 (2, 16)

Pulmonary

1.18 (0.84, 1.69)

10 (4, 28)

Rheumatology

0 (0, 0.09)

0 (0, 2)

thoracic surgery

0.08 (0, 0.16)

1 (0, 3)

Trauma

0.03 (0, 0.09)

1 (0, 2)

Urology

0.17 (0, 0.27)

2 (0, 5)

Vascular surgery

0.09 (0, 0.19)

1 (0, 3)

Note: Median inpatient prevalence rates/median inpatient counts for each medical category and overall are
presented, along with the interquartile range (IQR). Median inpatient prevalence rates/median inpatient
counts are interpreted at the zip code level.
doi:10.1371/journal.pone.0131093.t003
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Geographic Location of Wells from 2007 to 2011
Given the demand in accessing the Marcellus Shale for UGOD, we next examined the active
wells over time. There was a dramatic increase in the number of active wells from 2007 to 2011
as shown in Fig 1. In Bradford and Susquehanna Counties, there were substantial increases in
the total numbers of wells with two zip codes having the greatest number of wells with 400 and
395, respectively. In Wayne County, there were no active wells from 2007 to 2011. The most
dramatic increases were in Bradford County where wells were acquired more uniformly than
those in Susquehanna County, where active wells were primarily located in the southwest corner as shown in Fig 1. Gas production tracked with increasing active well numbers from 2007–
2013 as shown in Fig 2. These data suggest that if UGOD continues at the rates observed
between 2007 and 2011, well densities are likely to continue to increase. Within the counties,
there were also profound differences in wells by zip code. For example, in 2011, 31 zip codes
had no wells, but 17 zip codes had at least 100 wells.

Increases in Active Wells Are Associated with Increases in Inpatient
Prevalence Rates
Given the rapid increase in wells, we reasoned that increases in wells were associated with
changes in inpatient prevalence rates. Of the 67 zip codes examined in the three counties, total
inpatient counts from 2007 to 2011 were 92,805. There was marked variation in inpatient prevalence rates across zip codes. Specifically, one zip code had a much higher combined inpatient
rate as compared with others as shown in Fig 3. Fig 3 also shows that, within each zip code, the
contribution by year was comparable, suggesting that within each zip code, the inpatient rates
are relatively stable from 2007–2011 Indeed, the average overall inpatient prevalence rates for
2007–2011 are, respectively, 15.18, 15.30, 14.86, 14.00, 14.25. This indicates that on average,
zip code overall inpatient prevalence rates were relatively stable or possibly declining from
2007 to 2011, which mirrors national trends [22]. Fig 4 shows how in 2007, 91% (61/67) of zip
codes had no wells. However, by 2011, only 46% (31/67) of zip codes had no wells while 54% of
zip codes had least 1 well. Notably, many zip codes had a large number of wells by 2011. 28%
(19/67) of zip codes had greater than 0.79 wells/km2, which equates to 79 wells for every 100
km2. Importantly, Fig 4 corresponds to the quantile analysis.
To further understand health consequences by disease category, we modeled the 25 top specific medical categories and total inpatients, investigating the association between number of
wells and inpatient prevalence rates and the association between well density and inpatient
prevalence rates. Only cardiology inpatient prevalence rates were significantly associated with
number of wells, taking into account our Bonferroni correction (p<0.00096) as shown in
Table 4. While other medical categories did not strictly meet the Bonferroni correction boundary, a positive association of well number with inpatient prevalence rates within dermatology,
neonatology, neurology, oncology, and urology was also evident. Cardiology and neurology
inpatient prevalence rates were also significantly associated with well density as shown in
Table 5. Furthermore, these results suggest an almost monotonic increase in the impact of well
density on cardiology inpatient prevalence rates, considering how the risk ratio increases moving from quantiles (Q1wells to Q2wells to Q3wells). Evidence also suggests that well density
was positively associated within the medical categories of dermatology, endocrine, neurology,
oncology, urology, as well as overall inpatient prevalence rates (p = < 0.05). Furthermore, for
both sets of analyses, the year variable is significantly and negatively associated with inpatient
prevalence rates, within the medical categories of gynecology and orthopedics.
In both the number of wells analyses and the well density quantile analyses, cardiology inpatient prevalence rates were significantly associated with wells. Under the quantile analyses,
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Fig 2. Gas production (histogram) linearly tracked with well number (open circles) from 2007–2011.
doi:10.1371/journal.pone.0131093.g002
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Fig 3. Total inpatient rates by zip code. Total inpatient prevalence rates by zip code. From 2007 to 2011, within a zip code, inpatient prevalence rates are
relatively stable.
doi:10.1371/journal.pone.0131093.g003

neurology inpatient prevalence rates were also significantly associated with well density. Also,
both sets of analyses show evidence that dermatology, neurology, oncology, and urology inpatient prevalence rates were positively associated with wells. While only the number of wells
analyses showed evidence of a positive association between wells and neonatology inpatient
prevalence rates, our findings are consistent with other reports suggesting that such illnesses
are linked with hydro-fracking [12].
A quadratic association between number of wells and inpatient prevalence rates was also
explored. A quadratic relationship seemed to fit the data better than a linear relationship
between number of wells and inpatient prevalence rates, within the ophthalmology and neurology categories, where the p-value for the quadratic number of wells term was, respectively, 0.04
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Fig 4. Well density (quantiles) by year. Number of zip codes by well density (quantiles) is presented for each year. In 2007, the majority of zip codes have
no wells, but by 2011, the majority of zip codes have at least 1 well.
doi:10.1371/journal.pone.0131093.g004

and 0.004. However, these did not meet the Bonferroni threshold. Furthermore, given Table 3
and the sparsity of ophthalmology inpatient prevalence rates (first three quartiles have no inpatient prevalence rates), it seems unlikely that inference is valid for the ophthalmology models.
Given this weak evidence of a quadratic association, results for the quadratic number of wells
models are not shown.
In our analysis, one particular zip code had extremely high inpatient prevalence rates compared to other zip codes. Thus, a sensitivity analysis was performed (data not shown). This zip
code is located within Wayne County and had no active wells from 2007 to 2011. Removal of
this zip code from the analysis had little effect on either the number of wells or the quantile
analyses, and there was no change in inference and the estimated risk ratios. Next, a zip code in
Bradford had extremely high wells/km2 in 2010 and 2011, 16.9 wells/km2 and 23.4 wells/km2,
respectively. Consequently, we explored both sets of analyses without this zip code to
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Table 4. Poisson Fixed Effects Models: Number of Wells per Zip Code per Year.
Wells RR (p-value)

Year RR (p-value)

Inpatient total

1.0003 (0.076)

0.984 (0.128)

Cardiology

1.0007 (0.0007)

0.966 (0.029)

Dermatology

1.0010 (0.039)

0.977 (0.345)

Endocrine

1.0008 (0.086)

0.963 (0.316)

Gastroenterology

1.0003 (0.338)

0.992 (0.749)

General medicine

1.0002 (0.574)

1.037 (0.022)

Generals surgery

1.0000 (0.849)

1.104 (0.213)

Gynecology

1.0002 (0.708)

0.860 (<0.0001)

Hematology

0.9997 (0.657)

1.023 (0.616)

Neonatology

1.0014 (0.018)

0.959 (0.125)

Nephrology

0.9998 (0.461)

1.025 (0.250)

Neurology

1.0006 (0.037)

1.001 (0.948)

Normal newborns

1.0000 (0.969)

0.963 (0.030)

Ob/delivery

1.0002 (0.411)

0.968 (0.411)

Oncology

1.0015 (0.004)

0.956 (0.081)

Ophthalmology

1.0010 (0.593)

1.084 (0.255)

Orthopedics

0.9993 (0.011)

0.970 (<0.0001)

Other/ob

1.0003 (0.727)

0.899 (0.007)

Otolaryngology

1.0000 (0.982)

0.978 (0.614)

Psych/drug abuse

1.0004 (0.073)

1.035 (0.006)

Pulmonary

1.0000 (0.850)

0.989 (0.482)

Rheumatology

1.0014 (0.043)

0.961 (0.227)

thoracic surgery

1.0011 (0.100)

0.989 (0.708)

Trauma

1.0008 (0.174)

1.021 (0.505)

Urology

1.0010 (0.012)

0.983 (0.464)

Vascular surgery

0.9997 (0.539)

0.948 (0.024)

Note: RR = Risk ratio
doi:10.1371/journal.pone.0131093.t004

determine whether removal of this zip code changed inference. Like the first sensitivity analysis, removal of the Bradford zip code had little effect on inference.

Discussion
We posit that larger numbers of active hydraulic fracturing wells would increase inpatient
prevalence rates over time due in part to increases in potential toxicant exposure and stress
responses in residents evoked by increases in the hydraulic fracturing work force and diesel
engine use. We recognize that a five-year observation period may limit our ability to discern a
direct impact on health in the surrounding community but may offer an opportunity to assess
hospital utilization rates over time. We examined over 95,000 inpatient records, and thus our
study, to our knowledge, represents the most comprehensive one to date to address the health
impact of UGOD.
Our data suggests that some but not all medical categories were associated with increases in
number of wells, along with increases in well density. Specifically, cardiology inpatient prevalence rates were significantly associated with number of wells and well density, while neurology
inpatient prevalence rates were significantly associated with well density. We are struck by the
finding that these differences were observable within a short period of time from 2007–2011.
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Table 5. Poisson Fixed Effects Models: Quantile Analysis of Wells/km2.
Q1 Wells RR (p-value)

Q2 Wells RR (p-value)

Q3 Wells RR (p-value)

Wald Test of all Q Wells = 0

Year RR (p-value)

Inpatient total

0.979 (0.475)

1.069 (0.044)

1.108 (0.041)

P = 0.0058

0.977 (0.013)

Cardiology

1.021 (0.667)

1.142 (0.018)

1.27 (0.001)

P = 0.0008

0.957 (0.004)

Dermatology

1.051 (0.572)

1.108 (0.429)

1.454 (0.013)

P = 0.0329

0.972 (0.329)

Endocrine

0.975 (0.862)

1.228 (0.045)

1.391 (0.029)

P = 0.0068

0.942 (0.039)

Gastroenterology

0.943 (0.369)

1.12 (0.168)

1.105 (0.364)

P = 0.1101

0.98 (0.406)

General medicine

0.911 (0.234)

0.993 (0.931)

0.985 (0.872)

P = 0.6373

1.037 (0.006)

Generals surgery

0.875 (0.011)

0.921 (0.228)

0.944 (0.424)

P = 0.0669

1.015 (0.157)

Gynecology

0.887 (0.300)

0.938 (0.606)

0.967 (0.849)

P = 0.7549

0.865 (<0.0001)

Hematology

1.202 (0.365)

1.21 (0.320)

1.221 (0.429)

P = 0.7145

0.993 (0.868)

Neonatology

0.994 (0.975)

1.301 (0.152)

1.527 (0.100)

P = 0.0745

0.95 (0.052)

Nephrology

1.115 (0.203)

1.143 (0.227)

1.151 (0.211)

P = 0.5566

1.004 (0.871)

Neurology

0.922 (0.344)

1.157 (0.048)

1.188 (0.062)

P = 0.0003

0.99 (0.542)

Normal newborns

0.949 (0.481)

0.978 (0.764)

0.964 (0.731)

P = 0.8980

0.965 (0.064)

Ob/delivery

0.958 (0.524)

1.028 (0.670)

1.029 (0.749)

P = 0.4219

0.956 (0.002)

Oncology

1.217 (0.144)

1.415 (0.028)

1.815 (0.002)

P = 0.0166

0.938 (0.022)

Ophthalmology

0.717 (0.381)

1.014 (0.976)

1.116 (0.836)

P = 0.5215

1.099 (0.263)

Orthopedics

0.996 (0.940)

0.981 (0.740)

0.875 (0.130)

P = 0.3591

0.963 (<0.0001)

Other/ob

0.966 (0.885)

1.176 (0.451)

1.264 (0.502)

P = 0.7209

0.879 (0.001)

Otolaryngology

1.052 (0.744)

1.194 (0.412)

1.004 (0.988)

P = 0.5564

0.966 (0.527)

Psych/drug abuse

0.944 (0.307)

0.927 (0.293)

1.13 (0.145)

P = 0.0535

1.039 (0.008)

Pulmonary

1.05 (0.267)

1.097 (0.202)

1.067 (0.572)

P = 0.3050

0.981 (0.306)

Rheumatology

1.091 (0.601)

1.432 (0.159)

1.866 (0.034)

P = 0.0774

0.94 (0.067)

Thoracic surgery

0.872 (0.391)

1.151 (0.470)

1.13 (0.654)

P = 0.0903

0.987 (0.751)

Trauma

0.997 (0.987)

1.057 (0.761)

1.265 (0.222)

P = 0.4373

1.02 (0.562)

Urology

0.827 (0.117)

1.105 (0.462)

1.24 (0.215)

P = 0.0334

0.977 (0.339)

Vascular surgery

1.103 (0.488)

1.052 (0.788)

0.966 (0.857)

P = 0.8116

0.946 (0.030)

Note: RR = Risk ratio
doi:10.1371/journal.pone.0131093.t005

We show that from 2011–2013 (Fig 2) the number of active wells continues to rise exponentially. Although we do not have health care utilization data for 2012–2013, if our findings persisted into 2012–2013, it is possible that the association between cardiology inpatient
prevalence rates and wells could only become stronger as a result of the increased number of
wells (relative to 2007–2011).
The precise cause for the increase in inpatient prevalence rates within specific medical categories remains unknown. Given that our modeling approach cannot account for within zip
code demographic changes over the study period, it is possible that some increases were due to
an increased influx of subjects to a zip code. Since the inpatient prevalence rates were determined for subjects who resided within a zip code, transient UGOD workers whose address was
not local were excluded. Thus, our data potentially may underestimate hospital use that
excluded those who were not Pennsylvania residents. Further, our data were partitioned into
active wells but it is impossible to associate a specific toxicant exposure to an increase in a specific disease category requiring hospitalization. Intriguingly, our findings partially support
those of other studies performed in Colorado. Colburn et al. observed that more than 75% of
the chemicals used during natural gas operations may affect skin and respiratory systems, as
well as other organs [23]. Another study in Colorado also supports our findings in
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neonatology. McKenzie et al. estimate that being within 10 miles of a gas well significantly
increased the odds of having a congenital heart defect by 1.3 as well as the odds of having neural tube defects by two-fold, compared to not being within 10 miles of a gas well [12]. A recent
study by Lanki et al. determined that living close to busy traffic was associated with increased
C-reactive protein (CRP) concentrations, which is a known risk factor for cardiovascular diseases [24]. This supports our results for cardiology, given the increased truck traffic that comes
with increased hydro-fracking activity.
Despite our findings that hospitalization use and active well number are directly associated
within specific medical categories, there are limitations to our study. Our study examined a relatively short time interval. Whether our findings will be validated over longer periods of observation remains unclear. To have any association within a brief time frame may forebode
greater negative health effects over time. Furthermore, with our limited time frame and data,
the functional relationship for the association between well density and inpatient prevalence
rates was heavily dependent on many extreme values, which make up less than 1% of the total
observations. This motivated the quantile analysis. However, there are clear disadvantages to
this approach. By partitioning a continuous variable, we inherently lose information. Furthermore, while we can make inference on moving among quantile levels, we cannot make inference for specific increases in well density. The quantile levels were also somewhat arbitrary,
characterized as no wells/km2, a “low” amount of wells/km2, a “medium amount of wells/km2,
and a “high” amount of wells/km2. Another possible limitation is that our analyses only considered a zip code “exposed” to wells if there were wells within that specific zip code. A zip code
with no wells, however, could neighbor another zip code that has many wells. Accordingly, the
association between wells and inpatient prevalence rates may be underestimated. Future work
will incorporate a spatial aspect, such that the proximity to exposure (wells) is better addressed.
Another limitation is that this study, given that we use hospital discharge data, does not include
any information on morbidity or mortality. However, a future study that assesses the association between morbidity/mortality and wells would be interesting to explore.
Despite these limitations, our findings may have a significant impact on the consequences
of UGOD on health care delivery and policy. For the number of wells analyses, it is useful to
consider specific increases in wells, given that the risk ratio associated with the number of wells
predictor is in terms of a one unit increase in number of wells. Specifically, consider an increase
of 25 wells, which is the observed mean number of wells from our data. For example, if some
zip code had an additional 25 wells, we would expect cardiology inpatient prevalence rates to
increase by 2% for that zip code. Considering the quantile analyses, if a zip code went from
having zero wells to having greater than 0.79 wells/km2 (79 wells for each 100 km2), we would
expect cardiology inpatient prevalence rates to increase by 27% for that zip code. If a zip code
went from having no wells to having between 0.17 to 0.79 wells/km2, we then would expect a
14% increase in cardiology inpatient prevalence rates for that zip code. Notably, 18 zip codes
had greater than 0.79 wells/km2, primarily in 2010 and 2011, indicating that each of these zip
codes could have had an excess of 27% in cardiology inpatient prevalence rates for each year
they had greater than 0.79 wells/km2. Furthermore, while dermatology and neonatology were
not strictly significant after using a Bonferroni correction, there is evidence that dermatology
and neonatology inpatient prevalence rates were also positively associated with wells. From the
number of wells analyses, if a zip code had an additional 25 wells, we would expect dermatology
and neonatology inpatient prevalence rates to increase by 3% and 4%, respectively. Similarly,
from the quantile analyses, if a zip code went from having no wells to having greater than 0.79
wells/km2, we would expect dermatology inpatient prevalence rates to increase by 45% for that
zip code.
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For most medical categories and overall, given the non-significant year risk ratios from
Tables 4 and 5, inpatient prevalence rates remained relatively stable between 2007 and 2011.
However, within the medical categories of gynecology and orthopedics, inpatient prevalence
rates are expected to decrease each year by around 13–14% and 3–4%, respectively. Despite
this surprising result, it is unclear why gynecology and orthopedics inpatient prevalence rates
are decreasing each year. It is unlikely that these decreasing rates are related to the increased
hydro-fracking activity.
To put into the context the potential burden of hydro-fracking on cardiology hospitalizations, consider the zip codes which exceeded 0.79 wells/km2 (Q3wells). In total, from 2007 to
2011, three zip codes had >0.79 wells/km2 in 2009, 10 zip codes had >0.79 wells/km2 in
2010, and 18 zip codes had >0.79 wells/km2 in 2011. Some zip codes had >0.79 wells/km2 in
multiple years, and in total, there were 18 unique zip codes that achieved >0.79 wells/km2 at
least once. Of these 31 year/zip code observations, the mean cardiology inpatient prevalence
rate was 2.17, the mean number of cardiology inpatient visits was 44.74, and the mean population was 2190. Given the model results from Table 5, if these same observations had no
wells, we would have expected the mean cardiology inpatient prevalence rate to be 2.17/
1.27 = 1.71. Thus, the expected mean number of cardiology inpatient visits, assuming the
mean population, would be 1.71 2190/100 = 37.46. However, this is a slight simplification,
since each zip code has a different population. We omit the zip code specific populations
to preserve zip code anonymity, but when using zip code specific populations, the expected
mean number of cardiology inpatient visits, if these zip codes had no wells, would be 35.23.
This means that on average, for any year that a zip code exceeded 0.79 wells/km2, we
would expect an excess of 44.74–35.23 = 9.51 cardiology inpatient visits, compared to if
there were no wells. Note that this excess is for a single zip code for a single year in which
the zip code exceeded 0.79 wells/km2 (this occurred 31 times). A similar exercise shows that
for zip codes in the Q2wells range (36 observations total), we would expect on average an
excess of 8.13 cardiology inpatient rates. This again is for a single zip code for a single year
in which the zip code had >0.168 wells/km2 but 0.79 wells/km2. However, from the
model results in Table 5, zip codes with >1 well are in general expected to have increased
cardiology inpatient prevalence rates, relative to having no wells. With an inpatient stay costing on average $30K, this poses a significant economic health burden to the Commonwealth
of PA.
In summary, hydraulic fracturing as determined by well number or density had a significant
association with cardiology inpatient prevalence rates, while well density had a significant association with neurology inpatient prevalence rates. While the clinical significance of the association
remains to be shown, UGOD has just begun in Pennsylvania, and thus observing a significant
association over this short time is remarkable. Further studies are warranted to compare toxicant
exposure to number of wells and inpatient and outpatient studies. Our study also supports the
concept that health care utilization should be factored into the value (costs and benefits) of
hydraulic fracturing over time.

Supporting Information
S1 Table. ICD-9 diagnosis codes and MSDRGs used in this study. These data are partitioned
into three tabs: ICD-9 diagnosis codes, MSDRGs and MSDRG product lines included.
(XLSX)
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ABSTRACT

Across the United States, the race for new energy sources is picking up speed
and reaching more places, with natural gas in the lead. While the toxic and
polluting qualities of substances used and produced in shale gas development
and the general health effects of exposure are well established, scientific
evidence of causal links has been limited, creating an urgent need to understand health impacts. Self-reported survey research documenting the symptoms experienced by people living in proximity to gas facilities, coupled
with environmental testing, can elucidate plausible links that warrant both
response and further investigation. This method, recently applied to the gas
development areas of Pennsylvania, indicates the need for a range of policy
and research efforts to safeguard public health.
Keywords: health surveys, shale gas, toxic exposure, hydraulic fracturing, fracking

Public health was not brought into discussions about shale gas extraction
at earlier stages; in consequence, the health system finds itself lacking critical
information about environmental and public health impacts of the technologies and unable to address concerns by regulators at the federal and state
levels, communities, and workers. . . .
—Institute of Medicine at the National Academies of Science [1]
55
Ó 2013, Baywood Publishing Co., Inc.
doi: http://dx.doi.org/10.2190/NS.23.1.e
http://baywood.com

56 / STEINZOR, SUBRA AND SUMI

For many years, extracting natural gas from deep shale formations across the
United States (such as the Marcellus Shale in the East or the Barnett Shale
in Texas) was considered economically and technologically infeasible. More
recently, changes in hydraulic fracturing technology and its combination with
horizontal drilling have made it possible to drill much deeper and farther.
Bolstered by declining global oil resources and a strong political push to expand
domestic energy production, this has resulted in a boom in shale gas production
nationwide and projections of tens or even hundreds of thousands of wells being
drilled in the coming decades.
By mid-2012, there were nearly 490,000 producing natural gas wells in the
United States, 60,000 more than in 2005 [2]. In Pennsylvania alone, more than
5,900 unconventional oil and gas wells had been drilled, and more than 11,700
had been permitted, between 2005 and September 2012; the pace of expansion
has been rapid, with 75 percent of all unconventional wells drilled just in the last
two years [3]. The rapid pace of industry expansion is increasingly divergent
from the slower pace of scientific understanding of its impacts, as well as policy
and regulatory measures to prevent them—in turn raising many questions that
have yet to be answered [4]. Further, the limited availability of information has
both contributed to the public perception and supported industry assertions that
health impacts related to oil and gas development are isolated and rare.
Modern-day industrial gas and oil development has many stages, uses a
complex of chemicals, and produces large volumes of both wastewater and solid
waste, which create the potential for numerous pathways of exposure to substances harmful to health, in particular to air and water pollution [5]. Many
reports of negative health impacts by people living in proximity to wells and
oil and gas facilities have been documented in the media and through research
by organizations [6-8]. In addition, several self-reporting health survey and
environmental testing projects have been conducted in response to complaints
following pollution events or the establishment of facilities [9-12].
Such short-term projects have been initiated in a research context in which
longer-term investigations—particularly ones that seek to establish causal links
between health problems and oil and gas development—have historically been
narrow and inconsistent [13]. Reflecting growing concern over the need to
deepen knowledge among scientists, public agency representatives, and environmental and health professionals, four conferences on the links between shale
gas development and human health were convened in just a one-year period
(November 2011–November 2012), including by the Graduate School of Public
Health at the University of Pittsburgh; by Physicians, Scientists, and Engineers
for Healthy Energy; and by the Institute of Medicine of the National Academy
of Sciences.
In-depth research on the health impacts of oil and gas development has
also begun to appear in the literature. In 2011, a review of more than 600 known
chemicals used in natural gas operations concluded that many could cause cancer
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and mutations and have long-term health impacts (including on the skin, eyes,
and kidneys and on the respiratory, gastrointestinal, brain/nervous, immune,
endocrine, and cardiovascular systems) [14]. In early 2012, a study by researchers
at the University of Colorado concluded that the toxicity of air emissions near
natural gas sites puts residents living close by at greater risk of health-related
impacts than those living farther away [15]. Also in 2012, a paper (published
in this journal) documented numerous cases in which livestock and pets
exposed to toxic substances from natural gas operations suffered negative
health impacts and even death [16].
Public health has not been a priority for decision-makers confronting the
expansion of natural gas development and consumption. Commissions to study
the impacts of shale gas development have been established by Maryland and
Pennsylvania and by the U.S. Secretary of Energy, but of the more than 50
members on these official bodies, none had health expertise [17]. In addition,
state and federal agencies in charge of reviewing energy proposals and issuing
permits do not require companies to provide information on potential health
impacts, while only a few comprehensive health impact assessments (HIAs)
on oil and gas development have ever been conducted in the United States [18].
Data on air and water quality near oil and gas facilities are also lacking because
federal environmental testing and monitoring has long focused on a limited
number of air contaminants and areas of high population density [19], while
testing at oil and gas facilities in states like Pennsylvania began only recently
[20]. Finally, only a few states (including Pennsylvania, Ohio, and Colorado)
have any requirements for baseline air and water quality testing before drilling
begins, making it difficult for researchers and regulators—as well as individuals
who are directly impacted—to establish a clear connection afterwards.
SUMMARY OF THE RELEVANCE OF SELF-REPORTING
HEALTH SURVEYS
For many individuals and communities living amidst oil and gas development
and experiencing rapid change in their environments, too much can be at stake to
rely solely on the results of long-term studies, especially those that are just now
being developed. Recent examples include a new study by Guthrie Health and
the Geisinger Health System in Pennsylvania, set to take from 5 to 15 years [21],
and research proposals solicited in April 2012 by the National Institute of
Environmental Health Sciences [22].
In contrast, self-reporting health survey research facilitates the collection and
analysis of data on current exposures and medical symptoms—thereby helping
to bridge the prevailing knowledge gap and pointing the way toward possible
policy changes needed to protect public health. Another premise throughout
the various phases of this project (location selection, survey distribution and
completion, environmental testing, report development and distribution, and
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outreach to decision-makers) was the value of public participation in science
and the engagement of a variety of actors and networks to both conduct the
research and ensure its beneficial application [23].
With this in mind, this health and testing project reflects some of the core
principles of community-based participatory research (CBPR), including an
emphasis on community engagement, use of strengths and resources within
communities, application of findings to help bring about change, and belief in the
research relevance and validity of community knowledge [24]. For example, the
current project selected areas for investigation based in part on the observations
of change in environmental conditions by long-time residents, and upon completion, participants received resources on air and water testing and reporting
of drilling problems for use in their communities.
In addition, CBPR is often used by public agencies and academic researchers
to gather information on health conditions that may be related to social or
environmental factors manifested on the community as well as individual level
[25]. Relevant examples include identification of linkages between environmental health and socioeconomic status [26], adverse health impacts associated
with coal mining [27], and the perception of health problems from industrial
wind turbines [28].
Community survey and environmental testing projects such as the current
one are also valuable in identifying linkages and considerations that can be
used to develop protocols for additional research and policy measures. For
example, community survey projects similar to the current one have revealed
the presence of toxic chemicals in water and air that were known to be associated
with health symptoms reported by residents, resulting in the strengthening of state
standards for the control of drilling-related odors in Texas [9], expansion of a
groundwater contamination investigation by the U.S. Environmental Protection
Agency in Wyoming [10], and relocation of residential communities away from
nearby oil refineries and contaminated waste storage areas in Louisiana [29].
METHODS
Between August 2011 and July 2012, a self-reporting health survey and environmental testing project was undertaken in order to:
• investigate the extent and types of health symptoms experienced by people
living in the “gas patches” (that is, gas development areas) of Pennsylvania;
• provide air and water quality testing to some of the participating households
in need of such information;
• identify possible connections between health symptoms and proximity to
gas extraction and production facilities;
• provide information to researchers, officials, regulators, and residents concerned about the impact of gas development on health and air and water
quality; and
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• make recommendations for both further research and the development of
policy measures to prevent negative health and environmental impacts.
This project did not involve certain research elements, such as structured
control groups in non-impacted areas and in-depth comparative health history
research, that aim to show a direct cause-and-effect relationship or to rule out
additional exposures and risks. Such work, while important, was beyond the
scope of the project.
The primary routes of exposure to chemicals and other harmful substances
used and generated by oil and gas facilities are inhalation, ingestion, and
dermal absorption—of substances in air, drinking water, or surface water—
which can lead to a range of symptoms. The health survey instrument explored
such variations in exposure through checklists of health symptoms grouped into
categories (skin, sinus/respiratory, digestive/stomach, vision/eyes, ear/nose/mouth,
neurological, urinary/urological, muscles/joints, cardiac/circulatory, reproductive, behavioral/mood/energy, lymphatic/thyroid, and immunological). A similar
structure was followed for different categories of problems in participants’
disease history (kidney/urological, liver, bones/joints, ulcers, thyroid/lymphatic,
heart/lungs, blood disorders, brain/neurological, skin/eyes/mouth, diabetes, and
cancer). Questions were also asked about occupational background and related
toxic exposure history. In addition, the survey included questions on proximity
to three types of facilities (compressor and pipeline stations, gas-producing
wells, and impoundment or waste pits) to explore possible sources of exposure.
It also asked participants to describe the type and frequency of odors they
observe, since odors can both indicate the presence of a pollutant and serve as
warning signs of associated health risks [30].
As indicated in Table 1, the survey was completed by 108 individuals (in 55
households) in 14 counties across Pennsylvania, with the majority (85 percent)
collected in Washington, Fayette, Bedford, Bradford, and Butler counties.
Taken together, the counties represent a geographical range across the state
and have active wells and other facilities that have increased in number in the
past few years, allowing reports of health impacts and air and water quality
concerns by residents to surface [31, 32]. The survey and testing locations were
all in rural and suburban residential communities.
All survey participants were assured that their names, addresses, and other
identifying information on both the surveys and environmental testing results
would be kept confidential and used only for purposes related to this project,
such as following up with clarifying questions, responding to requests for assistance, or providing resources. Due to expressed concerns about confidentiality,
participants had the option of completing the surveys anonymously, which some
chose to do. Most participants answered questions on their own. In some cases,
spouses, parents, or neighbors completed surveys for participants, and a few
provided answers to the project coordinator in person or over the phone.
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Table 1. Survey Locations
County
surveyed

Number of surveys
collected and percent
of all surveys

Washington

24 (22%)

Fayette

20 (18%)

Bedford

20 (18%)

Bradford

17 (16%)

Butler

12 (11%)

Jefferson

3 (3%)

Sullivan

2 (2%)

Greene

2 (2%)

Warren

2 (2%)

Elk

2 (2%)

Clearfield

1 (1%)

Erie

1 (1%)

Susquehanna

1 (1%)

Westmoreland

1 (1%)

Total

108

While less formal and structured, the approach taken to identifying project
participants has similarities to established non-random research methods that
are respondent-driven and rely on word-of-mouth and a chain of referrals to
reach more participants, such as “snowball” and “network” sampling [33]. As
in studies in which these methods are used, the current project had a specific
purpose in mind, focused on a group of people that can be hard to identify or
reach, and had limited resources available for recruitment [34].
The survey was distributed in print form either by hand or through the mail
and was initiated through existing contacts in the target counties. These individuals then chose to participate in the project themselves and/or recommended
prospective participants, who in turn provided additional contacts. The survey
was also distributed to individuals who expressed interest in participating directly
to the project coordinator at public events or through neighbors, family members,
and friends who had already completed surveys.
A second phase of the project involved environmental testing conducted at
the homes (i.e., in the yards, on porches, or at other locations close to houses) of a
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subset of the survey participants (70 in total) in order to identify the presence
of pollutants that may be coming from gas development facilities. In all, 34 air
tests and nine water tests were conducted at 35 households. Test locations were
selected based on household interest, the severity of symptoms reported, and
proximity to gas facilities; results were made available to the households where
the testing took place. The air tests were conducted with Summa Canisters put
out for 24 hours by trained individuals and the results analyzed with TO-14 and
TO-15 methods, which are used and approved by the U.S. Environmental Protection Agency to test for volatile organic compounds (VOCs) such as benzene,
toluene, ethylbenzene, and xylene (known as BTEX chemicals). The water tests
were based on samples drawn directly from household sinks or water wells
by technicians employed by certified laboratories and covered the standard
Tier 1, Tier 2, and Tier 3 (including VOCs/BTEX) and in one case, gross
alpha/beta radiation, radon, and radium.
FINDINGS
Health Surveys
Among participants, 45 percent were male, ranging from 18 months to 79 years
of age, and 55 percent were female, ranging from 7 to 77 years of age. The closest
a participant lived to gas facilities was 350 feet and the farthest away was 5 miles.
Participants had a wide range of occupational backgrounds, including animal
breeding and training, beautician, child care, construction, domestic work, farming, management, mechanic, medical professional, office work, painter, retail,
teaching, and welding. About 20 percent of participants reported an occupationrelated chemical exposure (for example, to cleaning products, fertilizers, pesticides, or solvents). At the time of survey completion, 80 percent of participants did
not smoke and 20 percent did. More than 60 percent of the current nonsmokers
had never smoked, although 20 percent of nonsmokers lived with smokers.
Almost half of the survey participants answered the question on whether
they had any health problems prior to shale gas development. A little less than
half of those responses indicated no health conditions before the development
began and a little more than half reported having had one or just a few—in particular allergies, asthma, arthritis, cancer, high blood pressure, and heart, kidney,
pulmonary, and thyroid conditions were named by respondents.
While not asked specifically in the survey, some participants volunteered
(verbally or in writing) additional information that points to health-related
concerns warranting further investigation. For example, five reported that their
existing health symptoms became worse after shale gas development started and
15 that their symptoms lessened or disappeared when they were away from
home. Participants in 22 households reported that pets and/or livestock had
unexplained symptoms (such as seizures or losing hair) or suddenly fell ill and
died after gas development began nearby.
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Some variation was noted with regard to the specific symptoms reported
for each category surveyed, and some symptoms were reported to a notable
degree in only one or a few locations. However, as seen in Table 2, the
same overall categories of problems reported by survey participants
garnered high response rates among survey participants regardless of
region or county. For example, sinus/respiratory problems garnered the
highest percentage of responses by participants overall, as well as in four
of the five focus counties; the second top complaint category, behavioral/
mood/energy, was the first in one county, second in three, and fourth in
one. The total number of symptoms reported by individual participants
ranged from 2 to 111; more than half reported having more than 20 symptoms and nearly one-quarter reported more than 50 symptoms. The highest
numbers were reported by a 26-year-old female in Fayette County (90),
a 51-year-old female in Bradford County (94), and a 59-year-old female in
Warren County (111).
The 25 most prevalent individual symptoms among all participants were
increased fatigue (62%), nasal irritation (61%), throat irritation (60%), sinus
problems (58%), eyes burning (53%), shortness of breath (52%), joint pain
(52%), feeling weak and tired (52%), severe headaches (51%), sleep disturbance
(51%), lumbar pain (49%), forgetfulness (48%), muscle aches and pains
(44%), difficulty breathing (41%), sleep disorders (41%), frequent irritation
(39%), weakness (39%), frequent nausea (39%), skin irritation (38%), skin
rashes (37%), depression (37%), memory problems (36%), severe anxiety
(35%), tension (35%), and dizziness (34%).
Many symptoms were commonly reported regardless of the distance from
the facility (in particular sinus problems, nasal irritation, increased fatigue,
feeling weak and tired, joint pain, and shortness of breath). In addition, there was
some variability in the percentage of respondents experiencing certain symptoms
in relation to distance from facility, including higher rates at longer distances
in a few instances. Possible influencing factors could include topography,
weather conditions, participant reporting, the use of emission control technologies at facilities, or type of production (e.g., wet gas contains higher levels
of liquid hydrocarbons than dry gas).
However, many symptoms showed a clearly identifiable pattern: as the
distance from facilities increases, the percentage of respondents reporting the
symptoms generally decreases [35]. For example, when a gas well, compressor
station, and/or impoundment pit were 1500-4000 feet away, 27 percent of participants reported throat irritation; this increased to 63 percent at 501-1500
feet and to 74 percent at less than 500 feet. At the farther distance, 37 percent
reported sinus problems; this increased to 53 percent at the middle distance and
70 percent at the shortest distance. Severe headaches were reported by 30 percent
of respondents at the farther distance, but by about 60 percent at the middle
and short distances.

87
67
60
47
33
47
27
53

95
74
79
74
63
68
63
79

85
85
70
70
75
75
75
70

75
67
50
67
58
50
67
50

82
88
71
82
65
59
70
65

80
60
45
55
55
40
45
40

88
80
74
70
64
66
64
63

Sinus/respiratory

Behavioral/mood/energy

Neurological

Muscles/joints

Digestive/stomach

Ear/nose/mouth

Skin reactions

Vision/eyes

aIncludes Clearfield, Elk, Erie, Jefferson, Greene, Sullivan, Susquehanna, Warren, and Westmoreland counties. The surveys from
these counties (15) were analyzed together to create a group comparable in number to each of the counties where more surveys
were collected.

Othersa

Washington

Fayette

Butler

Bradford

Bedford

All counties

Symptom category

Percent of individuals reporting symptoms in category

Table 2. Percent of Participants Reporting Symptoms in the Most Prevalent Categories of Symptoms, by County
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Figure 1 shows, for the top 20 symptoms, the percentage of residents living
within 1500 feet of a natural gas facility (well, compressor, or impoundment)
who reported the symptom, compared to the percentage among residents living
more than 1500 feet from the facility. For 18 of the 20 symptoms, a higher
percentage of those living within 1500 feet of a facility experienced the symptom
than of those living further away.
The difference in percentages reporting the symptom in the two groups
(i.e., 1500 feet or closer vs. more than 1500 feet from a facility) was statistically
significant for 10 of the 20 symptoms. Notably, this finding reinforces the value
of data attained through self-reporting health surveys. It shows that, regardless of
how symptom data were acquired, they suggest that increased proximity to gas
facilities has a strong association with higher rates of symptoms reported.
When the most prevalent symptoms are broken out by age and distance from
facility, some patterns stand out [35]. Within each age group, the subset living
within 1500 feet of any oil and gas facility had a higher percentage of most
symptoms than the age group as a whole.
Among the youngest respondents (1.5-16 years of age), for example, those
within 1500 feet experienced higher rates of throat irritation (57% vs. 69%)
and severe headaches (52% vs. 69%). It is also notable that the youngest group
had the highest occurrence of frequent nosebleeds (perhaps reflective of the
more sensitive mucosal membranes in the young), as well as experiencing
conditions not typically associated with children, such as severe headaches,
joint and lumbar pain, and forgetfulness.
Among 20- to 40-year-olds, those living within 1500 feet of a facility reported
higher rates of nearly all symptoms; for example, 44 percent complained
of frequent nosebleeds, compared to 29 percent of the entire age group. The
same pattern existed among 41- to 55-year-olds with regard to several symptoms
(e.g., throat and nasal irritation and increased fatigue), although with smaller
differences and greater variability than in the other age groups.
The subset of participants in the oldest group (56- to 79-year-olds) living
within 1500 feet of facilities had much higher rates of several symptoms, including throat irritation (67% vs. 47 %), sinus problems (72% vs. 56%), eye burning
(83% vs. 56%), shortness of breath (78% vs. 64%), and skin rashes (50% vs. 33%).
In sum, while these data do not prove that living closer to oil and gas facilities
causes health problems, they do suggest a strong association since symptoms are
more prevalent in those living closer to facilities than those living further away.
Symptoms such as headaches, nausea, and pounding of the heart are known to
be the first indications of excessive exposure to air pollutants such as VOCs [36],
while the higher level of nosebleeds in the youngest age group is also consistent
with patterns identified in health survey projects in other states [9, 10].
The survey also asked respondents to indicate whether they were smokers.
While the average number of symptoms for smokers was higher for smokers
than nonsmokers (30 vs. 22), the most frequently reported symptoms were very

Figure 1. Association of symptoms and distance from facilities.
Note: The significance of the effect was tested using a two-way contingency table analysis, and the chi-square value
is given in parenthesis after each symptom. Effects significant at p < 0.001 are indicated by ***, those significant at
p < 0.01 by **, and those significant at p < 0.05 by *.
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similar (including forgetfulness, increased fatigue, lumbar pain, joint pain, eye
burning, nasal irritation, sinus problems, sleep disturbances, severe headaches,
throat irritation, shortness of breath, frequent nausea, muscle aches or pains,
and weakness). The fact that the nonsmokers experienced symptoms that are
commonly considered to be side effects of smoking (e.g., persistent hoarseness,
throat irritation, sinus problems, nasal irritation, shortness of breath, and sleep
disturbances) suggests that factors other than smoking were at play.
In addition, while the smoking subpopulation generally reported a larger
number of symptoms, the symptoms most frequently reported by smokers and
nonsmokers were remarkably similar within each age group [35]. For example,
for 20- to 40-year-olds, increased fatigue, sinus problems, throat irritation, frequent nausea, and sleep problems were among the top symptoms for both
smokers and nonsmokers. In the 41- to 55-year-old group, increased fatigue,
throat irritation, eye burning, severe headaches, and nasal irritation were among
the top symptoms for both smokers and nonsmokers, and in the over-55 age
group, eye burning, sinus problems, increased fatigue, joint pain, and forgetfulness were among the top symptoms of both smokers and nonsmokers.
Participants were asked if they had noticed any odors and were asked whether
they knew the source of the odors. In all but a few cases, survey participants
mentioned only gas-related sources. Responses focused on locations, facilities,
and processes, including drilling, gas wells, well pads, fracturing, compressor
stations, condensate tanks, flaring, impoundments and pits, retention ponds,
diesel engines, truck traffic, pipelines and pipeline stations, spills and leaks,
subsurface ground events or migrations from underground, seismic testing, bluecolored particles in the air (possibly catalytic compounds or particulate matter),
and water and stock wells. Odors were among the most common of complaints,
with 81 percent of participants experiencing them sometimes or constantly. The
frequency ranged from one to seven days per week and from several times per
day to all day long; 18 percent said they could smell odors every day.
Participants were also asked to describe odors and whether they noticed any
health symptoms when odor events occurred. The most prevalent links between
odors and symptoms reported were:
• nausea: ammonia, chlorine, gas, propane, ozone, rotten gas;
• dizziness: chemical burning, chlorine, diesel, ozone, petrochemical smell,
rotten/sour gas, sulfur;
• headache: chemical smell, chlorine, diesel, gasoline, ozone, petrochemical
smell, propane, rotten/sour gas, sweet smell;
• eye/vision problems: chemical burning, chlorine, exhaust;
• respiratory problems: ammonia, chemical burning, chlorine, diesel, perfume
smell, rotten gas, sulfur;
• nose/throat problems: chemical smell, chlorine, exhaust, gas, ozone, petrochemical smell, rotten gas, sulfur, sweet smell;
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• nosebleeds: kerosene, petrochemical smell, propane, sour gas;
• skin irritation: chemical smell, chlorine, ozone, sulfur;
• decreased energy/alertness: chemical gas, ozone, rotten/sour gas, sweet
smell; and
• metallic/bad taste in mouth: chemical burning, chlorine, turpentine.
Environmental Testing
As detailed in Table 3, the air tests detected a total of 19 VOCs in ambient air
sampled outside of homes.
The number of compounds detected in a single sample ranged from one to 25;
there was some consistency with regard to the chemicals present in most of
the samples, although the concentrations of VOCs detected varied across
counties [35]. The highest numbers of VOCs were detected in air samples from
Washington County (15), Butler County (15), Bradford County (12), and Fayette
County (9). Washington County also had the highest measured concentration
of five VOCs and the second highest concentration of 12 chemicals. Samples
from Butler and Bradford Counties had the highest concentrations of five
and three VOCs, respectively. Five chemicals were detected in all nine of the
samples from Washington County and in the six samples from Butler County:
1,1,2-trichloro-1,2,2-trifluoroethane, carbon tetrachloride, chloromethane, toluene,
and trichlorofluoromethane.
It is also possible that in some places, sampling did not occur at the precise
times when facilities were emitting high concentrations of chemicals or when
the wind was blowing contaminants toward canisters. Some of the additional
variation in number of chemicals and concentrations could be due to differences
in topography, the total number of active oil and gas wells, the types of wells
(conventional versus unconventional), the use of emission control technologies,
and the number of active drilling sites, compressor stations, and oil and gas waste
impoundments located within a certain radius of the sampling locations.
In 2010, the Pennsylvania Department of Environmental Protection (DEP)
conducted air testing around natural gas wells and facilities in three regions
across the state, in part using the same canister sampling methods as in this
project [37]. When compared to DEP’s results, our results showed some striking
similarities in both the chemicals detected and concentrations. In particular,
BTEX chemicals that we measured in Butler and Washington counties were
consistently higher than concentrations found at DEP control sites (ethylbenzene
and — and p-xylenes were not detected at any of the control sites). When
compared to the sampling done by DEP around oil and gas facilities, the concentrations in Butler and Washington counties were in the same range for
benzene, but were considerably higher for toluene, ethylbenzene and m- and
p-xylenes. It is also striking that some of the concentrations of ethylbenzene and
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2.52-2.79
3.32-3.66
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2.14-2.36

0.28
0.19
0.25
NA
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NA
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65
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38
32

26
22
9
3
11

34
34
17
8
34

Toluene

Dichlorodifluoromethane

n-Hexane

Benzene

Trichlorofluoromethane

4.21-4.65
0.31
0.091-0.14
0.76

0.4

76

26

34

Carbon tetrachloride

5.13-5.67
0.38
0.22-0.34
0.73

0.54

76

26

34

1,1,2-Trichloro-1,2,2-trifluoroethane

1.39-1.53
0.1
0.59-0.90
1.66

1.0

79

27

34

Chloromethane

NA
NA
6.5-10

19

8.0

88

15

17

Acetone

NA
NA
0.85-1.3

2.9

0.95

94

16

17

2-Butanone

Paceb
Con-Test

Chemical reporting limits for
the three labs
Columbia

Compound

Minimum
Maximum
concentration concentration

Percent of
samples
detecting
VOCs

Number of
samples
detecting
VOCs

Total
number
of samples

Table 3. Volatile Organic Compounds (VOCs) in Ambient Air,
Sorted by Percent Detectiona
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2.91-3.21
2.71-2.99

0.22
0.2

1.2-1.9
0.59-0.90

1.9
0.64

0.39
0.64

15
3

5
1

34
34

Xylene (o)

1,2-Dichloroethane

µg/m3

2.82-3.12
0.43

2.5-3.8

5.2

0.92

15

5

34

are in micrograms per cubic meter,
(n = total number of canister samples that were analyzed for a particular
chemical).
bPace Lab’s reporting limits were in parts per billion volume (ppbv). We converted to micrograms per cubic meters (µg/m3) using
equations in the Air Unit Conversion Table (Torrent Labs, www.torrentlab.com/torrent/Home/ResourceCenter.html).
cTotal hydrocarbons reported as parts per billion volume (ppbv).

aConcentrations

Xylene (— and p-)

3.60-3.98
0.27

0.08-0.12

5.37

0.17

18

6

34

Trichloroethylene

2.91-3.21
0.22

1.4-1.9

1.5

0.27

1

6

34

Ethylbenzene

3.30-3.64

24

4

17

1,2,4-Trimethylbenzene

0.25

24

8

34

Tetrachloroethylene
NA

0.12

25

2

8

0.61

2.33-2.57

0.38

1.7

4.54-5.02

0.49-0.76

0.34

146

32.62

0.10-0.16

49.8

1.9

10.85

29
46.9-52.2

10
NA

34
NA

Total hydrocarbons (gas)c

Methylene chloride
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xylene measured at rural and suburban residential homes in Butler and
Washington counties were higher than any concentration detected by the DEP
at the Marcus Hook industrial site in 2010.
As stated above, several factors can influence air results. However, it is also
highly possible that the poorer air quality in the areas where we tested—which
were rural and residential, with little or no other industry nearby—can be
attributed to gas facilities. While the DEP reports on the agency’s air testing
indicated that some of the VOCs we found in our study may not be due to
oil and gas development since they persist in the atmosphere and have been
widely used (for example, as refrigerants), the agency also indicates that acetone
and the BTEX chemicals can be attributed to gas development [37].
With regard to the water tests conducted, Table 4 shows the 26 parameters
that were detected in at least one sample. More than half of the project water
samples contained methane; although some groundwater contains low concentrations of methane under normal conditions, this finding could also indicate
natural gas migration from casing failure or other structural integrity problems
[38]. Four of the substances detected in water well samples in Bradford and
Butler Counties—manganese, iron, arsenic, and lead—were found at levels
that exceed the Maximum Contaminant Levels (MCLs) set by Pennsylvania
DEP’s Division of Drinking Water Management [39]. Two of the water samples,
both from Butler County, were more acidic than the recommended pH for
drinking water.
Some metals, such as manganese and iron, are elevated in Pennsylvania
surface waters and soils, either naturally or due to past industrial activities, and
levels can vary regionally [40]. In 2012, Pennsylvania State University (PSU)
researchers found that some drinking water wells in the state contained somewhat
elevated concentrations of certain contaminants prior to any drilling in the
area [41]. However, seven out of the nine water supplies sampled in our study
(78%) had manganese levels above the state MCL—a much higher percentage
than what was found in the pre-drilling samples in the PSU study (27%). Even
where metals are naturally occurring or predate gas development, drilling and
hydraulic fracturing can contribute to elevated concentrations of these contaminants [42] and have the potential to mobilize substances in formations such
as Marcellus Shale, which is enriched with barium, uranium, chromium, zinc,
and other metals [43].
LINKAGES BETWEEN SURVEYS AND
ENVIRONMENTAL TESTING
More research would be required to identify cause-and-effect connections
between the chemicals present in air and water in Pennsylvania’s gas patches
and symptoms reported by residents in specific locations. Nonetheless,
such links are plausible since many of the chemicals detected in the testing are
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known to be related both to oil and gas operations and to the health symptoms
reported by individuals living at the sites where air and water testing was
conducted [13-15].
The air tests together detected 19 chemicals that are known to cause sinus, skin,
ear/nose/mouth, and neurological symptoms, 17 that may affect vision/eyes, and
16 that may induce behavioral effects; as well as 11 that have been associated
with liver damage, nine with kidney damage, and eight with digestive/stomach
problems. In addition, the brain and nervous system may be affected by five
of the VOCs detected, the cardiac system by five, muscle by two, and blood
cells by two [44, 45].
Using these sources [44, 45], we compared lists of the established health
effects of the chemicals detected at households where testing occurred with
lists of the symptoms reported in surveys by participants at those testing locations
in order to identify associations. We then calculated the rate of association, in
which the denominator is the total number of health impacts reported by an
individual and the numerator is the total number of health impacts reported
by that individual that are consistent with the known health impacts of the
chemicals detected through air or water testing where they live.
Benzene, toluene, ethylbenzene, xylene, chloromethane, carbon disulfide,
trichloroethylene (TCE), and acetone were detected through testing at the same
households where survey participants reported symptoms established in the
literature [13-15, 44, 45] as associated with these chemicals, including symptoms
in the categories of sinus/respiratory, skin, vision/eyes, ear/nose/mouth, and
neurological. Some of these chemicals, as well as others (such as carbon tetrachloride and tetrachloroethylene) were found at sites where survey participants
reported known associated symptoms in the categories of digestion, kidney and
liver damage, and muscle problems. Specific examples of chemicals and symptoms that are linked in the research literature, and were found together at
households where testing and surveys were conducted, are: benzene and dizziness and nasal, eye, and throat irritation; carbon tetrachloride and nausea, headaches, and liver and kidney disease; and tetrachloroethylene and skin rashes,
persistent cough, and nerve damage.
As shown in Table 5, health symptoms reported by the individuals living
in a home where testing occurred matched the known health effects of
chemicals detected in that home at an overall rate of 68 percent. Fayette and
Washington counties had the highest match, followed by Greene, Bedford, and
Butler counties.
In addition, the percent of individuals reporting symptoms that have been
associated with chemicals detected in air testing at households participating in
this study showed some consistency across counties with regard to the most
significant categories of problems reported, as shown in Table 6—indicating
that patterns in both chemicals detected and symptoms exist despite different
geographic locations.

mg/L
mg/L
mg/L
mg/L
mg/L

Calcium

Magnesium

Sodium

Strontium

Hardness (total as CaCO3)
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

Alkalinity (total as CaCO3)

Total dissolved solids

Sulfate

Manganese

Chloride

Iron

Potassium

Std Units

mg/L

Barium

pH

Units

Parametera

6

9

9

9

9

9

9

9

9

9

9

9

9

9

Number of
samples

6

6

7

7

9

9

9

9

9

9

9

9

9

9

Number above
detection
limit

1.14

< 0.04

< 5.0

< 0.005

6.7

138

38

6

120

0.126

9.2

4.5

33

0.029

Minimumb

1.57

153

84.3

6.44

231

392

285

7.9

234

1.7

64.1

16.8

66.2

0.5

Maximum

1.1

19.5

24.1

1.04

33

218

130

6.5

147

0.5

20.9

9.1

43.7

0.25

Meanc

Table 4. Water Quality Results from Nine Private Water Wells in Bradford and
Butler Counties, Pennsylvania

None

0.3

250

0.05

250

500

None

6.5-8.5

None

None

None

None

None

2

PA DEP
MCLd

5

0

7

0

0

f

0

Number of
samples
above MCLe
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0.26

< 1,000

Absent

0.076

0.22

25

<5

Absent

< 0.001

< 0.001

1.06

287

0.26

7,550

Present

0.71

5.7

29

448

Present

0.113

0.0282

57.4

552

0.26

2,850

0.46

2.3

28

118

0.113

0.005

10

326

None

None

None

10

None

None

None

None

0.01

0.010

0.3

None

0

3

1

chemical, the minimum value in the table was shown as being less
than (<) the lowest laboratory detection limit.
cMean values: Non-detected chemicals were assigned a concentration equal to half of the detection limit only if there were other
samples that detected the chemical.
dMCL: Maximum Contaminant Levels published by the Pennsylvania Department of Environmental Protection Division of Drinking
Water Management.
eNo values are provided if MCLs for substances do not exist.
fTwo samples had higher acidity (lower pH) than the value recommended by the PA DEP.

aNote: not all parameters were analyzed in every sample.
bMinimum values: If reports included non-detects of a particular

1

1

1

Bromide

1

2

9

per 100 mL
mg/L

E. coli
mg/L

3

3

mg/L

Nitrate

Sulfur

3

3

NTU

Turbidity

4
3

6

4

4

3

mg/L

9

9

4

5

6

Degree/Celsis

Temperature, water

Total suspended solids

per 100 mL

mg/L

Total coliform

Lead

9

9

mg/L
mg/L

Arsenic

6

mmhos/cm

Methane

Specific conductance
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Table 5. Match between Health Symptoms Reported by Individuals at
Air Testing Sites and Known Effects of Chemicals Detected

County

Number of
individuals
surveyed at homes
where testing was
conducted

Overall

Match between known health
effects of chemicals detected
and symptoms reported (percent)a
Average

Range

59

68

33-100

Fayette

16

73

33-100

Washington

15

73

33-100

Bradford

8

58

16-100

Butler

8

63

56-68

Bedford

6

69

63-100

Elk

2

64

53-74

Clearfield

1

none

none

Greene

1

70

70

Susquehanna

1

50

50

aWhen a health symptom was associated in the literature with more than one of the
chemicals detected, only one match was counted for that symptom.

As mentioned above, levels of iron, manganese, arsenic, and lead were
detected in our water well samples in Bradford and Butler Counties at levels
that exceeded drinking water standards set by the Pennsylvania DEP. These
substances are known to be associated with numerous symptoms reported by
individuals living in the homes where these particular exceedances occurred,
including symptoms in the categories of sinus/respiratory, skin reactions,
digestive/stomach, vision/eyes, ear/nose/mouth, neurological, muscle/joint,
behavioral/mood/energy, and liver and kidney damage. Survey participants
in the homes where water samples contained methane reported health symptoms known to be associated with methane, including in the categories of
sinus/respiratory, digestive/stomach, neurological, and behavioral/mood/energy.
While the water samples taken for this project did not show detectable exceedances of safety standards for other substances, it is notable that no drinking
water standards have been set for methane, bromide, sodium, strontium, or
Total Suspended Solids (TSS)—and thus no exceedances would be indicated
in laboratory reports.

73
69
63
60
54
33
—

Vision/eyes

Digestive/stomach

Skin reactions

Neurological

Behavioral/mood/energy

Ear/nose/mouth

Muscle problems
—

50

67

50

50

50

—

100

Bedford

—

—

50

88

63

63

100

88

Bradford

—

38

63

75

88

88

63

100

Butler

includes air samples from Clearfield, Elk, Greene, and Susquehanna counties.

83

Sinus/respiratory

aThis

All

Symptom category

Testing counties

—

44

63

44

69

75

69

81

Fayette

40

33

47

53

53

80

67

73

Washington

Table 6. Percent of Individuals at Air Testing Sites Reporting Symptoms Associated in the Literature with
Chemicals Detected at Those Sites, by Symptom Category and Primary Air

—
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40

—

60

80

Othersa
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DISCUSSION
Complete evidence regarding health impacts of gas drilling cannot be
obtained due to incomplete testing and disclosure of chemicals, and nondisclosure agreements. Without rigorous scientific studies, the gas drilling
boom sweeping the world will remain an uncontrolled health experiment
on an enormous scale.
—Michelle Bamberger and Robert Oswald [16]

While the survey and testing results, and their related findings, do not constitute definitive proof of cause and effect, we believe they do indicate the
strong likelihood that the health of people living in proximity to gas facilities
is being affected by exposure to pollutants from those facilities. Most participants
report a high number of health symptoms; similar patterns of symptoms were
identified across project locations and distances from facilities; and consistency
in symptoms reported exists regardless of age group or smoking history. In
addition, contaminants that result from oil and gas development were detected
in air and water samples in areas where residents are experiencing health symptoms that are established in the literature as consistent with such exposures.
Because of the short-term nature of the air-canister testing (24 hours) and
the single water tests conducted at households, our results were contingent on
conditions at particular “moments in time.” Thus additional chemicals, or the
same chemicals at different concentrations, might be captured through expanded
testing; and residents could be experiencing exposures that were not detected
but would be detectable through such testing. In addition, some of the variation
in the air test results may have been due to the different reporting protocols of the
laboratories used in this project. Although all the labs test for the same core suite
of chemicals, both their reporting limits and the additional chemicals for which
they test vary. These will be key considerations for future testing work.
Another consideration that warrants further exploration involves the established standards on both the state and federal levels for “safe” concentrations,
which are set only for exposure to single contaminants. This prevailing regulatory approach can not adequately address the potential risks posed by chronic,
long-term exposure to lower levels of multiple contaminants simultaneously—
in other words, the experience of people living in oil and gas areas day in and day
out, and of workers at job sites where toxic substances are continuously used.
In addition, for many substances in the environment (including those that come
from gas operations and were detected in our air and water sampling), data on
health risks or safe exposure levels simply do not exist.
More research is also needed that focuses on the sources of odors and odor
events experienced by residents living near gas facilities. In some cases,
participants reported different health impacts associated with specific sources and
odor events than those they reported in the overall health survey. Since odors are
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a clear sign of the presence of airborne substances (such as fuel and chemicals),
this aspect warrants tracking and analysis.
Although we did not investigate additional factors that can influence health
conditions (e.g., through ordered control groups, in-depth health history research,
or identification of other potential sources of contaminants), such factors may
affect an individual’s health independent of gas operations. The relationship
between symptoms and distance from gas facilities also warrants more research.
At the same time, we strongly suggest that for individuals with a history of
other health concerns (e.g., asthma or heart conditions) and who are already
living with other exposures (e.g., traffic fumes or workplace chemicals), the
presence of gas facilities and related pollution could have a strong “trigger effect”
that can make existing problems worse and put individuals at higher risk of
developing new ones.
RECOMMENDATIONS
As discussed earlier, scientific knowledge about the health and environmental
impacts of shale gas development—and also the adoption of policy and regulatory measures to prevent them—are proceeding at a far slower pace than the
development itself. This timing mismatch creates situations (already being
experienced by residents of Pennsylvania and other states) in which problems are
widely reported but left unaddressed. Several measures can be taken to ensure
that public health impacts are fully understood and given greater priority in
decision-making about shale gas development.
1) Elevate the role of public health considerations in gas development decisions. A key measure would be to conduct health impact assessments before
permitting begins. HIAs aim to minimize negative impacts and to improve health
outcomes associated with land use decisions by analyzing problems that could
arise over time, as well as existing health and environmental risks that could
be exacerbated by new activities [46]. HIAs can also have a strong preventive
effect by identifying mitigation measures related to aspects such as toxic exposures, air and water pollution, and emergency response [47]. In addition, regulatory agencies could comprehensively plan the scope and pace of permits for
wells and other facilities in order to reduce impacts on air and water quality,
rather than continuing the permit-by-permit process currently being followed
in Pennsylvania and other states. Information on where wells and facilities would
be built in relation to places where health could be at risk (e.g., homes, schools,
and hospitals) could also be required in permit applications.
2) Increase the involvement of state departments of health in assessing the
impacts of gas development. Efforts should be increased to track and respond
to health concerns, and a database should be established to document these
problems and the agency response. Health departments could provide training for
health and medical professionals on exposure pathways and health symptoms
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related to gas operations, so that residents receive more informed advice and
appropriate testing and care referrals. Financial aid mechanisms should be
established to enable low-income residents to have blood and urine tests for
chemical exposure.
3) Conduct baseline water testing and continuous long-term monitoring of
air quality. Such testing would apply to private wells and public drinking water
supplies prior to drilling and to the air at or near facilities during all phases of
operations. Testing and monitoring should cover a full suite of chemicals, and
contaminants and results should be reported regularly and made available to the
public. Air quality testing in particular should be conducted at a range of facilities
(e.g., compressor stations, impoundment pits, dehydrators) that cause emissions.
These efforts could be carried out by the state regulatory agencies that issue
permits or through an agreement between those agencies and health departments. Inter-agency agreements could also be developed to track potential health
impacts that could result following spills of chemicals and waste, the underground migration of fracturing fluids, leaks, and other problems.
4) Strengthen regulations for facilities to minimize air and water pollution
risks. These could include significantly increased setback distances; the installation of advanced technologies on all equipment to reduce emissions, odors,
and noise; the use of closed-loop storage systems for waste and drilling fluids
(rather than open pits); and the practice of “green completions” to reduce or
eliminate flaring and venting of methane gas and other pollutants.
5) Advance changes in testing parameters that determine “safe” exposure in
order to account for low-level, chronic exposure and multiple chemical exposure
in testing and monitoring. Such changes are necessary to reflect impacts on
people living in oil and gas development areas day in and day out, as well as
workers at facilities. Under current testing parameters (which are based largely
on acute episodes involving single contaminants), results may show belowthreshold levels even though residents are negatively affected. For example, a
recent paper showed that endocrine-disrupting chemicals can have different but
still harmful effects at lower doses than at higher ones and concluded that fundamental changes in chemical testing and safety protocols are needed to protect
human health [48]. Additionally, current health guidelines should be updated to
capture more of the chemicals currently in use and to assess complex or indirect
sources of contamination, such as oil and gas operations that rely on a variety of
substances, equipment, and facilities at numerous stages of development.
CONCLUSION
While we realize that human activities may involve hazards, people must
proceed more carefully than has been the case in recent history. Corporations,
government entities, organizations, communities, scientists, and other individuals must adopt a precautionary approach to all human endeavors. . . .
When an activity raises threats of harm to human health or the environment,
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precautionary measures should be taken even if some cause and effect
relationships are not fully established scientifically.
—Wingspread Consensus Statement on the Precautionary Principle [49]

Across the gas patches of the United States, people experiencing health
problems voice the simple wish to be believed. Many say that their health has
worsened since gas development began in their communities and that they feel
better when they are away from home. Often these conversations turn to what
it will take for regulators and policymakers to view their stories not just as
“anecdotes,” but as valid concerns worthy of an effective response.
There is no doubt that more research on the environmental and health impacts
of shale gas development is needed and can play a critical role in making sound
decisions about a complex and controversial issue. Yet an equally important
consideration is how to respond to the presence of unanswered questions. For
many proponents of unfettered gas development, the absence of definitive causal
links between gas facilities and specific health impacts indicates the absence of a
problem. But for impacted communities and others who believe health and the
environment deserve protection and that water and air quality should be maintained, what we don’t yet know makes the need for caution even greater.
We believe that the findings of this survey and testing project in Pennsylvania,
coupled with similar projects elsewhere and an emerging body of research,
provide sufficient evidence for decision-makers to take action to slow the rush to
drill, at least until the wide gaps in scientific knowledge, policies, and regulations
are bridged. Much is already known about the chemicals used and pollution
caused by oil and gas activities, which alone create the real potential for negative
health effects in any area where development occurs [50]. The precautionary
principle should be applied to decisions about shale gas development (both in
existing gas patches and in areas slated for new development), and this should
include shifting the burden of proof that harm does or does not occur to those
proposing the action.
The status quo—in which science and policy changes proceed slowly while
gas development accelerates rapidly—is likely to worsen air and water quality,
resulting in negative health impacts and possibly a public health crisis. Greater
understanding of the experiences reported by individuals living near gas facilities can play an important role in pointing the way forward to preventing these
problems, both in Pennsylvania and nationwide.
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Natural gas extraction (NGE) has expanded rapidly in the United States in recent years. Despite concerns,
there is little information about the effects of NGE on air quality or personal exposures of people living or
working nearby. Recent research suggests NGE emits polycyclic aromatic hydrocarbons (PAHs) into air.
This study used low-density polyethylene passive samplers to measure concentrations of PAHs in air near
active (n ¼ 3) and proposed (n ¼ 2) NGE sites. At each site, two concentric rings of air samplers were
placed around the active or proposed well pad location. Silicone wristbands were used to assess personal
PAH exposures of participants (n ¼ 19) living or working near the sampling sites. All samples were
analyzed for 62 PAHs using GC-MS/MS, and point sources were estimated using the ﬂuoranthene/pyrene
P
isomer ratio. PAH was signiﬁcantly higher in air at active NGE sites (Wilcoxon rank sum test, p < 0.01).
PAHs in air were also more petrogenic (petroleum-derived) at active NGE sites. This suggests that PAH
mixtures at active NGE sites may have been affected by direct emissions from petroleum sources at these
P
sites. PAH was also signiﬁcantly higher in wristbands from participants who had active NGE wells on
their properties than from participants who did not (Wilcoxon rank sum test, p < 0.005). There was a
P
P
signiﬁcant positive correlation between PAH in participants' wristbands and PAH in air measured
closest to participants’ homes or workplaces (simple linear regression, p < 0.0001). These ﬁndings suggest that living or working near an active NGE well may increase personal PAH exposure. This work also
supports the utility of the silicone wristband to assess personal PAH exposure.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Natural gas extraction (NGE) from shale has expanded rapidly in
the United States in the last 15 years. This is largely due to technological improvements to hydraulic fracturing and horizontal
drilling (colloquially known as “fracking”), which liberate previously inaccessible gas reserves from shale (EIA, 2011).
There is a need for data that directly assesses the environmental
and public health impacts of NGE (Adgate et al., 2014; Goldstein
et al., 2014; Penning et al., 2014). Some studies have acknowledged that reduced air quality may be the most signiﬁcant risk to
communities near NGE (McKenzie et al., 2012; Litovitz et al., 2013;
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Adgate et al., 2014; Bunch et al., 2014; Colborn et al., 2014;
McKenzie et al., 2014; Roy et al., 2014; Shonkoff et al., 2014; Boyle
et al., 2016; Fawole et al., 2016; Paulik et al., 2016a; Rasmussen
et al., 2016). There is evidence that NGE emits methane (Brandt
et al., 2014; Brantley et al., 2014), volatile organic compounds
tron et al., 2012; Macey et al.,
(VOCs) (McKenzie et al., 2012; Pe
2014; Roy et al., 2014; Marrero et al., 2016) and semi-volatile
organic compounds (SVOCs) (Colborn et al., 2014; Paulik et al.,
2016a). Recent studies have concluded that exposure to NGE
emissions may pose health risks, and that many important data
gaps remain (Shonkoff et al., 2014; Ward et al., 2016).
One class of SVOCs that has been measured in air near NGE is
polycyclic aromatic hydrocarbons (PAHs) (Colborn et al., 2014;
Paulik et al., 2016a; Elliott et al., 2017). PAHs are pervasive environmental pollutants that are commonly associated with fossil fuel
production (Ana et al., 2012). PAHs are also commonly associated
with and adverse health outcomes such as increased cancer risk

https://doi.org/10.1016/j.envpol.2018.05.010
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(Menzie et al., 1992; Baird et al., 2005), respiratory distress (Miller
et al., 2004; Padula et al., 2015), and developmental effects (Perera
et al., 2009; Perera and Herbstman, 2011).
PAHs exist in two states in air: freely dissolved in the “gas phase”
and bound to particles in the “particulate phase”. The majority of
research on health effects of inhaling PAHs has focused only on
PAHs measured in the particulate phase. However, a growing body
of evidence suggests that PAHs in the gas phase also contribute to
the toxicity of inhaled PAH mixtures (Tsai et al., 2002; Liu et al.,
2007; Samburova et al., 2017).
While carcinogenic potencies are typically higher for individual
PAHs with higher molecular weights, lower molecular weight PAHs
are often present at signiﬁcantly higher concentrations in the gas
phase; this can increase the contribution of gas phase PAHs to the
total carcinogenic potency of a PAH mixture (Liu et al., 2007). In a
recent review, Samburova et al. evaluated 13 studies and concluded
that only measuring particulate phase PAHs signiﬁcantly underrepresented the carcinogenic potency of PAH mixtures compared to
measuring both the gas and particulate phases (Samburova et al.,
2017). Samburova et al. made the recommendation that “gasphase PAHs be included because of their strong contribution to the
total [carcinogenic potency]” (Samburova et al., 2017). These ﬁndings provide rationale for measuring exposure to the fraction of
PAHs in the gas phase, even if data for the particulate fraction is not
available.
Increased understanding of the environmental fate of PAHs
emitted from NGE would answer questions about the potential
environmental health impacts of these emissions.
As air quality sampling moves toward more cost-effective and
user-friendly techniques (Snyder et al., 2013), passive air sampling
is becoming an increasingly more relevant tool. Low-density
polyethylene (LDPE) passive samplers sequester freely dissolved
lipophilic compounds through passive diffusion in a timeintegrated manner (Huckins et al., 2006; Anderson et al., 2008;
Lohmann, 2012; O'Connell et al., 2014; Paulik et al., 2016b; Tidwell
et al., 2017). Since the development of LDPE as an air sampler in the
1990s, many studies have demonstrated its ability to measure gas
phase PAHs in air (Petty et al., 1993; Prest et al., 1995; Bartkow et al.,
2004; Khairy and Lohmann, 2012; Paulik et al., 2016a). In this study,
stationary LDPE passive air samplers were used to perform spatial
assessments of PAH concentrations in air at ﬁve NGE sites: three
sites with active NGE wells and two proposed NGE sites. This
sampling design allowed for assessment of emissions from the
point sources and spatial assessment of PAHs in air at these sites.
In addition to questions surrounding the environmental fate of
PAHs emitted from NGE, there is concern regarding human health
and personal exposure to PAHs emitted from NGE (Penning et al.,
2014; Werner et al., 2015). Some studies have used data from stationary monitors to estimate community-level health impacts
(McKenzie et al., 2012; Bunch et al., 2014; Colborn et al., 2014;
Marrero et al., 2016; Paulik et al., 2016a), while others have used
health records or questionnaire responses to approximate individual health impacts of NGE (Brasier et al., 2011; Bamberger and
Oswald, 2014; McKenzie et al., 2014; Rabinowitz et al., 2015;
Rasmussen et al., 2016; Tustin et al., 2016). Still others have predicted exposures associated with NGE from emissions inventories
or known toxicity information of chemicals reportedly used in NGE
(Colborn et al., 2011; Roy et al., 2014; Boyle et al., 2016; Elliott et al.,
2017). Personal monitoring is an effective tool for assessing individuals’ contaminant exposures, as personal monitors yield more
accurate exposure estimates than approximating exposure from
questionnaires or extrapolating exposure from stationary monitoring data (Bohlin et al., 2007, Paulik and Anderson, 2018). To date,
no study has directly measured personal PAH exposures of people
living or working near active NGE wells.

Personal exposure to PAHs and other SVOCs has previously been
assessed by active and passive personal monitors (Perera et al.,
2003; Bohlin, Jones et al. 2007, 2010; Zhu et al., 2011; Herbstman
et al., 2012). The silicone wristband (hereafter “wristband”), is a
novel personal sampler that absorbs VOCs and SVOCs (O'Connell
et al., 2014; Donald et al., 2016; Kile et al., 2016; Bergmann et al.,
2017; Dixon et al., 2018). The wristband is lightweight, small, and
easy to use, and it does not require a motor or batteries. In this
study, 23 participants living or working near the ﬁve stationary air
sampling sites wore wristbands to assess their personal PAH
exposures.
This study combined stationary and personal passive sampling
techniques to: a) compare PAH concentrations in air at active and
proposed NGE sites, b) compare sources of PAHs at active and
proposed NGE sites, and c) assess the contribution of active NGE
wells to personal PAH exposure.
2. Materials and methods
2.1. Site description
This study was conducted in Carroll County and bordering
counties of rural eastern Ohio, in the United States. This region has
been heavily affected by the U.S. natural gas boom, as it sits atop
natural gas and oil reserves in both the Utica and Marcelles shale
formations. In 2014 Carroll County had the highest number of
active wells in Ohio (Carlton et al., 2014). This historically rural
region was expected to have limited pre-existing anthropogenic
sources of pollution, relative to an industrial area or a city. The
sampling was conducted on individual residential properties. The
exact sampling locations are therefore not provided to protect the
conﬁdentiality of the participants. Landowners for stationary
sampling and participants for personal sampling were identiﬁed
through collaboration with a local community group. This study
was approved by the Institutional Review Boards (IRB) at the University of Cincinnati (UC) and Oregon State University (OSU); UC
was the IRB of record.
2.2. Sampling design
Stationary passive LDPE air samplers (hereafter referred to as
LDPE) were deployed at ﬁve sites that were permitted for NGE
activity. At the time of the study three of those sites had active NGE
well pads, with NGE activity occurring on the well pads during the
sampling period (hereafter referred to as “active” sites, labeled as
sites A1-A3). These sites also had small service roads leading to the
NGE well pads. The remaining two sites had neither well pads nor
NGE activity occurring at the time of sampling (hereafter referred
to as “proposed” sites, labeled as sites P1-P2). Sites were selected
from a prior air sampling campaign (Paulik et al., 2016a) based on
their NGE status. Landowners from each site agreed to have air
samplers and communicate with study team regarding activity on
the sites (e.g., farming activity, new NGE activity, planting/grazing
needs). During sampler deployment, researchers trained landowners in protocols necessary to maintain sample integrity while
retrieving and mailing LDPE to OSU for analysis.
At each site, six stationary air sampler cages were arranged in
two concentric rings (each containing three LDPE samplers) around
either the active NGE well pad or the proposed NGE well pad
location (Fig. 1). This design yielded a total of 30 samplers. The
inner and outer rings of samplers were 55e60 m and 112e122 m,
respectively, from the edges of the active or proposed well pads at
each site. Researchers worked with landowners to choose speciﬁc
locations for sampling cages within each site. Care was taken to
minimize both a) inputs from potentially confounding PAH sources
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concentrations are surrogate corrected. All extracts were quantitatively concentrated to 1 mL using TurboVap closed cell evaporators, transferred to amber chromatography vials, and stored
at 20  C until analysis.
2.4. Chemical analysis
Samples were analyzed for 62 PAHs using an Agilent 7890A gas
chromatograph interfaced with an Agilent 7000 GC/MS-MS. An
Agilent Select PAH column was used and each PAH was calibrated
with a curve of at least ﬁve points, with correlations 0.99
(Anderson et al., 2015). Limits of detection (LODs) in air were
0.50 ng/m3, and LODs in wristbands ranged from 0.050 to 1.4 ng/g
wristband, speciﬁed in Table S1.
2.5. Air concentration calculations for LDPE

Fig. 1. Schematic of spatial sampling design at each of the ﬁve stationary LDPE air
sampling sites. Each circle (n ¼ 6) represents one sampling cage, each containing three
LDPE passive air sampling strips. Sampling cages were arranged in two approximately
concentric circles surrounding either the well pad, or the proposed well pad location,
at each stationary air sampling site.

and b) inconvenience to landowners. Sampling occurred from May
to June, 2014 and the average air temperature was 20 ± 0.67  C.
Using a targeted recruitment approach, 23 participants wore
wristbands during the same air sampling period. Each participant
wore one wristband throughout the three week sampling period.
During deployment, researchers trained participants in protocols to
preserve sample integrity while wearing the wristbands and
returning them to OSU for analysis. This technique of training
participants to complete sampling protocols has been previously
used (Rohlman et al., 2015; Paulik et al., 2016a).
Participants were also asked to complete daily exposure logs in
order to identify other potential PAH exposure sources such as
cigarette smoking, exhaust from heavy machinery, and wood
smoke. Summary statistics were calculated for each participant to
assess exposure to these other common sources of PAHs.
2.3. Sample preparation, cleaning, and extraction
LDPE and wristband samplers were transported in airtight
polytetraﬂuoroethylene bags. LDPE was cleaned before deployment
using hexanes as described in Anderson et al. 2008 (Anderson et al.,
2008). Each LDPE strip was infused with performance reference
compounds (PRCs) to enable calculation of in situ sampling rates
and time-integrated air concentrations, as described in Sower and
Anderson and references therein (Sower and Anderson, 2008).
PRCs used in this study were ﬂuorene-d10, pyrene-d10 and benzo
[b]ﬂuoranthene-d12. PRCs were spiked into LDPE at 1e19 mg per
strip. Samplers were cleaned after deployment in two isopropanol
baths and subsequently extracted using two dialyses with n-hexane
at room temperature (Anderson et al., 2008). Silicone wristband
samplers were prepared as previously described. After deployment,
wristbands were cleaned in 18 MU*cm water to remove any debris
from the surface and then quickly rinsed in isopropanol (O'Connell
et al., 2014). Wristbands were extracted using two dialyses with
ethyl acetate at room temperature (O'Connell et al., 2014).
Prior to extraction all samples were spiked with deuterated PAH
extraction surrogate standards (speciﬁed in Table S1). All

Gas phase air concentrations (ng/m3) of PAHs measured in LDPE
were calculated using PRCs. In situ sampling rates (RS) for each PAH
were calculated as described by Huckins et al. (Huckins et al., 2006)
incorporating deployment time, the temperature-corrected
sampler-air partition coefﬁcient (Ksa(T)), logKoa, and initial amount
of PRCs. LogKoa values and the selected PRC for each compound are
in Table S2. Temperature-corrected Ksa values (Ksa(T)) were calculated using a modiﬁed van ’t Hoff equation (Khairy and Lohmann,
2012). Average PRC concentrations of ﬂuorene-d10, pyrene-d10
and benzo[b]ﬂuoranthene-d12 retained in LDPE samplers after
deployment were 0.05, 44 and 61% of the initial concentrations,
respectively. Previous studies have suggested that sampling rates
are estimated most precisely when the fraction of PRCs retained in
€ derstro
€m
the samplers after deployment is between 20 and 80% (So
and Bergqvist, 2004; Booij and Smedes, 2010). Therefore pyrened10 and benzo[b]ﬂuoranthene-d12 were used to calculate all air
concentrations. Further explanation of the air concentration calculations is included in the Supplementary Data as Eqns. S1-S9. Air
concentrations of individual PAHs measured at the ﬁve stationary
air sampling sites are provided in Tables S3eS7.
2.6. PAH sourcing
A PAH isomer ratio was used to determine source signatures of
PAH mixtures. Fluoranthene and pyrene are an isomer pair that is
often used to diagnose whether a PAH mixture is predominantly
petrogenic (petroleum-derived) or pyrogenic (combustionderived) (Budzinski et al., 1997; Wang et al., 1999; Yunker et al.,
2002; Fabbri et al., 2003; Pies et al., 2008; Zhang et al., 2008;
Tobiszewski and Namiesnik, 2012). Fluoranthene/pyrene ratios
>1.0 indicate pyrogenic sources, while ratios <1.0 indicate petrogenic sources (Budzinski et al., 1997; Wang et al., 1999; Fabbri et al.,
2003). Using more than one isomer ratio can help strengthen
sourcing inferences, but other PAHs that are commonly used in
sourcing ratios were not consistently detected in this study.
2.7. Natural gas production data
Natural gas production data was obtained from the Ohio
Department of Natural Resources’ database (DNR). Average daily
production rates were calculated from amounts of natural gas
produced in the quarter when this sampling campaign occurred.
2.8. Distance comparisons
Active and proposed NGE well locations were obtained from
permit records from the Ohio Department of Natural Resources’
division of Oil and Gas Production (DNR). ESRI ArcGIS version 10.2.2
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was used to produce stationary sampling maps, used in Supplementary Data Figs. S1 and S2, and to measure distances between
sampling locations and NGE wells.
Wristband participants’ reference locations (home or workplace) were geocoded, and then distances were measured from
each reference location to the nearest active NGE well within
10 km. Previous research suggests that NGE inﬂuences SVOC exposures most heavily within ~1e3 km from active wells (McKenzie
et al., 2012; Paulik et al., 2016a). Therefore 10 km was chosen as a
conservative cutoff for inclusion criteria for analyses of wristbands.
There were two wristband participants who had no active wells
within 10 km of their reference locations. These two participants
were therefore excluded from all analyses presented here. There
were an additional two participants whose wristbands were
excluded from all analyses due to lack of compliance with protocol.
Excluding these four wristbands yielded a total of 19 wristbands
that were included in all analyses. These 19 wristbands were
divided into three participant groups as follows: within 0.75 km of
an active NGE well (“Well on Property”, n ¼ 3), between 0.75 and
2.0 km of an active NGE well (“Well Nearby”, n ¼ 4), and 2e10 km
from the nearest active NGE well (“No Well Nearby”, n ¼ 12).
2.9. Statistical analyses
Wilcoxon rank sum tests were performed to assess statistical
differences between PAHs measured in stationary air samples near
active and proposed NGE wells, in inner and outer rings at each site,
and in wristbands of participants living or working at various distances from active NGE wells. Signed-rank tests were used to
compare average ﬂuoranthene/pyrene source signatures at each air
sampling site to 1.0. These tests were used to assess whether PAH
mixtures in air at each sites were predominantly petrogenic or
pyrogenic. The statistical software programs R (version 2.15.3) and
JMP PRO (v12) were used to perform these analyses. A Spearman's
rho correlation was used to explore correlations between PAHs and
production of natural gas; further detailed in the Supplementary
Data. For all comparisons, results were deemed signiﬁcantly
different when a < 0.05.
P
Principal component analysis (PCA) was used to compare PAH
in wristbands, the distance from participants' reference locations to
the nearest active NGE wells, reported cigarette exposures, reported days exposed to exhaust from heavy machinery, and the
petrogenic or pyrogenic source signature of PAH mixtures in
wristbands. Cigarette exposure is reported as the sum of the
number of cigarettes each participant reported smoking over the 3
week period. PCA was performed using Primer version 6.1.1.3.
Pearson's correlation coefﬁcients for all pairwise correlations between the variables included in the PCA are presented in Table 1.
PAH concentrations that were below LODs were treated as zeros
in all data analyses.
2.10. Quality control (QC) and results
Quality control samples included passive sampler preparation
blanks, trip blanks, extraction blanks, instrument blanks, and
continue calibration veriﬁcations (CCVs). Approximately 50% of
analyzed samples were QC. Perylene-d12 was used as an internal
standard. The majority of PAHs were below LOD in all blank QC
samples. If present, concentrations in blank QC samples were
averaged and subtracted from sample concentrations. Average recoveries of individual extraction surrogate standards (Table S1)
ranged from 46 to 97% for LDPE and from 50 to 87% for wristbands,
averaging 69% in all extractions. PAHs were within ±20% of the true
value for >80% of PAHs in all of the CCVs.

3. Results and discussion
3.1. Sample retrieval and participant compliance
Participants mailed the stationary LDPE air samplers and
wristbands back to OSU after deployment with over 97% and 91%
compliance, respectively. Compliance rates were determined by
assessing whether participants followed sampling protocols to
prepare and return the samples to the laboratory via USPS mail. The
high rates of compliance suggest that passive sampling is a robust
and ﬁt-for-purpose technology that can be reliably deployed in
collaboration with community members.
The high compliance rate with the wristband is of note. Traditional personal sampling tools can be noisy, cumbersome, and
require power; these factors may reduce participant compliance
(Bohlin et al., 2007). Previous studies that have incorporated the
wristband have also observed high participant compliance rates
(Donald et al., 2016; Kile et al., 2016; Bergmann et al., 2017; Dixon
et al., 2018).
3.2. PAHs at active and proposed well sites
P
Overall, average PAH concentrations in air were signiﬁcantly
higher at active NGE sites than at proposed well sites (Wilcoxon
P
rank sum test, p ¼ 0.0058) (Fig. 2, Table S8). Median PAH in inner
rings of air samples were signiﬁcantly higher at active NGE sites
than at proposed well sites (Wilcoxon rank sum test, p ¼ 0.00080).
P
Stronger spatial trends between PAH in air and NGE activity were
observed in inner rings of stationary air samples than outer rings
P
(Fig. S1, Table S9). In contrast to inner rings,
PAH in the outer
rings of samples were not signiﬁcantly different between active and
proposed NGE sites (Wilcoxon rank sum test, p ¼ 0.46) (Fig. S1,
Table S9). This suggests that PAH emissions are elevated near active
NGE sites, but that these elevated PAH concentrations dissipate
quickly at ground level.
In addition to natural gas, sites A1 and A3 were producing oil
during the deployment period (DNR); this could contribute to the
P
spatial trends of PAHs observed. At site A2, PAH was highest in air
samplers closest to a service road leading to the well pad (Fig. S1),
suggesting that service road activity was an additional source of
PAHs at this site. At the proposed NGE sites there were generally no
P
PAH trends between the inner and outer air samples (Fig. S1).
This is consistent with the absence of known PAH point sources at
the proposed NGE sites.
3.3. Air PAH sourcing
Fluoranthene/pyrene isomer ratios less than 1.0 suggest petrogenic, petroleum-derived, sources while ratios greater than 1.0
suggest pyrogenic, combustion-derived sources (Budzinski et al.,
1997; Wang et al., 1999; Fabbri et al., 2003). Stronger trends were
P
observed between PAH and PAH source signature in inner rings
of stationary air samples than outer rings (Fig. S2, Table S9). In the
P
inner rings of air samples, higher PAH was associated with more
P
petrogenic PAH mixtures, and lower
PAH was associated with
more pyrogenic PAH mixtures (Simple linear regression, R2 ¼ 0.77,
p < 0.001) (Fig. 3). In the outer rings of air samples, there was no
P
correlation between
PAH concentration and source signature
(Simple linear regression, R2 ¼ 0.01, p ¼ 0.66) (Fig. 3). This is further
evidence suggesting that PAH emissions from NGE diffused quickly,
affecting only inner rings of stationary air samples.
Overall, PAH mixtures in air were more petrogenic at active NGE
sites (A1-A3) (Fig. 2). At active NGE sites A1 and A3, average source
signatures were signiﬁcantly below 1.0, indicating petrogenic
sources (signed-rank tests, p ¼ 0.016 and 0.016, respectively). At the

L.B. Paulik et al. / Environmental Pollution 241 (2018) 397e405

401

Table 1
Pearson's correlation coefﬁcients representing pairwise correlations between the variables included in the PCA presented in Fig. 4. Signiﬁcant correlations are highlighted with
bold text.

P
Fig. 3.
PAH vs. the ﬂouranthene/pyrene source signature in individual air samples
from all ﬁve stationary air sampling sites (active and proposed). Data are separated
into the inner and outer rings of air samplers. There was a negative correlation beP
tween PAH and the source signature for air samples in the inner rings of air samplers
(simple linear regression, R2 ¼ 0.77, p < 0.001). In contrast, there was no correlation
P
between
PAH and the source signature for air samples in the outer rings of air
samplers (simple linear regression, R2 ¼ 0.01, p ¼ 0.66).

P
Fig. 2. Average PAH and average source signature measured in air at the active (A1A3) and proposed (P1-P2) NGE sites. Source signature was measured using the ﬂuoranthene/pyrene isomer ratio. Values of this ratio <1.0 indicate a petrogenic source;
these values are shaded blue. Values of this ratio >1.0 indicate a pyrogenic source;
these values are shaded red.

A2 site the average source signatures were not signiﬁcantly
different than 1 (signed-rank test, p > 0.05). Fugitive emissions of
hydrocarbons from oil would also have petrogenic signatures, and
would contribute to the petrogenic signatures measured at sites A1
and A3. These comparisons indicate that, on average, PAH mixtures
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in air were petrogenic or mixed at active NGE sites (Fig. 2, Table S8).
Overall, PAH mixtures in air were more pyrogenic at proposed
NGE sites (P1-P2) (Fig. 2). At proposed NGE site P2, the average
source signature was signiﬁcantly higher than 1.0, indicating a
pyrogenic source (signed-rank test, p ¼ 0.031). At site P1, the
average source signature was not signiﬁcantly different than 1.0
(signed-rank test, p > 0.05).
The relationship between the source signature and daily natural
gas production was also used to assess the impact of NGE on PAHs
in air. There was a signiﬁcant negative correlation between the
ﬂuoranthene/pyrene ratios from inner rings of air samples, and the
daily natural gas production at the nearest active NGE site
(Spearman rho correlation ¼ 0.58, p ¼ 0.0028). Thus, stronger
petrogenic proﬁles were found in air near NGE wells that were
producing more natural gas during this study. This is consistent
with observations made in a previous study, where petrogenic PAH
signatures were observed in air within 0.1 mile (160 m) of NGE
wells (Paulik et al., 2016a).
3.4. Comparison of PAH concentrations in air to previous research
P
In the present study, PAH concentrations in air at sites with
P
active NGE wells (sites A-C) ranged from 19e48 ng/m3 and PAH
concentrations in air at sites with proposed NGE wells (sites D and
P
E) ranged from 9.4e34 ng/m3. In general, these PAH values are
higher than what has been previously reported in ambient air in
rural areas.
In a previous study, Motelay-Massei et al. used passive samplers
to measure PAHs in air in rural, suburban, and urban areas of TorP
onto (Motelay-Massei et al., 2005). This study reported
PAH
3
concentrations of 7.5e19 ng/m in urban areas of Toronto in
P
AprileJune of the years 2000e2001, and PAH concentrations of
3
3.5e4.3 ng/m in air in suburban and rural areas of Toronto during
P
the same seasons. The PAH values measured at both active and
proposed NGE well sites in the present study are more similar to
what was observed in urban areas than rural areas in this previous
study (Motelay-Massei et al., 2005).
In another former study, Nizzetto et al. measured PAHs in air
over the Atlantic Ocean (Nizzetto et al., 2008). This study reported
P
PAH concentrations ranging from 0.023e2.6 ng/m3, with the
highest concentrations measured closer to the European coast. The
authors noted that these higher concentrations were comparable to
what has been previously observed in rural areas of Europe
P
(Nizzetto et al., 2008). PAH concentrations in the present study
P
were higher than all
PAH values ocean air that Nizzetto et al.
reported.
P
In the present study, the average PAH measured in air at sites
with active NGE wells (sites A-C) was 31 ng/m3. In a previous study
P
conducted in the same area, average PAH measured in air within
160 m of active NGE wells was 8.3 ng/m3 (Paulik et al., 2016a).
Stationary air samplers on sites with active NGE wells in the present study were closer to active NGE wells than stationary air
samplers closest to active NGE wells were in the previous study.
Speciﬁcally, air samplers closest to active NGE sites in the present
study were 55 m from the NGE well pads. In contrast, air samplers
closest to active NGE in the previous study were within 160 m from
P
active NGE well pads. Therefore, higher PAH in this study may be
due in part to the samplers being closer to the well pads. The 3.7P
fold increase in average
PAH levels in air in the present study
may also be associated with the 20  C increase in temperature
compared to the previous study. This would be consistent with
Huckins et al.’s suggestion that a 2e4-fold increase in vapor phase
PAH concentrations in air is observed with each 10  C increase in air
temperature (Huckins et al., 2006). Other studies have commonly
observed about a 2-fold increase in PAH concentrations in air with

each 10  C increase in temperature (Motelay-Massei et al., 2005;
Ravindra et al., 2006; Khairy and Lohmann, 2012). Seasonal differences in NGE activity, or in other intermittent activities in the
region, could also affect PAH levels in air.
3.5. PAHs in wristbands
P
The highest PAH concentrations were measured in wristbands
worn by participants in the Well on Property group (n ¼ 3) (Figs. 4
P
and 5, Table S10). The median PAH in wristbands from the Well
on Property group was 5-fold higher than in the No Well Nearby
group (n ¼ 12); this difference was signiﬁcant (Wilcoxon rank sum
test, p ¼ 0.0044) (Fig. 5, Table S10, Table S11). There was a signiﬁP
cant negative correlation between PAH in a participant's wristband and the distance from that participant's home or work
location to the nearest active NGE well (Pearson's correlation ¼ 0.76, p ¼ 0.00010) (Fig. 4, Table 1). PCA showed participants grouping together based on both the proximity of their
reference locations to active NGE wells, and the PAH concentrations
measured in their wristbands. The Well on Property wristbands
P
clustered farthest to the left, indicating that the highest
PAH
concentrations were measured in these wristbands. In contrast, the
No Well Nearby wristbands clustered farthest to the right, indiP
cating that the lowest
PAH concentrations were measured in
these wristbands (Fig. 4). Given that wristbands can act as surrogates for participants' personal chemical exposures, this suggests
that living or working very close to active NGE wells was associated
with elevated personal PAH exposures in this study.
P
PAH concentrations in Well Nearby wristbands (n ¼ 4) were
more similar to No Well Nearby wristbands than to Well on Property wristbands (Figs. 4 and 5, Table S10, Table S11). This is
consistent with the stationary sampler data that indicated that
PAHs emitted from active NGE wells dissipate quickly. Speciﬁcally,
P
median PAH in Well Nearby wristbands was 3.0-fold smaller than
P
in Well on Property wristbands, and was 1.7-fold larger than PAH

P
Fig. 4. Principal Components Analysis (PCA) comparing PAH in participants' wristbands, the distance from participants' home or workplaces to the nearest active NGE
well, the petrogenic or pyrogenic signature measured in wristbands (assessed by the
ﬂuoranthene/pyrene isomer ratio, where smaller values suggest more petrogenic
sources), and participants' self-reported exposures to cigarette smoke and to exhaust
from heavy machinery during the study. The shape of the symbol represents each
participant's group, indicating the proximity of their home or workplace to the nearest
active NGE well. Pearson's correlation coefﬁcients for all pairwise correlations among
the variables included in this PCA are provided in Table 1.
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wristbands. PCA also revealed that the distance from a participant's
reference location to the nearest active NGE well was signiﬁcantly
negatively correlated with the number of days that participant used
heavy machinery (Pearson's correlation ¼ 0.57, p ¼ 0.0051) (Fig. 4,
Table 1). This demonstrates that participants who lived or worked
closer to active NGE wells also used more heavy machinery.
Exposure to wood smoke was an additional consideration. However, only three participants (in the No Well Nearby group) reported exposures to wood smoke, with an average frequency of one
day exposed. Therefore, the predominantly petrogenic signatures
in wristbands of Well on Property participants suggest that these
participants' PAH exposures were more heavily inﬂuenced by
petroleum-derived emissions than by the combustion-derived
PAHs in exhaust from heavy machinery (Fig. 4).
3.7. Comparison between PAHs in wristbands and stationary air
samples

P
Fig. 5.
PAH concentrations in participants' wristbands (ng/g wristband). Participant
groups describe the proximity of a participant's home or workplace to the nearest
P
active NGE well. Horizontal lines inside each box represent the median PAH concentration in each participant group.

in No Well Nearby wristbands (Fig. 5). The difference between
P
PAH in wristbands from the Well on Property group and the Well
Nearby group was just above the signiﬁcance level (Wilcoxon rank
sum test, p ¼ 0.057). This suggests that NGE-related PAH exposures
of people living or working near an active well may be more similar
to exposures of people far from NGE wells, than to people with
wells on their property. This comparison indicates that, in this
study, PAHs emitted from NGE wells diffused quickly, and had
relatively little impact on personal PAH exposures of participants
who did not have NGE wells directly on their home or work
properties.

3.6. Wristband sourcing
The highest PAH concentrations in wristbands were primarily
found at locations where ﬂuoranthene/pyrene isomer ratios indicated there were petrogenic PAH sources (Pearson's correlation ¼ e0.82, p < 0.00010) (Table 1). These ﬁndings are consistent
with participants who lived or worked closer to active NGE wells
having been exposed to greater proportions of PAHs from
petroleum-derived sources in this study.
There was no correlation between reported cigarette exposure
P
and
PAH in participants' wristbands (Pearson's correlation ¼ 0.071, p ¼ 0.61) (Fig. 4, Table 1). This indicates that the
P
number of cigarettes a participant smoked did not affect PAH in
the wristbands. The average number of days that participants reported using heavy, gas-powered machinery was higher in participants in the Well on Property group (19 days; range: 16e20 days),
compared to the Well Nearby group (5.0 days; range: 0e16 days), or
the No Well Nearby group (5.8 days; range: 0e19 days). There was a
signiﬁcant positive correlation between the number of days parP
ticipants reported using heavy machinery and PAH measured in
participants' wristbands (Pearson's correlation ¼ 0.61, p ¼ 0.0027)
(Fig. 4, Table 1). Exposure to exhaust while using heavy machinery
is therefore a potential confounding factor that may have increased
P
PAH in wristbands. While un-combusted gasoline is not a source
of PAHs, combustion of fuel in heavy machinery produces PAHs.
Thus, it is not surprising that exposure to exhaust from heavy
machinery was correlated with higher PAH concentrations in

P
There was a signiﬁcant positive correlation between PAH in
participants' wristbands and in the stationary air samples deployed
closest to each participant's home or work location (simple linear
regression, R2 ¼ 0.64, p < 0.0001) (Fig. 6). The signiﬁcant correlation between PAH concentrations in wristbands and in nearby air is
compelling. Individuals are mobile, and PAHs are pervasive pollutants that come from many sources. While there is potential for
multiple exposure pathways to contribute PAHs to wristbands,
participants' home and work locations appeared to affect their
overall PAH exposures in this study. This correlation provides
additional evidence supporting the ability of the wristband to
assess personal exposure to semi-volatile chemicals in the environment, such as PAHs (O'Connell et al., 2014; Donald et al., 2016;
Kile et al., 2016; Anderson et al., 2017).
3.8. Limitations
Participants were selected for personal sampling from a group of
volunteers who lived or worked near the stationary air sampling
stations. Therefore they do not represent a random sample, and

P
P
Fig. 6.
PAH in each participant's wristband (ng/g wristband) vs.
PAH in air
measured at the nearest stationary air sampling site to each participant's home or
P
workplace (ng/m3). There is a signiﬁcant positive correlation between
PAH in a
P
participant's wristband and PAH in the inner ring of air samplers at the stationary air
sampling site closest to that participant's home or workplace (simple linear regression,
R2 ¼ 0.64, p < 0.0001).
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ﬁndings may not be directly applicable to the entire population or
to other regions affected by NGE. Additionally, the sample sizes for
the Well on Property and Well Nearby participant groups were
small (n ¼ 3 and 4, respectively), due to the study taking place in a
sparsely populated rural area. In personal sampling analyses, participants' reported homes or workplaces were used as reference
locations. Reference locations were used to spatially relate participants' exposures to nearby NGE activity and to stationary air
sampling data. It is unknown exactly how much time participants
spent each day at their reference locations. This is a source of uncertainty in the interpretation of how participants’ personal PAH
exposures are related to emissions from NGE activity. The PAH
sourcing analysis presented in this study relies on one ratio between a pair of isomers, ﬂuoranthene and pyrene. Using more than
one isomer ratio can help strengthen sourcing inferences. However,
other PAHs that are commonly used in sourcing ratios were not
consistently detected in this study.
4. Conclusions
P
PAH in air was signiﬁcantly higher at active NGE sites than
P
proposed NGE sites. PAH in air quickly dissipated with distance
P
from active NGE sites. PAH was signiﬁcantly higher in wristbands
worn by participants who lived or worked closer to active NGE
wells. PAH mixtures in both air and wristbands were more petrogenic closer to active NGE sites. There was a signiﬁcant positive
P
P
PAH in wristbands and
PAH in air near
correlation between
participants’ homes or workplaces. This correlation further afﬁrms
the utility of the wristband to assess personal exposure to semivolatile contaminants, such as PAHs. This work suggests that NGE
emits PAHs into air, and that living or working very close to an
active NGE well may increase personal PAH exposure.
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Executive Summary

A

s new drilling and stimulation techniques, including hydraulic fracturing (‘fracking’),
are heralded as the key to unlocking a new oil boom in California, there is mounting
evidence that these technologies, and the expansion of oil and gas development
that they enable, threaten public health. As California contemplates the safety of these
technologies and necessary protections, it is important to identify the populations at risk.
New analysis of oil and gas development in California shows that, already, approximately
5.4 million people (14 percent of the state’s population) live within a mile of one, or more, of
more than 84,000 existing oil and gas wells. More than a third of these people (1.8 million)
also live in areas most burdened by environmental pollution as identified by California EPA’s
tool (CalEnviroscreen 2.0). These communities, highly vulnerable to additional pollution
from oil and gas development, consist primarily of Latinos/Hispanics (69 percent), African
Americans (10 percent), and Asian Americans (11 percent). In total, people of color make
up nearly 92 percent of the 1.8 million people living within a mile of oil and gas development
and in communities already heavily burdened by pollution.
Of the statewide population living within one mile
of oil and gas development and in communities
identified as most vulnerable by CalEPA’s new
alEnviroScreen 2.0, nearly 92 percent are people of
color (69 percent Hispanic/Latino, 10 percent African
American, 11 percent Asian, and 2 percent Other).
© NRDC

Currently, the drill sites that use stimulation technologies
like hydraulic fracturing are generally located near existing
oil and gas extraction, primarily in Kern (2,361 wells), Los
Angeles (124 wells), and Ventura (456) counties. However, a
smaller number of sites have also been recorded in nine other
counties, including Monterey, Fresno, and Santa Barbara. The
push to use hydraulic fracturing and other well stimulation
technologies to access oil from formations underlying some
of the state’s most fertile agricultural lands and densely
populated urban areas raises public health concerns,
including harmful air pollution, contaminated ground and
surface waters, and large amounts of toxic waste. Increased
oil and gas production using these new technologies can
bring more contaminants—many of which have been linked
to respiratory and neurological problems, birth defects, and
cancer1,2—to backyards, communities, and cities. Future
unconventional oil and gas development using hydraulic
fracturing and other well stimulation techniques in these
areas, and its expansion into new areas, may exacerbate
environmental problems and health threats for communities
that have already been disproportionately impacted. A
comprehensive evaluation of the safety of expanding oil
drilling must include and ensure protections for the most
vulnerable, and already overburdened, communities.

Oil wells in Los Angeles
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Mapping Oil and Gas Activity and Communities
Burdened by Environmental Pollution in California
The objective of our analysis is to examine where and
how communities, especially those that are vulnerable to
environmental pollution and degradation, are affected by
existing and potential oil and gas development in California.
In light of the impacts associated with the rapid scale-up
of tight oil3 and shale gas4 development in Pennsylvania,
Texas, Colorado, and North Dakota, the prospect of new
and expanded oil exploration and production in California
must be closely evaluated, including identifying who will be
impacted by it and where.
We used the California Division of Oil, Gas and Geothermal
Resources (DOGGR) “AllWells” and “Well Stimulation
Treatment Notices Index” databases, the South Coast Air
Quality Management District (SCAQMD) “Oil and Gas Wells
Activity Notification” database, and the chemicals disclosure
registry database FracFocus.org (all as of July, 2014) to map
and describe oil and gas wells.5,6
The oil and gas wells that we selected from the “AllWells”
database for our analysis are classified by DOGGR as
either “New” or “Active”. “New” wells are those that have
been permitted to be drilled, while “Active” wells include
producing wells and wells not plugged according to DOGGR
standards. These wells may hence pose an ongoing threat
as potential production sites or conduits for pollution.7 We
used the “New” and “Active” codes because they provide a
measure of the number of wells that may—now or in the
future—contribute to the total environmental burden on the
communities. We then expanded this database to include the
SB4 notification, SCAQMD, and FracFocus.org information

while eliminating duplicate well entries. (For more details on
well selection see Appendix I).
In a second step, we mapped the vulnerability of
communities to environmental pollution and overlaid the
location of oil and gas wells. We used the CalEnviroScreen
2.0—a tool developed by CalEPA to evaluate multiple
pollution sources (including air, water, and soil pollution)
in a community while accounting for its vulnerability to
pollution’s adverse health effects. The tool is now being used
by several state agencies in their decision-making processes
and to identify areas and communities that are in particular
need of resources to address these pollution sources and
cope with the negative health effects.8 CalEnviroScreen 2.0
provides a means to identify communities that could be most
vulnerable to pollution from new and existing oil and gas
development. It aggregates a pollution burden index with
Census characteristics that have been linked to pollution
sensitivity and ranks census tracts from lowest to highest.
We focus in particular on the subset of communities—
the top 20% of census tracts—that CalEnviroScreen 2.0
identifies as the most highly burdened, and most vulnerable,
communities in the state with respect to cumulative
environmental pollution.9
Using spatial buffering techniques, we then calculated the
number and demographics of people who live near oil and
gas wells (within a quarter mile and within one mile).10 (More
detail on the calculation methods is included in Appendix I.)

Extraction Technologies Poised to Expand
Oil Drilling in California
Advanced well drilling and stimulation technologies such
as horizontal drilling, hydraulic fracturing, and acidizing
have brought a huge boom over the past decade in
unconventional oil and gas development in at least 17 states.11
The term ‘unconventional’ refers to reservoirs that have low
permeability and porosity and require technologies such as
hydraulic fracturing to produce oil or gas. Hydraulic fracturing
(‘fracking’) involves pumping large volumes of water mixed
with chemicals underground at high pressures to fracture
the rock.12 Acidizing is a process that increases the flow of
oil and gas by injecting acids into the well to dissolve rocks
and/or sediments and mud solids that are clogging the rock
pores.13 Hydraulic fracturing, as well as cyclic steam and water
flooding, is also used for enhanced oil recovery (EOR) to
improve formation permeability and oil flow.14

|

The Monterey Formation (see Map 1) contains various
oil-bearing components known as members,15 including the
Puente or Modelo formations and the Nodular Shale in the
Los Angeles Basin and the McClure, Reef Ridge, and Antelope
shales in the San Joaquin Basin.16 The Temblor Formation
(including the Santos Shale), which underlies the central
and southern San Joaquin Valley, has also been identified as
prospective for oil. The Monterey Formation underlies much
of the Central Valley’s rich agricultural soils and important
groundwater aquifers. In Los Angeles and Santa Barbara
counties, it overlaps with one of the most populated regions
in the country.
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Despite uncertainty about how much oil is recoverable
in the Monterey Formation tight oil play,17 the industry
continues to aggressively use and develop unconventional
stimulation and enhanced recovery methods such as
hydraulic fracturing to unlock oil deposits in California.18,19
This could result in hundreds if not thousands of new wells—
in addition to the more than 84,000 existing oil and gas wells
(see Map 1)— in heavily drilled areas such as Kern County
and new areas, even those near towns and cities.
Our database counts 84,434 active and new oil and gas
wells. Of that, 7,177 are ‘new’ wells that have recently received
a permit to be drilled, and, at least 3,003 wells that have
been stimulated using hydraulic fracturing, acidizing, and

other stimulation methods (including 596 SB4 notices).
Since DOGGR only began adding this information recently,
however, this estimate may be too low. Differences in
reporting requirements also led to discrepancies between
the South Coast Air Quality Management District (SCAQMD)
well notices20 and DOGGR’s databases. These discrepancies,
and the resulting underreporting in California, highlight
the need for more effective regulation of an industry
that hydraulically fractured approximately 82,000 wells
in 17 other states between 2005 and 201321 while taking
advantage of exemptions from portions of the nation’s major
environmental and public health protection laws.22

Pollution and Health Threats Associated
with Oil and Gas Development
Experts are concerned that expanded oil drilling in California
by developing the Monterey tight oil play could pose
significant threats to health and the environment from
hydraulic fracturing and other stimulation methods.23,24,25
Although the extent to which these methods will be deployed
in California is debated,26,27 the literature linking oil and gas
development, including hydraulic fracturing, to significant
releases of air, water, and soil pollutants as well as physical,
safety, and health hazards raises the potential for significant
impacts.28,29,30 Recent review studies of shale gas development
identified pollutant emissions at all stages beginning
with well pad construction and continuing through
drilling, well completion, production, and ultimately well
abandonment.31,32 The majority of these pollutants, detailed
below, are also present in unconventional oil development,
which also uses hydraulic fracturing and acidizing.

Air Pollution
Multiple studies have found that air pollution from oil
and gas development can reach levels associated with
adverse health impacts for residents and communities in
regions with intense oil and gas development. Air pollution
from unconventional oil and gas development can be
classified into emissions during preproduction, production,
transmission and storage, use, and after well abandonment.33
Preproduction emissions (i.e., well pad preparation, drilling,
well stimulation, and completion) include methane, benzene,
toluene, ethylbenzene, and xylene (BTEX),34 volatile organic
compounds (VOCs), nitrogen oxides (NOx), fine particulate
matter (PM2.5), hydrogen sulfide, and silica dust.35,36,37,38 VOCs
and NOx contribute to the formation of regional ozone, which
causes smog and harms the respiratory system.39,40,41 During
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production, methane and non-methane VOCs, including
numerous toxic air contaminants (TACs), may continue to
be released from the wellhead and other equipment such as
condensate tanks, compressor stations, and open wastewater
impoundment pits. Oil and gas transmission and storage
release VOCs and methane.42,43 Improper plugging of a well
at the end of its life cycle can cause continued leakage of
oil, methane, and other VOCs even after the well has ceased
production.44
A broad range of health effects are associated with
exposure to these air pollutants, including mild to severe
respiratory and neurological problems, cardiovascular
damage, endocrine disruption, birth defects, cancer, and
premature mortality.45,46

Contamination of Drinking
Water and Soils
The large-scale exploration and production of conventional
and tight oil deposits using hydraulic fracturing and related
stimulation techniques risks water and soil contamination
from spills and leaks; well blowouts; and faulty well casings,
cement, and equipment. A recent analysis estimated that
between 2012 and 2013, the number of reported spills in
15 major oil and gas producing states rose by 17 percent
to more than 7,000. 47 Although many of these spills were
small, their combined volume totaled more than 26 million
gallons of oil, hydraulic fracturing fluid, wastewater, and
other chemicals and compounds used or produced during
oil and gas production. Hydraulic fracturing fluid and
wastewater are often a toxic soup of chemicals. For example,
a study of 353 fracking fluid constituents found that more
than 75 percent of them have been shown to affect the
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Map 1: Active and new oil and gas wells as of July 2014 and the Monterey shale play and sedimentary basins
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skin, eyes, other sensory organs, and the respiratory and
gastrointestinal systems. Approximately 40–50 percent can
affect the central nervous system and the brain, the immune
and cardiovascular systems, and the kidneys. Thirty-seven
percent are known endocrine disruptors and 25 percent are
linked to cancer and mutations.48 Underground, the hydraulic
fracturing fluid mixes with formation brines. This so-called
“produced water” can be much saltier than seawater and can
contain heavy metals and Naturally Occurring Radioactive
Materials (NORM).49,50,51 It is brought to the surface along
with oil and gas over a well’s lifespan. During “flowback”
(several days following the fracturing process), between 10
and 80 percent of the hydraulic fracturing fluid returns to
the surface.52 The handling and disposal of this wastewater
has been linked to air pollution when volatile contaminates
evaporate and to water contamination incidents involving
local groundwater and nearby waterways.

Methane, hydrocarbons, hydraulic fracturing fluid
components, heavy metals, and formation fluids have
been found in water wells near oil and gas sites.

and contaminate the air and soil when wastewater is sprayed
on roads.61,62 Illegally dumped radioactive solid waste from
oil and gas production has also caused contamination
problems.63

Noise and Light Pollution
Hydraulic fracturing and other well stimulation methods can
lead to prolonged periods of noise and light pollution for
nearby communities. Well pad preparation, drilling, and well
stimulation generate significant noise levels for neighboring
residences, schools, and work places. The noise—from
trucks, generators, drilling operations, and pumps—can
occur intermittently for days at a time over several years as
wells are hydraulically fractured and reworked many times.64
Produced gas that is not captured and sold may be flared, i.e.,
burned off, 24 hours a day, producing not only additional air
pollution but a constant roar and bright light.65 The health
effects associated with noise and light pollution include sleep
disturbance, fatigue, reduced school and work performance,
hypertension, and cardiovascular problems.66

Public Safety
Another potential source of water contamination is loss
of mechanical integrity from improper well construction,
maintenance, or plugging.53 Failure of well casings and
cement bonds could allow oil, gas, hydraulic fracturing fluids,
and naturally occurring toxic and radioactive materials to
migrate into shallower groundwater aquifers. While well
integrity failure may not necessarily lead to groundwater
contamination, monitoring and effective regulations are
needed to detect and remediate well integrity problems and
to properly plug wells. For example, a 2009 study examined
records of more than 315,000 oil and gas production and
injection wells drilled through 2004 in Alberta, Canada and
found that 4.6 percent had gas migration problems due to
improper construction. It remains unclear what percentage
of these wells may have impacted groundwater.54An
examination of more than 75,000 compliance reports for
41,381 conventional and unconventional oil and gas wells
drilled in Pennsylvania between 2000 and 2012 found that the
incidence of cement and/or casing issues was six-fold higher
for unconventional wells compared with conventional wells
and that incidence varied by geographical location.55
Several other studies have found methane, hydrocarbons
(including BTEX), hydraulic fracturing fluids, formation
brine, heavy metals, and NORM in water samples from
drinking water wells and surface water bodies near oil and
gas sites.56,57,58,59,60 It is, however, difficult to determine the
exact origin and pathways that led to the contamination.
NORM also poses risks to workers at the well site,
neighboring communities, and the environment. It can
accumulate in pipes and other well equipment, build up in
sediments downstream of wastewater treatment facilities,
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In areas with inadequate road infrastructure, traffic accidents
are one of the largest sources of injuries and fatalities
related to tight oil and shale gas development, because of
the substantial amount of heavy truck traffic involved.67,68
Other impacts include increased crime and social disruption,
accidents at well sites and pipelines, fires, and explosions.69

Seismic Risks
Researchers have known for a long time that underground
injection can lubricate faults and change fault pressures
potentially resulting in seismic events. The injection of
oil and gas wastewater into deep underground wells (socalled UIC Class II wells) has repeatedly been linked to such
events, known as induced seismicity.70 Researchers at the
U.S. Geological Survey found that the rate of earthquakes
of magnitude 3.0 and higher in the central and eastern
United States has increased from an average of 21 per year
from 1967 through 2000 to more than 300 in the years 2010
through 2012. In 2011 alone, there were 188.71 An analysis of
the disposal of toxic wastewater in deep injection wells in
California showed that 54 percent of 1,553 active and new
injection wells are within 10 miles of a recently (within the
past 200 years) active seismic fault line. Another 23 percent
are within five miles and 6 percent are within one mile.72
Most earthquakes caused by oil and gas activities have
been relatively small. Some, like the 2011 magnitude 5.7
earthquake in Oklahoma that was triggered by wastewater
injection, have been large enough to cause property damage
and injuries.73 Even small induced earthquakes, however, may
compromise well integrity or other infrastructure, leading to
water and soil contamination.
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Oil and Gas Wells are Concentrated in Communities
Struggling With and Vulnerable to Pollution
The number of oil and gas wells per census tract varies widely
in California. The largest number of wells, more than 28,000,
is found in a rural census tract west of Bakersfield in Kern
County. Kern and Los Angeles counties top the charts with
total well counts of 63,430 and 6,065, respectively. Map 2
shows the number and distribution of wells in relation to the
20 percent of census tracts identified by CalEnviroScreen 2.0
as most vulnerable. Since census tracts are roughly linked
to population sizes, rural census tracts tend to be larger in
area and therefore tend to have a greater number of wells. In
Los Angeles, high population density means that the census
tracts are much smaller and well counts of 1–100 are more
typical and often found near other urban pollution sources.74
Our maps show that residents in the southern part of the San
Joaquin Valley and the greater Los Angeles area suffer from
high pollution concentrations as well as a high concentration
of oil and gas wells.
In California, approximately 5.4 million people (14 percent
of the state’s population) live within a mile of one or more
oil and gas wells. This translates to roughly 1 in 5 African
Americans, 1 in 6 Hispanics/Latinos, 1 in 7 Asians, and 1
in 9 Whites. More than a third of these people, 1.8 million
(mainly in Los Angeles and Kern Counties), also live in areas
identified by CalEnviroScreen 2.0 as most burdened by
environmental pollution. A breakdown by race and ethnicity,
as shown in Figure 1, reveals disparities in potential exposure
for communities of color compared to the state’s total
population.75

Of the statewide population living within one mile of
oil and gas development and in communities identified
as most vulnerable by CalEPA’s new CalEnviroScreen 2.0,
nearly 92 percent are people of color (69 percent Hispanic/
Latino, 10 percent African American, 11 percent Asian, and
2 percent Other). Within the top 20 percent of census tracts
ranked as most vulnerable—with a combined population of
nearly 7.5 million—the number of oil and gas wells ranges
from 0 to 6,575 per census tract, with a total of 11,329 wells.
(See Appendix II for more detail.) Without the necessary
monitoring data, scientific understanding, and health
regulations, expanded oil development in these parts of the
state could further exacerbate the toll on the most vulnerable
communities.
Additionally, the geologic formations targeted for potential
new exploration using hydraulic fracturing and other
techniques include areas that are already heavily burdened
by pollution, particularly in the Central Valley. So far, most
of the new drilling and well stimulation techniques have
been concentrated in areas of existing oil and gas drilling in
Kern County. Los Angeles and Ventura counties each also
have more than 100 stimulated wells. Fresno and Monterey
counties, too, are seeing hundreds of new well permits and a
handful of wells flagged as stimulated (Table 1 in Appendix
II). Although it remains to be seen whether, and how, this
exploration will be conducted given the geology of these
basins in California, which is challenging for large-scale
hydraulic fracturing, even small increases in pollution in
already heavily burdened areas could result in increased
health threats.

Figure 1: Demographics of Population Living Near Wells and Statewide in California
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Map 2: Active and new oil and gas well counts as of July 2014 by census tract and the 20 percent most vulnerable
census tracts according to the CalEnviroScreen 2.0 released in August 2014
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Although the 3,003 wells identified as having been
stimulated using hydraulic fracturing and other techniques
(including 596 well stimulation notices under SB4) are likely
an undercount, more than 80 percent of them are located
in just three census tracts. Two of those tracts are in Kern
County and one in Ventura County.76 The two Kern County
tracts (west and northwest of Bakersfield) also have the
most new well permits and account for 591 of the 596 SB4
well stimulation notifications included in our database (430
and 161 notices, respectively). Of the 7,177 newly permitted
wells—6,141, or 86 percent—are located in Kern County.
More than half (3,209) are in the census tract with the most
wells followed by 1,194 and 843 new wells in the next two

tracts. The three census tracts surround Bakersfield to the
west, northwest and northeast. This area also ranks in the top
third of census tracts for environmental pollution.
According to CalEnviroScreen 2.0, the communities
already experiencing new drilling, hydraulic fracturing,
and acidizing are also exposed to high levels of ozone,
particulate matter, diesel particulate pollution, water and soil
contamination, and hazardous waste sites. If current drilling
trends continue—and new well drilling, hydraulic fracturing
and other stimulation techniques are concentrated in areas
with existing oil and gas activity—more than 1.8 million
Californians, already heavily burdened by pollution, may be
saddled with even more health threats.

Hotspots in Southern California: Greater Los
50
Angeles
and the
45%Southern San Joaquin Valley
of people living
40%

Greater Los Angeles

Los Angeles is home to the Inglewood Oil Field, the
largest urban oil field in the United States.77 This field is
30
in the Baldwin Hills’ community, which includes 300,000
residents.78 Well pads often contain 30 or more wells within
a few feet of buildings, roads, and parks. Map 3 illustrates
20 in Los Angeles, oil and gas wells are frequently in
that
immediate proximity to, or even part of, neighborhoods and
communities that are burdened by multiple environmental
stressors
with limited ability to address and cope with the
10
associated health risks.

13% 13%

8%

45%
HISPANIC/LATINO
38%

within one mile of oil
well(s)
are
In Los Angeles County, 580,000 people and
live gas
within
a quarter

38%

40

6%

3% 3%

31%

mile of 5,715 active and 350 newly permitted oil and gas
wells. At a one mile distance the number grows to 3.5 million
(i.e., one third of the County’s population), nearly half are
compared
Hispanic/Latino. Ninety-seven of Los Angeles County’s
855 census tracts withwith
the highest environmental pollution
burden have at least one well for a total number of 1,723
wells (28 percent of the total number of wells in Los Angeles
County). Furthermore, people of color are more likely to live
near oil and gas wells in Los Angeles County: 44 percent of
African Americans, 37■
percent
of Hispanics/Latinos
and
38
Racial/Ethnic
Composition of Population
Living
percent of Asians compared
with
31
percent
of
Whites.
Within 1 Mile of Active or New Oil and Gas Well

statewide

■ Statewide Racial/Ethnic Composition
Note: Percentages may not add up to 100 percent due to rounding.
African
Asian
Hispanic/
Other
White
American
Latino
Figure 2: Racial/Ethnic Composition According to the CalEnviroScreen 2.0 and 1/4 Mile Distance to Oil and Gas Wells
0

in Los Angeles County

67%

80

67%

70
60
50

40%

34%

40
30
20
10
0

11%

7%

African
American

13% 16%
2% 3%
Asian

Hispanic/
Latino

Other

|

8%
White

PAGE 11 Drilling in California: Who’s at risk?
80

of people living within a quarter mile of
oil and gas well(s) and in areas facing the
worst environmental health threats are

HISPANIC/LATINO.
■ Most Vulnerable Communities With
Oil and Gas Wells Within 1/4 Mile
■ Less Vulnerable Communities
Without Oil and Gas Wells Within 1/4 Mile
Note: Percentages may not add up to 100 percent due to rounding.

Map 3: Greater Los Angeles area showing the density of active and new oil and gas wells as of July 2014
and the 20 percent most vulnerable census tracts according to the CalEnviroScreen 2.0 released in August 2014

|

PAGE 12 Drilling in California: Who’s at risk?

HISPANIC/LATINO

31%
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Of the more than 262,000 Los Angeles County residents
that live within a quarter mile of oil and gas wells and in areas
20
facing
the worst health threats from pollution in the state; 67
percent are Hispanics/Latinos, 11 percent African Americans,
13 percent Asians, and 2 percent Other. In contrast, the
communities
less impacted by environmental pollution
10
and not living in close proximity to oil and gas wells have a
significantly higher White population (Figure 2).
Although many of Los Angeles’ oil fields have been tapped
0
for several
stimulation and
recovery techniques
Africandecades, newAsian
Hispanic/
Other
could American
bring currently idle wells back intoLatino
production.79
Much of the greater Los Angeles region is underlain by the
Monterey Formation, which could soon be explored using
80
unconventional
drilling and stimulation techniques.
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San Joaquin Valley stretches from San Joaquin County
in the north to Kern County in the south. Although mostly
50
rural,
this region contains several larger metropolitan areas,
including Fresno, Bakersfield, Stockton, and Modesto.80 The
40
region
is a major producer of agricultural crops, livestock,
and other products, but also suffers from a high rate of food
30
insecurity
and poverty.81 The San Joaquin Valley’s air quality
consistently ranks as among the worst in the nation with
high
levels of ozone and fine particulate matter (PM2.5). More
20
than 36 percent of the census tracts in the San Joaquin Valley
rank
in the top 20 percent for combined pollution threats,
10
including air pollution and toxic releases.
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Figure 3: Demographics of Kern County According to the CalEnviroScreen 2.0 and 1 Mile Distance to Oil and Gas Wells
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Without Oil and Gas Wells Within 1 Mile
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Map 4: Southern San Joaquin Valley showing the density of active and new oil and gas wells as of July 2014
and the 20 percent census tracts most vulnerable census tracts according to the CalEnviroScreen 2.0 released
in August 2014
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the most health threats from pollution as measured by
CalEnviroScreen 2.0, nearly 92,000 (76 percent) are people
of color.83 In contrast, the communities less impacted by
environmental pollution and not near oil and gas wells are
majority white (49 percent) (see Figure 3).
Kern County is also the epicenter of well stimulation
notices filed under the SB4 interim regulations. As of July
2014, 596 notices for well stimulation using hydraulic
fracturing, acidizing, and other techniques have been filed,
591 of them for wells in Kern County. The majority of these

wells were hydraulically fractured, while a smaller proportion
used acid matrix stimulation. The western part of the
county overlies the Monterey tight oil play and is considered
prospective for development. There is also current
production from the Monterey Formation.84 Kern County’s
rural communities, which are already heavily impacted by
pollution and predominantly Latino/Hispanic and lowincome, are at the frontlines of new drilling and technologies
with the accompanying health risks from heavy truck traffic,
air pollutant emissions, accidents, and wastewater disposal.

Conclusions
Expanding oil production in California, in areas already heavily drilled or in new areas, can
threaten the health of communities. For many already living with oil and gas wells and at
ground zero for new drilling activity, these threats are piled on top of a heavy burden of
environmental contamination. Evaluations of the safety of new drilling techniques must
account for the threats to these communities and California policymakers must ensure that
new oil exploration and development does not come at their expense.

Recommendations
To prevent further environmental damage and public health
threats, major improvements are required before hydraulic
fracturing, acidizing, and other stimulation techniques are
allowed in California:
A

comprehensive evaluation of pollution and health threats
from oil and gas development, including well stimulation
using hydraulic fracturing and other methods, must include
the following:
n a


full inventory and assessment of the types, sources,
and quantities of contaminants associated with oil and
gas development and production, including hydraulic
fracturing and acidizing;

n a
 n

The current tracking, reporting, and notification system
for oil and gas well development, activity, and stimulation
methods is inaccurate and fragmented and is not
transparent. DOGGR must work to overhaul its databases
and improve data integration and reporting. Comprehensive
measures are needed to ensure that oil and gas development
does not contribute to environmental degradation,
pollution, or threatens the health of residents in neighboring
communities. Until this is complete, communities already
overburdened with environmental pollution will remain in
harm’s way.

assessment of their health threats; and

n a
 n

evaluation and quantification of additional
pollution, health threats, and environmental
degradation from increased oil and gas extraction
in existing oil fields and expansion into new areas
within the Monterey tight oil play.
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Industry,” www.bakersfieldchamber.org/section.asp/csasp/
DepartmentID.537/cs/SectionID.1171/csasp.html (accessed
September 8, 2014).
83 This includes 64 percent Hispanic/Latino, 7 percent African
American, 2 percent Asian, and 2 percent Other.
84 The Bakersfield Californian, “Monterey Shale brightens Kern’s oil
prospects,” www.bakersfieldcalifornian.com/business/oil/x65918320/
Monterey-Shale-brightens-Kerns-oil-prospects (accessed September
8, 2014).
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Appendix I: Methods
Our analysis uses well location data from California’s Division
of Oil, Gas, and Geothermal Resources (DOGGR), the South
Coast Air Quality Management District (SCAQMD), and
FracFocus.org to locate existing and potentially new oil and
gas development.1 We overlay this information with the total
environmental burden and vulnerability score from the
California EPA’s (CalEPA) cumulative environment impact
tool (CalEnviroScreen 2.0).2

Oil and Gas Well Data
We located active (AOG) wells and new (NOG) wells through
the DOGGR’s AllWells database (version released July 14,
2014) using the GISSymbol field. Active wells, according
to DOGGR’s classification, include producing wells and
unplugged wells that may not be producing (e.g., idle
and buried wells) but that can still be brought back into
production or become a conduit for pollution.3 New wells
have recently been permitted to be drilled.4 We used the
AOG and NOG codes because they provide a more complete
measure of the total number of wells that may be sites of
active development or serve as a conduit for pollution and
contribute to the total environmental burden. We note that
the “AllWells” database also includes the WellStatus field.
There are discrepancies between the GISSymbol field and
the WellStatus field and neither is fully accurate at this point.
The discrepancies should be investigated and corrected
by DOGGR. Communication with DOGGR staff, and other
experts, suggested that although the GISSymbol field is not
perfect, DOGGR staff regularly use it for spatial analysis of
well data. We, therefore, concluded that the use of this field is
justified to account for wells that are currently producing or
may be brought back into production in the future.
We then added information from DOGGR’s new Well
Stimulation Notices database, which was developed in
response to Senate Bill 4 (SB4), California’s law for oil and
gas well stimulation enacted in 2013 (SB4 notices as of
July 2014).5 The SB4 interim regulations6—developed by
DOGGR and effective since January 1, 2014—require well
operators to file notices at least 30 days prior to commencing
well stimulation using controversial technologies such
as hydraulic fracturing and acidizing. We also added
information from the South Coast Air Quality Management
District’s Oil and Gas Wells Activity Notification database,
which was developed under Rule 1148.2, as well as the
Chemicals Disclosure Registry website FracFocus.org. We
then removed duplicates, multiple entries for well reworks,
offshore wells, and wells without correct latitude and
longitude coordinates. Our final total came to 84,434 wells
(77,257 active and 7,177 newly permitted wells).
To determine the number of wells that have been
stimulated, we used the DOGGR AllWells database, the
SB4 Well Stimulation Treatment Notification Index, the
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SCAQMD Oil and Gas Well Activity Notification database, and
FracFocus.org. We counted 3,003 wells that have used or plan
to use hydraulic fracturing, acid fracturing, acidizing, and/or
gravel packing. These 3,003 wells include 596 wells, for which
SB4 stimulation notices are available.
In 2012 DOGGR added the field HydraulicallyFractured to
its “AllWells” database as a basic yes/no indicator and is still
adding this information to the database. Therefore, our count
of stimulated wells—while it is the best currently available—
is still likely an undercount. According to the DOGGR, the
new field will be used to identify future wells using hydraulic
fracturing techniques and former wells that have used
hydraulic fracturing techniques.7

Environmental Pollution
and Vulnerability Data
The CalEnviroScreen 2.0 data layer (released in August 2014)
was downloaded from the California Office of Environmental
Health Hazard Assessment’s (OEHHA) CalEnviroScreen
website.8 We use the census tracts falling into the top 20
percent of most vulnerable communities according to the
CalEnviroScreen 2.0 aggregate score. The CalEnviroScreen
tool was developed to evaluate multiple pollution sources
(including air, water, and soil) in a community while
accounting for a community’s vulnerability to pollution’s
adverse health effects.9

Calculating the Population
Vulnerable to Environmental
Pollution and affected by Oil
and Gas Development
The number and percentage of people living within 0.25 and
1 mile of active and new oil and gas wells was estimated using
2012 population data from the U.S. Census Bureau10 and
well location information from our well database. The 0.25
and 1 mile distances were chosen to represent oil- and gasrelated health threats at scales relevant to urban and rural
settings, respectively, and to reflect both local and regional
pollution.11 To do so, circles of 0.25 and 1 mile, as appropriate
to the area, were drawn around each well to create a buffered
well layer. The boundaries of these circles were merged and
the resulting shape was intersected with the census tract
population layer. We then calculated the portions of each
census tract that overlapped with the buffered well layer.
Assuming that the census tract population (total population
and population by race and ethnicity) is uniformly
distributed across the census tract, we then determined the
fraction (total population and by race and ethnicity) that
lived within the buffered well layer. All maps were produced
in ArcGIS version 10.1.

PAGE 19 Drilling in California: Who’s at risk?

Appendix I Endnotes
1
CA Division of Oil, Gas and Geothermal Resources (DOGGR)
(2014). GIS Mapping. “AllWells” database. Available at www.
conservation.ca.gov/dog/maps/Pages/GISMapping2.aspx (accessed
July 14, 2014) and “Well Stimulation Treatment Notices Index,”
www.conservation.ca.gov/dog/Pages/IWST_disclaimer.aspx
(accessed July 2014). South Coast Air Quality Management District
Rule 1148.2, “Oil and Gas Wells Activity Notification,” xappprod.
aqmd.gov/r1148pubaccessportal/Home/Index (accessed July, 2014).
FracFocus Chemical Disclosure Registry. fracfocus.org/ (accessed
July, 2014).
2
CalEPA, OEHHA, “CalEnviroScreen Version 2.0,” oehha.ca.gov/
ej/ces2.html (accessed August 18, 2014).
3
DOGGR, “GIS Mapping,” www.conservation.ca.gov/dog/maps/
Pages/GISMapping2.aspx (accessed July 29, 2014).
4

Ibid. [3].

5
DOGGR, “Well Stimulation Notices Index,” www.conservation.
ca.gov/dog/Pages/IWST_disclaimer.aspx (accessed July 2014). The
database contains well stimulation notices filed since December
2013.
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California Legislature, “Legislative Council Information,” leginfo.
6
legislature.ca.gov/faces/billNavClient.xhtml?bill_id=201320140SB4
(accessed May 14, 2014).
7
DOGGR, GIS Mapping, “Readme file,” www.conservation.
ca.gov/dog/maps/Pages/GISMapping2.aspx (accessed May 16, 2014).
8

Ibid. [2].

9

Ibid. [2].

10 U.S. Bureau of the Census, “American Community Survey.
Census Tract Population Estimates,” factfinder2.census.gov/faces/
nav/jsf/pages/index.xhtml (accessed May 12, 2014).
11 There is as of yet no commonly accepted distance over which air
or water pollution effects from oil and gas development are assessed
for local populations. McKenzie et al. (2012) used a ½ mile for their
health risk assessment in a mostly rural area in Colorado and a 10
mile radius to calculate the inverse-distance-weighted metric in their
2014 paper. Hill applied a 2.5 km (1.55 miles) radius in Pennsylvania
and Osborn et al. (2011) used a 1 km (0.62 miles) distance in their
study of methane contamination of drinking water.
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Appendix II: Tables
The tables in this Appendix provide details on the number
and location of oil and gas wells in California. The data was
extracted from public databases maintained by California’s
Division of Oil, Gas, and Geothermal Resources (DOGGR),
the South Coast Air Quality Management District (SCAQMD),
and FracFocus.org. Data from the AllWells database is
current as of July 14, 2014 and the information on SB4 Well
Stimulation Notices Index, the SCAQMD Oil and Gas Activity
Notification database, and FracFocus.org are current as of
July 2014.
The following well types are included in our analysis:
n A
 ctive

Oil and Gas Wells (AOG): According to DOGGR’s
classification, these wells include producing wells
and wells that have not been plugged and may not be
producing, such as idle and buried wells, but can still
represent a potential for reactivation or conduit for
pollution.

n N
 ew

Oil and Gas Wells (NOG): These wells have recently
been permitted to be drilled.

n S
 timulated

wells: These wells have been stimulated using
hydraulic fracturing, acid fracturing, acidizing, and/or
gravel packing as compiled from the DOGGR AllWells
database, and SB4 Well Stimulation Treatment Notices
Index, the SCAQMD Oil and Gas Activity Notification
database, and FracFocus.org.

n S
 B4 Wells: These

wells are listed as approved in DOGGR’s
SB4 interim well stimulation notices database. These wells
are a subset of the stimulated wells.

Table 1: Counties with at least one active or new oil and gas well

County
Kern

Total Number of
Active and New Oil
and Gas Wells

Active Wells

New Wells

Stimulated Wells

Stimulated
Wells with SB4
Notifications

63,430

57,289

6,141

2,361

591

Los Angeles

6,065

5,715

350

124

-

Fresno

3,671

3,470

201

3

2

Ventura

3,078

2,988

90

456

3

Santa Barbara

2,141

2,058

83

3

-

Orange

1,585

1,530

55

30

-

Monterey

1,263

1,153

110

1

-

Sutter

423

417

6

14

-

San Luis Obispo

402

323

79

-

-

Colusa

372

350

22

3

-

Kings

366

358

8

6

-

Glenn

325

323

2

1

-

Solano

248

247

1

-

-

Sacramento

214

206

8

-

-

Tehama

151

149

2

-

-

San Joaquin

147

143

4

-

-

Tulare

102

99

3

-

-

Yolo

75

73

2

-

-

San Bernardino

67

67

-

-

-

Humboldt

57

57

-

-

-

San Benito

46

44

2

-

-

Contra Costa

43

42

1

-

-

San Diego

31

31

-

1

-
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Table 1: Counties with at least one active or new oil and gas well (cont’d.)

County

Total Number of
Active and New Oil
and Gas Wells

Active Wells

New Wells

Madera

29

25

4

-

-

San Mateo

25

25

-

-

-

Riverside

18

18

-

-

-

Santa Clara

16

13

3

-

-

Imperial

13

13

-

-

-

Butte

10

10

-

-

-

Alameda

7

7

-

-

-

Lassen

7

7

-

-

-

Stanislaus

3

3

-

-

-

Merced

2

2

-

-

-

Santa Cruz

1

1

-

-

-

Yuba

1

1

-

-

-

84,434

77,257

7,177

3,003

596

TOTAL

Stimulated Wells

Stimulated
Wells with SB4
Notifications

Data sources: DOGGR “AllWells” database (as of 7/14/2014). DOGGR SB4 Well Stimulation Notices database (as of July 2014). The total number of active and new oil and
gas wells is the sum of active wells and new wells. Stimulated wells include wells with SB4 notifications.

New oil and gas wells

Stimulated Wells

117

117

0

0

0

19%

513

19%

109

109

0

0

0

54%

2218

40%

79

77

2

0

0

582

8%

541

8%

35

34

1

0

0

76%

431

9%

329

7%

9

8

1

0

0

1152

69%

24

2%

16

1%

1

1

0

0

0

6562

97%

41

1%

40

1%

1

1

0

0

0

81-85%

1266

27%

3

0%

1

0%

3

3

0

0

0

Imperial

81-85%

5007

85%

225

4%

192

4%

3

3

0

0

0

6029004500

Kern

86-90%

3937

95%

1086

28%

1027

26%

6575

5381

1194

587

161

6029006202

Kern

91-95%

6401

94%

1686

26%

1583

25%

804

751

53

0

0

6029001000

Kern

86-90%

9186

72%

8448

92%

6091

66%

369

356

13

0

0

6029000507

Kern

81-85%

3598

31%

3598

100%

1112

31%

224

222

2

0

0

6029006201

Kern

96-100%

2877

73%

937

33%

685

24%

147

146

1

0

0

6029003700

Kern

86-90%

3953

67%

1340

34%

891

23%

146

121

25

2

0

96-100%

5804

72%

6019007801

Fresno

81-85%

2722

6019007700

Fresno

91-95%

5599

6019008200

Fresno

81-85%

6019007600

Fresno

6019008402
6019008302

County
(alphabetically)
Fresno

Census tract
6019003900

541

9%

98%

524

74%

3001

6978

93%

86-90%

4806

Fresno

81-85%

Fresno

91-95%

6025012400

Imperial

6025010102
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Wells with SB4
notifications

Active oil and gas wells

7%

Percent Non-White

389

Total Population

Total Wells

Non-White Population
within 1 mile of oil and gas
well (% of total pop.)

Non-White Population
within 1 mile of oil and gas
well

Population within 1 mile of
oil and gas well
(% of total)

Population within
1 mile of oil and gas well

CalEnviroScreen 2.0 Total
Score (highest percentile =
worst)

Table 2: Census tracts that fall into the top 20% of Census tracts most vulnerable to health impacts from multiple environmental
stressors as measured by CalEnviroScreen 2.0 and which have one or more oil & gas wells within their boundaries

4119

7704

87%

86-90%

4004

Kern

81-85%

Kern

86-90%

6029002600

Kern

6029006303

97

48

0

0

20%

187

14%

96

94

2

1

0

55%

3361

45%

60

59

1

0

0

4215

55%

3646

47%

44

35

9

18

0

92%

3750

94%

3454

86%

40

39

1

0

0

5579

56%

5579

100%

3130

56%

17

17

0

0

0

5116

68%

5007

98%

3379

66%

6

6

0

0

0

96-100%

3539

85%

3539

100%

3015

85%

6

6

0

0

0

Kern

86-90%

6784

96%

6784

100%

6513

96%

3

3

0

0

0

6029000200

Kern

86-90%

7644

27%

4367

57%

1175

15%

3

3

0

0

0

6029006304

Kern

81-85%

3895

94%

3834

98%

3589

92%

2

2

0

0

0

6029004301

Kern

86-90%

7416

89%

1208

16%

1070

14%

2

2

0

2

0

6029000400

Kern

96-100%

4319

28%

2300

53%

635

15%

2

2

0

0

0

6029003114

Kern

81-85%

7654

63%

6387

83%

3992

52%

1

1

0

0

0

6029003113

Kern

96-100%

4784

78%

4759

99%

3693

77%

1

1

0

0

0

6031001601

Kings

91-95%

4516

86%

204

5%

175

4%

18

18

0

1

0

6037208000

Los
Angeles

96-100%

6893

93%

6893

100%

6376

93%

167

167

0

0

0

6037980014

Los
Angeles

96-100%

239

23%

217

91%

51

21%

145

138

7

1

0

6037197700

Los
Angeles

86-90%

5103

90%

5103

100%

4613

90%

110

110

0

0

0

6037502700

Los
Angeles

96-100%

6956

92%

6876

99%

6339

91%

108

83

25

0

0

6037530003

Los
Angeles

91-95%

2983

78%

2983

100%

2318

78%

106

102

4

0

0

6037211122

Los
Angeles

86-90%

3075

90%

3075

100%

2764

90%

87

87

0

0

0

6037294701

Los
Angeles

91-95%

3019

96%

3019

100%

2892

96%

86

65

21

1

0

6037208302

Los
Angeles

96-100%

4360

96%

4360

100%

4177

96%

82

82

0

0

0

6037502902

Los
Angeles

91-95%

4043

92%

4043

100%

3711

92%

79

72

7

0

0

6037573401

Los
Angeles

81-85%

1439

73%

1439

100%

1045

73%

65

63

2

1

0

6037208401

Los
Angeles

96-100%

3770

97%

3770

100%

3638

96%

61

61

0

0

0

6037540902

Los
Angeles

91-95%

4506

99%

4506

100%

4461

99%

46

46

0

0

0

Kern

91-95%

15845

6029004200
6029002400

Kern

86-90%

1320

Kern

96-100%

7478

6029004000

Kern

81-85%

6029006301

Kern

6029001801
6029003112
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Wells with SB4
notifications

145

6029004604

Total Population

8%

County
(alphabetically)

1212

Census tract

Stimulated Wells

268

82%

New oil and gas wells

70%

Active oil and gas wells

8%

Total Wells

1315

Non-White Population
within 1 mile of oil and gas
well (% of total pop.)

92%

Non-White Population
within 1 mile of oil and gas
well

Population within
1 mile of oil and gas well

Population within 1 mile of
oil and gas well
(% of total)

Percent Non-White

CalEnviroScreen 2.0 Total
Score (highest percentile =
worst)

Table 2: Census tracts that fall into the top 20% of Census tracts most vulnerable to health impacts from multiple environmental
stressors as measured by CalEnviroScreen 2.0 and which have one or more oil & gas wells within their boundaries (cont’d.)

Population within
1 mile of oil and gas well

Population within 1 mile of
oil and gas well
(% of total)

Non-White Population
within 1 mile of oil and gas
well

Non-White Population
within 1 mile of oil and gas
well (% of total pop.)

Total Wells

Active oil and gas wells

New oil and gas wells

Stimulated Wells

1380

87%

1380

100%

1194

86%

44

44

0

0

0

6037572201

Los
Angeles

91-95%

6197

82%

6197

100%

5106

82%

43

43

0

0

0

6037208802

Los
Angeles

81-85%

2906

86%

2906

100%

2505

86%

35

35

0

0

0

6037294120

Los
Angeles

86-90%

2370

99%

2370

100%

2337

99%

33

33

0

0

0

6037208301

Los
Angeles

86-90%

2201

98%

2201

100%

2161

98%

26

26

0

0

0

6037543604

Los
Angeles

81-85%

5620

91%

5620

100%

5109

91%

25

23

2

2

0

6037530005

Los
Angeles

91-95%

4346

89%

4346

100%

3872

89%

25

25

0

0

0

6037221401

Los
Angeles

91-95%

3359

91%

3359

100%

3063

91%

21

20

1

0

0

6037541001

Los
Angeles

96-100%

1164

97%

1164

100%

1133

97%

21

21

0

0

0

6037208502

Los
Angeles

91-95%

3571

95%

3571

100%

3385

95%

20

20

0

0

0

6037532303

Los
Angeles

96-100%

4464

97%

4320

97%

4203

94%

19

19

0

0

0

6037532302

Los
Angeles

96-100%

4707

98%

4096

87%

3993

85%

18

18

0

0

0

6037224010

Los
Angeles

91-95%

2433

92%

2433

100%

2246

92%

17

17

0

0

0

6037207103

Los
Angeles

96-100%

2077

98%

2077

100%

2033

98%

16

16

0

0

0

6037211320

Los
Angeles

86-90%

3184

92%

3184

100%

2917

92%

14

14

0

0

0

6037224420

Los
Angeles

91-95%

2369

95%

2369

100%

2243

95%

14

14

0

0

0

6037701100

Los
Angeles

86-90%

746

60%

746

100%

444

60%

13

13

0

0

0

6037294620

Los
Angeles

91-95%

4219

99%

4219

100%

4156

99%

13

13

0

0

0

6037206010

Los
Angeles

96-100%

3127

96%

3127

100%

3002

96%

13

13

0

0

0

6037197600

Los
Angeles

91-95%

2376

80%

2376

100%

1891

80%

11

11

0

0

0

6037291130

Los
Angeles

96-100%

3582

95%

3582

100%

3410

95%

11

11

0

0

0
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Wells with SB4
notifications

Percent Non-White

96-100%

CalEnviroScreen 2.0 Total
Score (highest percentile =
worst)

Los
Angeles

County
(alphabetically)

6037502802

Census tract

Total Population

Table 2: Census tracts that fall into the top 20% of Census tracts most vulnerable to health impacts from multiple environmental
stressors as measured by CalEnviroScreen 2.0 and which have one or more oil & gas wells within their boundaries (cont’d.)

Percent Non-White

Population within
1 mile of oil and gas well

Population within 1 mile of
oil and gas well
(% of total)

Non-White Population
within 1 mile of oil and gas
well

Non-White Population
within 1 mile of oil and gas
well (% of total pop.)

Total Wells

Active oil and gas wells

New oil and gas wells

Stimulated Wells

86-90%

4195

96%

4195

100%

4036

96%

10

10

0

0

0

6037218800

Los
Angeles

81-85%

2658

97%

2658

100%

2586

97%

8

8

0

0

0

6037980015

Los
Angeles

81-85%

554

80%

503

91%

404

73%

7

7

0

0

0

6037550100

Los
Angeles

91-95%

7518

89%

7518

100%

6653

88%

5

5

0

0

0

6037543305

Los
Angeles

96-100%

2666

73%

2402

90%

1756

66%

5

5

0

0

0

6037540901

Los
Angeles

96-100%

4994

98%

4994

100%

4904

98%

5

5

0

0

0

6037208720

Los
Angeles

81-85%

4179

95%

4179

100%

3970

95%

4

4

0

0

0

6037503000

Los
Angeles

86-90%

6057

95%

6057

100%

5724

95%

4

4

0

0

0

6037502801

Los
Angeles

86-90%

6186

82%

6186

100%

5097

82%

4

4

0

0

0

6037208801

Los
Angeles

91-95%

2995

93%

2995

100%

2791

93%

4

4

0

0

0

6037602802

Los
Angeles

81-85%

4304

99%

4304

100%

4239

99%

3

3

0

0

0

6037553504

Los
Angeles

81-85%

5368

96%

5368

100%

5159

96%

3

3

0

0

0

6037433802

Los
Angeles

86-90%

2780

96%

2780

100%

2655

96%

3

3

0

0

0

6037294610

Los
Angeles

91-95%

4065

96%

4065

100%

3898

96%

3

3

0

0

0

6037603900

Los
Angeles

91-95%

7527

83%

7527

100%

6217

83%

3

3

0

0

0

6037291120

Los
Angeles

96-100%

2210

98%

2210

100%

2168

98%

3

3

0

0

0

6037201402

Los
Angeles

96-100%

4311

96%

4311

100%

4151

96%

3

3

0

0

0

6037550201

Los
Angeles

81-85%

2941

90%

2941

100%

2659

90%

2

2

0

0

0

6037541100

Los
Angeles

91-95%

3321

99%

3321

100%

3294

99%

2

2

0

0

0

6037602801

Los
Angeles

91-95%

3819

99%

3819

100%

3777

99%

2

2

0

0

0

6037203500

Los
Angeles

96-100%

3064

98%

3064

100%

2990

98%

2

2

0

0

0
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Wells with SB4
notifications

Total Population

Los
Angeles

County
(alphabetically)

6037208610

Census tract

CalEnviroScreen 2.0 Total
Score (highest percentile =
worst)

Table 2: Census tracts that fall into the top 20% of Census tracts most vulnerable to health impacts from multiple environmental
stressors as measured by CalEnviroScreen 2.0 and which have one or more oil & gas wells within their boundaries (cont’d.)

Population within
1 mile of oil and gas well

Population within 1 mile of
oil and gas well
(% of total)

Non-White Population
within 1 mile of oil and gas
well

Non-White Population
within 1 mile of oil and gas
well (% of total pop.)

Total Wells

Active oil and gas wells

New oil and gas wells

Stimulated Wells

3987

94%

3597

90%

3385

85%

2

2

0

0

0

6037185202

Los
Angeles

81-85%

3712

76%

3712

100%

2825

76%

1

1

0

0

0

6037502004

Los
Angeles

81-85%

4359

92%

4359

100%

4028

92%

1

1

0

0

0

6037603400

Los
Angeles

81-85%

4367

87%

4367

100%

3817

87%

1

1

0

0

0

6037554600

Los
Angeles

81-85%

4374

83%

4374

100%

3613

83%

1

1

0

0

0

6037573004

Los
Angeles

81-85%

5153

92%

5153

100%

4725

92%

1

1

0

0

0

6037551300

Los
Angeles

81-85%

5422

82%

5422

100%

4446

82%

1

1

0

0

0

6037541200

Los
Angeles

81-85%

5662

99%

5662

100%

5622

99%

1

1

0

0

0

6037550700

Los
Angeles

81-85%

6921

79%

6921

100%

5481

79%

1

1

0

0

0

6037550800

Los
Angeles

81-85%

7170

76%

7170

100%

5471

76%

1

1

0

0

0

6037543602

Los
Angeles

81-85%

7762

79%

7762

100%

6148

79%

1

1

0

0

0

6037124103

Los
Angeles

86-90%

2030

82%

2030

100%

1659

82%

1

1

0

0

0

6037503104

Los
Angeles

86-90%

2719

92%

2719

100%

2504

92%

1

1

0

0

0

6037530203

Los
Angeles

86-90%

3238

93%

3238

100%

3005

93%

1

1

0

0

0

6037543201

Los
Angeles

86-90%

3607

99%

3607

100%

3571

99%

1

1

0

0

0

6037530004

Los
Angeles

86-90%

3695

85%

3695

100%

3152

85%

1

1

0

0

0

6037294830

Los
Angeles

86-90%

3707

97%

3707

100%

3592

97%

1

1

0

0

0

6037543903

Los
Angeles

86-90%

3804

92%

3795

100%

3492

92%

1

1

0

0

0

6037482800

Los
Angeles

86-90%

4074

92%

3224

79%

2953

72%

1

1

0

0

0

6037602509

Los
Angeles

86-90%

4118

96%

4057

99%

3891

94%

1

1

0

0

0

6037504101

Los
Angeles

86-90%

5126

80%

5126

100%

4111

80%

1

1

0

0

0

6037541700

Los
Angeles

86-90%

6366

99%

6366

100%

6277

99%

1

1

0

0

0
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Wells with SB4
notifications

Percent Non-White

96-100%

CalEnviroScreen 2.0 Total
Score (highest percentile =
worst)

Los
Angeles

County
(alphabetically)

6037532304

Census tract

Total Population

Table 2: Census tracts that fall into the top 20% of Census tracts most vulnerable to health impacts from multiple environmental
stressors as measured by CalEnviroScreen 2.0 and which have one or more oil & gas wells within their boundaries (cont’d.)

Percent Non-White

Population within
1 mile of oil and gas well

Population within 1 mile of
oil and gas well
(% of total)

Non-White Population
within 1 mile of oil and gas
well

Non-White Population
within 1 mile of oil and gas
well (% of total pop.)

Total Wells

Active oil and gas wells

New oil and gas wells

Stimulated Wells

86-90%

7058

84%

7058

100%

5893

84%

1

1

0

0

0

6037550300

Los
Angeles

86-90%

7727

84%

7696

100%

6465

84%

1

1

0

0

0

6037403200

Los
Angeles

91-95%

391

31%

391

100%

121

31%

1

1

0

0

0

6037207400

Los
Angeles

91-95%

1363

79%

1363

100%

1082

79%

1

1

0

0

0

6037220100

Los
Angeles

91-95%

2334

96%

2334

100%

2229

95%

1

1

0

0

0

6037241002

Los
Angeles

91-95%

3606

99%

3606

100%

3584

99%

1

1

0

0

0

6037242000

Los
Angeles

91-95%

3938

99%

3938

100%

3910

99%

1

1

0

0

0

6037500403

Los
Angeles

91-95%

4023

95%

4023

100%

3818

95%

1

1

0

0

0

6037543400

Los
Angeles

91-95%

4090

94%

2648

65%

2491

61%

1

1

0

0

0

6037534301

Los
Angeles

91-95%

4636

97%

4636

100%

4511

97%

1

1

0

0

0

6037402403

Los
Angeles

91-95%

5381

79%

4933

92%

3892

72%

1

1

0

0

0

6037203600

Los
Angeles

91-95%

5394

99%

5394

100%

5329

99%

1

1

0

0

0

6037500600

Los
Angeles

91-95%

5688

97%

5688

100%

5506

97%

1

1

0

0

0

6037502200

Los
Angeles

91-95%

6585

90%

6585

100%

5894

89%

1

1

0

0

0

6037203300

Los
Angeles

96-100%

2607

91%

2607

100%

2375

91%

1

1

0

0

0

6037534405

Los
Angeles

96-100%

4292

98%

4292

100%

4215

98%

1

1

0

0

0

6037543000

Los
Angeles

96-100%

4345

100%

4345

100%

4323

100%

1

1

0

0

0

6037553702

Los
Angeles

96-100%

4902

98%

4902

100%

4814

98%

1

1

0

0

0

6037573201

Los
Angeles

96-100%

4930

95%

4930

100%

4703

95%

1

1

0

0

0

6037482402

Los
Angeles

96-100%

6971

95%

6280

90%

5991

86%

1

1

0

0

0

6037402402

Los
Angeles

96-100%

7076

85%

2633

37%

2246

32%

1

1

0

0

0

6039000400

Madera

81-85%

1288

68%

204

16%

139

11%

29

25

4

0

0
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Wells with SB4
notifications

Total Population

Los
Angeles

County
(alphabetically)

6037604100

Census tract

CalEnviroScreen 2.0 Total
Score (highest percentile =
worst)

Table 2: Census tracts that fall into the top 20% of Census tracts most vulnerable to health impacts from multiple environmental
stressors as measured by CalEnviroScreen 2.0 and which have one or more oil & gas wells within their boundaries (cont’d.)

3626

64%

246

6059086407

Orange

81-85%

6488

70%

6059011721

Orange

81-85%

5023

81%

6059011722

Orange

86-90%

2363

6059099601

Orange

86-90%

6059011720

Orange

6059110500

Orange

6065041500

New oil and gas wells

Stimulated Wells

158

4%

1

1

0

0

0

5398

83%

3762

58%

5

5

0

0

0

5023

100%

4064

81%

1

1

0

0

0

50%

2363

100%

1179

50%

1

1

0

0

0

7016

82%

6116

87%

5003

71%

1

1

0

0

0

91-95%

7329

96%

6620

90%

6322

86%

1

1

0

0

0

91-95%

8631

87%

6914

80%

5980

69%

1

1

0

0

0

Riverside

96-100%

2053

93%

1230

60%

1141

56%

4

4

0

0

0

6065041909

Riverside

81-85%

4990

58%

1433

29%

828

17%

1

1

0

0

0

6065040808

Riverside

81-85%

7008

72%

6064

87%

4384

63%

1

1

0

0

0

6071012400

San
96-100%
Bernardino

3617

91%

1391

38%

1267

35%

1

1

0

0

0

6071004004

San
96-100%
Bernardino

5076

79%

1571

31%

1247

25%

1

1

0

0

0

6071001600

San
96-100%
Bernardino

6133

94%

1664

27%

1567

26%

1

1

0

0

0

6073013205

San Diego

86-90%

2381

92%

2381

100%

2188

92%

1

1

0

0

0

6077003900

San
Joaquin

96-100%

1749

74%

225

13%

167

10%

56

56

0

0

0

6077003803

San
Joaquin

96-100%

5281

74%

2036

39%

1500

28%

23

23

0

0

0

6077004001

San
Joaquin

91-95%

2508

61%

610

24%

370

15%

16

14

2

0

0

6077004902

San
Joaquin

81-85%

6106

36%

351

6%

125

2%

2

2

0

0

0

6095253500

Solano

81-85%

8423

30%

2621

31%

786

9%

202

201

1

0

0

6107003400

Tulare

96-100%

7016

66%

1160

17%

764

11%

84

81

3

0

0

6107004300

Tulare

96-100%

7682

94%

501

7%

469

6%

13

13

0

0

0

6107004500

Tulare

81-85%

6628

76%

255

4%

194

3%

4

4

0

0

0

6111004704

Ventura

81-85%

1469

86%

972

66%

839

57%

50

49

1

3

0

6111004902

Ventura

96-100%

5091

99%

3887

76%

3829

75%

37

30

7

1

0

6113010102

Yolo

86-90%

7702

56%

1062

14%

592

8%

1

1

0

0

0

Wells with SB4
notifications

Active oil and gas wells

7%

Census tract

Total Wells

Non-White Population
within 1 mile of oil and gas
well (% of total pop.)

Percent Non-White

91-95%

Non-White Population
within 1 mile of oil and gas
well

Total Population

Merced

Population within 1 mile of
oil and gas well
(% of total)

CalEnviroScreen 2.0 Total
Score (highest percentile =
worst)

6047000201

Population within
1 mile of oil and gas well

County
(alphabetically)

Table 2: Census tracts that fall into the top 20% of Census tracts most vulnerable to health impacts from multiple environmental
stressors as measured by CalEnviroScreen 2.0 and which have one or more oil & gas wells within their boundaries (cont’d.)

Data sources: DOGGR “AllWells” database (as of 7/14/2014). DOGGR SB4 Well Stimulation Notices database (as of July 2014). The total number of active and new oil and
gas wells is the sum of active wells and new wells. Stimulated wells include wells with SB4 notifications.
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CalEnviroScreen 3.0

PREFACE TO VERSION 3.0
CalEnviroscreen 3.0 is the latest iteration of the California Communities Environmental Health
Screening Tool. This version of CalEnviroScreen incorporates recent data for nearly all indicators
and improvements in the way some indicators are calculated to better reflect environmental
conditions or a population’s vulnerability to environmental pollutants. Two new indicators –
measures of cardiovascular disease and high housing costs affecting low income households -have been added to help reflect health and socioeconomic vulnerability to pollution. These
indicators were included partially in response to public comments that Version 2.0 did not include
enough health indicators, and did not sufficiently account for variations in the cost of living around
the state. The children-and-elderly indicator has been removed to address the concern that the
indicator does not provide a good measure of the vulnerable elderly and children across the state.
Instead, children and elderly will be highlighted in a separate analysis, as well as in demographic
data for each census tract. This version of CalEnviroScreen has also been updated with additional
information in specific indicators regarding communities in the California-Mexico border region,
pursuant to Assembly Bill 1059 (Garcia, Statutes of 2015). These changes affected the indicators
for PM2.5, Diesel PM emissions, Traffic Density, and Toxic Releases from Facilities. The borderrelated changes are described in a separate report. Additional explanation of the changes from
Version 2.0 to 3.0 are provided in an accompanying document available on the CalEnviroScreen 3.0
webpage.
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that ensures the fair treatment of all
Californians, including minority and low income
populations. The development of the tool was a
major step in the implementation of the
Agency’s 2004 Environmental Justice Action
Plan, which called for the development of
guidance to analyze the impacts of multiple
pollution sources in California communities.

MESSAGE
FROM THE
SECRETARY

CalEPA released the first draft of
CalEnviroScreen for public review and comment
in July 2012. That draft built upon a 2010 report
that described the underlying science and a
general method for identifying communities that
face multiple sources of pollution. The tool
identified the portions of the state that have
higher pollution burdens and vulnerabilities, and
therefore are most in need of assistance.

California is a land of promise. For many
Californians, however, that promise has yet to be
realized. Many communities in the state remain
burdened by a disproportionate share of
environmental pollution, while also facing
socioeconomic and health challenges. There are
a number of reasons for this: Some areas
wrestle with the legacy of long-past industrial
and agricultural practices, while others live with
the impacts of earlier land- use decisions.
Residents near trade corridors bear the brunt of
air pollution from trucks and trains that route
goods to the rest of the nation, in spite of some
of the country’s strictest regulatory controls.
Fluctuations in natural conditions, such as
droughts or extreme weather events brought on
by climate change, present further challenges.

The final version of CalEnviroScreen 1.0 came
out in April 2013 after 12 public workshops and
review of over 1,000 comments. Subsequently,
an updated tool, version 2.0, including more and
newer data was completed in October 2014.
We are now pleased to release CalEnviroScreen
3.0. This latest update reflects comments
received on prior versions of the tool, on the
draft Version 3.0, as well as input from many
sources in the intervening two years. There were
two webinars on the draft, as well as seven
public workshops across the state.

How to meet the needs of residents living in
these communities, while at the same time
responding to significant environmental threats,
is one of the many challenges we face.

CalEnviroScreen

This version refines the tool by updating the data
for all the indicators and making significant
improvements to several existing indicators in
response to public comments, including
improvement of drinking water system
boundaries, inclusion of produced water ponds
from oil wells in the Groundwater Threats
indicator, and incorporation of scrap metal
recycling facilities in the Solid Waste indicator.
Some additional specific changes include:

The California Communities Environmental
Health Screening Tool (CalEnviroScreen) helps
us to address these challenges. Our objective in
developing the tool is to use it to assist
California communities by directing state and
potentially local government resources toward a
common purpose: the revitalization of
disadvantaged communities and the pursuit of
environmental justice. In particular, the tool is
designed to assist the Agency and its boards and •
departments in carrying out their environmental
justice mission to conduct activities in a manner
iii

Addition of a new indicator of health
vulnerability. The new indicator for
cardiovascular disease is a measure of the

CalEnviroScreen 3.0

rate of emergency department visits for heart
attack. Heart disease significantly affects
vulnerable aging populations and its
associations with both environmental and
socioeconomic conditions are well
established.

remains as relevant, meaningful, and current as
possible.

Uses

During the initial consideration and adoption of
CalEnviroScreen, concerns were raised about its
potential for misuse. To ensure proper use and
• Addition of a new indicator of socioeconomic
understanding we explained that the tool is not a
vulnerability. Many Californians face high
substitute for a cumulative impacts analysis
cost of living especially from the price of
under the California Environmental Quality Act
housing. A new indicator provides a measure
(CEQA). Nor is the intent to restrict the authority
of low income households burdened by these
of government agencies in permit and land-use
high housing costs.
decisions. Furthermore, CalEnviroScreen may
• Incorporation of new data on pollution in
not be the appropriate tool to guide all public
Mexico near the California border. This
policy decisions. Other tools – or individual data
change addresses concerns that prior
layers – might be more useful for different
versions did not fully capture the pollution
purposes, such as for identifying communities
impacts on border communities. New data
facing socioeconomic disadvantage or health
from Mexico were added to the Traffic,
disadvantage.
PM2.5, Ozone, Diesel PM, and Toxic
Over the past three years, CalEnviroScreen has
Releases indicators.
been successfully used to inform the
• Analysis of the Age indicator in Version 2.0
implementation of many policies, programs and
showed that it was not an effective measure activities throughout the state. For example,
of age-related vulnerability. This indicator
CalEPA and its boards, departments and office
was removed from Version 3.0. While age is continue to use the tool to administer
no longer factored into the scoring process,
environmental justice grants, promote greater
demographic information including age and
compliance with environmental laws, prioritize
race/ethnicity is still being made available
site-cleanup activities and identify opportunities
for each census tract.
for sustainable economic development in heavily
impacted neighborhoods.
• Change in the scoring methodology. The
One of the most notable uses of
number of indicators in each category
CalEnviroScreen has been to inform CalEPA’s
(Exposure, Environmental Effects,
identification of disadvantaged communities
Socioeconomics Factors, and Sensitive
Populations) are not uniform. To ensure that pursuant to Senate Bill 535 (De León, Chapter
each category is balanced regardless of how 830, Statutes of 2012). SB 535 requires CalEPA
many indicators it contains, the scoring was to identify disadvantaged communities based on
adjusted, slightly increasing the weight of the geographic, socioeconomic, public health and
environmental effects and health indicators. environmental hazard criteria. It also requires
that the investment plan developed and
The changes in this version of CalEnviroScreen
submitted to the Legislature pursuant to
demonstrate CalEPA’s and OEHHA’s continuing
Assembly Bill 1532 (John A. Pérez, Chapter 807,
commitment to updating and otherwise
Statutes of 2012) allocate no less than 25
improving the tool on an ongoing basis. We are
percent of available proceeds from the carbon
also committed to an inclusive public
auctions held under California’s Global Warming
participatory process to ensure that the tool
iv
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Solutions Act of 2006 to projects benefitting
disadvantaged communities. As of December
2015, 51 percent ($469 million) of the $912
million dollars implementing California Climate
Investments are funding projects that provide
benefits to disadvantaged communities
identified by CalEnviroScreen.

•

Additionally, other entities and interested parties
have identified uses for CalEnviroScreen and the
information it provides. Some examples include:

In 2016, Assembly Bill 1550 (Gomez, Chapter
369, Statutes of 2016) amended the laws
controlling the distribution of proceeds from
carbon auctions to provide that 25 percent of
the funds must be used directly in
disadvantaged communities identified by
CalEPA. Among other things, a further 5 percent
must be used to assist low income communities
or households within half a mile of a
disadvantaged community. We anticipate that
CalEnviroScreen will be used to help CalEPA
designate these economically disadvantaged
communities.

•

Assembly Bill 693 (Eggman, Chapter 582,
Statutes of 2015) directs the California
Public Utilities Commission to award $1
billion over 10 years to multifamily affordable
housing solar in low income and
disadvantaged communities identified by
CalEnviroScreen.

•

The California Public Utilities Commission
recently approved plans for investor-owned
utilities to deploy over 12,000 electric-car
charging stations—a portion of the charging
stations will be installed within communities
identified by CalEnviroScreen.

Further, the CalEPA Environmental Justice Task
Force continues to utilize CalEnviroScreen in its •
effort to integrate environmental justice
considerations into cross-media enforcement of
environmental laws. CalEnviroScreen results and
underlying data guided recent initiatives in West
Fresno, Boyle Heights, and Pacoima.
•
The boards and departments within CalEPA also
use CalEnviroScreen to prioritize supplemental
environmental projects (SEPs) in disadvantaged
communities. These projects use money paid in
lieu of penalties by violators of environmental
laws to fund projects benefitting the
communities that bore the harm or burden
•
created by these violations.
Other uses by CalEPA’s boards, departments
and office include:
•

The Department of Toxic Substances Control
uses CalEnviroScreen to prioritize
inspections, investigations and enforcement
actions.

The State Water Resources Control Board’s
Abandoned Underground Storage Tank
•
Initiative. This program cleans up abandoned
gas stations to promote neighborhood
revitalization in priority areas using data from
CalEnviroScreen.
v

One of three primary goals of the California
Energy Commission’s Diversity Policy
Resolution is to increase Energy Commission
program benefits in disadvantaged
communities identified by CalEnviroScreen.
Senate Bill 1000 (Leyva, Chapter 587,
Statutes of 2016) now requires local
governments to update their general plan to
identify policies and objectives that reduce
pollution exposure and other factors in
disadvantaged communities identified by
CalEnviroScreen.
The City of San Diego Climate Action plan will
reduce emissions and promote transitrelated infrastructure improvements and
capital improvements in communities
identified by CalEnviroScreen.
Los Angeles County Mobility Plan (General
Plan Element) will utilize CalEnviroScreen to
prioritize transportation decisions based
upon outcomes of safety, public health,
equity, environmental justice, language and
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physical access, social benefits, and
economic benefits.
•

The Chevron Richmond Refinery
Modernization Project Environmental Impact
Report gave special consideration to
communities identified by CalEnviroScreen
as disproportionately burdened in evaluating
the potential impacts of the project.

Conclusion
We are proud of the collaborative work of OEHHA
and the contributions of the departments and
boards in CalEPA, as well as the level of public
participation and input we have received in the
development of CalEnviroScreen. This project
represents the largest statewide public
screening tool effort in the nation – both in
geographic scope and level of detail. The
ongoing development and evolution of
CalEnviroScreen has involved many residents,
community-based organizations,
nongovernmental organizations, local officials,
state agencies and representatives from
business, industry and academia. This updated
version of CalEnviroScreen is a result of a
continued collective effort. If it is to succeed, this
cooperation must continue. We welcome your
active participation as we move forward with
future versions of CalEnviroScreen and work to
advance environmental justice and economic
vitality in California.

Matthew Rodriquez
Secretary for Environmental Protection
January 2017
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INTRODUCTION
Californians are burdened by environmental problems and sources of pollution in ways that
vary across the state. Some Californians are more vulnerable to the effects of pollution than
others. CalEnviroScreen uses a science-based method for evaluating multiple pollution
sources in a community while accounting for a community’s vulnerability to pollution’s
adverse effects.
In 2014, over 9.3 million Californians lived in communities that were identified as
“disadvantaged” by CalEPA due to the environmental conditions and vulnerability of people
living in those communities. The designation of those communities was based on the results
of CalEnviroScreen 2.0 that was finalized and released in October 2014. The Air Resources
Board, other California Environmental Protection Agency (CalEPA) boards and departments,
and other state agencies used these designations to allocate resources and make policy
decisions intended to benefit these disadvantaged communities.
This update uses current methods and data to identify California’s most burdened and
vulnerable communities.

Statewide The Office of Environmental Health Hazard Assessment (OEHHA) has
updated its statewide analysis of communities in California. Similar to
Evaluation previous versions of CalEnviroScreen, this version also identifies
communities most burdened by pollution from multiple sources and
most vulnerable to its effects, taking into account the socioeconomic
and health status of people living in those communities. In doing so,
CalEnviroScreen continues to:
•
•
•

Produce a relative, rather than absolute, measure of pollution’s
impacts and vulnerabilities in California communities.
Provide a consistent assessment and methodology with prior
versions of the tool, that has been expanded and updated with
additional information.
Evaluate multiple pollution sources, and stressors that measure
a community’s vulnerability to pollution.

Many factors, often referred to as stressors, contribute to a community’s pollution burden and
vulnerability. Integration of these multiple factors into a risk assessment is not currently
feasible. Risk assessments are primarily designed to quantify health risks from a single
pollutant or source at a time, often in one specific medium (e.g., air or water). Occasionally,
groups of related contaminants can be considered together or aggregated. However, some
community groups and scientists have criticized this approach as failing to adequately
consider the totality of the health risks facing an individual community.
People in real life are simultaneously exposed to multiple contaminants from multiple sources
and also have multiple stressors based on their health status as well as living conditions.
Thus, the resulting cumulative health risk is also often influenced by nonchemical factors such
as socioeconomic and health status of the people living in a community. In such situations,
risk assessment has a limited ability to quantify the resulting cumulative risk because it
1
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requires extensive characterization of the chemicals present, the routes and levels of
exposure, and the dose-response relationship for hundreds of chemicals for which data is
neither currently available nor likely to be generated in the foreseeable future.
In addition, a methodology does not exist to fully integrate geographic factors (such as
proximity to sources), intrinsic factors (health status), and extrinsic factors (socioeconomic
status) into risk assessment. Hence, OEHHA and CalEPA developed CalEnviroScreen to
conduct statewide evaluations of community-scale impacts through this screening tool.

Impact A core purpose of developing CalEnviroScreen is to characterize
“impacts” of pollution in communities with respect to factors that are
vs. Risk not routinely included in risk assessment. Often, the terms risk and

impact are used synonymously, suggesting that they describe the same
outcome. However, the term risk means a probability of an injury or
loss, while impact in this context refers more broadly to stressors that
can affect health and quality of life. While risk assessment suggests a
quantitative approach to evaluating injury or loss, impact assessment
implies integrating both quantitative factors and those less readily
measured or estimated, but that may increase the magnitude of
adverse effects.

Public Review Recognizing the importance of transparency and public input into
government’s decision making, and that the primary goal of
and Input CalEnviroScreen is a step towards achieving environmental justice, the

CalEnviroScreen 3.0 draft was released for public review and comment
in September 2016. In addition, OEHHA hosted regional public
workshops to share the proposed updates to the tool, answer
questions, and take public comment. OEHHA updated the tool and
made changes based on written comments and verbal input received in
the workshops. A summary of these changes and responses to public
comments are available as a separate documents on the
CalEnviroScreen 3.0 webpage.

This report follows the same format as previous CalEnviroScreen
reports beginning with general methodology, indicator selection criteria,
and calculation of a CalEnvioScreen score for an example census tract
followed by a more detailed description of each of the 20 indicators.
The scores of each indicator and the final CalEnviroScreen scores for
different areas of the state are presented as maps. The report
concludes by providing the overall results of the statewide analysis,
presented as maps showing the census tracts with highest
CalEnviroScreen scores.

2
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This update to CalEnviroScreen continues to:
•
•
•

Provide a broad picture of the burdens and vulnerabilities that communities confront
from environmental pollutants.
Rely on the use of indicators that are measured or estimated and affect the resulting
impact score.
Analyze the data and present results at the census tract scale.

CalEnviroScreen 3.0 contains a number of important improvements over
previous versions, including:
•
•
•
•
•
•

Updating all indicators with the most recent available information.
Improvements in the way some indicators are calculated to more accurately reflect
environmental conditions or population vulnerability.
Adding a new health vulnerability indicator that reflects differences in cardiovascular
disease.
Adding a new socioeconomic indicator to address differences in housing costs across
the state.
An update to the scoring method to balance the separate contributions of the four
major components of the CalEnviroScreen score.
Removal of the Age: Children and Elderly indicator because the indicator did not
provide a good measure of the vulnerability of children and elderly. The former
indicator unduly emphasized census tracts with large retired populations, and did not
highlight vulnerable elderly populations or children. Excluding the Age indicator did not
result in significant changes in the percent children, elderly, and different racial/ethnic
groups of the most highly-scoring census tracts. Additional information on the decision
to remove the indicator of children and elderly, and the alternative approach to
addressing age vulnerability is described in the accompanying Summary of Changes
document.

3
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METHOD
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THE
CALENVIROSCREEN
MODEL
Definition of CalEPA adopted the following working definition of cumulative
Cumulative impacts in 2005:
“Cumulative impacts means exposures, public health or
Impacts

environmental effects from the combined emissions and
discharges, in a geographic area, including environmental
pollution from all sources, whether single or multi-media,
routinely, accidentally, or otherwise released. Impacts will
take into account sensitive populations and socioeconomic
factors, where applicable and to the extent data are
available.”

CalEnviroScreen The CalEnviroScreen model is based on the CalEPA working
Model definition in that:
•

Components

•

The model is place-based and provides information for the
entire State of California on a geographic basis. The
geographic scale selected is intended to be useful for a wide
range of decisions.
The model is made up of multiple components cited in the
above definition as contributors to cumulative impacts. The
model includes two components representing Pollution
Burden – Exposures and Environmental Effects – and two
components representing Population Characteristics –
Sensitive Populations (e.g., in terms of health status and
age) and Socioeconomic Factors.

5
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Model The model:
Characteristics • Uses a suite of statewide indicators to characterize both
•
•
•

•

Pollution Burden and Population Characteristics.
Uses a limited set of indicators in order to keep the model
simple.
Uses percentiles to assign scores for each of the indicators
in a given geographic area. The percentile represents a
relative score for the indicators.
Uses a scoring system in which the percentiles are averaged
for the set of indicators in each of the four components
(Exposures, Environmental Effects, Sensitive Populations,
and Socioeconomic Factors).
Combines the component scores to produce a
CalEnviroScreen score for a given place relative to other
places in the state, using the formula below.

Formula for After the components are scored within Pollution Burden or
Calculating Population Characteristics, the scores are combined as follows to
calculate the overall CalEnviroScreen Score:
CalEnviroScreen
Pollution
Population
Score
Burden
Characteristics
Average of
Sensitive
Populations
and
Socioeconomic
Factors

Average of
Exposures
and

Environmental
Effects*

CalEnviroScreen
Score

* The Environmental Effects component is weighted one-half when
combined with the Exposures component.

Rationale for The mathematical formula for calculating scores uses
Formula multiplication. Scores for the pollution burden and population

characteristics categories are multiplied together (rather than
added, for example). Although this approach may be less intuitive
than simple addition, there is scientific support for this approach
to scoring.
Multiplication was selected for the following reasons:
1. Scientific Literature: Existing research on environmental
pollutants and health risk has consistently identified
socioeconomic and sensitivity factors as “effect
modifiers.” For example, numerous studies on the health
effects of particulate air pollution have found that low
6
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socioeconomic status is associated with about a 3-fold
increased risk of morbidity or mortality for a given level of
particulate pollution (Samet and White, 2004). Similarly, a
study of asthmatics found that their sensitivity to an air
pollutant was up to 7-fold greater than non-asthmatics
(Horstman et al., 1986). Low-socioeconomic status
African-American mothers exposed to traffic-related air
pollution were twice as likely to deliver preterm babies
(Ponce et al., 2005). The young can be 10 times more
sensitive to environmental carcinogen exposures than
adults (OEHHA, 2009). Studies of increased risk in
vulnerable populations can often be described by effect
modifiers that amplify the risk. This research suggests
that the use of multiplication makes sense.
2. Risk Assessment Principles: Some people (such as
children) may be 10 times more sensitive to some
chemical exposures than others. Risk assessments, using
principles first advanced by the National Academy of
Sciences, apply numerical factors or multipliers to
account for potential human sensitivity (as well as other
factors such as data gaps) in deriving acceptable
exposure levels (US EPA, 2012).
3. Established Risk Scoring Systems: Priority-rankings done
by various emergency response organizations to score
threats have used scoring systems with the formula:
Risk = Threat × Vulnerability (Brody et al., 2012).
These formulas are widely used and accepted.

Maximum Scores Component Group
for Combined Pollution Burden
Components Exposures and

Maximum Score*

Environmental Effects

10

Population Characteristics

Sensitive Populations and
Socioeconomic Factors

CalEnviroScreen Score

10

Up to 100 (= 10 × 10)

* Enough decimal places were retained in the calculation to
eliminate ties.

Notes on Scoring In the CalEnviroScreen model, the Population Characteristics are
System a modifier of the Pollution Burden. In mathematical terms, the
Pollution Burden is the multiplicand and Population
Characteristics is the multiplier, with the CalEnviroScreen Score
as the product. The final ordering of the communities is
independent of the magnitude of the scale chosen for the
Population Characteristics (without rounding scores). That is, the
7
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communities would be ordered the same in their final score if the
Population Characteristics were scaled to 3, 5, or 10, for
example. Here, a scale up to 10 was chosen for convenience.

Selection of CalEnviroScreen 3.0 uses the census tract scale as the unit of
Geographic Scale analysis. Census tract boundaries are available from the Census
Bureau. These were updated in 2010. There are approximately
8,000 census tracts in California, representing a relatively fine
scale of analysis. Census tracts are made up of multiple census
blocks, which are the smallest geographic unit for which
population data are available. Some census blocks have no
people residing in them (unpopulated blocks).

CalEnviroScreen
Scores and
Race/Ethnicity,
Young and Elderly
Populations

The relationship between the calculated CalEnviroScreen score
and race/ethnicity and children and elderly populations will be
examined with the final data and will be available as a
supplemental document on the CalEnviroScreen 3.0 webpage.

References Brody TM, Di Bianca P, Krysa J (2012). Analysis of inland crude

oil spill threats, vulnerabilities, and emergency response in the
midwest United States. Risk Analysis 32(10):1741-9. [Available
at URL: http://onlinelibrary.wiley.com/doi/10.1111/j.15396924.2012.01813.x/pdf].
Horstman D, Roger L, Kehrl H, Hazucha M (1986). Airway
Sensitivity of Asthmatics To Sulfur Dioxide Toxicol Ind Health 2:
289-298.
OEHHA (2009). Technical Support Document for Cancer Potency
Factors: Methodologies for derivation, listing of available values,
and adjustments to allow for early life stage exposures. May
2009. Available at URL:
http://www.oehha.ca.gov/air/hot_spots/2009/TSDCancerPoten
cy.pdf.
Ponce NA, Hoggatt KJ, Wilhelm M, Ritz B (2005). Preterm birth:
the interaction of traffic-related air pollution with economic
hardship in Los Angeles neighborhoods. Am J Epidemiol
162(2):140-8.
Samet JM, White RH (2004) Urban air pollution, health, and
equity. J Epidemiol Community Health, 58:3-5 [Available at URL:
http://jech.bmj.com/content/58/1/3.full].
US EPA (2012). Dose-Response Assessment [Available at URL:
http://www.epa.gov/risk/dose-response.htm].
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INDICATOR
SELECTION
AND SCORING
The overall CalEnviroScreen community scores are driven by indicators. Here are the
steps in the process for selecting indicators and using them to produce scores.

Overview of the 1. Identify potential indicators for each component.
Process 2. Find sources of data to support indicator development (see
Criteria for Indicator Selection below).

3. Select and develop indicator, assigning a value for each
geographic unit.
4. Assign a percentile for each indicator for each geographic unit,
based on the rank-order of the value.
5. Generate maps to visualize data.
6. Derive scores for pollution burden and population
characteristics components (see Indicator and Component
Scoring below).
7. Derive the overall CalEnviroScreen score by combining the
component scores (see below).
8. Generate maps to visualize overall results.
The selection of specific indicators requires consideration of both the type of information
that will best represent statewide pollution burden and population characteristics, and the
availability and quality of such information at the necessary geographic scale statewide.

Criteria for
Indicator
Selection

•
•
•
•

An indicator should provide a measure that is relevant to the
component it represents, in the context of the 2005 CalEPA
cumulative impacts definition.
Indicators should represent widespread concerns related to
pollution in California.
The indicators taken together should provide a good
representation of each component.
Pollution burden indicators should relate to issues that may
be potentially actionable by CalEPA boards and departments.
9
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•
•
•

Population characteristics indicators should represent
demographic factors known to influence vulnerability to
disease.
Data for the indicator should be available for the entire state
at the census tract level geographical unit or translatable to
the census tract level.
Data should be of sufficient quality, and be:
o Complete
o Accurate
o Current

Exposure People may be exposed to a pollutant if
Indicators they come in direct contact with it, by

breathing contaminated air, for example.
No data are available statewide that
provide direct information on exposures.
Exposures generally involve movement
of chemicals from a source through the
environment (air, water, food, soil) to an
individual or population. CalEnviroScreen
uses data relating to pollution sources,
releases, and environmental
concentrations as indicators of potential
human exposures to pollutants. Seven
indicators were identified and found
consistent with criteria for exposure
indicator development. They are:
•
•
•
•
•
•
•

Ozone concentrations in air
PM 2.5 concentrations in air
Diesel particulate matter
emissions
Drinking water contaminants
Use of certain high-hazard, highvolatility pesticides
Toxic releases from facilities
Traffic density

Pollution Sources
Emissions &
Discharges
Environmental
Concentrations
Exposures

Environmental Environmental effects are adverse environmental conditions caused
Effect Indicators by pollutants.
Environmental effects include environmental degradation,
ecological effects and threats to the environment and communities.
The introduction of physical, biological and chemical pollutants into
the environment can have harmful effects on different components
10
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of the ecosystem. Effects can be immediate or delayed. The
environmental effects of pollution can also affect people by limiting
their ability to make use of ecosystem resources (e.g., eating fish or
swimming in local rivers or bays). Also, living in an environmentally
degraded community can lead to stress, which may affect human
health. In addition, the mere presence of a contaminated site or
high-profile facility can have tangible impacts on a community, even
if actual environmental degradation cannot be documented. Such
sites or facilities can contribute to perceptions of a community being
undesirable or even unsafe.
Statewide data on the following topics were identified and found
consistent with criteria for indicator development:
•
•
•
•
•

Toxic cleanup sites
Groundwater threats from leaking underground storage
sites and cleanups
Hazardous waste facilities and generators
Impaired water bodies
Solid waste sites and facilities

Sensitive Sensitive populations are populations with biological traits that
Population result in increased vulnerability to pollutants.
Indicators Sensitive individuals may include those with impaired physiological
conditions, such as people with heart disease or asthma. Other
sensitive individuals include those with lower protective biological
mechanisms due to genetic factors.

Pollutant exposure is a likely contributor to many observed adverse
outcomes, and has been demonstrated for some outcomes such as
asthma, low birth weight, and heart disease. People with these
health conditions are also more susceptible to health impacts from
pollution. With few exceptions, adverse health conditions are
difficult to attribute solely to exposure to pollutants. High quality
statewide data related to sensitive populations affected by toxic
chemical exposures were identified and found consistent with
criteria for development of these indicators:
•
•
•

Asthma emergency department visits
Cardiovascular disease (emergency department visits for
heart attacks)
Low birth-weight infants

11
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Socioeconomic Socioeconomic factors are community characteristics that result in
Factor increased vulnerability to pollutants.
Indicators A growing body of literature provides evidence of the heightened

vulnerability of people of color and lower socioeconomic status to
environmental pollutants. For example, a study found that
individuals with less than a high school education who were
exposed to particulate pollution had a greater risk of mortality. Here,
socioeconomic factors that have been associated with increased
population vulnerability were selected.
Data on the following socioeconomic factors were identified and
found consistent with criteria for indicator development:
•
•
•
•
•

Indicator and
Component
Scoring

Educational attainment
Housing burdened low income households
Linguistic isolation
Poverty
Unemployment

The indicator values for the census tracts for the entire state are
ordered from highest to lowest. A percentile is calculated from the
ordered values for all areas that have a score.* Thus each area’s
percentile rank for a specific indicator is relative to the ranks for
that indicator in the rest of the places in the state.
•

•
•

The indicators used in this analysis have varying
underlying distributions, and percentile rank calculations
provide a useful way to describe data without making any
potentially unwarranted assumptions about those
distributions.
A geographic area’s percentile for a given indicator simply
tells the percentage of areas with lower values of that
indicator.
A percentile does not describe the magnitude of the
difference between two or more areas. For example, an
area ranked in the 30th percentile is not necessarily
three times more impacted than an area ranked in the
10th percentile.

* When a geographic area has no indicator value (for example, the census tract
has no hazardous waste generators or facilities), it is excluded from the percentile
calculation and assigned a score of zero for that indicator. When data are
unreliable or missing for a geographic area, such as census data with large
uncertainties, it is excluded from the percentile calculation and is not assigned
any score for that indicator. Thus the percentile score can be thought of as a
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comparison of one geographic area to other localities in the state where the
hazard effect or population characteristic is present.

Indicators from Exposures and Environmental Effects components
were grouped together to represent Pollution Burden. Indicators
from Sensitive Populations and Socioeconomic Factors were
grouped together to represent Population Characteristics (see figure
below).

For a given census tract, scores for the Pollution Burden and
Population Characteristics are calculated as described below. An
example calculation is provided on pages 16 to 19:
•

First, the percentiles for all the individual indicators in a
component are averaged. This becomes the score for
that component. When combining the Exposures and
Environmental Effects components, the Environmental
Effects score was weighted half as much as the
Exposures score. This was done because the contribution
to possible pollutant burden from the Environmental
Effects component was considered to be less than those
from sources in the Exposures component. More
specifically, the Environmental Effects components
represent the presence of pollutants in a community
13
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•
•

rather than exposure to them. Thus the Exposure
component receives twice the weight as Environmental
Effects component.
The Population Characteristics score is the average of the
Sensitive Population score and Socioeconomic Factors
score.
The Pollution Burden and Population Characteristics
scores are then scaled so that they have a maximum
value of 10 and a possible range of 0 to 10. A value of
zero, typically implies that monitoring or reporting was
conducted, but no impacts were present.

Each average was divided by the maximum value observed in the
state and then multiplied by 10. The scaling ensures that the
pollution component and population component contribute equally
to the overall CalEnviroScreen score.

CalEnviroScreen The overall CalEnviroScreen score is calculated by multiplying the
Score and Maps Pollution Burden and Population Characteristics scores. Since each
group has a maximum score of 10, the maximum CalEnviroScreen
Score is 100.

The geographic areas are ordered from highest to lowest, based on
their overall score. A percentile for the overall score is then
calculated from the ordered values. As for individual indicators, a
geographic area’s overall CalEnviroScreen percentile equals the
percentage of all ordered CalEnviroScreen scores that fall below the
score for that area.
Maps are developed showing the percentiles for all the census
tracts of the state. Maps are also developed highlighting the census
tracts scoring the highest.

Uncertainty There are different types of uncertainty that are likely to be
and Error introduced in the development of any screening method for

evaluating pollution burden and population vulnerability in different
geographic areas. Important ones are:
•
•
•

The degree to which the data that are included in the
model are correct.
The degree to which the data and the indicator metric
selected provide a meaningful measure of the pollution
burden or population vulnerability.
The degree to which data gaps or omissions influence the
results.

Efforts were made to select datasets for inclusion that are complete,
accurate and current. Nonetheless, uncertainties may arise because
14
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environmental conditions change over time, or large databases may
contain errors or be incomplete, among others. Some of these
uncertainties were addressed in the development of indicators. For
example:
•
•

Clearly erroneous place-based information for facilities or
sites has been removed.
Highly uncertain measurements have been excluded from
the analysis (for example, socioeconomic measures with
high margins of error).

Other types of uncertainty, such as those related to how well
indicators measure what they are intended to represent, are more
difficult to measure quantitatively. For example:
•
•

How well data on chemical uses or emissions reflect
potential contact with pollution.
How well vulnerability of a community is characterized by
demographic data.

Generally speaking, indicators are surrogates for the characteristic
being modeled, so a certain amount of uncertainty is inevitable.
That said, this model comprised of a suite of indicators is
considered useful in identifying places burdened by multiple sources
of pollution with populations that may be especially vulnerable.
Places that score highly for many of the indicators are likely to be
identified as impacted. Since there are tradeoffs in combining
different sources of information, the results are considered most
useful for identifying communities that score highly using the model.
Using a limited data set, an analysis of the sensitivity of the model
to changes in weighting showed it is relatively robust in identifying
more impacted areas (Meehan August et al., 2012). Use of broad
groups of areas, such as those scoring in the highest 15 and 20
percent, is expected to be the most suitable application of the
CalEnviroScreen results.

Reference Meehan August L, Faust JB, Cushing L, Zeise L, Alexeeff, GV (2012).
Methodological Considerations in Screening for Cumulative
Environmental Health Impacts: Lessons Learned from a Pilot Study
in California. Int J Environ Res Public Health 9(9): 3069-3084.
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EXAMPLE CENSUS TRACT:
INDICATOR RESULTS AND
CALENVIROSCREEN SCORE
One example census tract in western Fresno was selected to illustrate how an overall
CalEnviroScreen score is calculated using the California Communities Environmental Health
Screening Tool. Its census tract number is 6019000300.
Shown below are:
•
•
•

An area map for the census tract and surrounding tracts.
Tables for the indicators of Pollution Burden and Population Characteristics with
percentile scores for each of the indicators.
A table showing how a CalEnviroScreen score was calculated for the example
area, using CalEnviroScreen 3.0.
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Exposure Indicators
Indicator

Raw Value Percentile

Ozone
(concentration)

0.06

98.18

PM2.5
(concentration)

15.40

97.22

DieselPM
(emissions)

53.07

Pesticide Use
(Ibs/sq. mi.)

26.78

Toxic Releases
(RSEI toxicityweighted
releases)

96.34

66.79

35,783.10

99.15

Traffic
(density)

434.57

24.21

Drinking Water
(index)

681.20

80.92

AVERAGE
COMPONENT
SCORE*

--

80.40

AVERAGE
COMPONENT
SCORE*

--

80.40

Environmental Effects
Indicators
Raw
Indicator
Percentile
Value
Cleanup Sites
(weighted
sites)

23.50

86.19

Groundwater
Threats
(weighted
sites)

24.00

75.97

Hazardous
Waste
Factilities/
Generators
(weighted
sites)

0.01

8.56

Impaired Water
Bodies
(number of
pollutants)

0.00

0.00

Solid Waste
Sites/Facilities
(weighted sites
and facilities)

1.00

32.80

--

40.70

AVERAGE
COMPONENT
SCORE

*A score here is calculated by averaging the percentiles within the component
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Socioeconomic Factor
Indicators
Raw
Indicator
Percentile
Value

Sensitive Population Indicators
Indicator
Asthma
(rate per
10,000)
Cardiovascular
Disease
(heart attacks
per 10,000)
Low Birth
Weight
(percent)
AVERAGE
COMPONENT
SCORE

Raw
Percentile
Value
142.28

14.96

Educational
Attainment
(percent)

98.42

Housing
Burden
(percent)

97.67

28.2

74.43

32.0

91.06

15.5

75.67

8.12

96.89

Linguistic
Isolation
(percent)

--

97.66

Poverty
(percent)

78.7

97.88

Unemployment
(percent)

11.5

66.75

--

81.16

AVERAGE
COMPONENT
SCORE
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Calculation of CalEnviroScreen Score for
tract 6019000300
Pollution Burden

Component
Score
Average of
Component
Score
Scaled
Component
Scores
(Range 0-10)
CalEnviroScreen
Score

Population Characteristics

Exposure
Indicators

Environmental
Effects
Indicators*

Sensitive
Population
Indicators

Socioeconomic
Factor
Indicators

80.40

(0.5 × 40.70)
=20.35

97.66

81.16

100.75 ÷ (1 + 0.5) =
67.17

178.82 ÷ 2 =
89.41

Pollution Burden is calculated as the average of
its two component scores, with the
Environmental Effects component halfweighted.

Population Characteristics is calculated as
the average of its two component scores.

(67.17 ÷ 81.19 1**) × 10 =

(89.41 ÷ 96.43***) × 10 =

The Pollution Burden percentile is scaled
by the statewide maximum
Pollution Burden scores.

The Population Characteristics percentile is
scaled by the statewide maximum
Population Characteristics scores.

8.273

9.272

8.273 x 9.272= 76.71
A score of 76.71 puts this census tract in the 95-100 percentile or
top 5% of all CalEnviroScreen scores statewide.

The Environmental Effects component was given half the weight of the Exposures component.
The tract with the highest Pollution Burden score in the state had a value of 81.19.
*** The tract with the highest Population Characteristics score in the state had a value of 96.43.
*

**
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INDIVIDUAL INDICATORS:
DESCRIPTION AND ANALYSIS
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POLLUTION BURDEN:
EXPOSURE INDICATORS
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AIR QUALITY: OZONE
Ozone pollution causes numerous adverse health effects, including respiratory irritation
and exacerbation of lung disease. The health impacts of ozone and other criteria air
pollutants (particulate matter (PM), nitrogen dioxide, carbon monoxide, sulfur dioxide, and
lead) have been considered in the development of health-based standards. Of the six
criteria air pollutants, ozone and particle pollution pose the most widespread and
significant health threats. The California Air Resources Board maintains a wide network of
air monitoring stations that provides information that may be used to better understand
exposures to ozone and other pollutants across the state.

Indicator Mean of summer months (May-October) of the daily maximum

8-hour ozone concentration (ppm), averaged over three years (2012
to 2014).

Data Source Air Monitoring Network,

California Air Resources Board (CARB)
CARB, local air pollution control districts, tribes and federal land
managers maintain a wide network of air monitoring stations in
California. These stations record a variety of different measurements
including concentrations of the six criteria air pollutants and
meteorological data. In certain parts of the state, the density of the
stations can provide high-resolution data for cities or localized areas
around the monitors. However, not all cities have stations.
The information gathered from each air monitoring station audited
by the CARB includes maps, geographic coordinates, photos,
pollutant concentrations, and surveys. Data available at the links
below:
http://www.arb.ca.gov/aqmis2/aqmis2.php
http://www.epa.gov/airquality/ozonepollution/
http://www.niehs.nih.gov/health/topics/agents/ozone/

Rationale Ozone is an extremely reactive form of oxygen. In the upper

atmosphere ozone provides protection against the sun’s ultraviolet
rays. Ozone at ground level is the primary component of smog.
Ground-level ozone is formed from the reaction of oxygen-containing
compounds with other air pollutants in the presence of sunlight.
Ozone levels are typically at their highest in the afternoon and on hot
days (NRC, 2008).
Adverse effects of ozone, including lung irritation, inflammation and
exacerbation of existing chronic conditions, can be seen at even low
22
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exposures (Alexis et al. 2010, Fann et al. 2012, Zanobetti and
Schwartz 2011). A long-term study in southern California found that
rates of asthma hospitalization for children increased during warm
season episodes of high ozone concentration (Moore et al. 2008).
Additional studies have shown that the increased risk is higher
among children under 2 years of age, young males, and African
American children (Lin et al., 2008, Burnett et al., 2001). Increases
in ambient ozone have also been associated with higher mortality,
particularly in the elderly, women and African Americans (MedinaRamon, 2008). A study in New Mexico found an association between
ozone and both cardiovascular and respiratory emergency room
visits during spring and summer months when ambient ozone
concentrations are highest (Rodopoulou et al., 2014). Some of the
relationships between CalEnviroScreen scores and race are explored
in the final section of the report. Together with PM2.5, ozone is a
major contributor to air pollution-related morbidity and mortality
(Fann et al. 2012).

Method

o Daily maximum 8-hour average concentrations for all
monitoring sites in California were extracted from CARB’s air
monitoring network database for the summer months (May to
October) for the years 2012-2014.
o The mean of summer months (May-October) were calculated
by averaging all of the daily maximum 8-hour ozone
concentration, during those months over three years (2012 to
2014).
o The mean concentrations from the monitoring stations were
used to model ozone concentrations across the state of
California. A modeling technique called Inverse Distance
Weighting (IDW) was used. The basis of IDW is that the ozone
concentrations measured at nearby monitors influence the
estimated concentration at a given location more than ozone
concentrations measured at monitors further away.
o Using the IDW model, daily maximum 8-hour concentration
were estimated for the center of each census tract. These
were averaged to obtain a single value for each census tract.
o Ozone values at census tracts with centers more than 50 km
from the nearest monitor were not estimated using the
model. For these tracts, the ozone value of the nearest air
monitor was used.
o Census tracts were ordered by ozone concentration values
and assigned a percentile based on the statewide distribution
of values.
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AIR QUALITY: PM2.5
Particulate matter pollution, and fine particle (PM2.5) pollution in particular, has been
shown to cause numerous adverse health effects, including heart and lung disease.
PM2.5 contributes to substantial mortality across California. The health impacts of PM2.5
and other criteria air pollutants (ozone, nitrogen dioxide, carbon monoxide, sulfur dioxide,
and lead) have been considered in the development of health-based standards. Of the six
criteria air pollutants, particle pollution and ozone pose the most widespread and
significant health threats. The California Air Resources Board maintains a wide network of
air monitoring stations that provides information that may be used to better understand
exposures to PM2.5 and other pollutants across the state.

Indicator Annual mean concentration of PM2.5 (average of quarterly means,
µg/m3), over three years (2012 to 2014).

Data Source Air Monitoring Network,

California Air Resources Board (CARB)
CARB, local air pollution control districts, tribes and federal land
managers maintain a wide network of air monitoring stations in
California. These stations record a variety of different measurements
including concentrations of the six criteria air pollutants and
meteorological data. The density of the stations is such that specific
cities or localized areas around monitors may have high resolution.
However, not all cities have stations.
The site information gathered from each air monitoring station
audited by CARB includes maps, locations coordinates, photos,
pollutant concentrations, and surveys. Data available at the links
below:
http://www.arb.ca.gov/aqmis2/aqmis2.php
http://www.epa.gov/airquality/particlepollution/

Rationale Particulate matter (PM) is a complex mixture of aerosolized solid and

liquid particles including such substances as organic chemicals,
dust, allergens and metals. These particles can come from many
sources, including cars and trucks, industrial processes, wood
burning, or other activities involving combustion. The composition of
PM depends on the local and regional sources, time of year, location
and weather. The behavior of particles and the potential for PM to
cause adverse health effects is directly related to particle size. The
smaller the particle size, the more deeply the particles can penetrate
into the lungs. Some fine particles have also been shown to enter the
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bloodstream. Those most susceptible to the effects of PM exposure
include children, the elderly, and persons suffering from
cardiopulmonary disease, asthma, and chronic illness (US EPA,
2012a).
PM2.5 refers to particles that have a diameter of 2.5 micrometers or
less. Particles in this size range can have adverse effects on the
heart and lungs, including lung irritation, exacerbation of existing
respiratory disease, and cardiovascular effects. The US EPA has set a
new standard for ambient PM2.5 concentration of 12 µg/m3, down
from 15 µg/m3. According to EPA’s projections, by the year 2020
only seven counties nationwide will have PM2.5 concentrations that
exceed this standard. All are in California (US EPA, 2012b).
In children, researchers associated high ambient levels of PM2.5 in
Southern California with adverse effects on lung development
(Gauderman et al., 2004). Another study in California found an
association between components of PM2.5 and increased
hospitalizations for several childhood respiratory diseases (Ostro et
al., 2009). In adults, studies have demonstrated relationships
between daily mortality and PM2.5 (Ostro et al. 2006), increased
hospital admissions for respiratory and cardiovascular diseases
(Dominici et al. 2006), premature death after long-term exposure,
and decreased lung function and pulmonary inflammation due to
short term exposures (Pope, 2009). A large study in six US
communities, including Los Angeles, found an association between
increased PM2.5 concentration and an increased risk of stroke (Adar
et al., 2013). A California study of long term PM2.5 exposure in
women found significant associations with biomarkers of
inflammation that can indicate increased risk of cardiovascular
disease (Ostro et al., 2014). Exposure to PM during pregnancy has
also been associated with low birth weight and premature birth (Bell
et al. 2007; Morello-Frosch et al., 2010).
An additional source of PM2.5 in California is wildfires. Fires are not
uncommon during dry seasons, particularly in Southern California
and the Central Valley. Smoke particles fall almost entirely within the
size range of PM2.5. Although the long term risks from exposure to
smoke during a wildfire are relatively low, sensitive populations are
more likely to experience severe symptoms, both acute and chronic
(Lipsett et al. 2008). During the wildfires that spread throughout the
state in June 2008, PM2.5 concentrations at a site in the northeast
San Joaquin Valley were far above air quality standards and
approximately ten times more toxic than normal ambient PM
(Wegesser et al. 2009).

Method o PM2.5 annual mean monitoring data for was extracted all

monitoring sites in California from CARB’s air monitoring network
database for the years 2012-2014 with the exception of the
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monitors at San Ysidro and Otay Mesa where only 2015
monitored data is available. For San Ysidro and Otay Mesa,
estimated 2012-2014 values were developed based on a factor
derived from nearby monitors.
o For all measurements in the time period, the mean
concentrations were estimated at the geographic center of the
census tract using a geostatistical method that incorporates the
monitoring data from nearby monitors (ordinary kriging).
o Annual means were then computed for each year by averaging
the quarterly estimates and then averaging those over the three
year period.
o PM2.5 values for census tracts with centers more than 50
kilometers from the nearest monitor were assigned a
concentration based on satellite observations for the years 20062012, with the exception of the monitor in Portola (Plumas
County), California. Satellite data was used for areas beyond 10
kilometers from the Portola monitor due to the localized nature of
the pollution in Portola.
o Census tracts were ordered by the PM2.5 concentration values
and assigned a percentile based on the statewide distribution of
values.
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DIESEL PARTICULATE
MATTER
Diesel particulate matter (diesel PM) occurs throughout the environment from both onroad and off-road sources. Major sources of diesel PM include trucks, buses, cars, ships
and locomotive engines. Diesel PM is concentrated near ports, rail yards and freeways
where many such sources exist. Exposure to diesel PM has been shown to have numerous
adverse health effects including irritation to the eyes, throat and nose, cardiovascular and
pulmonary disease, and lung cancer.

Indicator Spatial distribution of gridded diesel PM emissions from on-road
and non-road sources for a 2012 summer day in July (kg/day).

Data Source California Air Resources Board (CARB)

San Diego Association of Governments (SANDAG)
The CARB produces grid-based emission estimates for a variety of
pollutants by emissions category on a 4km by 4km statewide
Cartesian grid system to support specific regulatory and research
programs. Diesel PM emissions from on- and off-road sources were
extracted for a July 2012 weekday from the latest grid-based
emissions. This data source does not account for meteorological
dispersion of emissions at the neighborhood scale, which can have
local-scale and year-to-year variability, or significant local-scale
spatial gradients known to exist within a few hundred meters of a
high-volume roadway or other large source of diesel PM.
Nevertheless it is a reasonable regional metric of exposure to diesel
PM emissions. Data available at the link below:
http://www.arb.ca.gov/diesel

Rationale Diesel PM is the particle phase of diesel exhaust emitted from diesel
engines such as trucks, buses, cars, trains, and heavy duty
equipment. This phase is composed of a mixture of compounds,
including sulfates, nitrates, metals and carbon particles. The diesel
particulate matter indicator is distinct from other air pollution
indicators in CalEnviroScreen, PM2.5 in particular. Diesel PM
includes known carcinogens, such as benzene and formaldehyde
(Krivoshto et al., 2008) and 50% or more of the particles are in the
ultrafine range (US EPA, 2002). As particle size decreases, the
particles may have increasing potential to deposit in the lung
(Löndahl et al. 2012). The ultrafine fraction of diesel PM
(aerodynamic diameter less than 0.1 µm) is of concern because
researchers believe these particles penetrate deeper into the lung,
can carry toxic compounds on particle surfaces, and are more
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biologically reactive than larger particles (Betha and
Balasubramanian, 2013; Nemmar et al., 2007). In urban areas,
diesel PM is a major component of the particulate air pollution from
traffic (McCreanor et al., 2007).
Children and those with existing respiratory disease, particularly
asthma, appear to be especially susceptible to the harmful effects of
exposure to airborne PM from diesel exhaust, resulting in increased
asthma symptoms and attacks along with decreases in lung function
(McCreanor et al., 2007; Wargo, 2002).
People that live or work near heavily-traveled roadways, ports,
railyards, bus yards, or trucking distribution centers may experience
a high level of exposure (US EPA, 2002; Krivoshto et al., 2008).
People that spend a significant amount of time near heavily-traveled
roadways may also experience a high level of exposure. A study of
US workers in the trucking industry found an increasing risk for lung
cancer with increasing years on the job (Garshick et al., 2008). The
same trend was seen among railroad workers, who showed a 40%
increased risk of lung cancer (Garshik et al., 2004). Studies have
found strong associations between diesel particulate exposure and
exacerbation of asthma symptoms in asthmatic children who attend
school in areas of heavy truck traffic (Patel et al. 2010, Spira-Cohen
et al. 2011). Studies of both men and women demonstrate
cardiovascular effects of diesel PM exposure, including coronary
vasoconstriction and premature death from cardiovascular disease
(Krivoshto et al., 2008). A recent study of diesel exhaust inhalation
by healthy non-smoking adults found an increase in blood pressure
and other potential triggers of heart attack and stroke (Krishnan et
al., 2013)
Exposure to diesel PM, especially following periods of severe air
pollution, can lead to increased hospital visits and admissions due
to worsening asthma and emphysema-related symptoms (Krivoshto
et al., 2008). Diesel exposure may also lead to reduced lung
function in children living in close proximity to roadways (Brunekreef
et al., 1997).

Method

Gridded diesel PM emissions from on-road sources were calculated
as follows:
o CARB’s on-road emissions model, EMFAC2013, was used to
calculate 2012 county-wide estimates of diesel PM
emissions for a July weekday. Data available at the link
below:
http://www.arb.ca.gov/msei/modeling.htm
o EMFAC2013 county-wide emission estimates are spatially
distributed to 4 km-by-4 km grid cells based on the
distribution of regional vehicle activity represented in local
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agency transportation networks and Caltrans’ statewide
transportation network (where local agency data are not
available) using the Direct Travel Impact model (DTIM4).
Transportation networks are produced from travel demand
modeling conducted by local agencies and Caltrans.
Gridded diesel PM from non-road sources were calculated as
follows:
o County-wide estimates of diesel PM from non-road sources
for a July weekday were extracted from CARB’s emissions
inventory forecasting system, CEPAM. Data available at the
link below:
http://www.arb.ca.gov/app/emsinv/fcemssumcat2009.php
o County-wide emission estimates are spatially distributed to
4km-by-4km grid cells based on a variety of gridded spatial
surrogate datasets. Each category of emissions is mapped to
a spatial surrogate that generally represents the expected
sub-county locations of source-specific activities. The
surrogates include, for example: Lakes and Coastline;
Population; Housing and Employment; Industrial
Employment; Irrigated Cropland; Unpaved Roads; SingleHousing Units; Forest Land; Military Bases; Non-irrigated
Pasture Land; Rail Lines; Non-Urban Land; Commercial
Airports; and Ports.
Adjustment for emissions at the US-Mexico border:
o To account for additional diesel PM emissions from sources
on the Mexico side of the US-Mexico border, CARB compared
the results of its gridded diesel PM calculation with
estimated diesel PM measurements at the Calexico and Otay
Mesa monitors using measured nitrogen oxides (NOX) as a
surrogate. The measured NOx concentration at the Calexico
monitor indicated that the diesel PM emissions were
underestimated. The diesel PM emissions estimates were
adjusted to reflect the higher levels that occur at this
location . The NOx concentrations at the Otay Mesa monitor
matched the estimated diesel PM emissions more closely
and did not require any adjustment.
Resulting gridded emission estimates from the on-road and nonroad categories were summed into a single gridded dataset. Gridded
diesel PM emission estimates are then allocated to census tracts in
ArcMap using a weighted average where the proportion of a grid-cell
intersecting the populated portion (populated census blocks) of
each census tract is used as the weight. The resulting census tract
totals are assigned a percentile based on the statewide distribution
of values.
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DRINKING WATER
CONTAMINANTS
Californians receive their drinking water from a wide variety of sources and distribution
systems. An estimated 98% of Californians received their water from public sources in
2013 (SOR, 2015). In 2014, approximately 97% of Californians using public systems
received water that met all federal and state drinking water standards (SWRCB, 2016).
However, drinking water quality varies with location, water source, treatment method, and
the ability of the water purveyor to remove contaminants before distribution. Because
water is universally consumed, drinking water contamination has the potential to result in
widespread exposures. Contaminants may be introduced into drinking water sources in
many ways, such as by natural occurrence, accidents, industrial releases, and agricultural
runoff.
California water systems have a high rate of compliance with drinking water standards. In
2014, systems serving only about 2.9 percent of the state’s population were in violation of
one or more drinking water standards (SWRCB, 2016). The drinking water contaminant
index used in CalEnviroScreen 3.0 is not a measure of compliance with these
standards. The drinking water contaminant index is a combination of contaminant data
that takes into account the relative concentrations of different contaminants and whether
multiple contaminants are present. The indicator does not indicate whether water is safe
to drink.
Certain assumptions, data gaps and limitations within the indicator score methodology
may affect the calculation of scores. For example, the indicator score is calculated using
average contaminant concentrations over one compliance cycle (2005-2013). Therefore,
those average concentrations may not be representative of current concentrations in
treated drinking water. The indicator results do not provide a basis for determining when
differences between scores are significant in relation to human health. Census tracts can
encompass multiple public drinking water systems, and therefore, their scores may
represent a combination of water contaminant data from several public drinking water
systems and groundwater sources. As such, the drinking water contaminant score may not
reflect the water that an individual resident of that tract is drinking. For a location within a
census tract, more specific local water quality data may be available from the public water
system serving that area. Public water systems are required to prepare annual Consumer
Confidence Reports that provide detailed, system-specific information on water quality,
health impacts and compliance with drinking water standards. These Consumer
Confidence Reports provide drinking water quality information directly to the public. The
US Environmental Protection Agency offers guidance on finding water quality data in
California: http://water.epa.gov/drink/local/ca.cfm

Indicator Drinking water contaminant index for selected contaminants
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Data Source Drinking Water Systems Geographic Reporting Tool, California

Environmental Health Tracking Program, California Department of
Public Health (CDPH)
http://cehtp.org/page/water/water_system_map_viewer
Public Water System Location Data
Permitting/Inspections/Compliance/Monitoring/Enforcement
(PICME) database, California Department of Public Health
Safe Drinking Water Information System, US Environmental
Protection Agency

http://water.epa.gov/scitech/datait/databases/drink/sdwisfed/index.cfm

Water Quality Monitoring Database, CDPH

http://www.cdph.ca.gov/certlic/drinkingwater/Pages/EDTlibrary.aspx

Domestic Well Project, Groundwater Ambient Monitoring and
Assessment (GAMA) Program, State Water Resources Control Board

http://www.waterboards.ca.gov/water_issues/programs/gama/domestic_
well.shtml

Priority Basin Project, GAMA Program, State Water Resources Control
Board and US Geological Survey
http://www.waterboards.ca.gov/water_issues/programs/gama/priority_ba
sin_projects.shtml

Rationale Low income and rural communities, particularly those served by

small community water systems, can be disproportionately exposed
to contaminants in their drinking water (VanDerslice, 2011; Balazs et
al., 2011).

Much of California relies on groundwater for drinking. In agricultural
areas, nitrate from fertilizer application or animal waste can leach to
groundwater and cause contamination of drinking water wells,
although the distribution of nitrate occurrence and concentrations
varies with soil type and crops planted (Lockhart et al., 2013). Rural
residents of the San Joaquin Valley receive water primarily from
shallow domestic wells,. Elevated levels of nitrate in drinking water
are associated with methemoglobinemia (blue baby syndrome), and
may be associated with birth defects and miscarriages (Ruckart et
al., 2007). Perchlorate, a groundwater contaminant that can come
from geologic, industrial and agricultural sources, is common in drier
regions of the state (Fram & Belitz, 2011). Although for most people,
ingested perchlorate comes primarily from food, on average, across
all age groups, 20 percent comes from drinking water (Huber et al.,
2011). Perchlorate exposure during pregnancy appears to affect
thyroid hormone levels in newborns, which can disrupt normal
development (Hershman 2005, Steinmaus et al., 2010). A study of
bladder cancer in the US found that drinking surface water was
associated with an increased risk of mortality, and the authors
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suspected a link to low-level pesticide contamination (Colli &
Kolettis, 2010).
Arsenic, a known human carcinogen, is a naturally occurring
contaminant often found in groundwater in arid and semiarid
regions, particularly in the San Joaquin Valley. Exposure to arsenic
through drinking water is associated with elevated lung and bladder
cancer rates, especially with early-life exposures (Steinmaus et al.,
2013). Balazs et al. (2012) found that communities with more low
socioeconomic-status residents were more likely to be exposed to
arsenic in their drinking water and more likely to receive water from
systems with high numbers of water quality compliance violations. In
an earlier study of nitrate concentrations and socioeconomic
characteristics of water consumers, they found that small community
water systems serving Latinos and renters supplied drinking water
with higher levels of nitrate than systems serving fewer Latinos and a
higher proportion of homeowners (Balasz et al., 2011).

Method A drinking water contaminant metric was calculated for each census
tract through four broad steps (detailed more fully below):

1. Drinking water system boundaries were identified based
upon established boundaries or, where necessary, the
boundaries were approximated.
2. Drinking water contaminant data were associated with
each water system and average concentrations were
calculated for each contaminant and system.
3. The systems’ average water contaminant concentration
was re-allocated from the system boundaries to census
tracts. The census tracts were then ranked to obtain a
percentile score for each contaminant and tract.
4. A census tract contaminant index was calculated as the
sum of the percentiles for all contaminants.
Drinking Water System Boundaries
•

•

•

Water system boundaries were downloaded from the CDPH
Environmental Health Investigation Branch’s Drinking Water
Systems Geographic Reporting Tool. The 2,495 water
systems in this set comprise 84% of the total water systems
for which contaminant concentration data are available.
If the system boundaries were not available, but system
source locations were available, boundaries were
approximated based on their locations and the population
served by the system. These remaining 475 water systems
comprise 16% of the total water systems for which available
contaminant concentration data are available.
For areas without known water systems and source locations,
township boundaries from the Public Land Survey System
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(approximately 6 miles square) were treated as the
boundaries for the purpose of assigning water quality to
people living in that area.
Drinking Water Contaminant Metric Calculation
•

•

•

•

A subset of contaminants tested in drinking water across
California was selected for the analysis (see Appendix)
based on frequency of testing and detection in California
drinking water. Monitoring data for these chemicals were
obtained from CDPH’s Water Quality Monitoring database
from 2005-2013, the three most recent compliance
periods. Water quality data representing treated/delivered
water were associated with their water system first. If no
treated/delivered water quality data for a system was
available, but the system purchased water from
wholesalers, the wholesaler’s water quality was
associated with the system. If no treated/delivered water
data were reported in that time period for a given
contaminant and system, water quality data from
untreated or raw sources were used for that contaminant
and system.
For large water systems serving more than 100,000
people that rely on local sources of water and purchase
water from wholesalers, the fraction of water that was
purchased was identified from publicly available
information (e.g., water quality reports). If no information
was found on fraction purchased, it was assumed that
half of the water was purchased (including all systems
serving less than 100,000 people that purchase water
from wholesalers).
Time-weighted average concentrations of each
contaminant were calculated for each year for each
sample source within a system. The average yearly
concentrations were then averaged to create a source
concentration. Then, the source concentrations within a
system were averaged to calculate one concentration
value for each chemical in each system. If purchased
water from wholesalers was included, the calculation was
adjusted by the fraction purchased.
Areas without system or sample source data were
assigned the average groundwater quality data for
sources in the township in which they were located (raw or
untreated community or non-community water system
data, Domestic Well Project water quality data, and
Priority Basin water quality data). People in these areas
were assumed to drink groundwater.
40

CalEnviroScreen 3.0

•

Violations of the Maximum Contamination Level for any
chemical contaminant and Total Coliform rule were also
summed for each water system, serving as a basis for a
“violation index.”

Re-allocation from Water System Boundaries to Census Tracts
•
•

•
•

Census blocks were assigned the contaminant
concentration or violation index of the systems in which
they fell. Partial census blocks were apportioned by area.
Census tract concentration estimates for each
contaminant were calculated as the population-weighted
sum of the contaminant concentration for the census
blocks (or partial blocks) within the tract. Violation index
data were similarly calculated.
The census tracts were ordered by the value of their
contaminant concentrations or violation index. Percentiles
were calculated.
The overall drinking water contaminant score for a census
tract is the sum of its percentiles for all contaminants and
violations.
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Note: This map displays only the populated portions of census tracts in California.
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Appendix Contaminants Evaluated
Public Health
Goal

Contaminant

Maximum
Contaminant
Level

Arsenic

0.004 µg/l

10 µg/l

Cadmium

0.04 µg/l

5 µg/l

Chromium, Hexavalent

0.02 µg/l

10 µg/l

Dibromochloropropane
(DBCP)

0.0017 µg/l

Lead

0.2 µg/l

0.2 µg/l
15 µg/l

Nitrate (NO3)

45 mg/l

45 mg/l

Perchlorate

6 µg/l

6 µg/l

Radium 226 and
Radium 228 [Combined]

0.05 pCi/l
0.019 pCi/l

5 pCi/l

Total Trihalomethanes
(THM)

---

Tetrachloroethylene (PCE)

0.06 µg/l

5 µg/l

Trichloroethylene (TCE)

1.7 µg/l

5 µg/l

1,2,3-Trichloropropane

0.0007 µg/l

0.005 µg/l*

Uranium

0.43 pCi/l

* Notification level.

Violation Types Evaluated
Violation Type
MCL Violation
Total Coliform Rule Violation
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PESTICIDE USE
Communities near agricultural fields, primarily farm worker communities, may be at risk
for exposure to pesticides. Drift or volatilization of pesticides from agricultural fields can
be a significant source of pesticide exposure. Complete statewide data on human
exposures to pesticides do not exist. The most robust pesticide information available
statewide are data maintained by the California Department of Pesticide Regulation
showing where and when pesticides are used across the state. Pesticide use, especially
use of volatile chemicals that can easily become airborne, can serve as an indicator of
potential exposure. Similarly, unintended environmental damage from the use of
pesticides may increase in areas with greater use.

Indicator Total pounds of selected active pesticide ingredients (filtered for

hazard and volatility) used in production-agriculture per square mile,
averaged over three years (2012 to 2014).

Data Source Pesticide Use Reporting,

California Department of Pesticide Regulation (DPR)
In California, all agricultural pesticide use must be reported monthly
to county agricultural commissioners, who report the data to DPR.
California has a broad legal definition of agricultural use—production
agricultural is defined as pesticides used on any plant or animal to
be distributed in the channels of trade and non-production
agricultural includes pesticide applications to parks and recreational
lands, rights-of-ways, golf courses, and cemeteries for example. Nonagricultural control includes home, industrial, institutional,
structural, vector control, and veterinary uses. Production
agricultural pesticide use data are publicly available for each
Meridian-Township-Range-Section (MTRS) in California and was
used to create this indicator. An MTRS, or section, is roughly
equivalent to one square mile. Data are available statewide except
for some areas that are exempt from reporting, such as some
military and tribal lands.
Non-production agricultural and non-agricultural pesticide use data
is only available at the county scale and was not included in the
indicator due to the large geographic scale. Data available at the
link below:
http://www.DPR.ca.gov/docs/pur/purmain.htm

Rationale To determine whether pesticide exposure may be occurring as a

result of agricultural use, DPR established a pesticide air monitoring
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network for agricultural areas where there is high use of pesticides
likely to concentrate in air. Preliminary results for the first year of
monitoring show that more than half of pesticides sampled were
detected, although none were above the health screening levels
(CDPR, 2012). Pesticide air monitoring is not available statewide.
High use of pesticides, however, has been correlated with exposure
and with acute pesticide-related illness, and there is evidence of
association with chronic disease outcomes. Pregnant, low income
Latinas residing in an agricultural area of California had pesticide
metabolite levels in their urine up to 2.5 times higher than a
representative sample of US women (Bradman et al., 2005). Some
research indicates that proximity to agricultural fields is correlated
with measured concentrations in homes (Bradman et al., 2007;
Harnly et al., 2009). A recent study in California comparing
farmworker homes to homes of low income urban residents found
indoor concentrations of an agricultural pesticide only in homes of
farmworkers (Quiros-Alcala et al., 2011). Another study, based on
data from the California Pesticide Use Report database, found that
nearby agricultural pesticide use was significantly associated with
pesticide concentrations in carpet dust (Gunier et al., 2011).
A large cohort study of male pesticide applicators found a significant
association between the use of four specific insecticides and
aggressive prostate cancer (Koutros et al., 2012). Prenatal exposure
to the organophosphate chlorpyrifos has been associated with
abnormalities in brain structure in children (Rauh et al., 2012). An
examination of national pesticide illness data concluded that
agricultural workers and residents near agriculture had the highest
rates of pesticide poisoning from drift incidents. Soil fumigation
accounted for most of the cases (Lee et al., 2011). DPR has also
documented numerous pesticide drift incidents that have led to
illness in California (O’Malley et al., 2005). Because of their physical
and chemical characteristics, fumigants and other volatile pesticides
are most likely to be involved in pesticide drift incidents and
illnesses. However, any pesticide that is applied by air or sprayed
during windy conditions can drift over neighboring communities
(Coronado et al., 2011; Lee et al., 2011).

Method Specific pesticides included in the measure of pesticide use were

narrowed from the list of all registered pesticides in use in California
to focus on a subset of 70 chemicals that are filtered for hazard and
volatility. Volatility is indicative of higher likelihood of drift and
exposure (See Appendix).
•

Production agricultural pesticide use records were obtained
for the entire state for the years 2012, 2013, and 2014.
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•
•

Production pesticide use (total pounds of selected active
ingredient) for MTRS records were matched to census tracts
using a match file created in the GIS software ArcMap.
Production pesticide use for each census tract was divided by
each census tract’s area.
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Appendix Pesticide Use – Filter for Hazard and Volatility
Specific pesticides included in the measure of pesticide use were
identified from the list of all registered pesticides through
consideration of both hazard and likelihood of exposure.
The more hazardous pesticides were identified using a list
generated under the Birth Defect Prevention Act of 1984 (SB 950)
and the Proposition 65 list (Safe Drinking Water and Toxic
Enforcement Act of 1986). As part of a review process of active
ingredients under the SB 950 program, pesticides are classified as
“High”, “Moderate”, or “Low” priority for potential adverse health
effects using studies of sufficient quality to characterize risk. The
prioritization of each pesticide is a subjective process based upon
the nature of potential adverse effects, the number of potential
adverse effects, the number of species affected, the no observable
effect level (NOEL), potential human exposure, use patterns,
quantity used, and US EPA evaluations and actions, among others.
Proposition 65 requires the state to maintain a list of chemicals that
cause cancer or reproductive toxicity. For the purpose of developing
an exposure indicator, pesticides that were prioritized as “Low,” not
prioritized under SB 950, or not on the Proposition 65 list were
removed from the analysis.
The analysis was further limited to pesticides of high or moderate
volatility. Higher volatility was considered to increase the likelihood
of exposures. A list of pesticide volatilities was obtained from DPR.
Pesticides not appearing on this list were researched for chemical
properties in the open literature. Pesticides with volatility less than
10-6 mm Hg were removed from the indicator analysis.
The filtering of pesticides for both hazard and volatility resulted in a
list of 70 pesticides that were included in the analysis here. The
pesticides that are included in the indicator calculation are
identified below.
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•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

1,3-Dichloropropene
2,2-Dibromo-3nitrilopropionamide
(DBNPA)
2,2-dichlorovinyl
dimethyl phosphate
(DDVP, Dichlorvos)
Acephate
Acrolein
Aldicarb
Azinphos-methyl
(Guthion)
Bromoxynil
heptanoate
Bromoxynil
octanoate
Buprofezin
Carbaryl (Sevin)
Carbofuran
Chloropicrin
Chlorothalonil
Chlorpyrifos
Chlorthal-dimethyl
(DCPA, Dacthal)
Clomazone
Cycloate (Ro-Neet)
Cyprodinil
Dazomet
Diazinon
Dichloran

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Dimethoate
Dimethyl disulfide
(Paladin)
Endosulfan*
Ethalfluralin
Ethoprop
Ethylene glycol
Fenamiphos
Fenpropathrin
Fenthion
Fludioxonil
Flumioxazin
Fosthiazate
Hydrogen cyanamide
Imazalil
Linuron
Malathion
Metalaxyl
Metam-sodium
Methamidophos
(Monitor)
Methidathion
Methomyl
Methyl bromide
Methyl
isothiocyanate
Methyl parathion
Metrafenone
Molinate
Myclobutanil

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Naled
Oxydemeton-methyl
Pentachloronitrobenz
ene (PCNB)
Phosphine
Metam-potassium
Propetamphos
Propoxur (Baygon)
Propylene oxide
Pyrimethanil
S,S,S-Tributyl
phoshorotrithioate
(DEF)
S-Ethyl
dipropylthiocarbamat
e (EPTC)
Sodium cyanide
Sodium
tetrathiocarbonate
Sulfur dioxide
Sulfuryl fluoride
Thiram
Triclopyr, butoxyethyl
ester (TBEE)
Triclopyr,
triethylamine salt
(TEA)
Triflumizole
Trifluralin
Ziram

* Added based on its designation as a Toxic Air Contaminant (AB 1807 Program).
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TOXIC RELEASES
FROM FACILITIES
There is widespread concern regarding exposures to chemicals that are released from
industrial facilities. Statewide information directly measuring exposures to toxic releases
has not been identified. However, some data on the release of pollutants into the
environment is available and may provide some relevant evidence for potential
subsequent exposures. The US Environmental Protection Agency (US EPA) maintains a
toxic substance inventory of on-site releases to air, water, and land and underground
injection of any classified chemical, as well as quantities transferred off-site. The data are
reported by each facility. US EPA has a computer-based screening tool called Risk
Screening Environmental Indicators (RSEI) that analyzes these releases and models
potential toxic exposures.

Indicator Toxicity-weighted concentrations of modeled chemical releases to
air from facility emissions and off-site incineration (averaged over
2011 to 2013).

Data Source Risk Screening Environmental Indicators (RSEI)

US Environmental Protection Agency (US EPA)
Toxic Release Inventory (TRI)
Mexico Registry of Emissions and Pollutant Transfer (RETC)
The TRI program was created by the federal Emergency Planning
and Community Right-to-Know Act (EPCRA) and Pollution Prevention
Act. The program maintains a database of emissions and other
releases for certain toxic chemicals. The database is updated
annually and includes:
•
•

Chemicals identified in EPCRA Section 313 (593
individually listed chemicals and 30 chemical categories
including three categories containing 62 chemicals); and
Persistent, Bioaccumulative and Toxic (PBT) Chemicals
(16 specific chemicals and 4 chemical classes).

Facilities are required to report if they have 10 or more full-time
employees, operate within a set of industrial sectors outlined by TRI,
and manufacture more than 25,000 pounds or otherwise use more
than 10,000 pounds of any listed chemical during the calendar year.
Lower reporting thresholds apply for PBT chemicals (10 or 100
pounds) and dioxin-like chemicals (0.1 gram).
The Registry of Emissions and Pollutant Transfer (RETC) is Mexico’s
national database, similar to US EPA’s TRI, with information on
pollutants released into the environment, including air, water, and
soil. Current Mexican environmental regulations include a list of 200
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chemicals that have mandatory reporting requirements to RETC,
with their respective reporting thresholds.
RSEI is a computer-based screening tool that analyzes factors
related to toxic releases that may result in chronic human health
risks. RSEI analyzes these factors and calculates a numeric score.
To give the score meaning, it must be ranked against other RSEI
scores. RSEI combines TRI release data with toxicity estimates and
models the dispersion of chemicals in air by incorporating
physicochemical properties, weather and geography. US EPA gives
each chemical release and potential exposure pathway is given a
toxic weight. The toxicity weights are drawn from various programs
of the US EPA, CalEPA, and the Agency for Toxic Substances and
Disease Registry and consider both cancer and non-cancer
endpoints. The resulting measure of exposure is additive across
chemicals.
For all air releases, an EPA plume model is used to estimate longterm pollutant concentrations downwind of a stack or area source.
The air releases resulting from incineration of waste after transfers
to off-site facilities are modeled in the same manner. RSEI assigns
the toxicity weighted concentrations to an 810 m by 810 m grid cell
system. The total concentration based hazard scores for the entire
grid cell system are available from US EPA as RSEI Geographic
Microdata. Data available at the links below:
http://www.epa.gov/opptintr/rsei/pubs/rsei_methodology_v2.3.1.pdf
http://www.epa.gov/opptintr/rsei/pubs/rsei_users_manual_v2.3.1.pdf
http://www.epa.gov/tri/index.htm
http://www.epa.gov/oppt/rsei/pubs/technical_appendix_a_toxicity_v2.3.1.pdf
http://www.semarnat.gob.mx/temas/gestion-ambiental/calidad-del-aire/registrode-emisiones-y-transferencia-de-contaminantes-retc

Rationale The Toxics Release Inventory (TRI) provides public information on

emissions and releases into the environment from a variety of
facilities across the state. TRI data do not, however, provide
information on the extent of public exposure to these chemicals.
That said, US EPA has stated that “[d]isposal or other releases of
chemicals into the environment occur through a range of practices
that could ultimately affect human exposure to the toxic chemicals.”
(US EPA, 2010). A study of pollution in the printed wiring board
industry found that among states with high TRI emissions in 2006,
RSEI risk scores for California were by far the highest. According to
the study, California combines high toxic emissions with a high risk
score, based on location, composition of emissions and population
exposure modeling (Lam et al., 2011).
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Air monitoring data at hundreds of locations across the United
States have identified over a dozen hazardous air pollutants at
concentrations that exceed California cancer or non-cancer
benchmarks (McCarthy et al., 2009). Many of the locations that
these authors found to have elevated levels are near major
industrial sources, and many of the chemicals monitored are the
same as those that are emitted from these facilities. In California, a
study that modeled concentrations of air toxic chemicals found
significant levels of risk (Morello-Frosch et al., 2000). Although this
study found that mobile sources accounted for a major portion of
the risk, the authors pointed out that for some communities, local
industrial sources were a major contributor.
In addition to routine chemical releases, some communities located
near TRI facilities are at risk from exposure to accidental chemical
releases. A study of self-reported accident rates at US chemical
facilities over a five year period reported that 1,205 facilities (7.8%
of facilities in the database) had at least one accident during the
reporting period, and an additional 355 facilities (2.3%) had multiple
accidents during the reporting period (Kleindorfer et al., 2003).
Associated with these events were a total of 1,987 injuries and 32
deaths among workers, and 167 injuries among nonemployees,
including emergency responders. There were 215 total
hospitalizations and 6,057 individuals given other medical
treatments. Over 200,000 community residents were involved in
evacuations and shelter-in-place incidents over that five year period.
Several studies have examined the potential for health effects from
living near TRI facilities. For example, a case-control study reported
an increase in risk for diagnosis of brain cancer in children of
mothers living within a mile of a TRI facility that released
carcinogens (Choi et al., 2006). In another study, TRI air and water
concentrations were associated with an increase in infant, but not
fetal, mortality rates (Agarwal et al., 2010). A study that compared
county-level TRI releases and health data found that increased
chemical releases to air were significantly associated with higher
total mortality as well as mortality from cardiovascular disease
(Hendryx et al., 2014).
Multiple studies have observed greater emissions in low-income and
disadvantaged areas (Szasz and Meuser, 1997). Additionally, race
and ethnicity have been correlated with the presence of toxic
release facilities. People of color in studied regions of southern
California were found to have a greater likelihood of living in areas
with higher toxic releases (Morello-Frosch et al., 2002; Sadd et al.,
1999).
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Method o California TRI air releases for years 2011 through 2013 were

modeled to RSEI by Abt Associates, US EPA contractors for the
RSEI program (Releases to land and water were not included.)

o Emissions reported to RETC for the years 2011 to 2013 from
Mexican facilities within 49 kilometers of the California border
were also provided to Abt Associates for inclusion in the RSEI
model.
o Census tract-level estimates for RSEI hazard-weighted
concentrations were made by taking a land-area weighted
average of the block-level values for each tract. Land area
information was obtained from a 2010 Census Tiger Line block
shapefile.
o The average of the 2011 to 2013 toxicity weighted concentration
estimates for census tracts were sorted and assigned a
percentile based on their position in the distribution.
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TRAFFIC DENSITY
While California has the strictest auto emissions standards in the US, the state is also
known for its freeways and heavy traffic. Traffic is a significant source of air pollution,
particularly in urban areas, where more than 50% of particulate emissions come from
traffic. Exhaust from vehicles contains a large number of toxic chemicals, including
nitrogen oxides, carbon monoxide, and benzene. Traffic exhaust also plays a role in the
formation of photochemical smog. Health effects of concern from these pollutants include
heart and lung disease, cancer, and increased mortality.

Indicator Traffic density – Sum of traffic volumes adjusted by road segment

length (vehicle-kilometers per hour) divided by total road length
(kilometers) within 150 meters of the census tract boundary (2013)

Data Source California Environmental Health Tracking Program (CEHTP),

California Department of Public Health
US Department of Transportation and US Customs and Border
Protection
San Diego Association of Governments (SANDAG)
Data on the amount of traffic traveling on major roadways statewide
are available. Traffic data was compliled and analyzed by CEHTP.
The data on traffic volumes were purchased from TrafficMetrix,
Information on current traffic volumes up to the year 2013 was
purchased from the operator of the TrafficMetrix database, which
includes CalTrans traffic monitoring data as well as other sources of
local traffic data. Digital road data were purchased separately from
TeleAtlas, a mapping company.
For this analysis, CEHTP developed a traffic linkage program using
the data on traffic counts and road segments and modeled traffic for
road segments with missing counts. CEHTP’s program calculates
traffic density within a 150 meter buffer of the census tract
boundary. Traffic density was calculated as the sum of all road
length-adjusted traffic volumes per hour divided by the total road
length in and within 150 meters of each census tract.
The most recent year of traffic volumes are from 2013 and when
available, 2013 or the most recent volumes were selected.

Rationale Traffic density is used to represent the number of mobile sources in

a specified area, resulting in human exposures to chemicals that are
released into the air by vehicle exhaust, as well as other effects
related to large concentrations of motor vehicles. Major roadways
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have been associated with a variety of effects on communities,
including noise, vibration, injuries, and local land use changes such
as increased numbers of gas stations. For example, motorists often
detour through residential streets near major roads in order to avoid
congestion or traffic controls, a phenomenon known as “ratrunning”; this phenomenon can increase risk of injuries among
pedestrians or bicyclists in these communities. Vehicle speed is
directly associated with risk of pedestrian fatality, and speeds along
major roadways tend to be higher than normal speeds on residential
streets.
Studies have shown that non-white and low income people make up
the majority of residents in high-traffic areas (Gunier et al. 2003;
Tian et al., 2013) and that schools that are located near busy roads
are more likely to be in poor neighborhoods than those farther away
(Green et al. 2004). A US Centers for Disease Control and
Prevention study based on the 2010 Census found that Latinos,
non-whites, foreign born and people who speak a language other
than English at home were most likely to live within 150 meters of a
major highway (Boehmer et al., 2013). In addition, children who live
or attend schools near busy roads are more likely to suffer from
asthma and bronchitis than children in areas with lower traffic
density. This relationship has been seen in both developed (Patel et
al., 2011; Schultz et al. 2012) and developing countries (Baumann
et al., 2011).
Exposure to air pollutants from vehicle emissions has been linked to
adverse birth outcomes, such as low birth weight and preterm birth
(Ghosh et al., 2012; Ritz et al. 2007). A recent study of children in
Los Angeles found that those with the highest prenatal exposure to
traffic-related pollution were up to 15% more likely to be diagnosed
with autism than children of mothers in the lowest quartile of
exposure (Becerra et al., 2013). The Atherosclerosis in Communities
study, a cohort study with over 15,000 participants, found that
traffic density and distance to roadways were associated with
reduced lung function in adult women (Kan et al., 2007). Road
density and traffic volume were associated with adult male mortality
from cardiovascular disease in an urban area in Brazil (Habermann
and Gouveia, 2012). Motor vehicle exhaust is also a major source of
polycyclic aromatic hydrocarbons (PAH), which can damage DNA and
may cause cancer (IARC, 2010).

Method

o A 150 meter buffer was placed around each of the 2010
census tracts in California and the area of the buffered
census tract was calculated by CEHTP. A buffer was chosen
to account for roadways near census tract boundaries. The
selected buffer distance of 150 meters, or about 500 feet, is
taken from the California Air Resources Board Air Quality and
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o
o

o

o

o

o

o

o

Land Use Handbook recommendations, which states that
most particulate air pollution from traffic drops off after
approximately 500 feet (CARB, 2005).
The traffic volume data (from TrafficMetrix) was linked to the
corresponding road segment (from TeleAtlas) in a geographic
information system (GIS).
The buffered cenus tracts were intersected with the linked
data on traffic volumes and roads. For each road within the
buffer, a length-adjusted volume was calculated and
summed for all roads in the buffer. The total amount of road
length within the buffered census tract was also calculated.
Due to differences in the length of road segments across the
state, a length-adjusted traffic volume metric was selected.
This metric multiplies traffic volumes by the length of the
road segment.
Traffic density was then calculated by dividing the sum of all
length-adjusted traffic volumes within the buffered census
tract (vehicle-km/hr) by the sum of the length of all road
segments within the buffered census tract (km).
Traffic density (vehicles-km/hr/km) is represented as the
number of vehicles (adjusted by road segment lengths in
kilometers) per hour per kilometer of roadways within the
buffered census tract.
Traffic density from roads in Mexico within 150 meters of the
US-California border were also included in the indicator.
Traffic data on major Mexican roadways within 150 meters of
the border was provided by SANDAG for the Tijuana area.
Information on parallel roads near other border crossings,
such as Mexicali, was not available at the time of this update.
Data on the number of vehicles crossing the six ports of entry
into the United States as well as traffic on Mexican roadways
within 150 meters of the border were also included. This
data came from the US Department of Transportation based
on data from the US Customs and Border Protection. Border
crossing counts at the six ports of entry into the US were
summed for the number of trucks, busses and personal
vehicles coming into the US in 2013. These counts were
multipled by two to account for vehicles leaving the US, since
this data is not collected.
Census tracts were sorted by traffic density and assigned
percentiles based on the distribution.
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POLLUTION BURDEN:
ENVIRONMENTAL EFFECTS
INDICATORS
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CLEANUP SITES
Sites undergoing cleanup actions by governmental authorities or by property owners have
suffered environmental degradation due to the presence of hazardous substances. Of
primary concern is the potential for people to come into contact with these substances.
Some of these “brownfield” sites are also underutilized due to cleanup costs or concerns
about liability. The most complete set of information available related to cleanup sites and
brownfields in California is maintained by the Department of Toxic Substances Control.

Indicator Sum of weighted sites within each census tract.
(Data downloaded December 2016)

Since the nature and the magnitude of the threat and burden posed
by hazardous substances vary among the different types of sites as
well as the site status, the indicator takes both into account.
Weights were also adjusted based on proximity to populated census
blocks.

Data Source EnviroStor Cleanup Sites Database,

Department of Toxic Substances Control (DTSC)
US Environmental Protection Agency, Region 9
Region 9 NPL Sites (Superfund Sites) Polygons
EnviroStor is a public database that provides access to information
maintained by DTSC on site cleanup. The database contains
information on numerous types of cleanup sites, including Federal
Superfund, State Response, Corrective Action, School Cleanup,
Voluntary Cleanup, Tiered Permit, Evaluation, Historical, and Military
Evaluation sites. The database contains information related to the
status of the site such as required cleanup actions,
involvement/land use restriction, or “no involvement.”
US EPA maintains and distributes the dataset for National Priorities
List (NPL) Superfund sites nationwide. The data come in polygon
format and generally represent the parcel boundaries of the sites or
the estimated extent of contamination. Data available at the links
below:
http://www.envirostor.dtsc.ca.gov/public/
https://edg.epa.gov/clipship/

Rationale Contaminated sites can pose a variety of risks to nearby residents.

Hazardous substances can move off-site and impact surrounding
communities through volatilization, groundwater plume migration, or
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windblown dust. Studies have found levels of organochlorine
pesticides in blood (Gaffney et al. 2005) and toxic metals in house
dust (Zota et al. 2011) that were correlated with residents’ proximity
to contaminated sites.
A study of pregnant women living near Superfund sites in New York
state found an increased risk of having a low birth weight male child
(Baibergenova et al. 2003). A later study in New York City found an
association between prevalence of liver disease and the number of
Superfund sites per 100 square miles (Ala et al. 2007). A
demographic study of socioeconomic factors in communities in
Florida found that census tracts with Superfund sites had
significantly higher proportions of African Americans, Latinos and
people employed in “blue collar” occupations than census tracts
that did not contain a Superfund site (Kearney and Kiros, 2009).
Some of the relationships between CalEnviroScreen scores and race
have been added to the final section of this report.
It generally takes many years for a site to be certified as clean, and
cleanup work is often delayed due to cost, litigation, concerns about
liability or detection of previously unrecognized contaminants.
Contaminated sites also have the potential to degrade nearby
wildlife habitats, resulting in potential ecological impacts as well as
threats to human health.

Method

o Data on cleanup site type, status, and location (coordinate or
address) for the entire state were obtained from DSTC’s
EnviroStor database.
o Sites with a valid latitude and longitude were mapped and
sites with address only were geocoded in ArcMap.
o US EPA Region 9 National Priority List (NPL) polygon shapefile
boundary data were downloaded from the Environmental
Dataset Gateway.
o Polygon boundaries of California NPL sites were identified.
Sites were assigned a score of 10 or 12 (as a federal
Superfund site).
o EnviroStor sites with a NPL polygon representation were used
instead of points.
o Several types of sites and statuses were excluded from the
analysis because they indicate neither the presence of
hazardous waste nor potential environmental risk (See
Appendix).
o Each remaining site was scored on a weighted scale of 0 to
12 in consideration of both the site type and status (See
Appendix). Higher weights were applied to Superfund, State
Response sites, and cleanups compared to evaluations, for
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example. Similarly, higher weights were applied to sites that
are undergoing active remediation and oversight by DTSC,
relative to those with little or no state involvement.
o The weights for all sites were adjusted based on the distance
they fell from populated census blocks. Sites further than
1000m from any populated census block were excluded from
the analysis.
o Site weights were adjusted by multiplying the weight by 1 for
sites less than 250m, 0.5 for sites 250-500m, 0.25 for sites
500-750m, and 0.1 for sites 750-1000m from the nearest
populated census blocks within a given tract.

o
o Each census tract was scored based on the sum of the
adjusted weights (in ArcMap).
o Summed census tract scores were ordered and assigned
percentiles.
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Appendix Weighting Matrix for Cleanup Sites
Cleanup Sites from the EnviroStor Cleanup Sites database were
weighted on a scale of 0 to 12 in consideration of both the site type
and status. The table below shows the weights applied for each site
type and status.
Site and status types excluded from the analysis:
School Investigation and Border Zone/Hazardous Waste Evaluation
site types were not included in the analysis. Sites with the following
statuses were also not included in the analysis: Agreement – Work
Completed, Referrals, Hazardous Waste Disposal Land Use, and Delisted. Sites with statuses of Certified, Completed, and No Further
Action were assigned a weight of zero and were effectively not
included in the analysis. These sites and status types were excluded
because they are not indicative of hazardous waste or potential
environmental risk.
For a given census tract, the weighted scores of all facilities in the
area were summed. Definitions used in the table are defined below.
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Site Type

Status
Low
• Certified
• Completed
• No Further Action

Low
• Evaluation
• Historical
• Military Evaluation
Medium
• Corrective Action
• School Cleanup
• Voluntary Cleanup
• Tiered Permit
High
• State Response
• Superfund

Medium
• Inactive-Needs Eval.
• Inactive
• Certified Operation &
Maintenance – Land
Use Restrictions
• Certified Operation &
Maintenance

High
• Active
• Backlog
• Inactive- Action
Required

0

4

6

1

7

9

2

10

12

Definitions*
•
•
•

•

•
•

•

Active: Identifies that an investigation and/or remediation is currently in progress and
that DTSC is actively involved, either in a lead or support capacity.
Certified Operation and Maintenance (O&M): Identifies sites that have certified
cleanups in place but require ongoing O&M activities.
Certified: Identifies completed sites with previously confirmed releases that are
subsequently certified by DTSC as having been remediated satisfactorily under DTSC
oversight.
Corrective Action: Identifies sites undergoing “corrective action,” defined as
investigation and cleanup activities at hazardous waste facilities (either Resource
Conservation and Recovery Act (RCRA) or State-only) that either were eligible for a
permit or received a permit. These facilities treat, store, dispose and/or transfer
hazardous waste.
Evaluation: Identifies suspected, but unconfirmed, contaminated sites that need or
have gone through a limited investigation and assessment process.
Inactive – Action Required: Identifies non-active sites where, through a Preliminary
Endangerment Assessment (PEA) or other evaluation, DTSC has determined that a
removal or remedial action or further extensive investigation is required.
Inactive - Needs Evaluation: Identifies inactive sites where DTSC has determined a
Preliminary Endangerment Assessment or other evaluation is required.
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•

•

•

•
•

•

No Further Action: Identifies completed sites where DTSC determined after
investigation, generally a PEA (an initial assessment), that the property does not pose
a problem to public health or the environment.
School Cleanup: Identifies proposed and existing school sites that are being
evaluated by DTSC for possible hazardous materials contamination at which remedial
action occurred.
State Response: Identifies confirmed release sites where DTSC is involved in
remediation, either in a lead or oversight capacity. These confirmed release sites are
generally high-priority and high potential risk.
Superfund: Identifies sites where the US EPA proposed, listed, or delisted a site on
the National Priorities List (NPL).
Tiered CA Permit Sites: These facilities manage waste not regulated under RCRA, but
regulated as a hazardous waste by the State of California. These facilities include but
are not limited to recyclers, oil transfer stations, and precious metals recyclers.
Voluntary Cleanup: Identifies sites with either confirmed or unconfirmed releases,
and the project proponents have requested that DTSC oversee evaluation,
investigation, and/or cleanup activities and have agreed to provide coverage for
DTSC’s costs.

* EnviroStor Glossary of Terms
(http://www.envirostor.dtsc.ca.gov/public/EnviroStor%20Glossary.pdf)

Number of Cleanup Sites in CalEnviroScreen 3.0: Approximately 5,700
Site Type

% of Sites

Military Evaluation

20%

Voluntary Cleanup

20%

Tiered Permit

15%

State Response

14%

Evaluation

10%

Corrective Action

8%

Historical

6%

School Cleanup

5%

National Priorities List (NPL) (with boundaries)

1%

Federal Superfund (boundaries unavailable)

1%
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GROUNDWATER
THREATS
Many activities can pose threats to groundwater quality. These include the storage and
disposal of hazardous materials on land and in underground storage tanks at various
types of commercial, industrial, and military sites. Thousands of storage tanks in California
have leaked petroleum or other hazardous substances, degrading soil and groundwater.
Storage tanks are of particular concern when they can affect drinking water supplies.
Storage tank sites can expose people to contaminated soil and volatile contaminants in
air. In addition, the land surrounding these sites may be taken out of service due to
perceived cleanup costs or concerns about liability. The most complete set of information
related to sites that may impact groundwater and require cleanup is maintained by the
State Water Resources Control Board.

Indicator Sum of weighted scores for sites within each census tract.
(Data downloaded December 2016)

The nature and the magnitude of the threat and burden posed by
sites maintained in GeoTracker vary significantly by site type (e.g.,
leaking underground storage tank or cleanup site) and status (e.g.,
Completed Case Closed or Active Clean up). The indicator takes into
account information about the type of site, its status, and its
proximity to populated census blocks.

Data Source GeoTracker Database,

State Water Resources Control Board (SWRCB)
GeoTracker is a public web site that allows the SWRCB, regional
water quality control boards and local agencies to oversee and track
projects at cleanup sites that can impact groundwater. The
GeoTracker database contains information on locations and water
quality of wells that could be contaminated, as well as potential
sources of groundwater contamination. These include leaking
underground storage tanks (LUSTs), leaking military underground
storage tanks (USTs) cleanup and land disposal sites, produced
water ponds, and cleanup sites, industrial sites, airports, dairies, dry
cleaners, and publicly-owned sewage treatment plants. For each
site, there is additional information on the status of cleanup
activities. Groundwater quality data are extracted from monitoring
and records maintained by SWRCB, the Department of Water
Resources, Division of Oil, Gas & Geothermal Resources,
Department of Public Health, Department of Pesticide Regulation,
US Geological Survey and Lawrence Livermore National Laboratory.
The database is constantly updated and sites are never deleted
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from the database, where they may ultimately be designated ‘clean
closed.’
A separate GeoTracker database contains information on the
location of underground storage tanks (not leaking), which was not
used. Data available at the link below:
http://geotracker.waterboards.ca.gov/

Rationale Common groundwater pollutants found at LUST and cleanup sites in

California include gasoline and diesel fuels, chlorinated solvents and
other volatile organic compounds (VOCs) such as benzene, toluene,
and methyl tert-butyl ether (MTBE); heavy metals such as lead,
chromium and arsenic; polycyclic aromatic hydrocarbons (PAHs);
persistent organic pollutants like polychlorinated biphenyls (PCBs);
DDT and other insecticides; and perchlorate (SWRCB, 2012; DPR,
2011; US EPA, 2002). An assessment of benzene exposure from a
fuel leak concluded that soil and groundwater contamination could
put nearby residents at risk and could have caused adverse health
effects (Santos et al., 2013). Dioxins and dioxin-like substances
have been detected in groundwater in areas where treated
wastewater has been used for irrigation (Mahjoub et al., 2011) and
near wood treatment facilities (Karouna-Renier et al., 2007). The
occurrence of storage tanks, leaking or not, provides a good
indication of potential concentrated sources of some of the more
prevalent compounds in groundwater. For example, the detection
frequency of VOCs found in gasoline is associated with the number
of UST or LUST sites within one kilometer of a well (Squillace and
Moran, 2007). The occurrence of chlorinated solvents in
groundwater is also associated with the presence of cleanup sites
(Moran et al., 2007). Some of these cancer-causing compounds
have in turn been detected in drinking water supplies in California
(Williams et al., 2002). People who live near shallow groundwater
plumes containing VOCs may also be exposed via the intrusion of
vapors from soil into indoor air (Picone et al., 2012; Yao et al.,
2013).

Method

o Data on cleanup site type, status, and location (coordinate or
address) for the entire state were downloaded from
GeoTracker
(http://geotracker.waterboards.ca.gov/data_download.asp;
GeoTracker Cleanup Sites).
o Sites with a valid latitude and longitude were mapped and
sites with address only were geocoded in ArcMap.
o Certain types of sites and statuses were excluded from the
analysis because they are not indicative of a hazard or a
potential environmental risk (see Appendix). Each remaining
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site was scored on a weighted scale of 1 to 15 in
consideration of both the site type and status. (See
Appendix.)
o The weights for all sites, except LUST Cleanup Program and
military UST sites, were adjusted based on the distance they
fell from populated census blocks. Sites further than 1000m
from any populated census block were excluded from the
analysis. LUST Cleanup Program and military UST sites were
not adjusted, but if these sites fell further than 250m from
populated census blocks, they were excluded.
o Site weights were adjusted by multiplying the weight by 1 for
sites less than 250m, 0.5 for sites 250-500m, 0.25 for sites
500-750m, and 0.1 for sites 750-1000m from the nearest
populated census blocks within a given tract. Sites outside of
a census tract, but less than 1000m from one of that tract’s
populated blocks were similarly adjusted based on the
distance to the nearest block from that tract (See image
below).

o
o Each census tract was scored based on the sum of the
adjusted weights for sites it contains or is near (in ArcMap).
o Census tracts were ordered based on their summed scores
and were assigned percentiles.
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Appendix Weighting Matrix for Groundwater Threats
Groundwater threats from the GeoTracker database were weighted
on a scale of 1 to 15 in consideration of both the site type and
status. The following table shows the weights applied for each site
type and status.
Sites with a status type of Completed – Case Closed and OpenReferred were excluded from the analysis because they are
completed or were referred and tracked by another agency.
For a given census tract, the weighted scores of all facilities in the
area were summed after adjusting for proximity to populated census
blocks.
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Site Type

Status

Land Disposal Sites
[Military Privatized Site*]

Open – Remediation

10

Open - Assessment & Interim Remedial
Action

10

Open - Site Assessment

6

Open

3

Open – Operating

3

Open - Verification Monitoring

3

Open - Closed / Monitoring

2

Open – Inactive

2

Produced Water Ponds
LUST Sites
[Military UST Site*]

Weight

Open - Eligible for Closure

Exclude

Open – Proposed

Exclude

Active

5

Inactive

2

Open – Remediation

3

Open - Assessment & Interim Remedial
Action

3

Open - Site Assessment

2

Open - Verification Monitoring

2

Open – Inactive

1

Open - Eligible for Closure
Cleanup Program Sites
[Military Cleanup Site*]

Exclude

Open - Assessment & Interim Remedial
Action

15

Open – Remediation

15

Open - Site Assessment

10

Open - Reopen Case

10

Open - Verification Monitoring

6

Open – Inactive

3

Open - Eligible for Closure

Exclude

*Military sites have unique site types, but receive the same weights as their Land Disposal,
Cleanup, and LUST site types of the same status.
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Site Type Definitions*:
•

•

•

•
•
•

Cleanup Program Site (Site Cleanup Program): In general, Site Cleanup
Program sites are areas where a release of pollutants has occurred that is not
addressed in the other core regulatory programs (e.g., permitted facilities,
USTs). The funding for the Program is primarily cost reimbursement from
responsible parties.
Land Disposal Site: The Land Disposal program regulates water quality aspects
of discharges to land for disposal, treatment, or storage of waste at waste
management facilities and units such as landfills, waste piles and land
treatment units under California Code of Regulations, Title 27. A land disposal
unit is an area of land, or a portion of a waste management facility, at which
waste is discharged.
Produced Water Ponds: Produced water is the water that is produced as a
byproduct during oil and gas extraction. The major constituents in produced
water are salts, oil, inorganic and organic chemicals, and sometimes heavy
metals or traces of naturally-occurring radioactive materials. The Regional
Water Quality Control Boards require waste discharge permits for produced
water ponds.
Military Cleanup Site: Military Cleanup Program sites are areas where a release
of pollutants from an active or closed military facility has occurred. The military
fully funds for the Program oversight.
Military Privatized Site: These sites are within the Site Cleanup Program. They
are unique because these sites have been transferred by the military into nonmilitary ownership with or without further cleanup necessary.
Military Underground Storage Tanks (UST): Military UST Program sites are areas
where a release of pollutants from an underground storage tank has occurred
at a military or former military installation. The military fully funds for the
Program oversight costs.

Status Definitions for Land Disposal Sites*:
•
•

•
•

Open - Operating: A land disposal site that is accepting waste. These sites have
been issued waste discharge requirements by the appropriate Regional Water
Quality Control Board.
Open - Proposed: A land disposal site that is in the process of undergoing the
permit process from several agencies. These sites have not been issued waste
discharge requirements by the appropriate Regional Water Quality Control
Board, and are not accepting waste.
Open – Closing/with Monitoring: A land disposal site that is no longer accepting
waste and is undergoing all operations necessary to prepare the site for postclosure maintenances in accordance with an approved plan for closure.
Open – Closed/with Monitoring: A land disposal site that has ceased accepting
waste and was closed in accordance with applicable statutes, regulations, and
local ordinances in effect at time of closure. Land disposal site in post closure
maintenance period as waste could have an adverse effect on the quality of the
waters of the state. Site has waste discharge requirements.
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•

•

Open – Inactive: A land disposal site that has ceased accepting waste but has
not been formally closed or is still within the post closure monitoring period.
Site does not pose a significant threat to water quality and does not have
groundwater monitoring. Site may or may not have waste discharge
requirements.
Completed – Case Closed/No Monitoring: A land disposal site that ceased
accepting waste and was closed in accordance with applicable statutes,
regulations, and local ordinances in effect at time of closure. The land disposal
site was monitored for at least 30 years and Water Board staff has determined
that wastes no longer pose a threat to water quality. Site does not have waste
discharge requirements.

Status Definitions for Other Site Types*:
•
•

•
•

•

•

•

Completed – Case Closed: A closure letter or other formal closure decision
document has been issued for the site.
Open – Assessment & Interim Remedial Action: An “interim” remedial action is
occurring at the site AND additional activities such as site characterization,
investigation, risk evaluation, and/or site conceptual model development are
occurring.
Open – Inactive: No regulatory oversight activities are being conducted by the
Lead Agency.
Open – Remediation: An approved remedy or remedies has/have been
selected for the impacted media at the site and the responsible party (RP) is
implementing one or more remedy under an approved cleanup plan for the site.
This includes any ongoing remedy that is either passive or active, or uses a
combination of technologies. For example, a site implementing only a long term
groundwater monitoring program, or a “monitored natural attenuation” (MNA)
remedy without any active groundwater treatment as part of the remedy, is
considered an open case under remediation until site closure is completed.
Open – Site Assessment: Site characterization, investigation, risk evaluation,
and/or site conceptual model development are occurring at the site. Examples
of site assessment activities include, but are not limited to, the following: 1)
identification of the contaminants and the investigation of their potential
impacts; 2) determination of the threats/impacts to water quality; 3) evaluation
of the risk to humans and ecology; 4) delineation of the nature and extent of
contamination; 5) delineation of the contaminant plume(s); and 6)
development of the Site Conceptual Model.
Open – Verification Monitoring (use only for UST, Chapter 16 regulated cases):
Remediation phases are essentially complete and a monitoring/sampling
program is occurring to confirm successful completion of cleanup at the Site.
(e.g. No “active” remediation is considered necessary or no additional “active”
remediation is anticipated as needed. Active remediation system(s) has/have
been shut-off and the potential for a rebound in contaminant concentrations is
under evaluation).
Open – Reopen Case (available selection only for previously closed cases): This
is not a case status. This field should be selected to record the date that the
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•

case was reopened for further investigation and/or remediation. A case status
should immediately be selected from the list of case status choices after
recording this date.
Open – Eligible for Closure: Corrective action at the Site has been determined
to be completed and any remaining petroleum constituents from the release
are considered to be low threat to Human Health, Safety, and the Environment.
The case in GeoTracker is going through the process of being closed.

* Available through Geotracker website: http://geotracker.waterboards.ca.gov/
(except the Produced Water Pond definition available at
http://www.waterboards.ca.gov/water_issues/programs/groundwater/sb4/oil_field_prod
uced/index.shtml).
Number of Groundwater Threat Sites: Approximately 13,000
Facility Type

% of Total

Cleanup Program Site

38%

LUST Site

27%

Military Cleanup Site

16%

Land Disposal Site

8%

Produced Water Pond

8%

Military UST Site

3%

Military Privatized Site

<1%
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HAZARDOUS WASTE
GENERATORS AND
FACILITIES
Most hazardous waste must be transported from hazardous waste generators to permitted
recycling, treatment, storage, or disposal facilities (TSDF) by registered hazardous waste
transporters. Most shipments must be accompanied by a hazardous waste manifest. There
are widespread concerns for both human health and the environment from sites that serve
for the processing or disposal of hazardous waste. Many newer facilities are designed to
prevent the contamination of air, water, and soil with hazardous materials, but even newer
facilities may negatively affect perceptions of surrounding areas in ways that have
economic, social and health impacts. The Department of Toxic Substances Control
maintains data on permitted facilities that are involved in the treatment, storage, or
disposal of hazardous waste as well as information on hazardous waste generators.

Indicator Sum of weighted permitted hazardous waste facilities and hazardous
waste generators within each census tract.
(Permitted hazardous waste facilities was downloaded December
2016., Hazardous waste data is from 2012-2014.)

Data Source EnviroStor Hazardous Waste Facilities Database and
Hazardous Waste Tracking System,
Department of Toxic Substances Control (DTSC)

EnviroStor is a public web site that provides access to detailed
information on hazardous waste permitted facilities. Information
included in the database includes the facility name and address,
geographic location, facility type and status.
DTSC also maintains information on the manifests created for the
transport of hazardous waste from generators in its Hazardous
Waste Tracking System. Manifests include the generators’ name and
identification number, the transporter, the designated recipient and
description of the type and quantity of waste classified by a coding
system. Data are currently available for 2012 - 2014. Data available
at the links below:
http://www.envirostor.dtsc.ca.gov/public/data_download.asp
http://hwts.dtsc.ca.gov/

Rationale Hazardous waste by definition that is potentially dangerous or

harmful to human health or the environment. US EPA and DTSC both
have standards for determining when waste materials must be
managed as hazardous waste. Hazardous waste can be liquids,
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solids, or contained gases. It can include manufacturing by-products,
and discarded used or unused materials such as cleaning fluids
(solvents) or pesticides. Used oil and contaminated soil generated
from a site clean-up can be hazardous wastes (DTSC, Defining
Hazardous Waste). In 1995, 97% of toxic chemicals released
nationwide came from small generators and facilities (McGlinn,
2000). Generators of hazardous waste may treat waste onsite or
send it elsewhere for disposal.
The potential health effects that come from living near hazardous
waste disposal sites have been examined in a number of studies
(Vrijheid, 2000). While there is sometimes limited assessment of
exposures that occur in nearby populations, there are studies that
have found health effects, including diabetes and cardiovascular
disease, associated with living in proximity to hazardous waste sites
(Kouznetsova et al., 2007; Sergeev and Carpenter, 2005).
Location of hazardous waste sites in communities has long been an
environmental justice concern in California. For example, a recent
study of 82 hazardous waste treatment, storage, and disposal
facilities in Los Angeles County found that the communities most
affected by the facilities are composed of working-class and ethnic
minority populations living near industrial areas (Aliyu et al, 2011). A
1997 study correlated race/ethnicity with the location of hazardous
waste treatment, storage and disposal facilities for both AfricanAmerican and Latino populations (Boer et al., 1997).
Electronic waste is defined as universal waste rather than hazardous
waste by California law, and is subject to different rules for handling
and transportation. However, some components of electronic devices
contain hazardous materials, and facilities that collect or recycle
electronic waste are potential sources of exposure to toxic chemicals
(DTSC, 2010; CalRecycle, 2012).

Method Permitted hazardous waste facilities:
o Permitted facility data were obtained from the DTSC website.
o Facilities were scored on a weighted scale in consideration of
the type and permit status for the facility (See Appendix).
o Site locations were mapped or geocoded (in ArcMap).
Hazardous waste generators:
o Generator data were obtained from DTSC from the Hazardous
Waste Tracking System for 2012 to 2014.
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o Only large quantity generators (producing over 1,000 kg of
waste per month 2 for at least one of the three years) and
generators producing RCRA waste 3 were included.
o Facilities were scored on a weighted scale in consideration of
the volume of waste generated (see Appendix).
o Site locations were mapped or geocoded (in ArcMap).

Proximity Adjustment:

o The weights for facilities (permitted and generators) were
adjusted based on the distance they fell from populated
census blocks. All facilities further than 1,000m from any
populated census block were excluded from the analysis.
o Site weights were adjusted by multiplying the weight by 1 for
facilities less than 250m, 0.5 for sites 250-500m, 0.25 for
sites 500-750m, and 0.1 for sites 750-1000m from the
nearest populated census blocks within a given tract.
Facilities outside of a census tract, but less than 1000m from
one of that tract’s populated blocks were similarly adjusted
based on the distance to the nearest block from that tract

o
o Each census tracts was scored based on the sum of the
adjusted weights for sites it contains or is near (in ArcMap).
o Census tracts were ordered based on their summed scores
and were assigned percentiles.
o

Corresponds to over 13.1 tons per year
RCRA: Resource Conservation and Recovery Act governs the federal management of hazardous wastes;
(List of RCRA waste: http://www.epa.gov/osw/inforesources/data/br91/na_apb-p.pdf)
2
3
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Appendix Weighting Matrix for Permitted Hazardous Waste Facilities and
Hazardous Waste Generators

Permitted Hazardous Waste Facilities from DTSC’s permitted
facilities database were weighted on a scale of 1 to 15 in
consideration of the facility activity and permit type. The score for any
given Permitted Hazardous Waste Facility represents the sum of its
Facility Activity and Permit Type. Hazardous waste generators were
weighted on a scale of 0.1 to 2 based on the yearly amount of waste
generated.
The following tables show the weights applied to the facilities and
generators. Greater concerns were identified for permitted
hazardous waste facilities that handle much of the hazardous waste
generated from the ~30,000 generators in California. Only large
quantity generators (> 1,000 kg per month or >13.1 tons per year)
that produce RCRA waste were included due to the large number of
hazardous waste generators producing small amounts of less
hazardous types of waste. In 2012 to 2014 this represents about
4,500 generators. Higher weights were given to generators that
produced larger volumes of waste. For all census tract codes, the
weighted and proximity adjusted scores of all facilities and
generators in the area were summed.
Permitted Hazardous Waste Facilities
Weight Activity or Status
Facility Activity (base weight)

10
7
4
2

Permit Type (additional

Landfill
Treatment
Storage
Post-closure

1 Large facilities
1 Non-RCRA facilities
2 RCRA facilities

weight)

Hazardous Waste Generators
Generator Type

Weight

Quantity of Waste

Large Quantity Hazardous Waste
Generators (> 13.1 tons per year)

0.1

< 100 tons/yr

0.5

100 – 1,000 tons/yr

2

>1,000 tons/yr
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Number of Hazardous Waste Generators and Permitted Facilities: Approximately 4,600
Facility Type

% of Total

Large hazardous waste generator with RCRA
waste

98%

Permitted hazardous waste storage facility

2%*

*Permitted storage facilities are weighted much higher than generators.

88

CalEnviroScreen 3.0

IMPAIRED WATER
BODIES
Contamination of California streams, rivers, and lakes by pollutants can compromise the
use of the water body for drinking, swimming, fishing, aquatic life protection, and other
beneficial uses. When this occurs, such bodies are considered “impaired.” Information on
impairments to these water bodies can help determine the extent of environmental
degradation within an area.

Indicator Summed number of pollutants across all water bodies designated
as impaired within the area (2012).

Data Source 303(d) List of Impaired Water Bodies,

State Water Resources Control Board (SWRCB)
The SWRCB provides information relevant to the condition of
California surface waters. Such information is required by the
Federal Clean Water Act. Every two years, State and Regional Water
Boards assess the quality of California surface waters. Lakes,
streams and rivers that do meet water quality standards, or are not
expected to meet water quality standards, are listed as impaired
under Section 303(d) of the Clean Water Act. Data available at the
link below:
http://www.waterboards.ca.gov/rwqcb2/water_issues/programs/T
MDLs/303dlist.shtml

Rationale Rivers, lakes, estuaries and marine waters in California are

important for many different uses. Water bodies used for recreation
may also be important to the quality of life of nearby residents if
subsistence fishing is critical to their livelihood (CalEPA, 2002).
Water bodies also support abundant flora and fauna. Changes in
aquatic environments can affect biological diversity and overall
health of ecosystems. Aquatic species important to local economies
may be impaired if the habitats where they seek food and reproduce
are changed. Marine wildlife like fish and shellfish that are exposed
to toxic substances may potentially expose local consumers to toxic
substances as well (CalEPA, 2002). Excessive hardness, unpleasant
odor or taste, turbidity, color, weeds, and trash in the waters are
types of pollutants affecting water aesthetics (CalEPA, 2002), which
in turn can affect nearby communities.
Communities of color, low-income communities, and tribes generally
depend on the fish, aquatic plants, and wildlife provided by nearby
surface waters to a greater extent than the general population
89

CalEnviroScreen 3.0

(NEJAC, 2002). Some communities that rely on resources provided
by nearby surface waters have populations of lower socioeconomic
status than the general population. For example, certain fishing
communities along California’s northern coast have lower
educational attainment and median income than California as a
whole (Pomeroy et al., 2010). Low-income communities in California
that rely on fishing and waterfront businesses have been affected by
a recent decline in the fishing community (California State Lands
Commission, 2011). Lower per capita income has been associated
with increased levels of certain surface water pollutants, as have a
higher percentage of minorities and people of color (Farzin and
Grogan, 2012). In addition, a study in the Sacramento-San Joaquin
Delta found that fish consumption for certain subsistence fishers
was higher than rates used for planning and regulation of polluted
waters, and that mercury consumption from fish was significantly
above US EPA advisory levels (Shilling et al., 2010).
Two studies, one in England and one in San Antonio, Texas, found
that people who lived near water bodies with significant
impairments were more likely to believe that the water bodies were
safe, and therefore to visit them more often, than people who lived
further away (Georgiou et al., 2000; Brody et al., 2004).

Method

o Data on water body type, water body ID, and pollutant type
were downloaded in Excel format, and GIS data showing the
visual representation of all water bodies were downloaded
from the SWRCB website.
http://www.waterboards.ca.gov/water_issues/programs/tmdl/in
tegrated2012.shtml
o All water bodies were identified in all census tracts in the GIS
software ArcMap.
o The number of pollutants listed in streams or rivers that fell
within 1 kilometer (km) or 2 km of a census tract’s populated
blocks were counted. The 2 km buffer distance was applied
to major rivers (>100 km in length, plus the Los Angeles
River and Imperial Valley canals and drainage ways). The 1
km buffer distance was applied to all smaller streams/rivers.
o The number of pollutants listed in lakes, bays, estuaries or
shoreline that fell within 1 km or 2 km of a census tract’s
populated blocks were counted. The 2 km buffer distance
was applied to major lakes or bays greater than 25 square
kilometers in size, plus all the Sacramento/San Joaquin River
Delta waterways. The 1 km buffer distance was applied for all
other lakes/bays.
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o The two pollutant counts were summed for every census
tract.
o Each census tract was scored based on the sum of the
number of individual pollutants found within and/or
bordering it. For example, if two stream sections within a
census tract were both listed for the same pollutant, the
pollutant was only counted once.
o Census tracts were ordered based on their summed scores
and were assigned percentiles.
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SOLID WASTE SITES
AND FACILITIES
Many newer solid waste landfills are designed to prevent the contamination of air, water,
and soil with hazardous materials. However, older sites that are out of compliance with
current standards or illegal solid waste sites may degrade environmental conditions in the
surrounding area and pose a risk of exposure. Other types of facilities, such as composting,
treatment and recycling facilities, may raise concerns about odors, vermin, and increased
truck traffic. While data that describe environmental effects from the siting and operation
of all types of solid waste facilities are not currently available, the California Department of
Resources Recycling and Recovery (CalRecycle) maintains data on facilities that operate
within the state, as well as sites that are abandoned, no longer in operation, or illegal.

Indicator Sum of weighted solid waste sites and facilities
(as of December 2016).

Data Source Solid Waste Information System (SWIS) and

Closed, Illegal, and Abandoned (CIA) Disposal Sites Program,
California Department of Resources Recycling and Recovery,
CalRecycle
Hazardous Waste Tracking System,
Department of Toxic Substances Control (DTSC)
SWIS is a database which tracks solid waste facilities, operations,
and disposal sites throughout California. Solid waste sites found in
this database include landfills, transfer stations, material recovery
facilities, composting sites, transformation facilities, waste tire sites,
and closed disposal sites.
The CIA Disposal Sites Program is a subset of the SWIS database,
and includes closed landfills and disposal sites that have not met
minimum state standards for closure as well as illegal and
abandoned sites. Sites within CIA have been prioritized to assist local
enforcement agencies investigate the sites and enforce state
standards.
DTSC also maintains information on the waste manifests created for
scrap metal recyclers in its Hazardous Waste Tracking System.
Manifests include the metal recyclers’ name, identification number,
and address. Data are currently available for 2013 - 2015. Data
available at the links below:
http://calrecycle.ca.gov/SWFacilities/Directory/
http://www.calrecycle.ca.gov/SWFacilities/CIA/
http://hwts.dtsc.ca.gov/
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Rationale Solid waste sites can have multiple impacts on a community. Waste

gases like methane and carbon dioxide can be released into the air
from disposal sites for decades, even after site closure (US EPA,
2011; Ofungwu and Eget, 2005). Fires, although rare, can pose a
health risk from exposure to smoke and ash (CalRecycle, 2010a; US
Fire Administration, 2002). Odors and the known presence of solid
waste may impair a community’s perceived desirability and affect the
health and quality of life of nearby residents (Heaney et al., 2011).
Although all active solid waste sites are regulated, CalRecycle has
recorded a number of old closed disposal sites and landfills that are
monitored less frequently. Former abandoned disposal sites present
potential for human or animal exposure to uncovered waste or burn
ash. Such sites are of concern to State and local enforcement
agencies (CalRecycle, 2010b).
Many of the studies that address the potential toxicity of solid waste
site emissions look at the biological effects of landfill leachate on
selected species of animals and plants in the laboratory. New
ecological test methods have demonstrated that exposure to landfill
soil containing a mixture of hazardous chemicals can cause genetic
changes that are associated with adverse effects on the reproductive
system (Roelofs et al., 2012). In addition, an epidemiologic study of
human births near landfills in Wales found an increase in the rate of
birth defects after the opening or expansion of sites (Palmer et al.,
2005). A study conducted after an accidental fire at a municipal
landfill in Greece found unacceptably high levels of dioxins in food
products, primarily meat, milk and olives, from an area near the
landfill (Vassiliadou et al., 2009). A recent cohort study of people
living within 5 kilometers of a landfill in Italy found associations
between exposure to hydrogen sulfide, a marker of airborne
contamination from landfills, and slight increases in mortality and
morbidity from respiratory diseases (Mataloni et al. 2016).

Method Closed, Illegal, and Abandoned (CIA) sites:
o CIA data were obtained from CalRecycle for all priorities. (Only
high priority CIA sites data are available online.)
o Unconfirmed and non-solid waste sites were removed from
the analysis.
o Each remaining site was scored on a weighted scale in
consideration of CalRecycle’s prioritization categories (see
table in Appendix).
o Site locations were mapped or geocoded (in ArcMap).

Active Solid Waste Information (SWIS) sites:

o SWIS data were obtained from the CalRecycle website.
o CIA records were filtered from the database because SWIS
contains an inventory of both active and CIA sites.
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o Of the remaining sites, Clean Closed, Absorbed, Inactive and
Planned sites were not included.
o Each remaining site was scored on a weighted scale in
consideration of the category type of solid waste operation
(see table in Appendix).
o Site locations were mapped or geocoded (in ArcMap).
o CalRecycle provided site boundaries (based on parcel
boundaries and aerial photo inspection) for most of the solid
waste landfills in the SWIS database. These boundaries were
used in the analysis in place of point location, when
applicable.
Scrap Metal Recyclers:
o Scrap metal recyclers (NAICS code 42193) were obtained
from DTSC’s Hazardous Waste Tracking System for 2013 to
2015.
o Any facility that was active between 2013-2015 was included.
o All scrap metal recylers were weighted the same as large
volume permitted transfer/processing facility (see weighting
matrix below).
All sites:
o The weights for all sites, including the large landfill
perimeters, were adjusted based on the distance they fell
from populated census blocks. Sites further than 1000m from
any populated census block were excluded from the analysis.
o Site weights were adjusted by multiplying the weight by 1 for
sites less than 250m, 0.5 for sites 250-500m, 0.25 for sites
500-750m, and 0.1 for sites 750-1000m from the nearest
populated census blocks within a given tract. Sites outside of
a census tract, but less than 1000m from one of that tract’s
populated blocks were similarly adjusted based on the
distance to the nearest block from that tract.
o Odor complaints regarding composting facilities are
commonly made more than 1000 m from these facilities.
Because of this concern the buffer distances (and site
weights) for composting sites were adjusted as follows: 1 for
sites less than 500m, 0.5 for sites 500 – 1000m, 0.25 for
sites 1000 – 1500m, and 0.1 for sites 1500 – 2000m from
the nearest populated census blocks within a given tract.
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o
o Each census tract was scored based on the sum of the
adjusted weights for sites it contains or is near.
o Census tracts were ordered based on their summed scores
and were assigned percentiles.
o
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Appendix Weighting Matrix for Solid Waste Sites and Facilities
Solid Waste Sites and Facilities from the Solid Waste Information
System were weighted on a scale of 1 to a maximum of 13 in
consideration of both the site type and violation history. The following
table shows the weights applied to the facilities and sites. The score
for any given Solid Waste Site or Facility represents the sum of its
‘Site or Facility Type’ and ‘Violations’. For all census tracts, the
weighted scores of all facilities in the area were summed after
adjusting for proximity to populated census blocks.
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Category

Criteria

Site or Facility Type

Violations (any in previous
12 months) 1

Closed, Illegal, or
Abandoned Site 1

Priority Code 2

6 (Priority Code A)
4 (Priority Code B)
2 (Priority Code C)
1 (Priority Code D)

NA

Solid Waste Landfill
or
Construction,
Demolition and Inert
(CDI) Debris Waste
Disposal (active) 3

Tonnage

8 (> 10,000 tpd)
7 (> 3,000 to < 10,000
tpd)
6 (> 1,000 to < 3,000
tpd)
5 (> 100 to < 1,000 tpd)
4 (< 100 tpd)

3 (gas)
1 (each for litter, dust,
noise, vectors, and site
security)

Solid Waste Disposal
Site (closed, closing,
inactive) 4

Tonnage

1 (All)

3 (gas)
1 (each for litter, vector,
site security)

Inert Debris:
Engineered Fill

Regulatory Tier 5

2 (Notification)

1 (each for dust, noise,
vectors, site security)

Inert Debris:
Type A Disposal

Regulatory Tier 5

3 (Permitted)

1 (each for dust, noise,
vectors, site security)

Composting

Regulatory Tier 5

4 (Permitted)
3 (Permitted: Chipping &
Grinding, 200 to <500
tpd)
2 (Notification)

1 (each for vector, odor,
litter, hazard, nuisance,
noise, dust, site
security)
1 (fire)

Transfer/Processing

Regulatory Tier 5

5 (Permitted: large vol.)
3 (Permitted: medium
vol.; direct transfer)
2 (Notification)

1 (each for dust, litter,
vector/bird/animal, fire,
site security)

Waste Tire

Regulatory Tier 5

4 (Major)
2 (Minor)

2 (each for storage, fire)
1 (each for vectors, site
security)

5 (Active since 2013)

NA

Scrap Metal Recycler

Violations: Recurring requirements ensures only facilities that exhibit a pattern and practice
of non-compliance receive a higher impact score and reduces point-in-time fluctuations.
Explosive gas violations have a greater potential environmental impact than dust, noise, and
vectors (from SWIS and the Waste Tire Management System).
2 CIA Sites weighted per established CIA Site Priority Code scoring methodology (A through D;
additional information available at
http://www.calrecycle.ca.gov/SWFacilities/CIA/forms/prioritize.htm).
1
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Active landfills (other than Contaminated Soil Disposal Sites and Nonhazardous Ash
Disposal/Monofill Facilities) are all in the Full Permit tier, so permitted tonnage (from SWIS)
is used to scale impact score.
4 Solid Waste Disposal Site (closed) means the site was closed pursuant to state closure standards
that became operative in 1989. Closed sites associated with the CIA Site database were closed prior
to 1989 in accordance with standards applicable at the time of closure.
5 Regulatory Tier used to weight the site or facility. Placement within a regulatory tier accounts for the
type of waste and amount of waste processed per day or onsite at any one time. See SWIS for
compost and transfer/processing; Waste Tire Management System (WTMS) for waste tire sites.
3

Number of Solid Waste Sites and Facilities in CalEnviroScreen 3.0: Approximately 3,000
Facility Type

% of Total

Disposal (closed)

47%

Transfer/Processing (open)

19%

Composting

13%

Scrap Metal Recyclers

10%

Disposal (active)

9%

Waste Tire

1%

Transfer/Processing (closed)

<1%
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SCORES FOR POLLUTION
BURDEN

(RANGE OF POSSIBLE SCORES: 0.1 TO 10)
Pollution Burden scores for each census tract are derived from the average percentiles of
the seven Exposures indicators (ozone and PM2.5 concentrations, diesel PM emissions,
drinking water contaminants, pesticide use, toxic releases from facilities, and traffic density)
and the five Environmental Effects indicators (cleanup sites, impaired water bodies,
groundwater threats, hazardous waste facilities and generators, and solid waste sites and
facilities).
Indicators from the Environmental Effects component were given half the weight of the
indicators from the Exposures component. The calculated average pollution buden score
(average of the indicators) was divided by 10 and rounded to one decimal place for a
Pollution Burden score ranging from 0.1 -10.
Note: The map on the following page shows pollution scores divided into deciles.
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POPULATION
CHARACTERISTICS:
SENSITIVE POPULATION
INDICATORS
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ASTHMA
Asthma is a chronic lung disease characterized by episodic breathlessness, wheezing,
coughing, and chest tightness. While the causes of asthma are poorly understood, it is
well established that exposure to traffic and outdoor air pollutants, including particulate
matter, ozone, and diesel exhaust, can trigger asthma attacks. Nearly three million
Californians currently have asthma and about five million have had it at some point in
their lives. Children, the elderly and low-income Californians suffer disproportionately from
asthma (California Health Interview Survey, 2009). Although well-controlled asthma can
be managed as a chronic disease, asthma can be a life-threatening condition, and
emergency department visits for asthma are a very serious outcome, both for patients and
for the medical system.

Indicator Spatially modeled, age-adjusted rate of emergency department (ED)
visits for asthma per 10,000 (averaged over 2011-2013).

Data Source California Office of Statewide Health Planning and Development
(OSHPD)
California Environmental Health Tracking Program (CEHTP)
California Department of Public Health

Since 2005, hospitals licensed by the state of California to provide
emergency medical services are required to report all emergency
department (ED) visits to OSHPD. Federally-owned facilities,
including Veterans Administration and Public Health Services
hospitals are not required to report. The ED dataset includes
information on the principal diagnosis, which can be used to identify
which patients visited the ED because of asthma.
ED utilization does not capture the full burden of asthma in a
community because not everyone with asthma requires emergency
care, especially if they receive preventive care, avoid asthma
triggers and undertake disease maintenance. However, there is
limited state-wide monitoring of other indicators, such as planned
and unplanned doctor’s visits, that might provide a better indication
of overall disease burden. Some ED visits result in hospitalization,
and OSPHD collects data on hospitalization due to asthma in
addition to emergency department visits. ED visits are thought to
provide a better comparative measure of asthma burden than
hospitalizations and deaths because the data capture a larger
portion of the overall burden and include less severe occurrences.
CEHTP used OSHPD’s data to calculate age-adjusted rates of
asthma ED visits for California ZIP codes. These estimates make use
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of ZIP-code level population estimates from a private vendor (ESRI)
and the US 2000 Standard Population to derive age-adjusted rates.
Age-adjustment takes the age distribution of a population into
account and allows for meaningful comparisons between ZIP codes
with different age structures. ZIP code estimates are assigned to
2010 census blocks using areal apportionment. Populationweighted census block estimates are then combined to arrive at a
census tract estimate. Data available at the links below:
http://www.oshpd.ca.gov/HID/Products/EmerDeptData/
http://www.cehtp.org/p/asthma

Rationale Asthma increases an individual’s sensitivity to pollutants. Air

pollutants, including particulate matter, ozone, nitrogen dioxide, and
diesel exhaust, can trigger symptoms among asthmatics (Meng et
al., 2011). Children living near major roadways and traffic corridors
in California have been shown to suffer disproportionate rates of
asthma (Kim et al., 2004). Particulate matter from diesel engines
has been implicated as a cause of new-onset asthma (Pandya et al,
2002). A study of low income children who developed asthma found
that there was an increase in asthma diagnosis following increases
in ambient air pollution (Wendt et al., 2014). Exposure to certain
pesticides can also trigger wheezing, coughing, and chest tightness
(Hernández et al., 2011).
Asthma can increase susceptibility to respiratory diseases such as
pneumonia and influenza (Kloepfer et al., 2012). For example, one
study found that when ambient particulate pollution levels are high,
persons with asthma have twice the risk of being hospitalized for
pneumonia compared to persons without asthma (Zanobetti et al.,
2000).
Asthma rates are a good indicator of population sensitivity to
environmental stressors because asthma is both caused by and
worsened by pollutants (CDPH, 2010). The severity of symptoms and
the likelihood of needing hospital care decrease with access to
regular medical care and asthma medication (Delfino et al., 1998;
Grineski et al., 2010). Asthma-related emergency department visits
provide a conservative estimate of total asthma cases because not
all cases require emergency care. However, using those cases
requiring emergency care as an indicator also captures some
aspects of access to care and can be seen as a marker of both
environmental and social stressors. Potential biases in using
emergency department visits as an indicator of sensitivity include
the possibility that lower socioeconomic status or more isolated
rural populations may not have access to nearby health care
facilities. Conversely, populations without health insurance may turn
to emergency departments for care.
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Method

o CEHTP obtained records for ED visits occurring during 20112013 from OSHPD’s Emergency Department and Ambulatory
Surgery files for patients listed as residing in California and
principle diagnostic ICD-9-CM code that begins with the digits
493, which identifies asthma.
o An age-adjusted rate of asthma emergency department (ED)
visits was calculated for each ZIP code by CEHTP using data
obtained from OSHPD. ZIP code rates were then
reapportioned to census tract rates (see below).
o Population data used for the age-adjustment were obtained
from Esri and rates reported are standardized to the 2000
US population using five-year age groupings (0-4, 5-9, etc.).
The rates are per 10,000 residents per year.
o CEHTP spatially modeled the age-adjusted rates to provide
estimates for ZIP codes with fewer than 12 ED visits, which
are are considered statistically unreliable. A modeling
technique that incorporates information about both local and
statewide rates into the calculations was used (Mollié,
1996).
o Census blocks were assigned the average rate of the ZIP
code they intersected using areal apportionment. Census
tract rates were then estimated by the population-weighted
average of the rates of the census blocks that it contains.
o Census tracts were ordered by the spatially modeled
apportioned rate and were assigned percentiles based on the
distribution across all census tracts.
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CARDIOVASCULAR
DISEASE
Cardiovascular disease (CVD) refers to conditions that involve blocked or narrowed blood
vessels that can lead to a heart attack or other heart problems. CVD is the leading cause
of death both in California and the United States. Acute myocardial infarction (AMI),
commonly known as a heart attack, is the most common cardiovascular event. Although
many people survive and return to normal life after a heart attack, quality of life and long
term survival may be reduced, and these people are highly vulnerable to future
cardiovascular events.
There are many risk factors for developing CVD including diet, lack of exercise, smoking,
and air pollution. In scientific statements made by the American Heart Association, there
is strong evidence that air pollution contributes to cardiovascular morbidity and mortality
(Pope et al. 2006; Brook et al. 2010).
Short term exposure to air pollution, and specifically particulate matter, has been shown
to increase the risk of cardiovascular mortality shortly following a heart attack. There is
also growing evidence that long term exposure to air pollution may result in premature
death for people that have had a heart attack. In addition to people with a previous AMI,
the effects of pollution on cardiovascular disease may be more pronounced in the elderly
and people with other preexisting health conditions.

Indicator Spatially modeled, age-adjusted rate of emergency department (ED)
visits for AMI per 10,000 (averaged over 2011-2013).

Data Source California Office of Statewide Health Planning and Development
(OSHPD)
California Environmental Health Tracking Program (CEHTP)
Environmental Health Investigations Branch,
California Department of Public Health

Since 2005, hospitals licensed by the state of California to provide
emergency medical services are required to report all emergency
department (ED) visits to OSHPD. Federally-owned facilities,
including Veterans Administration and Public Health Services
hospitals are not required to report. The ED dataset includes
information on the principal diagnosis, which can be used to identify
which patients visited the ED because of a heart attack.
ED visits for heart attacks do not capture the full burden of people
living with CVD because not everyone with CVD has a heart attack.
However, there is limited information on people with CVD, and
therefore ED visits for a heart attack was selected as a good
indicator of CVD. The selection of ED visits for AMI is likely to capture
virtually the full burden of heart attacks because the abrupt nature
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and severity of the event would cause most individuals to visit the
ED.
CEHTP used OSHPD’s data to calculate age-adjusted rates of AMI ED
visits for California ZIP codes. These estimates make use of 2013
ZIP code scale population estimates from a private vendor (ESRI)
and the US 2000 Standard Population to derive age-adjusted rates.
Age-adjustment takes the age distribution of a population into
account and allows for meaningful comparisons between ZIP codes
with different age structures. ZIP code estimates are assigned to
2010 census blocks using areal apportionment. Population-weighted
census block estimates are then combined to arrive at a census
tract estimate. Data available at the links below:
http://www.oshpd.ca.gov/HID/Products/EmerDeptData/
http://www.cehtp.org/page/heart_attack/

Rationale Recent studies have shown that individuals with preexisting heart

disease or an AMI respond differently to the effects of pollution than
individuals without heart disease. Specifically, individuals who have
had an AMI may have a higher risk of dying after exposure to both
short- and long-term increases in air pollution.
An early paper on the subject of air pollution effects on sensitive
subpopulations found the relative risk of dying on days with high
levels of pollution was higher for people with chronic obstructive
pulmonary disease (COPD), pneumonia, and existing heart disease
or stroke (Schwartz 1994).
Multiple studies have found exposure to high levels of air pollution
increased the risk of dying following an AMI. The effects of short-term
exposure to PM 10 or traffic-related air pollution following an AMI
significantly increased the risk of death in a cohort study of almost
4,000 people in Massachusetts (von Klot et al. 2009), in a multi-city
European study of over 25,000 people (Berglind et al. 2009), and
among over 65,000 elderly residents in Illinois (Bateson and
Schwartz 2004).

The influence of long-term exposure to pollution on survival following
an AMI has also been examined, although the research is less
conclusive. A recent cohort study examined mortality over 10 years
for almost 9,000 patients with a previous AMI and found significant
increases in non-accidental mortality for each 10 μg/m3 increase in
PM 2.5. This suggests that long-term exposure to particulate matter
may play a role in the likelihood of survival following a heart attack
(Chen 2016).
Several of these studies on the effects of air pollution on AMI
survivors have examined whether different effects are observed by
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race or ethnicity. To date, no significant differences have been
found.

Method

o CEHTP obtained records for ED visits occurring during 20112013 from OSHPD’s Emergency Department and Ambulatory
Surgery files for patients listed as residing in California and
with a principal diagnostic ICD-9-CM code that begins with the
digits 410, which identifies AMI.
o An age-adjusted rate of AMI emergency department (ED)
visits was calculated for each ZIP code by CEHTP using data
obtained from OSHPD. ZIP code rates were then
reapportioned to census tract rates (see below).
o Population data used for the age-adjustment were obtained
from ESRI and rates reported are standardized to the 2000
US population using five-year age groupings. The rates are
per 10,000 residents per year.
o CEHTP spatially modeled the age-adjusted rates to provide
estimates for ZIP codes with fewer than 12 ED visits, which
are are considered statistically unreliable. A modeling
technique that incorporates information about both local and
statewide rates into the calculations was used (Mollié, 1996).
o Census blocks were assigned the average rate of the ZIP
code they intersected using areal apportionment. Census
tract rates were then estimated by the population-weighted
average of the rates of the census blocks that it contains.
o Census tracts were ordered by the spatially modeled
apportioned rate and were assigned percentiles based on the
distribution across all census tracts.
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LOW BIRTH
WEIGHT INFANTS
Infants born weighing less than 2,500 grams (about 5.5 pounds) are classified as low
birth weight (LBW), a condition that is associated with increased risk of later health
problems as well as infant mortality. Most LBW infants are small because they were born
early. Infants born at full term (after 37 complete weeks of pregnancy) can also be LBW if
their growth was restricted during pregnancy. Nutritional status, lack of prenatal care,
stress, and maternal smoking are known risk factors for LBW. Studies also suggest links
with environmental exposures to lead, air pollution, toxic air contaminants, traffic
pollution, pesticides, and polychlorinated biphenyls (PCBs). These children are at risk for
chronic health conditions that may make them more sensitive to environmental
exposures after birth.

Indicator Percent low birth weight, (averaged over 2006-2012).
Data Source California Department of Public Health (CDPH)
The Health Information and Research Section of CDPH is
responsible for the stewardship and distribution of birth records in
the state. Medical data related to a birth, as well as demographic
information related to the infant, mother, and father is collected
from birth certificates. Personal identifiers are not released publicly
to protect confidentiality.
Information about the geographic location of births was used by
OEHHA in compliance with the State of California Committee for the
Protection of Human Subjects. The data was analyzed by the
California Environmental Health Tracking Program (CEHTP) of
CDPH’s Environmental Health Investigation Branch. Data available
at the link below:
http://www.cdph.ca.gov/data/dataresources/requests/Pages/Birth
andFetalDeathFiles.aspx

Rationale LBW is considered a key marker of overall population health. Being

born low weight puts individuals at higher risk of health conditions
that can subsequently make them more sensitive to environmental
exposures. For example, children born low weight are at increased
risk of developing asthma (Nepomnyaschy and Reichman, 2006).
Asthma symptoms, in turn, are worsened by exposure to air
pollution. LBW can also put one at increased risk of coronary heart
disease and type 2 diabetes (Barker et al., 2002). These conditions
can predispose one to mortality associated with particulate air
pollution or excessive heat (Bateson and Schwartz, 2004; Basu and
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Samet, 2002). There is also evidence that children born early have
lowered cognitive development and more behavioral problems
compared to children born at term (Butta et al., 2002), putting
them at disadvantage for subsequent opportunities for good health.
Risk of LBW is increased by certain environmental exposures and
social factors and can therefore be considered a marker of the
combined impact of environmental and social stressors. For
example, exposures to fine particulate matter, heavy traffic and to
toxic air contaminants such as benzene, xylene, and toluene have
been linked to LBW in California (Ghosh et al., 2012, Basu et al.,
2014). Low weight births are more common among AfricanAmerican women than they are among Hispanic and non-Hispanic
white women, even among those with comparable socioeconomic
status, prenatal care, and behavioral risk factors (Lu and Halfon,
2003).
Living in close proximity to freeways has been associated with an
increased risk for LBW term infants (Laurent et al., 2013). Latina
women exposed to pesticides in California in low-income
farmworker communities were found to be at risk for LBW infants
that were small for gestational age, with smaller than average head
circumference, an indicator of brain development (Harley et al.,
2011).

Method o The low birth weight (LBW) rate was calculated from California
birth records as the percent of live, singleton births during the
2006-2012 period weighing less than 2,500 grams.

o Multiple births (non-singletons) and births with an improbable
combination of gestational age and birth weight were excluded
(Alexander, 1996). Out-of-state births, and births with no known
residential address (including P.O. boxes) were also excluded.
These exclusions lead to a lower statewide LBW rate than that
reported by other organizations who do not apply this criterion.
o Births were geocoded based on the mother’s residential
address at the time of birth by CEHTP. A small number (less
than 1%) of addresses could not be geocoded and were
excluded.
o Estimates derived from places with few births are considered
unreliable because they often produce extreme values much
higher or lower than expected and can vary greatly from year to
year. For this reason, census tracts with fewer than 50 live births
during seven years were excluded. The average low birth weight
rate was estimated using seven years of data (2006-2012) in
order to minimize the number of excluded census tracts.
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o Each census tract was assigned a percentile based on its
relative ranking of spatially modeled LBW compared to all other
tracts.
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EDUCATIONAL
ATTAINMENT
Educational attainment is an important element of socioeconomic status and a social
determinant of health. Numerous studies suggest education can have a protective effect
from exposure to environmental pollutants that damage health. Information on
educational attainment is collected annually in the US Census Bureau’s American
Community Survey (ACS). In contrast to the decennial census, the ACS surveys a small
sample of the US population to estimate more detailed economic and social information
for the country’s population.

Indicator Percent of the population over age 25 with less than a high school
education (5-year estimate, 2011-2015).

Data Source American Community Survey
US Census Bureau

The American Community Survey (ACS) is an ongoing survey of the
US population conducted by the US Census Bureau and has
replaced the long form of the decennial census. Unlike the decennial
census, which attempts to survey the entire population and collects
a limited amount of information, the ACS releases results annually
based on a sub-sample of the population and includes more detailed
information on socioeconomic factors such as educational
attainment. Multiple years of data are pooled together to provide
more reliable estimates for geographic areas with small population
sizes. The most recent results available at the census tract scale are
the 5-year estimates for 2011-2015. The data are made available
using the American FactFinder website. Data is available at the links
below:
http://www.census.gov/acs/www/
http://factfinder2.census.gov/

Rationale Educational attainment is an important independent predictor of

health (Cutler and Lleras-Muney, 2006). As a component of
socioeconomic status, education is often inversely related to the
degree of exposure to indoor and outdoor pollution. Several studies
have associated educational attainment with susceptibility to the
health impacts of environmental pollutants. For example, individuals
without a high school education appear to be at higher risk of
mortality associated with particulate air pollution than those with a
high school education (Krewski et al., 2000). There is also evidence
that the effects of air and traffic-related pollution on respiratory
illness, including childhood asthma, are more severe in communities
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with lower levels of education (Cakmak et al., 2006; Shankardass et
al., 2009; Neidell, 2004).
The ways in which lower educational attainment can decrease health
status are not completely understood, but may include economic
hardship, stress, fewer occupational opportunities, lack of social
support, and reduced access to health-protective resources such as
medical care, prevention and wellness initiatives, and nutritious
food. In a study of pregnant women in Amsterdam, smoking and
exposure to environmental tobacco smoke were more common
among women with less education. These women also were at
significantly increased risk of preterm birth, low birth weight and
small for gestational age infants (van den Berg et al., 2012). A
review of studies tying social stressors with the effects of chemical
exposures on health found that level of education was related to
mortality and incidence of asthma and respiratory diseases from
exposure to particulate air pollution and sulfur dioxide (Lewis et al.,
2011). A study of older adults, aged 70 to 79, found that those with
less than a high school education had significantly shorter leukocyte
telomere length, a genetic marker linked to stress, than those with
more education (Adler et al., 2013)

Method

o From the 2011-2015 American Community Survey estimates,
a dataset containing the percentage of the population over
age 25 with a high school education or higher was
downloaded by census tracts for the state of California.
o This percentage was subtracted from 100 to obtain the
proportion of the population with less than a high school
education.
o Unlike the US Census, ACS estimates come from a sample of
the population and may be unreliable if they are based on a
small sample or population size. The standard error (SE) and
relative standard error (RSE) were used to evaluate the
reliability of each estimate.
o The SE was calculated for each census tract by dividing the
margin of error (MOE) reported in the ACS by 1.645, a
statistical value associated with a 90 percent confidence
interval. The MOE is the difference between an estimate and
the upper or lower bounds of its confidence interval. All ACSpublished MOEs are based on a 90 percent confidence
interval.
o The RSE is calculated by dividing a tract’s SE by its estimate
of educational attainment, and taking the absolute value of
the result.
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o Census tract estimates that met either of the following
criteria were considered reliable and included in the analysis:
o RSE less than 50 (meaning the SE was less than half
of the estimate) OR
o SE was less than the mean SE of all California census
tract estimates for education.
o Census tracts with unreliable estimates received no score for
the indicator (null). The indicator was not factored into that
tract’s overall CalEnviroScreen score.
o Census tracts that met the inclusion criteria were ordered by
the percentage of the population over age 25 with less than a
high school education and percentiles were assigned to each
based on the distribution across all census tracts.
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HOUSING
BURDENED LOW
INCOME
HOUSEHOLDS
The cost and availability of housing is an important determinant of well-being. Households
with lower incomes may spend a larger proportion of their income on housing. The inability
of households to afford necessary non-housing goods after paying for shelter is known as
housing-induced poverty. California has very high housing costs relative to much of the
country, making it difficult for many to afford adequate housing. Within California, the cost
of living varies significantly and is largely dependent on housing cost, availability, and
demand.
Areas where low income households may be stressed by high housing costs can be
identified through the Housing and Urban Development (HUD) Comprehensive Housing
Affordability Strategy (CHAS) data. Low income households earning less than or equal to
80% of HUD Area Median Family Income by county and also paying greater than 50% of
their income to housing costs is used. The indicator takes into account the regional cost of
living for both homeowners and renters, and factors in the cost of utilities. CHAS data is
calculated from US Census Bureau’s American Community Survey (ACS).

Indicator Housing Burdened Low Income Households. Percent of households

in a census tract that are both low income (making less than 80% of
the HUD Area Median Family Income) and severely burdened by
housing costs (paying greater than 50% of their income to housing
costs). (5-year estimates, 2009-2013).

Data Source Housing and Urban Development

Comprehensive Housing Affordability Strategy
American Community Survey
US Census Bureau
The American Community Survey (ACS) is an ongoing survey of the
US population conducted by the US Census Bureau and has
replaced the long form of the decennial census. Unlike the decennial
census, which attempts to survey the entire population and collects
a limited amount of information, the ACS releases results annually
based on a sub-sample of the population and includes more detailed
information on socioeconomic factors. Multiple years of data are
pooled together to provide more reliable estimates for geographic
areas with small population sizes. Each year, the US Department of
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Housing and Urban Development (HUD) receives custom tabulations
of ACS data from the US Census Bureau. These data, known as the
"CHAS" data (Comprehensive Housing Affordability Strategy),
demonstrate the extent of housing problems and housing needs,
particularly for low income households. The most recent results
available at the census tract scale are the 5-year estimates for 2009-2013. The data are available from the HUD user website.
Data available at the link below:
https://www.huduser.gov/portal/datasets/cp.html#2006-2013

Rationale Housing affordability is an important part of the framework of social

and economic conditions that shape the health and well-being of
individuals (Braubach, 2011; Commission on Social Determinants of
Health, 2008). Socioeconomic variables may influence response to
pollutants or modify the effect of exposure to pollution. Several
scientific studies have examined the relationship between income
level, pollution exposures, and health outcomes. Individuals with low
income exposed to high levels of air pollution had higher mortality
rates than higher income individuals (Finkelstein et al., 2003).
Children of low-income families had greater asthma hospitalization
rates when exposed to air pollutants (Lin et al., 2004).
Low-income and financially vulnerable households that face high
costs for housing can potentially suffer from health impacts (Beer et
al., 2006; Slatter and Beer, 2003). Households that experience high
rent burden for longer periods of time are associated with greater
disadvantage (Susin, 2007). Studies have shown that high rent
burden can mean a higher likelihood of postponing medical services
for financial reasons. High rent burden is also associated with worse
self-reported health conditions (Meltzer and Schwartz, 2015). High
housing cost burdens and unaffordable housing situations can also
contribute to residential instability, increase vulnerability to acute
and chronic health problems, worsen stress and depression, and
can lead to poor educational outcomes for children (Anderson et al.
2003; Harkness 2005; Pollack et al., 2010; Meltzer 2015).
The fraction of low-income households paying greater than 30
percent of their income to housing expenditures has been on the
rise in the US since 1970 (Quigley and Raphael, 2004). Greulich et
al. reported that the poorest fifth of households spend 55 percent of
their income on housing, up from 50 percent in 1970 (Greulich,
2004). Geographic differences in housing costs are not accounted
for in the official poverty measure calculated by the US Census
Bureau. California has some of the highest housing costs in the
nation as well as substantial differences in housing costs within the
state (LAO, 2015).
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Housing cost burden accounts for differences in rent or homeowner
costs across different areas of California. By restricting the measure
to low income households on a county-by-county basis, the measure
retains the focus on those who are most financially vulnerable in
specific geographic regions of California.

Method

o From the 2009-2013 HUD CHAS, a dataset containing cost
burdens for households by percent HUD-adjusted median
family income (HAMFI) category was downloaded by census
tract for the state of California.
o For each census tract, the data was analyzed to estimate the
number of households with household incomes less than
80% of the county median and renter or homeowner costs
that exceed 50% of household income. The percent of the
total households in each tract that are both low-income and
housing-burdened was then calculated.
o Unlike the US Census, CHAS data are ACS estimates which
come from a sample of the population and may be unreliable
if they are based on a small sample or population size. The
standard error (SE) and relative standard error (RSE) were
used to evaluate the reliability of each estimate.
o The SE was calculated for each census tract using the
formula for approximating the SE of proportions provided by
the ACS (American Community Survey Office, 2013, pg. 13,
equation 4). When this approximation could not be used, the
formula for approximating the SE of ratios (equation 3) was
used instead.
o The RSE is calculated by dividing a tract’s SE by its estimate
of the percentage of housing burdened low income
households, and taking the absolute value of the result.
o Census tract estimates that met either of the following
criteria were considered reliable and included in the analysis:
o RSE less than 50 (meaning the SE was less than half
of the estimate) OR
o SE was less than the mean SE of all California census
tract estimates for housing burdened low income
households.
o Census tracts with unreliable estimates receive no score for
the indicator (null). The indicator is not factored into that
tract’s overall CalEnviroScreen score.
o Census tracts that met the inclusion criteria were ordered by
percent housing burdened low income households. The
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census tracts were assigned percentiles based on the
distribution across all tracts.
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LINGUISTIC
ISOLATION
According to the most recent US Census Bureau’s 2010-2014 American Community
Survey (ACS), nearly 43% of Californians speak a language at home other than English,
about 20% of the state’s population speaks English “not well” or “not at all,” and 10% of
all households in California are linguistically isolated. The US Census Bureau uses the
term “linguistic isolation” to measure households where all members 14 years of age or
above have at least some difficulty speaking English. A high degree of linguistic isolation
among members of a community raises concerns about access to health information and
public services, and effective engagement with regulatory processes. Information on
language use is collected annually in the ACS. In contrast to the decennial census, the
ACS surveys a small sample of the US population to estimate more detailed economic and
social information for the country’s population.

Indicator Percent limited English-speaking households, (2011-2015).
Data Source American Community Survey
US Census Bureau

The American Community Survey (ACS) is an ongoing survey of the
US population conducted by the US Census Bureau and has
replaced the long form of the decennial census. Unlike the
decennial census, which attempts to survey the entire population
and collects a limited amount of information, the ACS releases
results annually based on a sub-sample of the population and
includes more detailed information on socioeconomic factors such
as linguistic isolation. Multiple years of data are pooled together to
provide more reliable estimates for geographic areas with small
population sizes. The most recent results available at the census
tract scale are the 5-year estimates for 2011-2015. The data are
made available using the American FactFinder website. Data is
available at the links below:
http://www.census.gov/acs/www/
http://factfinder2.census.gov/

Rationale From 1990 to 2000 the number of households in the US defined as

“linguistically isolated” rose by almost 50% (Shin and Bruno, 2003).
While the percentage of immigrant households in California that are
linguistically isolated is comparable to the national percentage,
according to the 2009 American Community Survey (Hill, 2011),
California has a higher proportion of immigrants than any other state
and the immigrant population has increased by 400% since 1970
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(Johnson, 2011). The inability to speak English well can affect an
individual’s communication with service providers and his or her
ability to perform daily activities. People with limited English are less
likely to have regular medical care and are more likely to report
difficulty getting medical information or advice than English
speakers. Communication is essential for many steps in the process
of obtaining health care, and limited English speakers may delay
care because they lack important information about symptoms and
available services (Shi et al. 2009). Non-English speakers are also
less likely to receive mental health services when needed, and
because in California non-English speakers are concentrated in
minority ethnic communities, limited English proficiency may
contribute to further ethnic and racial disparities in health status
and disability (Sentell et al. 2007). Linguistic isolation is also an
indicator of a community’s ability to participate in decision-making
processes and the ability to navigate the political system.
Lack of proficiency in English often results in racial discrimination,
and both language difficulties and discrimination are associated
with stress, low socioeconomic status and reduced quality of life
(Gee and Ponce, 2010). Linguistic isolation hampers the ability of
the public health sector to reduce racial and ethnic disparities
because non-English-speaking individuals participate in public
health surveillance studies at very low rates, even when there is
translation available (Link et al., 2006).
In the event of an emergency, such as an accidental chemical
release or a spill, households that are linguistically isolated may not
receive timely information on evacuation or shelter-in-place orders,
and may therefore experience health risks that those who speak
English can more easily avoid. Additionally, linguistic isolation was
independently related to both proximity to a Toxic Release Inventory
(TRI) facility and cancer risks by the National-Scale Air Toxics
Assessment (NATA) in an analysis of the San Francisco Bay Area,
suggesting that linguistically isolated communities may bear a
greater share of health risks from air pollution hazards (Pastor et al,.
2010).

Method

o From the 2011-2015 American Community Survey, a dataset
containing the percent limited English-speaking households
was downloaded by census tracts for the state of California.
This variable is referred to as “linguistic isolation” and
measures households where no one speaks English well.
o Unlike the US Census, ACS estimates come from a sample of
the population and may be unreliable if they are based on a
small sample or population size. The standard error (SE) and
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relative standard error (RSE) were used to evaluate the
reliability of each estimate.
o The SE was calculated for each census tract by dividing the
margin of error (MOE) reported in the ACS by 1.645, a
statistical value associated with a 90 percent confidence
interval. The MOE is the difference between an estimate and
the upper or lower bounds of its confidence interval. All ACSpublished MOEs are based on a 90 percent confidence
interval.
o The RSE is calculated by dividing a tract’s SE by its estimate
of the percent of linguistically isolated households, and
taking the absolute value of the result.
o Census tract estimates that met either of the following
criteria were considered reliable and included in the analysis:
o RSE less than 50 (meaning the SE was less than half
of the estimate) OR
o SE was less than the mean SE of all California census
tract estimates for linguistic isolation.
o Census tracts with unreliable estimates received no score for
the indicator (null). The indicator was not factored into that
tract’s overall CalEnviroScreen score.
o Census tracts that met the inclusion criteria were ordered by
the percent linguistically isolated and percentiles were
assigned to each based on the distribution across all tracts.
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POVERTY
Poverty is an important social determinant of health. Numerous studies have suggested
that impoverished populations are more likely than wealthier populations to experience
adverse health outcomes when exposed to environmental pollution. Information on
poverty is collected annually in the US Census Bureau’s American Community Survey
(ACS). In contrast to the decennial census, the ACS surveys a small sample of the US
population to estimate more detailed economic and social information for the country’s
population.

Indicator Percent of the population living below two times the federal poverty
level (5-year estimate, 2011-2015).

Data Source American Community Survey
US Census Bureau

The American Community Survey (ACS) is an ongoing survey of the
US population conducted by the US Census Bureau and has
replaced the long form of the decennial census. Unlike the decennial
census, which attempts to survey the entire population and collects
a limited amount of information, the ACS releases results annually
based on a sub-sample of the population and includes more detailed
information on socioeconomic factors such as poverty. Multiple
years of data are pooled together to provide more reliable estimates
for geographic areas with small population sizes. The most recent
results available at the census tract scale are the 5-year estimates
for 2011-2015. The data are made available using the American
FactFinder website.
The Census Bureau uses income thresholds that are dependent on
family size to determine a person’s poverty status during the
previous year. For example, if a family of four with two children has a
total income less than $24,036 during 2015, everyone in that family
is considered to live below the federal poverty line. A threshold of
twice the federal poverty level was used in this analysis because
California’s cost of living is higher than many other parts of the
country. In addition, the methods for determining the the federal
poverty thresholds have not changed since the 1980s despite
increases in the cost of living. Data available at the links below:
http://www.census.gov/acs/www/
http://factfinder2.census.gov/
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Rationale Wealth influences health because it helps determine one’s living

conditions, nutrition, occupation, and access to health care and
other health-promoting resources. For example, studies have shown
a stronger effect of air pollution on mortality (Forastiere et al., 2007)
and childhood asthma (Lin et al., 2004, Meng et al., 2011) among
low income communities. A multi-city study in Canada found that the
effect of nitrogen dioxide on respiratory hospitalizations was
increased among lower income households compared to those with
higher incomes (Cakmak et al., 2006). Other studies have found that
neighborhood-level income modifies the relationship between
particulate air pollution and preterm birth (Yi et al., 2010) as well as
traffic and low birth weight (Zeka et al., 2008), with mothers living in
low income neighborhoods having higher risk of both outcomes.
One way by which poverty may lead to greater susceptibility is from
the effects of chronic stress on the body (Wright et al., 1999;
Brunner and Marmot, 2006). Differential underlying burdens of preexisting illness and co-exposure to multiple pollutants are other
possible factors (O’Neill et al., 2003).

Method

o From the 2011-2015 American Community Survey, a dataset
containing the number of individuals below 200 percent of
the federal poverty level was downloaded by census tracts for
the state of California.
o The number of individuals below the poverty level was divided
by the total population for whom poverty status was
determined to obtain a percent.
o Unlike the US Census, ACS estimates come from a sample of
the population and may be unreliable if they are based on a
small sample or population size. The standard error (SE) and
relative standard error (RSE) were used to evaluate the
reliability of each estimate.
o The SE was calculated for each census tract using the
formula for approximating the SE of proportions provided by
the ACS (American Community Survey Office, 2013, pg. 13,
equation 4). When this approximation could not be used, the
formula for approximating the SE of ratios (equation 3) was
used instead.
o The RSE is calculated by dividing a tract’s SE by its estimate
of the percentage of the population living below twice the
federal poverty level, and taking the absolute value of the
result.
o Census tract estimates that met either of the following
criteria were considered reliable and included in the analysis:
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o RSE less than 50 (meaning the SE was less than half
of the estimate) OR
o SE was less than the mean SE of all California census
tract estimates for poverty.
o Census tracts with unreliable estimates received no score for
the indicator (null). The indicator was not factored into that
tract’s overall CalEnviroScreen score.
o Census tracts that met the inclusion criteria were ordered by
the percentage of the population below twice the federal
poverty level. A percentile score for a census tract was
determined by its place in the distribution of all census tracts.
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UNEMPLOYMENT
Because low socioeconomic status often goes hand-in-hand with high unemployment, the
rate of unemployment is a factor commonly used in describing disadvantaged
communities. On an individual level, unemployment is a source of stress, which is
implicated in poor health reported by residents of such communities. Lack of employment
and resulting low income often oblige people to live in neighborhoods with higher levels of
pollution and environmental degradation.

Indicator Percent of the population over the age of 16 that is unemployed and
eligible for the labor force. Excludes retirees, students,
homemakers, institutionalized persons except prisoners, those not
looking for work, and military personnel on active duty (5-year
estimate, 2011-2015).

Data Source American Community Survey
US Census Bureau

The American Community Survey (ACS) is an ongoing survey of the
US population conducted by the US Census Bureau. Unlike the
decennial census, which attempts to survey the entire population
and collects a limited amount of information, the ACS releases
results annually based on a sub-sample of the population and
includes more detailed information on socioeconomic factors such
as unemployment. Multiple years of data are pooled together to
provide more reliable estimates for geographic areas with small
population sizes. The most recent results available at the census
tract level are the 5-year estimates for 2011-2015. The data are
available on the American FactFinder website. Data available at the
links below:
http://www.census.gov/acs/www/
http://factfinder2.census.gov/

Rationale There is evidence that an individual’s health is at least partly

determined by neighborhood and regional factors. Unemployment is
frequently used as a surrogate for neighborhood deprivation, which
is associated with pollution exposure as well as poor health
(Voigtlander et al., 2010). Studies of neighborhood socioeconomic
factors have found stress to be a major factor in reported poor
health among residents of disadvantaged communities, and both
financial and emotional stress are direct results of unemployment
(Turner, 1995).
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The unemployed tend to have higher annual illness rates, lack
health insurance and access to health care, and have an increased
risk of death compared to those who are employed. In addition, poor
health also affects a person's ability to obtain and retain
employment (Athar et al. 2013). Unemployment, along with low
income and low educational attainment, has been associated with
increased incidence of irritable bowel syndrome (Farzaneh et al.,
2013), childhood asthma (Hafkamp-de Groen et al., 2013), poor
mental health (Kan, 2013), and decreased quality of life among
cervical cancer survivors (Yoo et al., 2013). A study of 4301 men
and women in 3 cities in Germany found that men living in highunemployment neighborhoods were at higher risk of emergent
coronary artery disease than men living in areas of low
unemployment (Dragano et al., 2009). In a study of unemployment
and mortality, the authors found that job loss was associated with an
increased hazard of death compared to that of employed individuals,
equivalent to aging 10 years (Tapia Granados et al., 2014).
Unemployment has been shown to be associated with the biological
effects of stress. Stress resulting from early-life experiences and
current domestic stress are linked with shorter leukocyte telomere
length (LTL). Among men, long-term unemployment (more than 500
days during three years) in early adulthood was associated with
having shorter LTL, compared to being continuously employed (AlaMursula et al., 2013). Stress, in turn, may lead to poor health,
increased susceptibility to toxic effects of pollution, and reduced
capacity to cope and recover from adverse effect of environmental
exposures (Defur et al., 2007).
Premji et al. (2007) studied the relationship between pollutant
emissions and socioeconomic variables in 27 Canadian
communities and found that pollution levels were positively
associated with the unemployment rate. In a study of statewide
unemployment levels as well as trucking industry data in New Jersey,
Davis et al. (2010) found that high unemployment was associated
with high coefficient of haze, a measure of diesel particulate
pollution.

Method

o From the 2011-2015 American Community Survey, a dataset
containing the unemployment rate was downloaded by
census tracts for the state of California.
o The Census Bureau calculates an unemployment rate by
dividing the 'Population Unemployed in the Civilian Labor
Force' by 'Population in the Civilian Labor Force' and then
converting to a percentage.
o Unlike the US Census, ACS estimates come from a sample of
the population and may be unreliable if they are based on a
small sample or population size. The standard error (SE) and
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relative standard error (RSE) were used to evaluate the
reliability of each estimate.
o The SE was calculated for each census tract using the
formula for approximating the SE of proportions provided by
the ACS (American Community Survey Office, 2013, pg. 13,
equation 4). When this approximation could not be used, the
formula for approximating the SE of ratios (equation 3) was
used instead.
o The RSE is calculated by dividing a tract’s SE by its estimate
of unemployment rate, and taking the absolute value of the
result.
o Census tract estimates that met either of the following
criteria were considered reliable and included in the analysis:
o RSE less than 50 (meaning the SE was less than half
of the estimate) OR
o SE was less than the mean SE of all California census
tract estimates for unemployment rate.
o Census tracts with unreliable estimates received no score for
the indicator (null). The indicator was not factored into that
tract’s overall CalEnviroScreen score.
o Census tracts that met the inclusion criteria were ordered by
unemployment rate. A percentile score for a census tract was
determined by its place in the distribution of all census tracts.
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SCORES FOR POPULATION
CHARACTERISTICS

(RANGE OF POSSIBLE SCORES: 0.1 TO 10)
Population Characteristics scores for each census tract are derived from the average
percentiles for the three Sensitive Populations indicators (asthma, cardiovascular disease,
and low birth weight, ) and the five Socioeconomic Factors indicators (educational
attainment, housing burdened low income households, linguistic isolation, poverty, and
unemployment). The calculated average percentile divided by 10 for a Population
Characteristic score ranging from 0.1 -10.
Note: The map on the following page shows population characteristic scores divided into
deciles.
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CALENVIROSCREEN
STATEWIDE RESULTS
The maps on the following pages depict the relative scoring of California’s census tracts
using the CalEnviroScreen methodology described in this report. Census tracts with darker
red colors have the higher CalEnviroScreen scores and therefore have relatively high
pollution burdens and population sensitivities. Census tracts with lighter green colors have
lower scores, and correspondingly lower pollution burdens and sensitivities.
The maps of specific regions of the state (Los Angeles, San Francisco, San Diego, San
Joaquin Valley, Sacramento and the Coachella and Imperial Region) are “close-ups” of the
statewide map and are intended to provide greater clarity on the relative scoring of census
tracts in those regions. Colors on these maps reflect the relative statewide scoring of
individual census tracts.
Numerical scores for each census tract, as well as the individual indicator scores for each
census tract, may be found online at OEHHA’s website at
http://oehha.ca.gov/calenviroscreen.
The information is available both in a Microsoft Excel spreadsheet format and as an online
mapping application.
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Abstract
Purpose of Review Polluting industries are more likely to be located in low-income communities of color who also experience
greater social stressors that may make them more vulnerable than others to the health impacts of toxic chemical exposures. We
describe recent developments in assessing pollutant exposures and health threats posed by industrial facilities using or releasing
synthetic chemicals to nearby communities in the U.S.
Recent Findings More people are living near oil and gas development due to the expansion of unconventional extraction
techniques as well as near industrial animal operations, both with suggestive evidence of increased exposure to hazardous
pollutants and adverse health effects. Legacy contamination continues to adversely impact a new generation of residents in
fenceline communities, with recent studies documenting exposures to toxic metals and poly- and perfluoroalkyl substances
(PFASs). Researchers are also giving consideration to acute exposures resulting from inadvertent industrial chemical releases,
including those resulting from extreme weather events linked to climate change. Natural experiments of industrial closures or
cleanups provide compelling evidence that exposures from industry harm the health of nearby residents.
Summary New and legacy industries, coupled with climate change, present unique health risks to communities living near
industry due to the release of toxic chemicals. Cumulative impacts from multiple stressors faced by environmental justice
communities may amplify these adverse effects.
Keywords Environmental justice . Climate justice . Oil and gas development . Industrial pollution . Natural technological disasters

Introduction
Synthetic chemical compounds have drastically transformed
many human activities, such as through the production of
food, consumer products, and energy. As tens of thousands
of new chemicals have been synthesized, highly unequal patterns of exposure to pollution waste streams have resulted
with communities living on the fenceline of such industries
being particularly at risk of harmful exposures [1]. The past
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four decades have brought to light the role of policies, landuse decisions, regulations, and market-based forces in contributing to social inequalities in residential proximity to industry
and resultant exposures to harmful chemicals that disproportionately impact low-income communities of color [2].
Even as toxic exposures and associated health risks have
been on the decline nationally, such reductions have been less
evident in low-income communities and communities of color
[3, 4]. In many cases, these fenceline industries are un- or
under-regulated and the surrounding communities often have
less access to resources for conducting research into the relationships between industry, environmental quality, and health
conditions [5]. Facing environmental hazards, community organizations and the environmental justice movement have
turned to gathering data in the face of government inaction
or industry denial about chemical exposures [6]. In many
cases, primary or secondary data demonstrating the presence
of harmful pollutants in the environment near industry has
been insufficient to prompt regulatory or policy action; rather,
it has also been necessary to demonstrate people’s exposure
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and that exposure causes adverse health effects [5, 6].
However, linking local industrial pollution with environmental health impacts presents unique challenges. For example,
while advancements in biomonitoring have enabled better estimation of human exposures to synthetic chemicals, attributing those exposures to a local industry is difficult, particularly
in environmental justice communities because they often are
subject to multiple sources of pollution. Epidemiological studies in fenceline communities must confront power limitations
due to small sample sizes and issues of confounding, since
fenceline communities are typically also low socioeconomic
status and struggling with social as well as environmental
stressors to health.
In this paper, we review recent environmental health literature regarding communities living in close proximity to industrial pollution sources and advancements in the field, focusing on studies in the United States (U.S.). We searched for
original articles published in the last 3 years that included
hazardous point sources of man-made chemicals and measured a health (or biomarker) endpoint among residents living
in close proximity. For purposes of this review, our emphasis
was on hazardous facilities that use or emit synthetic
chemicals. Literature from the past 3 years fitting these criteria
were reviewed and synthesized based on commonalities and
methods. We summarize recent evidence that the expansion of
oil and gas extraction has resulted in chemical exposures to
nearby communities that may be impacting health. Similarly,
the growth industrial animal operations (e.g., hogs, dairies,
poultry) have been associated with adverse health impacts in
nearby, largely rural communities. We also find that legacy
contaminants from other industries continue to impact a new
generation due to a lack of adequate cleanup. Finally, we find
that accidental industrial releases are becoming of greater concern with the increase in extreme weather events due to climate change, with implications for harmful chemical exposures in nearby communities. We also review several recent
studies that have used a “natural experiment” design to compellingly demonstrate the health impacts of industry on
fenceline communities, overcoming some of the challenges
in quantifying the health impacts of exposures related to local
industry.

Oil and Gas Extraction
Extraction of petroleum has been a longstanding concern in
communities. Recently, the U.S. has seen a rapid proliferation
of oil and natural gas (ONG) extraction activity, sparking research into the potential health impacts [7, 8]. Over the past
decade, oil production has nearly doubled while natural gas
production rose 50%, reversing a longstanding decline in production [9]. This has been made possible, in part, by advancements in high-volume hydraulic fracturing techniques
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(“fracking”) that involve the injection of fluids, sands, and
chemical additives into wells to reduce friction, decrease drill
time, or stimulate production [10]. Chemicals used in fracking
include carcinogens, mutagens, reproductive and developmental toxins, and endocrine disruptors, and these compounds can
enter the nearby environment through spills, leaks, volatilization, and disposal of wastewater, but in general are poorly characterized in terms of transport through and persistence in the
environment [11, 12]. A review of unconventional oil and gas
spills identified 6600 spills in 4 states from 2005 to 2014, with
wastewater, crude oil, drilling waste, and hydraulic fracturing
fluid as the materials most frequently spilled [13]. An estimated
17.4 million people live near (< 1600 m) an active oil or gas
extraction site [14], the majority of whom are in rural communities (Fig. 1). This presents unique challenges to environmental health research on oil and gas extraction as baseline environmental monitoring data is often not available in rural areas,
and small population sizes limit the statistical power of epidemiologic studies. At the same time, rural communities are more
likely to be reliant on unregulated groundwater sources—and
thus more vulnerable to chemical contamination of drinking
water associated with underground drilling and wastewater injection. One recent community-based study in Ohio found that
living near wells was associated with higher detection rates and
concentrations of drinking water contaminants coupled with
more reported health symptoms [15].
In addition to potential new pathways of exposure to toxic
chemicals, populations living in regions with oil and gas development may experience increased exposure to traffic and
construction-related pollution, noise, crime, psychosocial
stress, as well as community disruption from the rapid influx
of workers resulting in cumulative impacts [16]. For example,
drilling has been associated with increase truck traffic and
noise [17] that likely contributes to sleep disturbance, annoyance, and increased stress for those living nearby [18, 19].
New approaches are being used to better characterize changes
to environmental quality near ONG operations. Community
monitoring networks, leveraging low-cost monitors, offer new
opportunities to assess local air quality near active oil and gas
operations [20]. Such real-time monitoring can provide longterm data and capture episodic peaks commonly associated
with ONG development [21]. Researchers have also leveraged
satellite data to characterize flaring, or the combustion of petroleum products into the open atmosphere, in regions with oil
and gas development, demonstrating that this largely unreported activity may be an important health concern for nearby
residents [22]. Personal exposure monitoring, using silicon
passive samplers in a community-driven study, found significantly higher levels of polycyclic aromatic hydrocarbons
(PAHs) among residents near active natural gas sites in rural
Ohio compared with those living farther away [23].
The first publications regarding body burden of chemicals
among women near unconventional ONG sites showed higher
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Fig. 1 Density of productive oil
and gas wells completed between
January 1, 2005, and December
31, 2018, in the continental U.S.,
with states in which recent health
studies have been conducted
highlighted. Data source:
DrillingInfo

levels of urinary biomarkers of benzene as well as manganese,
barium, aluminum, and strontium among pregnant women
living near ONG sites as compared with the general
Canadian population [24, 25]. Median levels of contaminants
were generally higher among the indigenous when compared
with the non-indigenous participants.
To date, researchers have largely relied on assessing health
impacts near oil and gas development, such as birth outcomes
or hospitalization, using secondary data. Earlier research has
leveraged administrative birth records to assess the associations between proximity to extraction sites and adverse birth
outcomes, such as pre-term birth and low birth weight
[26–29]. While the results are not consistent across all studies,
there is suggestive evidence of an association with increased
risk of pre-term birth in the most highly drilled regions. In
other cases, the effects of natural gas drilling on low birth
weight were found to be larger among children living in
neighborhoods of lower socioeconomic status [26]. Studies
in rural Oklahoma and Colorado found an increased prevalence of neural tube defects among infants born to mother
living near drilling [28, 30]. Hospitalizations, which reflect
acute illness or serious exacerbations of chronic disease, have
been used to assess potential health effects at a population
scale. Elevated incidence of hospitalization among residents
in non-urban counties in Pennsylvania (PA) with respect to
higher intensity of drilling activity has been observed for pediatric asthma [31] and for genitourinary problems of nonelderly adult women [32]. New efforts to examine the relationship between natural gas development and mental health
of residents using a mailed Patient Health Questionnaire-8 and
electronic health records has found an association between
depression symptoms in adults living near the highest level
of drilling activity in northeastern PA [33].
Small studies are underway to collect physiological measurements in communities living near ONG operations. In
CO, measurements of augmentation index, systolic and

diastolic blood pressure, and plasma concentrations of interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor alpha
(TNF-α) were collected among 97 adult participants.
Researchers found preliminary evidence of adverse cardiovascular impacts, including higher augmentation index and blood
pressure, among adults near the most drilling activity in this
cross-sectional community study [34•]. In most cases, however, studies have not yet sought to identify the biological mechanisms by which emissions from ONG lead to the observed
elevation in adverse health effects.
The rapid expansion of ONG development coupled with
the rurality of most populations that are affected is a challenge
to fully measure the impacts on population health and understand the ONG-related exposure pathways and biological
mechanisms of greatest importance. Oil drilling and gas drilling are often comprised of multiple small-scale operators and
dispersed across a region. The distributions and types of rural
pollution are typically not well characterized, nor are the
population-level health characteristics in these regions [35].
Despite these challenges, ONG development remains an active and important area of research, particularly as early studies have demonstrated evidence of harmful exposures and
health impacts. The need for additional research is also
underscored by the fact that the populations impacted by
ONG development may also experience rural, economic, participatory, and/or distributive injustices that results in greater
vulnerability to risks associated with the environmental and
health consequences [36].

Industrial Animal Production
The rise of industrial-scale agriculture in the U.S. has led to
the release of numerous biological and chemical pollutants
that threaten environmental quality and public health
[37–40]. These operations are usually sited in rural areas and
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have been long-standing concerns of neighbors who report
health problems related to airborne emissions, odors, open
waste pits, and spray fields [41, 42]. In North Carolina, industrial hog facilities are disproportionately permitted near communities of color [43] and a recent analysis of disease-specific
mortality data concluded that communities located near industrial hog facilities had higher all-cause and infant mortality
and mortality due to anemia, kidney disease, tuberculosis,
and septicemia [44]. Recent studies have added to a growing
body of literature in the U.S. on acute and chronic respiratory
health effects among residents living near industrial animal
operations. Among rural adults in Wisconsin, decreased lung
function and increased prevalence of asthma and allergies
were higher among residents living near (< 3 miles) from an
industrial animal operations compared with those living far (>
5 miles) [45]. Asthmatic residents living within 3 miles of a
hog, dairy, or veal operation in Pennsylvania had an increased
risk of exacerbations, as measured by oral corticosteroid medication orders and asthma hospitalizations, compared with
those living farther away [46]. A similar finding was observed
among predominantly Hispanic asthmatic children living near
dairies and exposed to outdoor ammonia pollution associated
with industrial dairy operations in Washington state [47].
Researchers observed that residing closer to more and larger
poultry operations was associated with community-acquired
pneumonia, the first study of its kind in the U.S. [48]. The
epidemiological literature is increasingly addressing more
types of industrial animal operations like dairies and poultry,
building upon decades of research near industrial hog operations. While the majority of studies utilize cross-sectional designs, a few are beginning to integrate prospective longitudinal study designs along with source-tracking of pollution
source that may better help establishing causality [38, 47, 49].

Legacy Industrial Pollution
Health disparities related to proximity to industrial corridors
across the U.S. that is home to existing and legacy chemical
manufacturing and metal plating, finishing, or recycling industries continue to be a source of community concerns and research
interest. The economic landscape in these neighborhoods often
involves a symbiotic relationship with industry, yet limited access
to health care facilities, lack of green space, and government
divestment [50]. Metalworking facilities are associated with elevated releases of lead (Pb), arsenic (As), cadmium (Cd), manganese (Mn), hexavalent chromium (Cr6), and other toxicants [51].
Elevated road dust concentrations of Mn and Pb were identified
around a steel facility at levels of concern for human health. The
research demonstrates that metal pollution is still pervasive in
road sediment and parks, even though the amount of industrial
productivity at the facility has rapidly declined over time [52, 53].
Proximity to a legacy smelting facility together with soil lead

51

levels was associated with higher blood lead levels in children
in a majority in people of color in a town in Colorado [54]. Using
a community-driven approach, early life exposures to lead were
estimated using teeth biomarkers among Hispanic children living
their whole lives near a secondary lead-acid battery smelter [55].
The results demonstrate an approach to measure exposure retrospectively and suggest that prenatal and early life exposure to
toxic metals is associated with legacy soil contamination in an
urban community near a smelter. Further, there is evidence that
environmental injustice is vertically transmitted from mothers to
their unborn children, and that this burden is disproportionately
borne by disadvantaged communities. This communityacademic collaboration worked to increase awareness and support local community power to transform the debate on battery
smelter facilities and legacy lead contamination across the state
of California [56]. This included extensive soil remediation and
a new state fund dedicated to the removal of lead-contaminated
soil for communities where lead smelters have operated [57]. In
another community-based participatory research study, the relationship between manganese exposure, largely attributed to a
hazardous waste incinerator, and child cognition was assessed
using biomarkers. Increasing hair manganese concentration
was significantly and inversely associated with child cognition
[58].
Poly- and perfluoroalkyl substances (PFASs) have
emerged as another chemical class of major concern for communities living near manufacturers or industrial end-users.
These fluorinated organic compounds have potential multigenerational impacts due to the widespread use of these anthropogenic chemicals in industrial processes and commercial
products, their long persistence in the environment, their high
detection frequencies in human biomonitoring studies, and the
evidence of developmental, immune, metabolic, and endocrine disruption in human and animal studies [59]. Although
the manufacturing of certain PFASs has been phased out, there
remain concerns regarding the production of closely related
congeners, and numerous known and unknown PFASs continue to be introduced to the marketplace [60]. Much of what
we know about the health impacts of PFASs stem from epidemiological studies conducted in a highly exposed community near the Parkersburg, WV, Washington Works Teflon
manufacturing plant, which contaminated local drinking water
supplies [61]. These studies found evidence linking PFAS
exposure to testicular and kidney cancer, thyroid disease, ulcerative colitis, high cholesterol, and pregnancy-induced hypertension [62]. Few studies have been conducted in other
fenceline communities in the U.S. Elevated levels of PFAS
in serum and urine samples from residents were also found
near a PFAS-manufacturing site that discharged wastewater
into a drinking water source in Alabama [63••]. The number
of industrial sites that manufacture PFASs, military fire training areas, and wastewater treatment plants were found to all be
significant predictors of PFAS concentrations in the U.S.
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drinking water, suggesting elevated exposure among populations living near these sites [64].

Natural and Technological Disasters
While earlier environmental justice scholarship built a robust
evidence base for social inequalities in chronic exposures related
to the citing of industrial and other hazardous land uses, a growing body of work has also considered more acute exposures
associated with accidental releases at industrial sites. For example, Remy et al. (2019) compared emergency department visits
and hospital admissions during the 4 weeks after and 4 weeks
prior to two major chemical release events at the Chevron refinery in Richmond, CA. The larger part of these events, occurring
in 2012, resulted in a 3.7-fold increase in the number of people
seeking care at emergency departments from zip codes closest to
the refinery, with the visits for numerous sensory/nervous system
conditions (migraine headaches, eye conditions, and dizziness),
asthma, upper and lower respiratory conditions, chest pain, and
non-medical-related poisonings being elevated [65]. The most
impacted zip codes closer to the refinery had a much higher
proportion of residents of color than those farther away (76%
vs. 45%). Court-ordered examinations of randomly selected
plaintiffs who sued Chevron after the smaller 2007 chemical
release showed that half of patients had new or worsened chronic
respiratory conditions 5 years after that event, suggesting major
accidental chemical releases from refineries can have significant
long-term health impacts.
Another series of retrospective studies examined health
impacts to residents near the British Petroleum refinery in
Texas City, TX, following a 2010 flaring event that lasted
40 days and resulted in the release of several hundred thousand pounds of toxic chemicals including benzene. Like
Richmond, Texas City is a highly industrialized city with high
rates of poverty and a population that is majority people of
color (primarily Hispanic and African American). Researchers
found evidence of altered markers of hematological and hepatic function among residents living downwind of the refinery roughly 2–14 months after the incident, compared with
unexposed patients identified from medical records living 30–
40 miles away [66]. Residents downwind of the refinery also
reported a range of symptoms of illness, with neurological and
upper respiratory symptoms being the most common, and had
urinary phenol concentrations—a marker of benzene
exposure—that increased with residential proximity to the refinery [67]. Attribution of these symptoms to the chemical
release is however limited since this study lacked baseline data
or a comparison population.
Increasing attention is also being given to so-called natural
technological or cascading disasters in which natural disasters
result in technological malfunctions or failures, releasing hazardous materials [68]. This line of research suggests
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communities living near industrial sites may be increasingly
subject to harmful unintentional chemical releases because of
extreme weather events associated with climate change
(Table 1). For example, during Hurricane Harvey in 2017,
46 industrial sites released a reported 4.6 million pounds of
excess emissions during pre-emptive shutdowns, startups,
leaks, or explosions [79], and multiple Superfund sites
remained underwater for days [87]. Based on pre-hurricane
household dust and post-hurricane soil samples from 25 homes
in the Manchester neighborhood of Houston, TX—which hosts
21 facilities that report to the Environmental Protection
Agency’s Toxic Release Inventory within a 1-mile radius—
Horney et al. (2018) concluded that floodwaters likely geographically re-distributed polycyclic aromatic hydrocarbons
(PAHs) originating from combustion sources [88•]. Flooding
events are also likely to result in chemical releases from active
and legacy industrial sites. For example, concentrations of
heavy metals in stream water from the Greater Houston Area
after Hurricane Harvey were higher than pre-storm samples
despite greater dilution due to the flooding, and associated with
the presence of industrialized areas [89]. Analysis of lake sediment samples before and after Hurricane Florence in 2018
revealed significantly elevated coal ash contaminants in lake
sediments adjacent to coal ash storage sites in North Carolina
that mobilized into the lake ecological system [85]. Finally, in
the only study we are aware of to assess hazardous chemical
releases in the aftermath of Hurricane Maria, Subramanian and
colleagues found elevated ambient concentrations of sulfur dioxide, carbon monoxide, and black carbon concentrations in
San Juan, Puerto Rico’s air due to the widespread reliance on
generators for electricity [90•].
In general, assessment of post-disaster chemical exposures
is logistically challenging and hindered by the fact that baseline data is often lacking, funding is rarely immediately available, and study protocols for human subject’s data collection
must typically already be in place prior to the disaster to facilitate rapid field data collection [88•]. Nevertheless, climate
change and the increasing number of people living near industrial sites require environmental health scientists to consider
novel pathways of exposure to hazardous chemicals due to
natural technological disasters. Modeling approaches and
community-based environmental monitoring efforts can also
inform adaptation planning and emergency response efforts to
protect health prior to disaster events by determining the areas
of greatest exposure risk due to the location of industrial facilities in disaster-prone areas [91, 92].

Leveraging Industrial Closures as Natural
Experiments
Several recent studies have used the retirement or cleanup of
industrial sites as “natural experiments” to assess the impacts
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Example recent extreme weather events that resulted in excess chemical contaminant releases in communities near industry

Storm (year)

U.S. areas affected

Partial list of industrial sites in affected areas Reported excess chemical releases

Hurricanes Katrina and
Rita (2005)

U.S. Gulf Coast

Hurricanes Gustav and
Ike (2008)

U.S. Gulf Coast

▪ 54 Superfund sites in AL, LA, MS, and TX [69, ▪ 10 onshore oil spills totaling 8 million gallons, including
the Murphy oil spill at the Meraux Refinery (LA) that
70]
impacted approximately 1800 homes [72]
▪ 23 facilities reporting to the Toxic Release
▪ 166 reported releases of hazardous substances from
Inventory in New Orleans, LA [71]
industry in LA and TX, primarily due to emergency shut
downs and start-ups [73]
▪ 45 Superfund sites in LA and TX [74]
▪ Elevated arsenic concentrations in soils, possibly
originating from decommissioned industrial sites in
Galveston, TX [75]
▪ 247 Superfund sites in NY and NJ [76]
▪ 3 spills totaling 400,000 gallons of biodiesel, oil, and
diesel from refineries along the Arthur Kill in NJ [77]

Hurricane/Superstorm
Sandy (2012)

24 U.S. states in the
Southeast, Mid-Atlantic,
Midwest, and New
England
Hurricane Harvey (2017) Southeast TX

Hurricanes Irma and
Maria (2017)

U.S. Southeast, U.S. Virgin
Islands, and Puerto Rico

Hurricane Florence
(2018)

NC, SC, GA, and TN

▪ 13 of 41 Superfund site inundated in Houston,
TX [78]

▪ Excess emissions of 4.6 million pounds of hazardous
chemicals from 46 facilities across 13 counties [79]
▪ Arkema chemical plant explosions require evacuation of
residents in Crosby, TX [80]
▪ 168 Superfund sites in FL, GA, AL, and SC [81] ▪ Elevated air pollution due to reliance on generators
▪ 17 Superfund sites in PR [82••]
▪ Reliance on untested drinking water sources
▪ Coal ash releases from landfill sites in Guaymas and
Peñuelas, PR [83]
▪ 113 Superfund sites [84]
▪ Releases of coal ash [85, 86]
▪ Flooding of waste lagoons from concentrated animal
feeding operations [86]

on exposures and the health benefits associated with their
closure. This study design provides compelling evidence of
causal effects of industrial exposure on the health of nearby
residents because natural experiments are arguably the best
approximation of a randomized trial of environmental exposures. For example, using a difference-in-difference approach
to account for secular trends in the pre-term birth rate over
time, Casey and colleagues were able to demonstrate that the
retirement of oil and coal power plants in California was associated with a substantial reduction in the prevalence of preterm birth, with larger reductions in women living closer to the
plant [93••]. The effects were strongest among black women,
suggesting that power plant closures may help address persistent existing health disparities. Additionally, these researchers
found that fertility rates among nearby populations increased
after the retirements of these same power plants [94].
Similarly, the closure of an oil refinery near Toronto,
Canada, resulted in a reduction in air pollutants as well as
respiratory-related hospitalizations from the Oakville community closest to the refinery [95]. Cold-season respiratory hospitalizations in Oakville fell by 2.2 cases per thousand persons
per year (approximately 180 total hospitalizations for the year)
and the reduction in visits persisted for the subsequent 7 years
after the refinery closed, a trend not seen across the larger
urban area. This further suggests that closure of local industrial sites can have immediate and long-lasting health benefits
for the nearby community. While limited to population-level
data, recent research also suggests that mortality rates are declining as a result of remediation of legacy contamination sites
related to smelter and mining activities in rural Montana that

created millions of cubic meters of mine waste [96]. Although
individual-level inference is limited given the ecological approach, the time trend analysis indicates that while mortality
in counties with high concentrations of mine waste remains
elevated compared with the state as a whole, deaths from
cancer and neurological conditions decreased postremediation.

Conclusion
New and legacy industries, coupled with climate change, present unique health risks to communities living near industry as
a result of exposures to toxicants. Both rural and inner cities of
America are typically understood as sites of concentrated poverty, dumping grounds for locally unwanted land uses [97],
and continue to be a focus for research on industrial exposures. Exposure to toxic pollution and stress related to fear
of potential chemical or climate disasters may increase the
health burden on these fenceline communities. These hazards
are amplified by other negative socioeconomic and health
factors, including higher rates of chronic diseases, lack of
access to healthy foods, substandard housing, and stress from
racism, poverty, unemployment, and crime. As extreme
weather events become increasingly frequent, exposure and
health disparities faced by fenceline communities are anticipated to amplify as a result of climate change. These communities not only face additional burdens due to potential toxic
releases, but often do not have the social or financial resources
to mitigate their exposures.
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In this context, the identification of environmental hazards
and human exposures in fenceline communities remains highly valuable information for self-protection, pollution prevention, and remediation, issues that are all of concern in communities facing environmental injustice. Such research can fill
gaps in government data available at a local level, draw attention to disproportionate exposures to environmental hazards
that were being denied by polluters or overlooked by regulators, and garner credibility for action to reduce environmental
health disparities. In many cases, it is insufficient to
show that pollutants exist in the environment: it may
also be necessary to demonstrate people’s exposure to
such pollutants and that exposure causes adverse health
effects. As a result, the burden of scientific proof of
environmental harm falls on affected communities, not
polluters. Credible science that assesses exposure to toxic chemicals, especially in situations of a specific industrial source of pollution affecting a community, is critical for informing appropriate public health and policy
responses [98].
While assessing health impacts due to chemical exposures
in communities adjacent to industrial activities is challenging
due to the common lack of baseline environmental monitoring
and small sample size issues for epidemiologic studies, recent
advancements in the literature have used innovative strategies
including community-engaged research, biomonitoring, and
natural experiments to help elucidate these links. Emerging
technologies such as low-cost air pollution sensors, passive
silicone-based samplers, and non-targeted analysis methods
to detect novel chemical compounds in environmental media
and human bodies hold promise for improving our understanding of exposures near industrial sources of pollution going forward. In addition, novel methodological approaches for
assessing the cumulative impacts of multiple chemical exposures and social stressors to health remain a key research that
need to inform decision-making that improves health in environmental justice communities.
Finally, while only a few of the studies we reviewed
directly involved impacted communities in the research,
community engagement has been an important hallmark of
much of the work in this field. Prior studies related to traffic,
goods movements, refineries, and industrial agriculture illustrate how community-based participatory research approaches strengthen the scientific process and help to ensure
research findings are leveraged to bring about regulatory
action or policy change that protects community health [5,
99, 100]. An important component of environmental justice
research going forward should therefore be the continued
emphasis on involving community members in identifying
environmental health concerns in need of investigation, collaborating with scientists in the conduct of the research, and
translating research findings into action, including advocacy
for policy change.
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Racial or ethnic minority groups and low-income communities
have poorer health outcomes than others. They are more frequently
exposed to multiple environmental hazards and social stressors,
including poverty, poor housing quality, and social inequality.
Researchers are grappling with how best to characterize the cumulative
effects of these hazards and stressors in order to help regulators and
decision makers craft more-effective policies to address health and
environmental disparities. In this article we synthesize the existing
scientific evidence regarding the cumulative health implications of higher
rates of exposure to environmental hazards, along with individual
biological susceptibility and social vulnerability. We conclude that current
environmental policy, which is focused narrowly on pollutants and their
sources, should be broadened to take into account the cumulative impact
of exposures and vulnerabilities encountered by people who live in
neighborhoods consisting largely of racial or ethnic minorities or people
of low socioeconomic status.
ABSTRACT

T

he persistence of health disparities
and environmental inequalities in
the United States has placed environmental health science and policy at a crossroads. Innovative scientific and regulatory approaches are needed to
understand and address the cumulative, and potentially synergistic, effects of environmental
and social stressors on the health of communities whose populations are mostly composed of
racial or ethnic minorities or people of low socioeconomic status.
Advocates for such communities have long argued that their neighborhoods are beset by
multiple environmental stressors, which could
include air and water pollution and substandard
housing. These community leaders also contend
that existing regulations fail to protect residents
adequately because the regulations are focused
narrowly on pollutants and their sources.1 Growing evidence shows that social stressors—includ-
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ing poverty, racial discrimination, crime, malnutrition, and substance abuse—also affect these
communities.2 Research is beginning to show
how the cumulative effects of social and environmental stressors can work in combination to
produce health disparities.3
With encouragement from scientists, policy
makers, and environmental justice groups, regulatory agencies are beginning to consider the
methodological challenges of addressing cumulative impacts in science and decision making.4–6
These methodological challenges include how to
evaluate and characterize the combined health
effects of multiple environmental and social
stressors on vulnerable populations, including
the stressors’ sources and the pathways of diseases. For example, the US Environmental Protection Agency has proposed a model for including psychological and social factors as integral
components of cumulative risk assessment for
predicting the potential health effects of polluM ay 2 0 1 1
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tion exposures in vulnerable populations.7
This article presents a synthesis of relevant
research from the fields of social and environmental epidemiology, exposure assessment, and
environmental justice. We believe that four key
concepts underlie the emerging knowledge
about the cumulative impacts of exposure to
environmental hazards and social stressors.
First, health disparities between groups of different racial or ethnic makeup or socioeconomic
status are significant and persistent, and exist
for diseases that are linked to social and environmental factors. Second, inequalities in exposures to environmental hazards are also significant and persistent, and are linked to adverse
health outcomes. Third, intrinsic biological
and physiological factors—for example, age or
genetic makeup—can modify the effects of environmental factors and contribute to differences
in the frequency and severity of environmentally
related disease. And fourth, extrinsic social vulnerability factors at the individual and community levels—such as race, sex, and socioeconomic
status—may amplify the adverse effects of environmental hazards and can contribute to health
disparities.
We highlight the evidence for these four concepts and conclude with a discussion of how this
scientific foundation can help reshape regulatory science and decision making to reduce environmental health disparities and promote environmental justice among diverse communities.

Health Disparities
Research has documented systemic disparities in
the incidence and severity of diseases between
socioeconomic and racial or ethnic groups. A
wide range of material, behavioral, psychosocial,
environmental, and biological factors have been
proposed to explain why social status is persistently linked to health.2 Three health outcomes
have been shown to be associated with both social and environmental stressors: adverse perinatal outcomes such as low birthweight and prematurity, cardiovascular disease, and self-rated
health.
Perinatal Outcomes African American infants are more likely to be delivered preterm
and have low birthweight than white infants.
These differences can result in higher risks of
long-term health problems such as cognitive deficits, cardiovascular disease, and diabetes.8
Socioeconomic and behavioral factors such as
the mother’s education, access to prenatal care,
and substance use have been shown to contribute to poor perinatal outcomes—again, low
birthweight and prematurity among them.8 Research also indicates that prenatal stress result880
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ing from maternal perceived discrimination,
neighborhood deprivation, segregation, and income inequality are also linked to these poor
perinatal outcomes, which suggests the importance of psychosocial pathways in the production of these racial or ethnic disparities.9,10
Cardiovascular Disease African Americans
and people of low socioeconomic status have
significantly higher rates of hypertension, heart
disease, and stroke than whites and people of
higher socioeconomic status.11 Cardiovascular
disease disparities have been linked to differences in biological risk factors such as diabetes,
behavior such as physical inactivity, and the
availability and use of primary and secondary
preventive services.12 Neighborhood environments have been linked to both the prevalence
of heart disease and its risk factors.13 Environmental pollutants, such as lead and ambient particulate matter—for example, extremely fine particles released into the air by vehicles and
industrial plants that burn fossil fuels—have
been linked to higher risk of cardiovascular
disease.14,15
Emerging research has also linked the risk of
developing cardiovascular disease in adulthood
to early life events such as prenatal stress, which
can disrupt development and cause heritable
changes in gene expression. These so-called epigenetic changes can affect which genes are
switched “on” or “off,” which in turn can be
associated with heightened disease risk.16
Self-Rated Health Self-rated health—a
well-validated predictor of mortality, physical
disability, chronic disease status, and health
behavior17—is lower among racial and ethnic
minorities and people of low socioeconomic status than others.18 Researchers have found that
racial disparities in self-rated health persist even
after differences in socioeconomic status are
controlled for.19 The neighborhood people live
in has been found to account for a large portion
of the disparities between the way African Americans and whites rate their own health status.20
This difference may be related to factors such as
individual socioeconomic status, perceptions of
neighborhood quality, health behavior, environmental quality, and psychosocial stress.21

Environmental Hazard Inequalities
Greater exposure to environmental hazards is
one driver of health disparities found among
communities of racial or ethnic minorities and
those of low socioeconomic status. Research in
this field has expanded from an initial focus on
how close residents live to an environmental
hazard, such as a highway or a major industrial
facility, to encompass a broader investigation of
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the role that place plays in health. For example, a
poor community populated by racial or ethnic
minorities may also lack healthy food options,22
high-quality green spaces, and recreational programs.23 The lack of these positive factors can
contribute to poor health.
Proximity To Polluting Land Uses And
Toxic Emissions Numerous studies have documented the disproportionate location of hazardous waste sites, industrial facilities, sewage treatment plants, and other locally undesirable and
potentially polluting land uses in communities
of racial or ethnic minorities and in socially disadvantaged neighborhoods.24–26 Residents living
near such facilities can be exposed to more pollutants than people who live in more affluent
neighborhoods located farther from these sources of pollution.27
The residents of communities near industrial
and hazardous waste sites experience an increased risk of adverse perinatal outcomes, respiratory and heart diseases, psychosocial stress,
and mental health impacts.28,29 Members of racial or ethnic minority groups and people of low
socioeconomic status are also more likely than
others to live near busy roads, where trafficrelated air pollutants concentrate.30 Research
has linked a wide array of adverse health outcomes to residential proximity to traffic, including asthma,31 low birthweight,32 cardiovascular
disease,33 and premature mortality.34
Exposures To Pollutants The poor and racial or ethnic minorities are disproportionately
exposed to ambient air pollutants, which have
been linked to respiratory and cardiovascular
disease, adverse perinatal outcomes, diabetes,
premature mortality, and other adverse effects.35–38 Indoor environments also contribute
to exposure disparities. Studies have found
higher levels of indoor pollutants such as leadbased paint39 and pollutants from industrial and
transportation sources40 in poor, African American, and Hispanic households than in other
households.
Occupational exposures also constitute a
source of environmental inequalities. For instance, Mexican American farm workers experi-

ence heightened exposure to organophosphate
pesticides, which are associated with increased
risk of cancer; preterm birth; and neurological,
cardiovascular, and respiratory diseases.41
Neighborhood Environments Poor communities have an excess of health-damaging factors and a shortage of health-promoting amenities.42 For example, residents of disadvantaged
neighborhoods are exposed to more fast-food
restaurants43 and liquor stores than members
of other communities. In particular, the presence of neighborhood liquor stores can influence health behavior and violence and can affect
health both directly and indirectly.44
As noted above, poor communities also suffer
from a dearth of health-promoting resources
such as healthy food,22 green spaces, and recreational programs,23 whose lack can contribute to
disparities in obesity rates and stress levels.45,46
The confluence of these and other place-based
factors contribute to the association between
neighborhood socioeconomic status and adverse
health outcomes.20

Intrinsic Factors: Biological
Susceptibility
We use the term susceptibility to refer to intrinsic
biological traits related to age, genetics, or preexisting health conditions that can create much
variability in response to environmental stressors within a population.
Age Children and the elderly experience
heightened risk of pollution-related morbidity
and mortality. The elderly are more susceptible
to pollutant exposures because of their altered
immune response and weakened respiratory and
cardiovascular systems.47 Children’s susceptibility is associated with differences in rates of absorption, distribution, metabolism, and excretion of chemicals.48 Exposure to stressors
during childhood can greatly affect the development and functioning of organ systems well into
adulthood.49 Children have the potential for increased exposures to pollution because of their
physical and behavioral activities, such as playing outside and frequent hand-to-mouth activity.
Thus, their biological susceptibility combined
with greater exposure to potentially toxic substances may put them at increased risk.
Genetics And Gene Expression Studies have
found that certain genetic variants increase the
effect of air pollution on respiratory symptoms,
lung functioning, and asthma.50 Where a child
lives early in life, and the substances he or she is
exposed to, can affect the development of disease
in later life. These exposures may modify the
patterns of gene expression—that is, turn genes
“on” or “off”—which in turn triggers physiologic
M ay 20 1 1
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changes and can potentially launch disease processes such as asthma or cancer.16
Preexisting Health Conditions Preexisting
health conditions including diabetes, obesity,
and cardiovascular disease can increase individual susceptibility to pollutant exposures. Studies
have found that people with diabetes or a history
of myocardial infarction are at heightened risk of
cardiovascular morbidity and mortality associated with exposure to particulate matter.51,52 In
the United States, African Americans, Hispanics,
and people of low socioeconomic status have
higher rates of obesity, cardiovascular disease,
and type 2 diabetes and are therefore more susceptible to environmental stressors.11,53 Research
is just beginning to link these disparities in preexisting conditions with neighborhood conditions.45

Extrinsic Factors: Social
Vulnerability
We use the term vulnerability when describing
how social constructs of race and class can amplify the effects of environmental exposures,
with a focus on the pathway of psychosocial
stress. We classify race as a social construct
and not as a proxy for biological differences because research has consistently shown that race
is a poor indicator for genetic variation in human
populations and therefore should be understood
as a social rather than biological category.54
Studies are uncovering the heightened vulnerability of people who belong to racial or ethnic
minority groups or are of low socioeconomic
status to environmental agents—a disparity that
is not attributable to biological factors. Extrinsic
factors that are socially related—such as race,
ethnicity, socioeconomic status, and sex—can
enhance the adverse effects of environmental
exposures, such as short- and long-term exposures to air pollution.55 Low neighborhood-level
socioeconomic status may also amplify the risk
of air pollution–related preterm births,56 lower
birthweight,57 and adult mortality.58
Psychosocial pathways may link race and
socioeconomic measures at the individual and
area levels with the increased adverse impacts
of environmental stressors. For example, studies
indicate that exposure to violence and family
stress increases the effects of traffic-related air
pollution exposures on childhood asthma.59,60
Low socioeconomic status and race or ethnicity
have been linked to perceived stress as well as to
biological markers of chronic stress.61
In addition to the direct effects of discrimination, social exclusion, and low socioeconomic
status, the social and physical conditions of disadvantaged neighborhoods are also thought to
882
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contribute to psychosocial stress levels.3 Researchers have proposed that the cumulative biological burden exacted by ongoing disruption of
the body’s stress-response system may explain
the self-reinforcing effects or synergies observed
among environmental and psychosocial stressors and may produce health disparities.62,63
The cumulative physiological “wear and tear”
resulting from chronic overactivity of the body’s
stress-response system may impair immune
functioning and increase vulnerability to stressors64 by increasing the absorption of toxicants
into the body through increased respiration, perspiration, and consumption;65 compromising
the body’s defense systems against toxicants;
affecting the same physiological processes as
environmental agents; and directly causing
illness.62

Discussion
We have synthesized the scientific evidence
underlying the cumulative impacts of environmental and social stressors and the multiple
ways they can have a greater impact on communities of people who belong to racial or ethnic
minority groups or are of low socioeconomic
status. The four concepts of cumulative impacts
that we outlined above have complex interrelationships and feedback loops (see the Appendix).66
Regulatory science and decision making must
better integrate these four elements of cumulative impacts as a result of combined exposures,
possible overlapping mechanisms and pathways
for adverse health effects, and the potential for
synergistic effects.7 The National Research Council has also supported expanding scientific efforts to understand and address the multiple
environmental and social stressors affecting
community health.67
Cumulative Impact Assessments Regulatory agencies at the federal, state, and local levels
are beginning to incorporate elements of cumulative impacts such as those described above into
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assessment and planning procedures.4,6 Nevertheless, the complexity of the task and the scarcity of scientific information and specific methodologies for assessing these cumulative effects
have limited the scope of this work to date.67
One important challenge is how to characterize and mathematically model the interactions
among environmental and social stressors,
sources, pathways, and routes. Researchers are
beginning to develop indices for aggregating
environmental and social stressors. For example, Jason Su and colleagues developed an index
to characterize social inequities in the cumulative effects of multiple air pollutants from both
mobile and stationary sources at the regional
level.68 Still, the work to develop more sophisticated tools for assessing cumulative impacts and
environmental disparities is in its infancy, and
investigators are uncertain about the best way to
cumulate and deal with interactions and overlapping components or pathways.
Fundamental to further work in this area is the
need to better incorporate vulnerability into
environmental health research, assessments,
policies, and actions.1 Current risk assessment
practices address differential susceptibility for
certain intrinsic biological factors (for example,
age) by applying safety or default factors to protect biologically sensitive populations (such as
children) in limited cases. However, the environmental risk assessment process does not apply
such approaches to extrinsic factors—including
neighborhood poverty, unemployment, lack of
food security, and other psychosocial stressors—
that can contribute to the heightened vulnerability of disadvantaged communities).1,7,67 One potential reason for this omission is the persistent
debate over pathways linking social vulnerability
to environmental exposures. Researchers have
established many dimensions of social vulnerability such as human and political capital, discrimination, and features of the built environment,2 which should be taken into account in
environmental health research and assessment
practices.

Health impact assessment is an interdisciplinary approach to assessing the consequences of
proposed policies, plans, and projects. This type
of assessment features an explicit concern for
socially excluded or vulnerable populations
and uses a combination of quantitative, qualitative, and participatory techniques.68–70 Health
impact assessment may provide a promising
path for incorporating cumulative impacts into
assessments to guide decision making.
By considering together the baseline environmental conditions, health status, and vulnerabilities of the communities potentially affected by
decisions, health impact assessments have the
potential to address the complex causal pathways through which decisions can affect health.71
Compared to risk assessment, which is mostly
quantitative, health impact assessment is better
able to deal with a scarcity of scientific information because it uses a diverse array of evidence
for analysis—for example, epidemiological evidence along with qualitative observations of
neighborhood social conditions and physical
environments.
The inclusion of a broader array of evidence
may result in more efficient and proactive measures than risk assessments, which rely heavily
on toxicological evidence.71,72 A key challenge,
however, will be systematically integrating the
health impact assessment process into environmental regulation and decision making.
Policies To Address Cumulative Impacts
The evidence that environmental and social
stressors converge in disadvantaged communities and that residential context plays an important and independent role in health disparities
indicates the need for targeted place-based and
proactive approaches to policy making. One approach is to use cumulative impact screening to
map, characterize, and target vulnerable communities for interventions that improve existing
conditions and prevent future harm.1
The burden of proof is now placed on communities to demonstrate cumulative impacts,
yet many disadvantaged neighborhoods may
lack political clout or the capacity for civic engagement to push for regulatory action. The use
of cumulative impact screening could remove
this burden of proof from vulnerable communities and increase the likelihood that disadvantaged neighborhoods will receive focused regulatory attention.
Several agencies, such as the Environmental
Protection Agency, are beginning to develop
such tools to target enforcement and compliance
activities nationally,73 guide land use planning in
California,74 and inform regulatory programs at
the California Air Resources Board.75 As with
health impact assessments, a critical issue will
M ay 20 1 1
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be the linkage between assessments and the decision making authorities of the agencies.
Progressive approaches coming from local
governments can provide some guidance for
ways to systematically address cumulative impacts in vulnerable communities. The Environmental Justice Ordinance in Cincinnati, Ohio,
for instance, requires new or expanding industrial facilities to demonstrate that they will not
cause a “cumulative adverse impact” to the
health and environment of the community in
order to receive a permit.76
Similarly, Los Angeles is considering a “green
zones” ordinance, which would use cumulative
impact screening to guide municipal planning,
the issuing of permits, and enforcement strategies to mitigate and reduce environmental hazards in disproportionately affected neighborhoods.77,78 Such strategies could provide a
more place-based, holistic, and proactive approach to environmental protection.
This work was funded in part by the
California Environmental Protection
Agency, Office of Environmental Health
Hazard Assessment (07-E0009,

Conclusion
Communities of racial or ethnic minorities or
people of low socioeconomic status are particularly vulnerable to environmental and social
stressors. More holistic and transparent approaches to the regulatory science underlying
decision making that affects such communities
are needed. Screening methods can help regulators and policy makers more efficiently target
efforts to remediate the cumulative effects of
these exposures and environmental inequities,
and to focus regulatory action at the neighborhood and regional levels. Because industrial and
transportation development, as well as other
land-use planning decisions, are often rooted
within metropolitan regions and neighborhoods, regulatory interventions to mitigate the
cumulative impact of environmental and social
stressors on the health of disadvantaged communities will require multilevel, placed-based
strategies.79 ▪
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Climate, Environmental, and Public
Health Impacts of an Oil and Gas
Production Phase-out
Predicting the precise impacts of a phaseout of oil and gas production in California is
beyond the scope of this report. However,
such a phase-out could have three key
benefits:
Climate: Fossil fuel extraction, processing,
refining, and distribution are responsible
for a significant portion of California’s
greenhouse emissions, by some estimates
up to 10 percent (including one quarter
of state methane emissions).6 In addition,
oil produced in the state is responsible for
a substantial portion of California’s total
transportation emissions, which represent
more than 40 percent of statewide
greenhouse gas emissions.
While phasing out fossil fuel extraction
would seem to create immediate benefits
for greenhouse gas emission reduction,
experts from the economic, scientific,
and policy communities have not reached
agreement on the expected impacts.
If California’s production decreased,
long-distance oil shipments from other
countries (which may have weaker local
environmental and labor laws than
California) could increase to compensate
for some of the lost in-state supply,
in particular to meet demand from
California’s significant fleet of oil refineries,
which serve global demand for a range
of petrochemical products.7 While some
analysts note that reduced production
in California could align with decreased
consumption under existing state climate
policies, limit future lock-in of fossil fuel
infrastructure investments, and contribute
to a partial net reduction in global
consumption, the lack of conclusive data
and the impact of refinery demand render a
complicated picture.8
Regardless of the debate over emissions
impacts of supply reductions, any such
initiative will be accompanied by an
ongoing, parallel demand-reduction
effort in California. The state is already
implementing a suite of policies to
accelerate zero-emission vehicle
adoption to reduce in-state petroleum
demand, including its vehicle production
mandate, consumer rebates, and charging
infrastructure initiatives.9 These programs
are essential to meet the state’s target of
5 million zero-emission vehicles by 2030
and ultimately to facilitate California’s

1

I. INTRODUCTION &
EXECUTIVE SUMMARY
California is home to the United States’ most aggressive and successful climate
change laws, including a renewable energy mandate that has seen carbon-free
power grow to approximately one-third of statewide electricity production; a zeroemission vehicle program that has driven over 700,000 electric vehicle purchases;
and state targets of 40 percent greenhouse gas emission reduction by 2030 and
carbon neutrality by 2045.1 California is also home to some of the most rigorous
environmental protections in the country, with state laws like the California
Environmental Quality Act and regulators such as the California Air Resources Board
dedicated to protecting air and water quality, ecosystems, and public health.
At the same time, California is home to a major fossil fuel production industry. The
state is the seventh-largest oil producer in the United States, behind Texas, North
Dakota, New Mexico, Oklahoma, Colorado, and Alaska.2 California’s crude oil
production in 2018 was approximately 162 million barrels (the vast majority from
onshore wells), down from 174 million barrels in 2017 and a recent high of 205 million
barrels in 2014.3 Meanwhile, California’s net natural gas production for 2018 was
between 180 and 199 billion cubic feet, which ranked 15th in the nation (near the
bottom of major gas-producing states, some of which produce trillions of cubic feet
per year).4 These resources are responsible for billions of dollars in state and local
revenue and other economic activity each year.5 But they come at significant risk to
public health and the environment.
As a result of these risks (discussed in the accompanying sidebar), particularly in lowincome disadvantaged communities, many advocates and policymakers seek ways
to enhance regulation of, reduce, and eventually phase out oil and gas production
in California. Given the stakes for policymakers and the public, this report seeks to
outline steps California leaders could pursue on the state- and privately-owned lands
over which the state has primary jurisdiction. What legal, regulatory, and policy tools
are available to achieve this reduction and improve protection of public health and
the environment? What authority does California’s governor have to limit oil and gas
production to meet state climate goals, short of (or in preparation for) a ban on the
activity? What new or expanded authority could the state legislature create? And
how might existing law, regulation, or local government powers affect the state’s
authority? This report addresses those questions and offers recommendations for
decision makers seeking to bolster environmental protections and reduce fossil fuel
production in California.*

* This policy brief primarily addresses actions on private and state-owned lands in California. Oil
and gas on federally owned lands in California may fall under federal legal authority in addition
to that of state actors, although wells drilled on federal land in California do require permitting
and environmental review from state oil and gas regulators. For example, in October 2019 the
Trump Administration opened more than 700,000 acres of federal lands in California for oil and
gas drilling, an action the state has limited legal or regulatory authority to block (though it may
seek remedies via litigation).
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SUMMARY OF KEY RECOMMENDATIONS
State legislative leaders could:
•

Implement a per-barrel or per-well severance tax or fee and dedicate the
revenue to projects that further the goal of transitioning away from fossil fuel,
with the level of the tax potentially tied to the carbon intensity of the oil or gas
produced.

•

Clarify the core supervisory authority in the oil and gas provisions of the Public
Resources Code for the Geologic Energy Management Division (CalGEM)
to expressly privilege environmental protection concerns over production
provisions.

•

Clarify CalGEM’s authority to deny drilling permits based on climate and
environmental considerations.

•

Require CalGEM to consider alternative drilling locations and undertake an
assessment of the overall environmental impacts of drilling in advance, which
could potentially reduce the scope and impacts of any new projects.

•

Institute drilling setbacks of 2,500 feet or more from sensitive receptors and/or
launch a science-based process to determine appropriate distances to protect
the health and safety of nearby residents, while ensuring that such setback
policy does not preempt more stringent local rules and contains provisions to
minimize challenges based on constitutional takings claims.

•

Require the California Air Resources Board to develop and implement a plan
for a phase-out of all in-state oil and gas production by a date that tracks
overall climate goals.

•

Require CalGEM and other state agencies to collaborate on a comprehensive
assessment of the environmental and greenhouse gas impacts of statewide
production operations to provide a factual basis for subsequent statewide
actions and inform policy decisions by multiple agencies to enhance protection
of human health and the environment.

Geologic Energy Management Division leaders could:
•

Levy a per-barrel or per-well fee to fund oil and gas drilling application review,
health and safety monitoring, and enforcement activities.

•

Promulgate setback requirements under the agency’s core supervisory
authority to protect public health and safety and environmental quality, with
assurances against preempting more stringent local rules (an action potentially
contemplated among agency reforms announced in November 2019).

•

Conduct site-specific environmental review under the California Environmental
Quality Act (CEQA) for all new or modified wells when local governments fail
to do so (or do so inadequately).

•

Collaborate with other state agencies on a rigorous statewide environmental
impact report for all oil and gas production, which would include enforceable
requirements for site-specific mitigation measures for both new and modified
projects, including for downstream uses of the fuels.

California Air Resources Board leaders could:
•

Promulgate setback requirements through the agency's governance over
local air districts (while ensuring such setback policy does not preempt more
stringent local rules).

transition away from fossil fuel production
and use.
Precedent: Although near-term climate
benefits may be uncertain, reducing in-state
production could set a significant global
precedent: countries and states around
the world might be inspired to take similar
steps to limit their production if a state like
California, committed to long-term climate
targets, begins reducing its own domestic
fossil fuel production. Reducing the supply
of oil from in-state sources could also
indirectly encourage vehicle manufacturers
and consumers to use less polluting fuels
and transition more quickly to cleaner
(and possibly less expensive) ones, such as
electricity or hydrogen. While a California
phase-out would probably not lead to
other producing economies (particularly
those more reliant on oil and gas revenues)
immediately limiting their own production,
it would align with the broad scientific
consensus that maintaining a stable global
climate by limiting warming to 1.5 or 2
degrees Celsius will require a substantial
portion of oil and gas reserves to go unused.
California’s move in this direction could
also illuminate feasible policy pathways to
achieve that result in other jurisdictions.10
Ultimately, some country or jurisdiction will
have to act first to keep their reserves in
the ground, and as the fifth or sixth largest
economy in the world, California’s step in
this direction would be impactful at a global
scale.
Public Health, Local Ecosystems, and
Environmental Justice: Oil and gas
production is a major public health and
environmental justice issue. Scientists
have linked drilling to many public health
challenges, including increased rates of
asthma, cancer, and other health threats.11
The impacts are particularly severe in
disadvantaged communities, including
those in California’s Central Valley and
greater Los Angeles areas.12 Thousands
of California’s active oil wells are located
in densely populated portions of Los
Angeles and Long Beach, exposing tens of
thousands of residents—many economically
and environmentally disadvantaged—
to heightened levels of hazardous air
pollution.13 In addition, California is
home to a long legacy of ecosystem- and
habitat-damaging oil spills, including the
largest single oil spill in history (the 1910
Lakeview Gusher), the 1967 Santa Barbara
offshore spill that helped launch the
modern environmental movement, and
most recently major surface spills in Kern
County.14
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A reduction in fossil fuel production could
significantly benefit human health and the
environment in disadvantaged communities
and throughout the state, given the extent
to which oil and gas activities are harmful to
those who live and work in close proximity
to wells and nearby natural resources.
The environmental justice benefits of
reducing production would be particularly
noteworthy, given the disproportionate air
and water quality impacts that disadvantaged
communities suffer due to nearby oil and
gas operations.15 Community and advocacy
organizations have long pushed for greater
regulation of the environmental and public
health impacts of oil and gas operations, and
California elected officials and environmental
advocates have begun to call for measures to
reduce or end production in the state.16

•

Require local air districts to promulgate setbacks, time-of-day restrictions, and
more protective equipment and increased observation and maintenance rules
to protect nearby residents.

•

Develop a plan for the eventual phase-out of all in-state oil and gas production
and assist CalGEM with implementation, based on the agencies’ coordinated
authority under AB 32/SB 32 and AB 1057 and in coordination with a pending
state study of phase-out options under the 2019 budget.

Natural Resources Agency leaders could:
•

Revise CEQA regulations to clarify ineligibility of new and modified oil-and-gas
wells in existing oil fields for CEQA exemptions.

In November 2019, the state took a number
of steps toward enhanced regulation of
the in-state fossil fuel industry, including a
moratorium on approval of new high-pressure
steam injection wells, an independent review
of all pending hydraulic fracturing (fracking)
permit applications, and a new rulemaking
process for health and safety protections
(potentially including mandatory setback
distances between wells and sensitive
receptors).17 While the impact of these
measures is far from clear, they represent
both an increased commitment to limiting the
public health and environmental impacts of
drilling and initial steps in managing the longterm decline of production and consumption
of fossil fuels in California.

3
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II. CALIFORNIA OIL & GAS
DRILLING AND PERMITTING
BASICS
Fossil fuel production in California begins with oil and gas developers. These companies first
choose a location to drill based on geological studies, historical production data, and land
availability. (While drilling occurs throughout the state, the vast majority takes place in Kern
County.) After selecting a well site, a developer uses a drill string (a steel column that includes
a drill bit and pipe to deliver fluids) to drill the well bore into the ground to an average of
nearly 5,000 feet for crude oil and 6,500 feet for natural gas.18 While drilling, the developer
delivers a mixture of water, clay, and chemicals to maintain pressure and circulate the rock
cuttings back to the surface, and subsequently places well casing (steel pipe to transport the
oil and gas up to the surface) with cement to create a seal and provide structural support19.
The well operator then completes the well by perforating the casing in the oil/gas reservoir,
allowing hydrocarbons to flow up the casing to the wellhead. On the surface, the operator
places a series of valves (sometimes known as a Christmas tree) to control pressure or a pump
jack (often with the familiar “horse head” structure) to pump fluids to the surface, if there is
insufficient reservoir pressure for the fluid to flow to the surface via the well casing on its own.
After drilling a well, an operator may employ underground injection, involving injecting water
into wells or adjacent zones, to enhance oil recovery, maintain pressure, prevent subsidence of
surrounding rock, or dispose of wastewater.20
Developers use these drilling techniques for “traditional” production, as opposed to nontraditional methods such as well stimulation treatment (WST), including hydraulic fracturing
(“fracking”), which involves further injecting water, chemicals, and other materials into the
ground in order to produce hydrocarbons from hard-to-access rock formations. Notably, while
WST/fracking activity has increased significantly nationwide over the past two decades, it is
generally less prevalent in California than in states such as North Dakota, Pennsylvania, and
Texas, where major shale formations are home to massive WST/fracking industries. According
to 2015 data, fracked wells were responsible for approximately 20% of statewide oil and gas
production.21
Other non-traditional techniques include steam flooding and cyclic steaming, types of
underground injection that are used to produce especially viscous or “heavy” oil that exists
in many areas of California. These techniques rely on converting substantial amounts of water
(much of it drawn directly from the oil wells) into steam and injecting it to lower the viscosity
of heavy oil so it is easier to produce. This method relies on substantial energy consumption
to heat the water into steam, and refining the heavy oil it produces is also particularly energyintensive, generating up to 44 percent more life-cycle emissions than conventional oil. By
some estimates the technique is responsible for 40 percent or more of total production in
California.22 In November 2019, following multiple high-profile spill events, the California
Department of Conservation (CalGEM’s parent agency) announced a temporary moratorium
on approvals of new high-pressure steam injection wells, in addition to a WST/fracking permit
review and public health regulatory review.23
But before they can begin these processes, developers are subject to a range of permit and
approval requirements and regulations at multiple levels of government and agencies, covering
land use, air and water quality, hazardous materials handling, safety, and more. CalGEM
(which prior to October 2019 was named the Division of Oil, Gas, and Geothermal Resources,
or DOGGR) is the main state-level oil and gas regulator, but it represents only one part of
the overall approval process. Operators may need to obtain permits from or demonstrate
compliance to dozens of state and local agencies. This section describes the requirements to
drill a new conventional oil or gas well, but in brief they center on the following:
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•

The local city or county zoning and planning department issues (or denies) a permit to
drill based on compliance with land use and local environmental review requirements;

•

The regional air quality management district (AQMD) or air pollution control district
requires implementation of emissions and vapor monitoring, reporting, and control
equipment;

•

The regional water quality control board requires monitoring and reporting for storage
of water produced by the drilling process and issue permits for underground injection;

•

The California Air Resources Board (CARB) requires methane leakage testing and
control equipment, as well as compliance with the state’s greenhouse gas cap-and-trade
system; and

•

CalGEM approves (or denies) an operator’s application to drill based on technical
requirements and compliance with all other state and local laws.

Additional requirements and permits apply for underground injection or WST/fracking
techniques.24 Underground injection wells undergo more thorough review than traditional
production wells, including additional permitting related to water chemistry and geology, as
well as separate joint federal-state analysis of drinking water quality impacts under the Safe
Drinking Water Act. This analysis includes potential issuance of an aquifer exemption based on
factors including existing water quality and demonstration that injected fluid will not migrate
underground (a highly controversial issuance, as local and environmental groups argue that
federal and state regulators’ approvals threaten essential water supplies), as well as additional
CalGEM permitting related to water chemistry and geology.25 In addition, 2013’s Senate Bill
4 (Pavley, Chapter 313) requires operators to meet enhanced permitting and operational
requirements to demonstrate and maintain the safety of new WST/fracking wells with respect
to nearby water resources.
The following table lists local and state agencies that may be involved in approving or regulating
an oil and gas production well in California. This summary will describe the processes for some,
but not all, of these entities.
LOCAL/REGIONAL

Planning/Zoning Department
Air Quality Management
District
Water Resources Control
Board
Fire Department
Water/Power Department
Sanitation Department

S TAT E

FEDERAL

CalGEM

Environmental Protection
Agency

Water Resources Control
Board

Department of Homeland
Security

Air Resources Board
Department of Transportation
(Caltrans)
Office of Spill Prevention and
Response
Department of Toxic
Substances Control
Office of Emergency Services
Department of Fish and
Wildlife
Occupational Safety and
Health Administration
Department of Motor
Vehicles
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1. THE STATE OF PRODUCTION IN CALIFORNIA
California is currently the seventh-largest oil producer in the United States with approximately
162 million barrels produced in 2018, largely in Kern and Los Angeles counties. This production
resulted from approximately 84,000 oil and gas wells.26 Approximately 31,000 of these
wells are categorized as idle or inactive, and thousands of those are plugged and abandoned
annually.27 But many more fossil fuel resources remain in the ground: California still has proven
(i.e. geologically known and economically recoverable) reserves of approximately 2 billion
barrels of oil and 1.5 trillion cubic feet of natural gas.28 Although it remains a top oil-producing
state nationwide, California’s production has declined substantially in recent decades.
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California Gas Production:
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Source: Reproduced from CalGEM, 2018 Report of California Oil and Gas Production Statistics. "Associated" gas refers to gas produced in
connection with oil wells. "Non-associated" gas is produced from wells containing only gas.
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There are approximately
84,000 oil and gas wells in
California, primarily in Kern
County. Between February 2019
and February 2020, CalGEM
approved over 2,000 new wells.

Despite this recent decline, total production remains high and development of new wells and
expansion of existing wells continues. Based on a tally of CalGEM’s weekly summary data for
all oil and gas production drilling (i.e., excluding observation, disposal, pressure maintenance,
storage, and other auxiliary wells), between February 2019 and February 2020, CalGEM
approved approximately 2,254 new drill wells and 2,155 re-drill wells (deepen, sidetrack, or
rework).29† Of those, approximately 2,028 new drill approvals (92 percent of total issued) and
1,465 re-drill approvals (68 percent) were issued in the “Inland” region (one of CalGEM’s four
regulatory districts, covering Fresno, Kern, Kings, and Tulare counties). CalGEM otherwise
received and approved few new drill applications for the “Coastal” (Monterey, San Benito,
San Luis Obispo, Santa Barbara, Santa Clara, Santa Cruz, Ventura, and part of Los Angeles
counties), “Southern” (Imperial, Inyo, Orange, Riverside, San Bernardino, San Diego, and part
of Los Angeles counties), and “Northern” (all other counties) regions, though there was more
significant re-drilling activity in those regions.30
CalGEM traditionally has approved most applications to drill new conventional wells. The agency
often works with operators to identify and request missing information, holding applications in
“abeyance” if remedying a deficiency will extend beyond the statutory approval period. When
CalGEM does not give approval, that decision typically results from the operator abandoning
a drilling application after determining that the cost of performing the necessary operational
or environmental reviews exceeds the potential value of the well. In addition, developers drill
many new wells as part of large, older reservoirs that have already received approvals to drill
and produce from local land-use authorities, streamlining the CalGEM review process. In the
second half of 2019, CalGEM received approximately 1,272 new drill notices and approved 1107
(87 percent).31 The ratio of wells drilled to applications submitted is lower (78 percent in 2018
and 79 percent in 2017), which could be due to the fact that operators have up to 12 months

† As described below, state law does not formally require CalGEM to issue permits to drill conventional
wells; rather, it requires approval of notices of intent to drill filed by operators. However, CalGEM does
refer to its approvals as permits.
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(previously up to 24 months) to begin operations after receiving approval to drill or due to
post-approval business decisions.32
Two counties represent the bulk of the oil and gas production in California. As of 2018, Kern
County at the southern end of the San Joaquin Valley contains approximately 80 percent of
the active wells in the state and 70 percent of its total production, while Los Angeles County
contains about one quarter of the remaining wells and 7.5 percent of total production, primarily
in Wilmington, Huntington Beach, Long Beach, and Inglewood (Baldwin Hills). Ventura, Fresno,
Orange, Monterey, and Santa Barbara counties round out most of the remaining in-state
production.33 Fracking/WST activity in California is even more geographically concentrated,
with up to 90 percent (and in some years 100 percent) taking place in Kern County.34

2. OIL AND GAS WELL APPROVAL AND
PERMITTING – STATE & LOCAL PROCESSES
A. Local governments
The primary step for a developer seeking approval of a new oil and gas production well (as
opposed to a well within existing oil or gas fields35) is to obtain a permit from the local landuse authority, typically a county or city zoning or planning department. This type of permit
authorizes drilling activity in a particular location, though the developer must separately obtain
from CalGEM authorization to construct and operate the well. In general, California city or
county control over land-use decisions encompasses oil and gas activity, and courts have
long acknowledged the ability of local governments to regulate the location of oil and gas
operations, including banning them in certain areas or altogether.36 (As described later in this
report, a recent trial court decision in litigation over a Monterey County measure intended to
limit production operations—currently under appeal—appears to question the extent of that
authority.37) Many counties allow operators to drill by right in certain areas (such as under Kern
County’s recently invalidated county-wide project environmental review), bypassing the need
for individualized local land-use approvals, but developers will still need local air district and
water board permits, in addition to state-level approval from CalGEM.
The following section describes key aspects of the local government approval procedures
for Kern and Los Angeles Counties, two relevant examples given their significance to overall
production.
i. Kern County
In 2015, Kern County introduced a permitting regime for developers seeking permits in the
unincorporated parts of the county where most drilling occurs, partly in response to oil
and gas operators’ calls for a streamlined, standardized process. (Incorporated cities within
the county have their own approval processes, and significant levels of extraction occur in
both unincorporated and incorporated areas.) The county based this program on the 2015
Environmental Impact Report (EIR) it prepared under the California Environmental Quality Act
(CEQA) (discussed in more detail later in this report) to evaluate drilling impacts on ecological,
community, utility, and other resources.38 In February 2020, however, a state appeals court held
that the EIR relied on inadequate analysis and mitigation of certain impacts to water supplies,
air quality, and land conversion and set aside the county ordinance enforcing the permitting
regime until the county completes a new CEQA analysis. Following the ruling, developers must
obtain individual permits to drill under the unsystematic program that was in place prior to
passage of the 2015 ordinance.39 This decision may lead to changes in the requirements of the
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permitting and mitigation regime, but pending a final disposition and/or new CEQA analysis,
this report describes the original version of the 2015 program.
The 2015 program required operators to comply with all applicable mitigation measures
contained in the county’s Mitigation Monitoring and Reporting Program (MMRP). The
mitigation program included measures to reduce or eliminate (or demonstrate a lack of)
project-related impacts to aesthetics, agricultural resources, air quality, biological resources,
cultural resources, greenhouse gas emissions, hazardous materials, land use, noise, public
services, traffic, and utilities.40 These included hundreds of individual measures such as drilling
setbacks of up to 367 feet from sensitive receptors, compliance with cap-and-trade and CARB
methane regulations, species protections, and more, applicable depending on site location and
dynamics. The Kern County Planning Department was ultimately responsible for enforcing or
confirming an operator’s compliance with these mitigation measures. In practice, however,
satisfying the MMRP required an operator to work with the San Joaquin Valley Air Pollution
Control District, the Central Valley Regional Water Control Board, the California Department
of Fish and Wildlife, the Kern County Fire Department, and other federal, state, and local
agencies, in addition to the Kern County Planning Department, in order to demonstrate
compliance with applicable measures before obtaining land-use approval.41
The now-suspended ordinance had two different sets of procedures for permitting in
unincorporated areas: one for ministerial permits and another for conditional use permits,

OIL CONFORMITY REVIEWS
TIER 1
TIERS 2, 3, & 5 with Surface Owner Sign Off
30-day
pre-application
notification wait
period, unless
waived by Surface
Owner

Application
submitted

For Tiers 2, 3, & 5
copy of application
provided to the
Surface Owner,
unless waived with
letter

1st Review
7 business
day review for
completeness
If incomplete,
Planning informs
Applicant of
additional
information needs

If complete

Application
resubmitted

2nd Review
3 business
day review for
completeness

If incomplete,
Planning informs
Applicant of
additional
information needs

Source: Reproduced from Kern County Oil and Gas Permitting Handbook.
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Permit Issued

Self-certification
document
submitted to
Planning

3rd Review
7 business
day review for
completeness

If incomplete,
Planning informs
Applicant of
additional
information needs

Subsequent
Reviews 30 days
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with the former being much easier to obtain. Within the main oil and gas drilling area in the
western part of the county (the “Oil and Gas Activities Boundary Area”), the ordinance deemed
ministerial the first 3,647 drilling permits issued per calendar year in four of its five designated
“tiers” (all areas other than residential, commercial, and open space areas, which are classified
as “Tier 4”). The county devised this static number based on a review of historical drilling activity
and current drilling conditions as part of the 2015 EIR. Developers needed to submit drilling
permit applications to the county planning director, who would then decide within seven days if
the applicant meets the requirements for a ministerial permit and then issue the permit within
that timeframe or inform the applicant of missing information or requirements.42 A failed
applicant could appeal a denial within seven days to the Planning Commission and then appeal
that subsequent decision to the Kern County Board of Supervisors. Notably, Kern County’s oil
and gas regulations did not contemplate full denial of a permit: they anticipated that county
officials would either issue permits or deem applications incomplete.43
By contrast, all permits that Kern County issues outside the Oil and Gas Activities Boundary
Area, within “Tier 4” areas, or after the first 3,647 in other areas within the Boundary Area
required conditional use permits.44 These conditional use permits were classified as
discretionary, with more stringent provisions and review procedures. A developer needed
to submit a conditional use permit application to the county planning director along with a
complete environmental review document (prepared by the local government as lead agency;
certain counties do not prepare environmental documents, in which case CalGEM serves as
lead agency). The developer also needed to hold a public hearing on the application.45 The
full Planning Commission would then evaluate the permit application within 35 days of the
hearing, and any appeal would go to the County Board of Supervisors. In short, the conditional
use permit required more public processes, environmental review, and opportunities for veto
by various levels of decision makers than ministerial permits, though both types at a minimum
needed to abide by the predetermined mitigation measures discussed above. Following
these permit processes, if the county approved an application, it would certify satisfactory
completion to CalGEM.
According to the Kern County Planning Department, the county issued between 1,000 and
2,000 drilling permits in each of 2016, 2017, and 2018 (approving approximately 95% of
applications), indicating that the 3,647 cut-off exceeded the permit demand. The county did
not appear to issue any conditional use permits during that period.46 As a result, the county
did not require any of the new drilling projects in this time to undergo project-specific
environmental review or mitigation. The county did, however, still require developers to comply
with and fund the mitigation measures identified in the MMRP.
ii.

Los Angeles County

Los Angeles County, which houses the second-most oil and gas production in California,
implements a special set of permitting and regulatory requirements for the Baldwin Hills
district, where the majority of drilling on county-regulated lands takes place.47 The rules
allow for ministerial review of no more than 45 new wells per year (and 600 over 20 years),
requiring a conditional use permit for any additional wells; direct operators to obtain emission
offsets and prepare county-specific air quality, groundwater quality and odor monitoring plans;
prohibit drilling within 400 feet of developed areas; enforce extensive noise limitations; and
require significant habitat restoration and ecosystem protection measures, among numerous
other rigorous standards.48 As of this publication, the county was in the process of developing
new permitting requirements for wells on unincorporated land that could potentially be more
stringent than those in Kern.
In 2016, county officials convened an oil and gas “strike team” consisting of directors from the
regional planning, fire, public health, and public works departments. The team’s mandate was
to assess and report on a biannual basis “the conditions, regulatory compliance and potential
public health and safety risks associated with existing oil and gas facilities in unincorporated Los
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California city and county
control over land-use decisions
encompasses oil and gas
activity, and courts have long
acknowledged the ability of
local governments to regulate
the location of oil and gas
operations, including banning
them in certain areas or
altogether.

Angeles County.”49 This mandate included reviewing the zoning code to eliminate ministerial,
as-of-right drilling in unincorporated areas of the county and otherwise ensure best zoning
practices, in addition to developing health and safety regulations and preparing a well inventory.
The current planning code requires a conditional use permit for all wells drilled outside existing
oil fields (as identified in CalGEM’s maps) but a ministerial permit for all wells within existing
fields.50
In September 2017, the strike team produced a set of recommendations for an updated zoning
code, including elimination of by-right permitting for all areas, imposition of (unspecified)
minimum setback distances, heightened air quality monitoring standards, and other
requirements.51 These changes have not yet been adopted but could serve as an example for
other jurisdictions (see Appendix A for a complete list of the recommendations). In particular,
the elimination of ministerial permits for all oil and gas projects, which would entail heightened
environmental reviews and greater opportunities for community involvement, could serve as a
potential statewide model. A 2019 study by the Los Angeles Office of Petroleum and Natural
Gas Administration and Safety analyzed these proposals and suggested that new setback
requirements could exact significant economic costs on the city (potentially in the billions
of dollars) due to reduced revenues, abandoned well cleanups, and constitutional takings
litigation.52 However, legal experts have challenged those findings, noting that only a small
subset of well operators could bring successful lawsuits for some (let alone all) of the value of
their claims and that the city would not be responsible for well cleanup costs.53
iii.

Other Local Governments

Other California local governments, which are responsible for approximately 20 percent of
statewide production, have taken a variety of approaches to the well-permitting process,
often relying on CalGEM for environmental review. For example, Fresno County implements
a zone-based system, which generally permits drilling activity in established oil fields outside
of urban areas and requires conditional use permits for all other areas. Ventura County relies
on a conditional use permit issued prior to CEQA enactment to drill in any unincorporated
portion of the county, leading to limited review in many cases. Santa Cruz County, which
requires voter approval for any facilities built to support offshore oil and gas development,
does not specifically address oil and gas permitting procedures, meaning there is no countylevel environmental review process.54
Some counties have attempted to curb production altogether, pursuant to the longestablished authority of local governments to limit or prohibit drilling as a matter of land use.
For example, Santa Cruz County’s General Plan contains a policy prohibiting all onshore and
offshore oil and gas development within unincorporated areas.55 In 2016, Monterey County
voters approved Measure Z, which banned well stimulation or wastewater injection activities
and techniques essential to fracking on county lands, as well as the drilling of any new oil
and gas wells.56 However, a state court has blocked parts of the measure, concluding that
CalGEM’s regulatory authority over “production techniques” and subsurface operations—
in contrast to local authority over land uses and surface concerns—preempts the local ban.57
The trial court suggested that state oil and gas law could preempt local land-use authority to
ban operations altogether and held that the federal Safe Drinking Water Act preempted the
portion of Measure Z that banned fracking-related wastewater injection applications. However,
legal experts argue that settled California law (including the seminal Beverly Oil and Big Creek
Lumber cases) clearly establishes the primacy of local authority to determine land uses, despite
state-level authority to regulate subsurface operations. They contend that this primacy remains
in effect even when those land use restrictions have the practical effect of limiting extractive
conduct.58 The decision is currently under appeal.59

B.

California Air Resources Board

Fossil fuel extraction, processing, refining, and distribution are responsible for up to 10 percent
of California’s greenhouse emissions.60 This includes approximately 25 percent of California’s
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total emissions of methane, a greenhouse gas with approximately 80 times the global warming
potential of carbon dioxide and serious long-term emission reduction implications.61 To address
these emissions, the California Air Resources Board (CARB) requires well operators to comply
with the “Oil and Gas Regulation” (also known as the Greenhouse Gas Emission Standards for
Crude Oil and Natural Gas Facilities), which sets greenhouse gas emission standards for oil
and natural gas production and storage facilities.62 The standards cover operational emissions
from wells and associated equipment, which are responsible for the majority of these methane
emissions. CARB finalized the regulation in 2017 after a three-year workshop and proposal
process, with full compliance required by January 1, 2020. The regulation addresses fugitive
and vented emissions of methane from both new and existing oil and gas facilities, requiring
operators to implement:
•

Methane leakage testing and vapor collection for oil and gas separator/tank systems
(used for collection at well sites);

•

Emission control plans including vapor collection for well stimulation circulation tanks;

•

Leak detection and repair procedures for natural gas compressors and pneumatics; and

•

Vapor collection, measurement or monitoring for liquid storage, underground gas
storage, and well casings.63

CARB staff estimate that the regulation will reduce emissions by 556,000 metric tons of CO₂
equivalent and 5,000 tons of volatile organic compounds (VOCs) per year, as well as toxic
contaminant reductions, in the agency’s regulatory impact analysis. A separate estimate
projects reductions of 1.4 million metric tons of CO₂, 3,600 tons of VOCs, and 100 tons of
toxics per year.64 Local air districts implement the regulation in coordination with CARB.65
In addition to the Oil and Gas Regulation, pursuant to Senate Bill 887 (Pavley, Chapter 673,
Statutes of 2016), CARB requires natural gas storage facility operators to conduct continuous
monitoring, risk management, and leak prevention under a plan certified by CARB. The
agency (potentially in conjunction with local air quality districts) may also be responsible for
implementing federal new source performance standards (NSPS) that require capturing
natural gas emissions, implementing leak detection programs, and other measures to limit
methane and volatile organic compound emissions at well sites.66
Oil and gas production facilities must also comply with California’s greenhouse gas capand-trade program, which CARB implements.67 The program requires operators to obtain
greenhouse gas emission credits equal to their operational emissions and/or purchase emission
offsets for a qualifying portion of those emissions, subject to the declining cap. Similar to the
oil and gas regulation, under the cap-and-trade system oil and gas producers do not have to
account for greenhouse gas emissions from the downstream combustion of their fuel in vehicle
engines (often known as “scope 3” emissions).
CARB also launched a program in 2017 to monitor pollution from wells in disadvantaged
communities and potentially enforce clean-up actions in these neighborhoods, following
the Aliso Canyon natural gas leak.68 The Study of Neighborhood Air near Petroleum Sources
(SNAPS) program involves identifying disadvantaged communities for monitoring based on
their proximity to oil and gas wells and public input, analyzing air pollution and public health
impacts, and posting the data and summary reports for public review, with community followup. According to CARB, post-monitoring next steps may include enforcement action via CARB,
CalGEM, or local air districts, further testing, and input into revising state-level regulations and
strategies, including potential drilling setbacks.69 SNAPS identified first-round communities in
September 2018 including Lost Hills and McKittrick (Kern County) and Baldwin Hills and South
Los Angeles (Los Angeles County), but CARB has not yet taken follow-up actions.
Finally, CARB implements California’s Low Carbon Fuel Standard (LCFS), a regulation that sets
carbon intensity standards for transportation fuels based on their life-cycle greenhouse gas
emissions, including emissions associated with production. The standards decline over time,
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requiring California fuel producers and refiners to gradually reduce the carbon intensity of
their operations and products, for which they earn transferable credits. Compliance methods
for oil and gas production operations include carbon sequestration techniques like direct air
capture (DAC), which involves capturing greenhouse gas emissions at the production site and
returning it underground for storage and/or enhanced recovery. 70

C.

Air Quality Management Districts/Air Pollution Control Districts

Oil and gas production creates significant environmental and human health risks through
emission of local air pollutants, often in disadvantaged communities such as in California’s
Central Valley and greater Los Angeles areas where the bulk of the in-state production occurs.71
Local air quality management or air pollution control districts have primary responsibility for
implementing the state-level CARB oil and gas regulation and can also develop their own
region-specific air quality management and monitoring requirements. For example:
•

The San Joaquin Valley Air Pollution Control District (which covers the western half
of Kern County where oil and gas operations are concentrated) requires operators
to register equipment subject to CARB’s methane leakage testing requirements and
charges annual registration fees for a variety of oil and gas equipment before it will issue
a permit. The district must issue a permit within 90 days to a compliant owner/operator,
while the owner/operator then reports the required data directly to CARB.72 The district
also places direct limitations on VOC and toxic air emissions from oil and gas wells.73

•

The South Coast Air Quality Management District (SCAQMD), which covers much of Los
Angeles County, including the Long Beach/Wilmington area where a significant portion
of production occurs, also places direct limits on VOC and toxic air emissions from oil and
gas wells (including leaks).74 In addition, SCAQMD regulations impose liquid collection/
pumping requirements, inspection and reporting requirements, and a ban on natural gas
venting.75 SCAQMD further requires oil and gas well operators to provide notice prior
to new drilling, rework, or well completion, including information on sensitive receptors
(residential, educational, and health care facilities) within 1,500 feet of the well location,
and provide reports on combustion equipment, materials, drilling fluids, and emission
and pollution control techniques.76 Finally, SCAQMD requires operators to limit visible
fugitive dust emissions to the property line of the site, employ best available control
measures to limit dust emissions, limit particulate matter, and other similar requirements
related to drilling site excavation/preparation.77

These examples demonstrate the general types of requirements that regional air quality
districts impose, though significant variety exists statewide.

D. Regional Water Quality Control Boards
Oil and gas wells use and discharge a significant amount of water, potentially impacting public
health, agriculture, plant and animal life, and overall water quality. According to the Central
Valley (Region 5) Regional Water Quality Control Board, in 2017, Central Valley oil and gas
operations generated approximately 1.9 billion barrels of produced water, of which operators
discharged 392 million barrels to land, 95 million to ponds, and reused the remainder (statewide
operations generated over 3 billion barrels of produced water). This water may meet drinking
water quality standards and be reused for irrigation, but it may also have high concentrations of
dissolved salts and metals, including benzene.78 According to CalGEM, oil and gas operations
produced approximately 100,000 acre-feet in the two most recent quarters for which
summary data are available, and operators injected approximately 88,000 acre-feet of water
underground (the vast majority of which was produced water from oil or gas wells).79 The
substantial water consumption for oil production purposes suggests that further research into
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total water use, and the interactions between this use and state water budgeting rules including
under the Sustainable Groundwater Management Act, could be fruitful for policymakers.
Oil and gas developers using and discharging this water must obtain approval from their
regional water quality control board, which regulates discharge and storage of produced
water. In Kern County, for example, the Central Valley water board Oil Field Program issues
permits regulating the quality and quantity of oil-and-gas water discharges for activities
including well development drilling fluid and mud disposal; produced water disposal and
reuse; oilfield discharges to land (often enforced via waste discharge requirements or WDRs);
and underground injection control practices.80 Discharge into surface water is prohibited
and discharges must meet water quality specifications. In addition, regulations enforced via
the permits require a variety of notice provisions and cleanup. Operators must also conduct
groundwater surveying.81
For well operators conducting WST/fracking, Senate Bill 4 requires compliance with additional
State Water Resources Control Board (SWRCB) procedures, described in more detail later in
this report.

E. California Department of Fish and Wildlife
Fossil fuel production can result in habitat disruption for threatened and endangered species.
Under the California Endangered Species Act and the Fish and Game Code, a well operator
must obtain a California Department of Fish and Wildlife (DFW) permit for any taking of an
endangered species that is incidental to otherwise lawful drilling activities.82 If an operator’s
activities give rise to a taking, the operator must submit a permit application to the regional
DFW office, including analysis of the species population trends, threats, and the proposed
taking’s impacts. The operator must also prepare and implement a mitigation plan and identify
funding sources. In addition, the well must undergo a CEQA analysis, as an incidental take permit
is considered a discretionary act under the law.83 Mitigation measures can include protective
fencing, seasonal operating restrictions to avoid breeding or migration impacts, mitigation
banking, or a conservation easement.84 Of note, DFW’s Office of Oil Spill Prevention and
Response is also the state’s lead for oil spill response activities.
In addition to these capacities, DFW staff are responsible for notifying CalGEM if they find any
oil sump (an open basin used to collect excess oil or other fluids) is hazardous or constitutes
an immediate danger to wildlife, with DFW and CalGEM staff then responsible for notifying
the operator and ordering cleanup and remedial action, including potential closure of the
operation if abatement is not satisfactory.85

F. Other state agencies
Other state agencies that may be involved in permitting or regulating new oil and gas well
operations include:
•

The Division of Occupational Safety and Health, known as Cal/OSHA, which requires
operators to implement worker safety and hazard communication programs.

•

The Department of Toxic Substances Control, which may require operators to perform
hazardous waste manifesting for the disposal of drilling fluids under the federal Resource
Conservation and Recovery Act (RCRA) and associated California laws and regulations.

•

The Governor’s Office of Emergency Services, which manages emergency preparedness
and response for well operations, including releases of oil and gas.

•

The Department of Motor Vehicles, which issues licenses for drivers who deliver drill rig
equipment and other large vehicles such as drilling fluid tankers. 86
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CalGEM’s Core Supervisory
Authority and Purpose: Public
Resources Code Sections 3106
and 3011
§ 3106(a): “[CalGEM] shall so
supervise the drilling, operation,
maintenance, and abandonment
of wells…so as to prevent, as far as
possible, damage to life, health,
property, and natural resources….”
§ 3106(b): “[CalGEM] shall also
supervise the drilling, operation,
maintenance, and abandonment of
wells so as to permit the owners or
operators of the wells to utilize all
methods and practices known to
the oil industry for the purpose of
increasing the ultimate recovery
of underground hydrocarbons
and which, in the opinion of the
supervisor, are suitable for this
purpose in each proposed case.”
§ 3011(a): “The purposes of
[the oil and gas law] include
protecting public health and
safety and environmental quality,
including reduction and mitigation
of greenhouse gas emissions
associated with the development
of hydrocarbon and geothermal
resources in a manner that meets
the energy needs of the state.”

G.

Other local agencies

Other local agencies that may be involved in permitting or regulating new oil and gas well
operations include the local Certified Unified Program Agency (CUPA), typically the local
fire or health department, which may issue permits for new wells and/or require operators to
provide monetary bonds; local sanitation departments, which require permits for discharges
into wastewater systems; and local water and power departments, which may conduct site
inspections.

H. Geologic Energy Management Division (CalGEM)
i. CalGEM overview
Once an oil and gas operator has obtained all other state and local approvals for their project
and undergone an environmental review as required by CEQA (discussed later in this report),
it must submit an application for drilling approval to the state’s Geologic Energy Management
Division. The state legislature first created CalGEM (formerly DOGGR) in 1915 primarily to
protect oil and gas resources from damage and destruction. The state originally called the
agency the Department of Petroleum and Gas and placed it within the State Mining Bureau.
Early regulations dealt with issues such as well spacing requirements and limiting production
rates.87 Rather than requiring it to protect the environment, the state tasked the department
with promoting fossil fuel development, including preventing “damage to underground
petroleum and gas deposits from infiltrating water and other causes and loss of petroleum and
natural gas.” Primarily, the agency was responsible for “supervising the drilling, operation, and
maintenance and abandonment of petroleum or gas wells,” with no focus on environmental
concerns.88
Starting in the middle of the 20th century, the state expanded that authority, creating tension
between the provisions and substantial dispute between environmental and pro-drilling groups,
which neither state leaders nor the courts have resolved to date. First, in 1961 the legislature
amended the enabling statute to define CalGEM’s supervisory responsibilities to include
increasing the ultimate recovery of oil and gas. Then in 1970, the legislature added a parallel
provision for prevention of damage to life, health, property, and natural resources.89 In October
2019, Governor Gavin Newsom signed Assembly Bill 1057 (Limón, Chapter 771, Statutes of
2019), which added a new statement of environmental considerations and explicit references
to protecting public health and addressing greenhouse gas emissions in CalGEM’s supervisory
authority. Specifically, AB 1057 stated that the purposes of the state oil and gas conservation
law also “include protecting public health and safety and environmental quality, including
reduction and mitigation of greenhouse gas emissions associated with the development
of hydrocarbon and geothermal resources in a manner that meets the energy needs of the
state.” The law also requires CalGEM to coordinate with the California Air Resources Board
in furthering the greenhouse gas emission reduction goals of AB 32 (Nunez, Chapter 488,
Statutes of 2006).90 But CalGEM’s core supervisory authority under Public Resources Code
section 3106 remains dual in nature, covering both prevention of damage to health and the
environment and supporting increased total recovery, with no express statement of priority
between them.
As of this publication, CalGEM’s work and staffing revolve primarily around technical
assessments of drilling applications, with some focus on issues of public health and
environmental protection (through both in-house environmental review and communication
with other agencies). The agency’s staff consists mostly of engineers, geologists, and related
professions, and recent planning materials do not identify a need for environmental scientists,
air or water quality experts, or climate change experts.91
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ii. CalGEM drilling approval
In California, a developer that wants to drill, expand, rework, or plug a traditional well must file a
notice of intention (NOI) to request and obtain CalGEM’s approval to drill before commencing
operations.92 (Developers seeking to use the injection techniques described earlier must follow
a separate process involving more in-depth permit filing and issuance.93) NOIs for new wells
require various information such as the depth and elevation and well type, an assessment of the
presence of freshwater or underground drinking water, and whether the location is in an urban
area or near environmentally sensitive areas. Operators must also describe blowout prevention
equipment and drilling fluids and disposal methods to be used, as well as technical details
related to casing and cement usage, proposed work plan, and abandonment plan. A complete
NOI must include evidence that the operator has satisfied local permitting requirements
and CEQA requirements.94 Finally, Senate Bill 551 (Jackson, Chapter 774, Statutes of 2019)
requires operators to report the estimated cost of plugging and abandoning all wells and
decommissioning facilities and increases CalGEM’s reporting obligations for idle wells.95
CalGEM typically makes quick work of its drilling approval requests, processing and issuing
most drilling approvals within a week. The agency has strong incentive to work quickly, as by
statute, CalGEM must respond (at minimum, a formal acknowledgement of receipt) within 10
working days or the NOI is deemed automatically approved (although CalGEM can potentially
extend that period by issuing a document known as a notice of abeyance). After receiving
approval, an operator must begin operations within 24 months or else the approval will expire.
Prior to drilling, an operator must also submit an indemnity or cash bond and satisfy CalGEM
requirements relating to protection of hydrocarbon zones and surface/subsurface waters (via
casing, cementing, and drilling techniques), blowout prevention, and well spacing.96 These
bonds can range from $200,000 for 50 or fewer wells to $3,000,000 for over 10,000 wells,
while individual well bonds must be $25,000 for wells under 10,000 feet and $40,000 for
those over 10,000 feet.97

CalGEM’s Well Approval
Process: Public Resources
Code Section 3203
§ 3203(a): “The operator of any
well, before commencing the work
of drilling the well, shall file with
the [CalGEM] a written notice of
intention to commence drilling.
Drilling shall not commence until
approval is given by [CalGEM]. If
[CalGEM] fails to give the operator
written response to the notice
within 10 working days from the
date of receipt, that failure shall
be considered as an approval of
the notice and the notice, for
the purposes and intents of this
chapter, shall be deemed a written
report of [CalGEM].”

Operators that conduct WST/fracking must conform to additional requirements separate from
the NOI process.98
iii. Well stimulation treatment and fracking approval and permitting
Developers that choose to employ WST (including fracking) for oil-and-gas production face a
distinct permitting path from traditional production. Developers first began using WST/fracking
in California as early as the 1950s, but advances in horizontal drilling and fluid technology in
the 2000s greatly increased their use throughout both California and the nation. Today, these
activities occur almost exclusively in Kern County.99
As WST/fracking activities accelerated, members of the public and environmental groups
became concerned over its environmental and health impacts.101 In response, the California
Legislature enacted Senate Bill 4 (Cal. Pub. Res. Code § 3150-3161, Cal. Water Code § 10783)
in 2013 to institute a new set of regulatory and permitting requirements for production via
WST/fracking.102 The bill created a separate permitting process for WST/fracking wells,
heightened water quality protection measures, and enhanced notice requirements for
neighbors. Requirements include providing technical information on stimulation fluid
constituent chemicals and water sources, surveys, a spill contingency plan, and more, as well as
notifying neighbors within 500 feet of the boundaries of the proposed treatment. Operators
must also meet heightened standards regarding well casing, wellbore integrity, separation
from groundwater resources, site geological appropriateness, and storage and handling of
stimulation fluids.103 During WST/fracking operations, operators must conduct continuous
monitoring of treatment fluids levels and pressures, seismic activity, and stored fluids. They
must also monitor wells on a monthly basis after the treatment is completed.104 SB 4 further
required the California Natural Resources Agency to conduct a programmatic EIR for WST/
fracking activities statewide, as well as a scientific study on the state of WST/fracking in
California and potential environmental and health, both of which the agency completed in

Fracking: As Defined by
CalGEM
Oil and gas operators sometimes
use hydraulic fracturing when pore
space [gaps that can be filled by
gas or liquids] in the rock making
up the oil or natural gas reservoir is
too tight to allow the flow of fluids
or gasses to the well. The hydraulic
fracturing process involves a mix
of fluids and substances called
“proppants” injected at high
pressure into an oil or gas reservoir.
The mix and the force with which
it is injected causes reservoir rock
to fracture. When the fluids are
removed, the proppants keep the
cracks open. Natural gas or oil flow
into the cracks and into the well.100
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New York State’s Fracking Ban
In 2015, New York regulators
banned the use of high-volume
fracking for oil and gas extraction.
After fracking activity around
the Marcellus Shale formation
(which lies under large portions
of western New York and much
of Pennsylvania) boomed in the
mid-2000s, a number of local
governments passed zoning laws
restricting or banning fracking,
and the governor issued a
moratorium pending completion of
a public health review by the state
Department of Health.111 The 2014
study recommended that highvolume fracking not proceed in
the state, citing a lack of sufficient
information to determine the
level of risk to public health and
adequate mitigation. The following
year, the state Department of
Environmental Conservation issued
an environmental impact statement
(roughly parallel to a CEQA EIR)
that chose a no-action alternative
by which the department would
establish no permitting program
for high-volume fracking, issue no
individual permits, and prohibit the
practice, on the basis that other
alternatives “all fail[ed] to limit
unavoidable adverse environmental
impacts and fail[ed] to address
the risks and uncertainties.”112 The
department found that authorizing
high-volume fracking “under any
scenario would not adequately
mitigate adverse impacts to
ecosystems and wildlife, air and
water resources, community
character and public health and
would likely have diminished
economic and social benefits.”113
While the current California
regulatory regime under SB 4
presents a different legal context
than exists in New York, New York’s
actions, and in particular its findings
on statewide adverse impacts,
present a potential model for
California state leaders seeking to
take a more decisive stand on WST/
fracking.
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2015 and subsequently defended against legal challenges in 2019.105 While legislative leaders
designed SB 4 to enhance environmental protection around WST/fracking, the law may not
have slowed or limited WST/fracking approvals, at least prior to the programmatic review
ordered by Governor Newsom in November 2019.
iv. Enhanced permitting and operational measures
SB 4 mandated increased disclosure and strengthens well construction requirements for
WST/fracking, while requiring operators to obtain permits via a process separate from that for
traditional wells. This process includes a requirement that CalGEM evaluate the “quantifiable
risk” of the proposed operation, a provision that could authorize denial of permits on
environmental grounds (although as of this publication, it was unclear to what extent CalGEM
acted on this direction).106 The law also directed a new rulemaking including, but not limited to,
well integrity and fluid disclosure requirements. CalGEM’s implementing regulations contain
nine conditions that WST/fracking operators must continuously meet, as well as thirty-one
permit application requirements.107
To conduct WST/fracking, an operator must obtain a special permit; hire a third party to notify
neighbors within 500 feet of the boundaries of the proposed treatment and provide a 30day waiting period, with water sampling on request; and perform pressure testing of well and
surface equipment integrity and a cement evaluation.108 Operators must also meet heightened
standards regarding well casing construction, wellbore integrity, separation from groundwater
resources, site geological appropriateness, and storage and handling of stimulation fluids.109
During stimulation operations, the operator must conduct continuous monitoring of treatment
fluids levels and pressures, seismic activity, and stored fluids. Finally, operators must monitor
wells on a monthly basis after they complete treatment.110 Each of these measures is designed
to protect local groundwater supplies from the increased risks that fracking processes and
fluids may pose.
CalGEM’s detailed requirements for a WST/fracking permit application include information on
the quantity, source, and composition of the fluids to be used in the process (including any
toxic substances) and a comprehensive water use and disposal management plan.114 Despite
the oil and gas industry’s resistance to disclosure of stimulation fluids, claiming their formulas
are protected trade secrets, SB 4 took a relatively aggressive step by requiring disclosure to
CalGEM of all fluid components, with protection from public disclosure for a narrowly defined
set of trade secrets and exact chemical ratios.115
SB 4 also directed CalGEM to consider the “quantifiable risk” of a WST/fracking operation and
stated that the agency “may permit” an application if it is complete, indicating that CalGEM
could have discretion to premise permitting decisions on environmental considerations. But
CalGEM’s implementing regulations do not include such factors.116 As of this publication,
CalGEM did not appear to have integrated any express environmental protection criteria into
its permitting process. In addition, the state’s SB 4-commissioned technical analysis of WST/
fracking concluded that only limited data exists to assess the direct environmental impacts of
WST/fracking (although the analysis, as well as the state’s EIR and numerous experts, identified
a wide range of potential risks).117
v. Enhanced groundwater measures
Oil and gas well operators conducting WST/fracking must also comply with additional SWRCB
procedures. SB 4 required the board to establish and implement a comprehensive regulatory
groundwater monitoring and oversight program. Under the law, oil and gas well operators
must implement groundwater monitoring programs based on the criteria developed by
SWRCB, while SWRCB or regional water boards implement regional monitoring programs.
SWRCB developed (in consultation with CalGEM) and released final criteria in July 2015.120 The
criteria characterized baseline water quality conditions in order to detect potential impacts to
beneficial use waters from well stimulation treatments, while acknowledging that water well
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stimulation takes place in areas that have already been drilled for oil and gas, so baseline water
quality will not necessarily reflect natural conditions.121
Well operators must conduct monitoring to characterize conditions and detect impacts
pursuant to these criteria. Operators must also develop a groundwater monitoring plan for
aquifers penetrated by the well and submit these plans to SWRCB with detailed maps and
cross-sections, methods, well locations and descriptions, contingency plan in case of breach,
and more.122 In addition, they must conduct sampling on a semi-annual basis following US
Environmental Protection Agency (EPA) requirements for contaminated sites and submit
regular reports to SWRCB.

J. California Environmental Quality Act
The California Environmental Quality Act (CEQA) requires the state, regional, or local “lead”
agency responsible for approving a proposed project to identify the environmental impacts
of the project and avoid or mitigate those impacts, if feasible.123 If decision makers anticipate
that a project will have significant impacts on the environment (for example by harming air
or water quality or affecting transportation patterns), the project can trigger the preparation
of an in-depth environmental impact report (EIR), which requires analyzing the impacts,
examining project alternatives, identifying all feasible mitigation measures to reduce or avoid
significant impacts, and mandating the incorporation of those mitigation measures into the
project approval, among other tasks. If lead agency staff members determine that a project
will not give rise to significant impacts, they can issue a “negative declaration” requiring no
further environmental review for the project; or, if a project will generate a limited, narrowly
defined set of impacts, the lead agency can issue a “mitigated negative declaration” requiring
mitigation measures but not a full EIR.124
Decision makers respond to the environmental analysis of a proposed project by modifying the
project through required adoption of measures to mitigate environmental impacts; approving
it (via a “statement of overriding considerations”) if they determine that some impacts are not
capable of mitigation and are overridden by economic, social, or other benefits; or rejecting it
entirely. Importantly, government action only triggers CEQA review if the agency decision or
approval is discretionary (i.e., involves some sort of policy choice or exercise of decision-making
authority). If the action is ministerial (i.e., a simple evaluation of compliance with existing laws or
regulations, where a compliant project is approved “as of right”), then CEQA is inapplicable. (as
would be the case under Kern County’s now-suspended permitting regime, discussed earlier).
Local planning agencies typically serve as the lead agency for CEQA review of new oil and gas
projects; CalGEM may serve as the lead agency when a local government does not have CEQA
review capacity, though this need rarely arises in practice. While the agency does assert officially
that it exercises discretionary approval over well permits, as opposed to ministerial approval,
the agency relies primarily on local governments for this process and usually conducts only a
subsequent review of the local lead agency’s CEQA findings and process, almost exclusively
on “downhole” impacts not related to surface environmental impacts. Importantly, local lead
agencies frequently cite (and CalGEM approves) exemptions to CEQA as a basis for avoiding
undertaking new environmental review, such as for new wells at developments that predate the
1970 law (and thus may be statutorily exempted). Lead agencies also often allow developers
to “tier” CEQA approvals based on prior CEQA review of a larger development project that
includes the individual well in question.

State Agency Coordination
Agreements
Senate Bill 4 required CalGEM
to craft formal agreements with
agencies such as the California
Air Resources Board, State Water
Resources Control Board, local air
districts, and regional water boards
to delineate “respective authority,
responsibility, and notification and
reporting requirements associated
with well stimulation treatments
and well stimulation treatmentrelated activities.”118 Beginning in
2014, CalGEM and the agencies
entered into these agreements
laying out responsibility for
matters like air and water quality
monitoring, materials disposal, and
providing public access to records
as related to well stimulation
treatment activities.
For example, the agreement
between CalGEM, CARB, and local
air districts outlined a process
for CalGEM to share WST permit
applications and data with CARB
and the applicable air district and
solicit their recommendations for
air quality mitigation measures
to include in the final permit;
confirmed CARB and air district
responsibility for air quality
monitoring and required the
agencies to notify CalGEM of
equipment failures; required the
agencies to notify each other of
permit or regulation violations
and allowed them to coordinate
enforcement action; and required
coordination on air pollution
prevention planning; and provided
for general information sharing.119
These responsibilities and processes
are exclusive to the context of
well stimulation (as opposed to
conventional wells or underground
injection) but over time may
build general agency capacity
and practices that can enhance
coordination around all drilling
activities.

As discussed later in this report, nothing in CalGEM’s permit authorization statute (Section
3203 of the Public Resources Code) specifically limits its discretion to approve, alter, or deny
authorization to drill. While a trial court in Kern County recently held that CalGEM’s drilling
approval is in fact ministerial, that case is on appeal, and courts have otherwise not yet ruled
definitively on the matter. 125
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III. LAW AND POLICY OPTIONS TO FACILITATE A
PHASE-OUT OF OIL AND GAS PRODUCTION IN
CALIFORNIA
In response to the myriad environmental and public health and safety impacts, California
elected officials and environmental advocates have begun to call for measures to reduce or
end production in the state.126 Policymakers have multiple options in the near term to limit oil
and gas production and move toward an eventual phase-out, including taxation, greater state
authority to deny or limit drill approvals, setback requirements, enhanced environmental review
of proposed and renewed projects, and an outright phase-out of drilling activity based on longterm environmental needs. This section details some of these options for consideration.
State leaders can also benefit from key out-of-state examples in crafting some of these policy
responses. The following section presents recommendations for California policymakers based
in part on a survey of five states that present useful comparisons for different reasons:
•

Texas and North Dakota are the two largest oil-producing states in the country;

•

Colorado has production statistics similar to those of California, as well as a recent focus
on oil and gas reform;

•

New Mexico has production statistics similar to those of California; and

•

Pennsylvania has faced a recent expansion of natural gas fracking.

These five states’ approaches to oil-and-gas regulation may be instructive to California
policymakers seeking to increase regulation of or limits to in-state production through steps
like taxation, drilling setbacks, and enhanced well approval authority. (A complete catalog
of the five states’ policies discussed below is available in Appendix B.) Ultimately, these and
other measures (such as air-quality agency regulation and enhanced environmental review)
must have firm grounding in current California law or legislative reforms. This section identifies
where such authority exists and where the legislature may need to create it.

1.

Severance tax

Over 30 U.S. states have enacted taxes on oil and gas production, known as severance or
extraction taxes, raising hundreds of millions to billions of dollars in annual state revenues.
These taxes have mostly been in place for many decades, serving primarily revenue (rather
than environmental) goals. Taxing states include all major producers, including the six states
that outrank California in crude oil production (Alaska, Colorado, New Mexico, North Dakota,
Oklahoma, and Texas) and those immediately behind it (Louisiana, Utah, and Wyoming).130
In contrast, California currently imposes no general tax on the production or extraction of
oil and gas, save for a de minimis assessment of approximately 55 cents per barrel of oil and
10,000 cubic feet of natural gas, which CalGEM uses to support agency operations.131 (Certain
California localities also impose their own minimal production assessments, a summary of which
is included in Appendix B.132 ) Instituting a severance tax in California could raise substantial
revenues, bring the state in line with all other major oil-and-gas producers, and serve one or
more environmental goals, such as improving monitoring and enforcement of production
activities, funding potential well-cleanup obligations, raising revenue for projects that reduce
reliance on fossil fuels or improve public health and safety, and discouraging the least-efficient
production.
Key questions for the design of a state severance tax statute include:
•
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The structure of the tax (i.e., a “true” production tax based on quantity, a tax on revenues
or proceeds, or a tax on profits);
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•

The amount of the tax (including any provisions modifying the rate by market price or well
age); and

•

The allocation of revenue generated.

Summary finding: State policymakers should consider implementing
a per-barrel or per-well fee and dedicating revenue to expenses that
support environmental protection and advance the transition away
from fossil fuels, such as worker retraining programs or zero-emission
vehicle incentives. If the state solely wishes to bolster permit review,
monitoring, and enforcement activities, CalGEM could consider
levying an increased per-barrel fee as a regulatory action without
needing legislative approval.

A. Tax structure
The structure of a severance tax should depend on policymakers’ goals. A tax could theoretically
discourage some types of production in the state, as it would create an additional, marginal cost
that may tip some borderline projects (those that are least economically efficient, which may
overlap with those that produce the dirtiest oil) into economic non-starters. The state already
imposes special taxes on potentially harmful activities, such as cannabis, cigarette, and alcohol
consumption, in order to both raise revenue and discourage those activities.133 A tax on oil
and gas production could similarly serve dual purposes. It could also operate like an economywide carbon tax, which many economists believe would be an effective means of greenhouse
gas emission reduction, by decreasing overall emissions through increasing the cost of the
emissions-generating activity.134 Legislators structuring a tax for this purpose could consider
tying the rate of taxation to the greenhouse gas emissions intensity of the product in question
since, as noted earlier, some of California’s oil deposits are among the most emission-intensive
in the entire world. For example, a tax could adopt a graduated structure, imposing a higher
rate for more emission-intensive fuels, mirroring Pennsylvania’s fracking well fee structure
(which declines over time), and using a tool like the Carnegie Endowment’s Oil-Climate Index
as a basis to determine emissions profiles of California hydrocarbons.135 Alternatively (or in
combination), a graduated tax could focus on operational methane emissions of individual
production wells, based on aerial imaging that can map methane plumes with high accuracy.136
Limited research exists on the impact of severance taxes on overall drilling, but recent studies
have found that increased severance taxes may lead to decreased drilling and that imposition
of new fees can discourage drilling in inefficient or marginal areas. These studies have also
indicated that while market forces likely have a greater impact than taxation or other regulatory
schemes, new drilling is sensitive to price shifts including tax effects.137 While the precise
supply and revenue outcomes in California under a new severance tax would be difficult to
predict, the basic economic implications are relatively clear: either drilling profits would
decrease or consumer prices would increase, potentially leading to some decrease in drilling
or consumption. While the 30 U.S. states that have enacted severance taxes do not appear to
have comprehensively studied the economic impact of these taxes on oil and gas production,
nationwide production has increased in the U.S. in recent years in response to technological
developments and market dynamics, and many of the taxes have been in effect for decades.
Since California’s oil market is something of an “island” cut off from overland domestic supplies,
the supply and demand effects of a tax could be different than in other states.138

The Interstate Compact to
Conserve Oil and Gas
California is a member of
the Interstate Compact to
Conserve Oil and Gas, a
30-state agreement whose
purpose is “to conserve oil
and gas by the prevention of
physical waste thereof from
any cause.”127 Although the
compact should not present a
barrier to the actions discussed
in this section, policymakers
considering reforms should
nonetheless note its status in
state law. While the legal force
and effect of the compact
are unclear (limited case law
and legal analysis is available),
it includes a commitment to
enact laws “to accomplish
within reasonable limits the
prevention of…locating,
spacing or operating of a well
or wells so as to bring about
physical waste of oil or gas or
loss in the ultimate recovery
thereof,” a measure that could
potentially be read to constrict
state authority to limit
production in some respects.128
However, this provision does
not expressly bar a member
state from enacting measures
discussed in this section,
such as setback regulations,
health and safety measures,
permitting procedures, or
production taxes (which many
member states impose),
and the “reasonable limits”
language in the compact likely
provides sufficient flexibility
to allow for well-crafted,
science-based measures. In
addition, the compact does
not refer to any enforcement
mechanisms or penalties for
non-compliance, and the state
may withdraw at any time.129

California policymakers seeking to limit production overall through a severance tax could
consider a per-unit tax like North Dakota’s natural gas tax. Such a tax would not fluctuate with
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California's lack of a significant
oil and gas production tax
stands alone among major oilproducing states in the US.

oil prices, as would a severance tax based on a constant percentage of the value of produced
oil and gas (which most other states levy). California leaders could also consider a flat perwell fee, similar to Pennsylvania’s unconventional (i.e. fracking) well fee. Such a fee could have
the most direct effect of discouraging production at the least-efficient wells. By levying a tax
purely on production levels, rather than production value, California could ensure that the tax
retains its value and impact regardless of global price fluctuations.
An additional consideration for legislators structuring a severance tax would be whether to
account for local taxes already paid by oil and gas operations. For example, Colorado allows
oil and gas operators to discount up to 7/8th of their severance tax liability based on local taxes
paid, while North Dakota imposes its severance tax in lieu of local ad valorem taxes (before
returning a portion of statewide proceeds to local governments). Most, if not all, California
jurisdictions assess standard property and other local taxes on oil and gas operations, and some
cities charge additional per-barrel assessments. (See Appendix B for greater detail on local
and out-of-state measures.) If the goals of the tax include either raising new revenue or disincentivizing production and consumption, then discounting for these other costs (via credits
or otherwise) would not be advisable.
B. Tax implementation
California could institute such a severance tax by statute, though it faces a high bar to do
so in the legislature. Under California’s Propositions 13 and 26, any such tax would require
a two-thirds vote in each house.139 State lawmakers have considered such a measure in the
recent past: following multiple stalled severance tax bills between 2008 and 2014, Senate Bill
246 (Wieckowski), proposed in 2019, would have imposed an oil and gas severance tax of 10
percent of average statewide prices for both oil and gas production in California, with revenues
deposited into the state general fund.140 Similar 2013 and 2014 efforts both passed the Senate
Finance and Appropriations committees but received no subsequent action; SB 246 never
reached a vote in the 2019 session.
Another option for a severance tax could be to enact it via statewide ballot measure, although
this process could entail similar political challenges given the public nature of the vote and the
issue campaigns that would likely accompany it. An initiative measure circulated via petition in
2014 would have enacted a severance tax but did not qualify for the November ballot.141
C. CalGEM fee assessment alternative
As an alternative to avoid Proposition 13/26 requirements, CalGEM’s leadership could consider
increasing its existing oil and gas assessment, either in place of or in addition to legislative
action to impose a severance tax, provided the agency did so for the exclusive purpose of using
the funds to bolster oil and gas permitting, monitoring, and enforcement. Under state law,
CalGEM has authority to assess fees on oil and gas production to fund supervisory activities.142
CalGEM currently charges approximately 50 cents per barrel of oil or 10,000 square feet of
gas produced, generating approximately $80 million to fund CalGEM’s budget. However, this
rate is not set by statute (CalGEM leaders determine it), and the statutory language includes
no express cap on the amount. CalGEM’s discretion appears limited only by the statutory
purpose to “supervise and protect deposits of oil and gas,” and the sources to which funds
may be allocated: CalGEM’s general departmental needs; SWRCB and regional water boards’
activities related to oil and gas operations’ impact on water resources; and CARB and Office
of Environmental Health Hazard Assessment activities related to oil and gas operations’
impact on air quality, public health, and public safety.143 Pursuant to this existing statutory
authorization under Public Resources Code Section 3400, CalGEM’s leadership could increase
the assessment to approach or equal the (much higher) amounts levied by severance tax in
other states, so long as agency staff develop a plan to distribute the revenues exclusively to
the named agencies for established oil and gas-related efforts. This increase could serve as
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the basis for a significant ramp-up of review and enforcement in permitting and protection of
water and air quality.
While opponents of such an agency fee hike might argue that it would violate Proposition 26,
recent court cases indicate that an increased CalGEM assessment could survive such a challenge.
Proposition 26, building on Proposition 13, greatly restricted the types of new fees or charges
the state may impose without supermajority vote by applying the supermajority requirement to
any new state levy that falls outside five narrow exceptions.144 A state severance fee imposed
only on owners and operators—in connection with the specific benefit of state authorization
to drill, and with fee levels set not to exceed the costs of implementing and enforcing oil
and gas regulations—could potentially satisfy one of these exceptions. Furthermore, courts
have ruled that fees levied pursuant to statutes that the legislature adopted prior to 2010
and that do not exceed the costs of the program they fund are exempt from Proposition 26.
For example, in a challenge to the cap-and-trade system imposed under AB 32, a California
appeals court held that Proposition 26 “is not generally retrospective in operation” and applies
only to newly enacted state statutes, not previously authorized agency actions that have the
effect of imposing fees or increasing tax bills.145 Furthermore, in a later challenge to the State
Water Resources Control Board’s adoption of an increased fee schedule pursuant to pre-2010
statutory requirements, the California Supreme Court held that Proposition 26 did not bar the
increase as it was not a statutory change, and the fees did not exceed the reasonable costs
of the program they were statutorily required to fund.146 The current version of the CalGEM
assessment statute dates to 1988, and the original authority dates to 1939; while increasing
the assessment would constitute a change in division policy, it would fall entirely within existing
legal authority. These cases thus indicate that as long as CalGEM leadership strictly adheres to
the requirements of the Public Resources Code by allocating assessment funds to the named
agencies for the stated purposes, Proposition 26 would not block a fee increase.
D. Tax amount
Severance taxation rates should depend on policymakers’ goals, such as achieving target
revenue for specific regulatory efforts, funding economic transition projects, or discouraging
production. State leaders would have difficulty calculating expected revenue from a severance
tax subject to variability in the price of oil and gas. But they would have more certainty
calculating revenue based on a fixed per-barrel or per-well tax. As noted earlier, recently
introduced legislation proposed a 10 percent rate based on average statewide prices. While
political considerations and revenue needs would likely determine the level of the tax, other
states’ models offer some context. (While not a severance tax, a potential Proposition 13-related
ballot measure in November 2020 to create “split roll” property tax, in which commercial and
industrial properties are taxed based on their market value rather than purchase price plus
limited annual increases, could impact oil and gas projects’ total tax liabilities and the optimal
level of a severance tax as well.)
States with severance taxes typically charge the taxes as a percentage of the gross value of oil
and gas produced by qualifying wells, often in a range from 2 to 7.5 percent. For example, New
Mexico has a flat 3.75 percent tax, but it also imposes a separate school tax of 3.15 percent
on oil and 4 percent on natural gas produced, a statewide ad valorem tax of approximately
1.5 percent, and a small conservation tax of 0.19-0.24 percent.147 By one calculation, these
taxes result in an effective tax rate of approximately 9.1 percent, placing New Mexico between
North Dakota (9.4 percent) and Texas (8.3 percent) when severance, production, and property
taxes are combined (calculations of effective tax rates for these states vary, but generally fall
between 7.5 and 12 percent).148 As noted above, North Dakota and Pennsylvania both levy
natural gas taxes independent of the value of produced hydrocarbons, calculating the taxes
instead on a per-unit basis and a per-well basis, respectively.
Some (but not all) states vary the amount of the severance tax by the level of income produced
or by the age of the well. For example, Colorado imposes a 2 percent tax on gross income
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under $25,000, which then increases until reaching 5 percent of income over $300,000,
while Pennsylvania decreases its tax per well, per year, with a starting point between $40$60,000 in the first year and decreasing to $5-$10,000 per well by years 11 through 15. In the
most extreme case, Alaska imposes an extraction tax equal to 35 percent of production profits.
E. Allocation of revenues
A voter- or legislatively-enacted severance tax could raise a significant amount of revenue. All
of the states surveyed for this section (including multiple that have produced less oil and gas
than California in recent years) generate hundreds of millions of dollars in annual revenue via
their severance taxes. In the most extreme case, Alaska’s 35 percent tax generates up to 90
percent of the state’s revenues (in lieu of state property and sales taxes), supporting the bulk of
government operations and an annual “dividend” paid to each state resident. This arrangement
though can lead to fluctuations in the dividend and severe budget and political consequences
when oil prices are low. (Low prices in recent years have been linked to cuts in infrastructure
and community spending and reduced dividend payments, which is a key income source for
many residents.149)
Revenues generated by these taxes typically range from $500 million to over $1 billion per year.
States distribute them primarily to a special fund to issue bonds for state capital projects, state
general funds, local governments, and a special reclamation fund.150 For example, Colorado
generates annual revenue of up to $300 million, New Mexico between $500 million and $1
billion, North Dakota between $300 million and over $1 billion, and Pennsylvania between $175
and $250 million.
In general, states with severance taxes vary the allocation of generated revenues, but most
distribute funds to some combination of special-purpose oil and gas funds, water and resource
management funds, county and local governments, and the general fund. For example,
Colorado dedicates 25 percent of revenue to a state water project fund, 25 percent to a state
energy and resource project fund, 35 percent to local governments for local facilities, services,
and revenue compensation, and 15 percent directly to local governments. North Dakota
dedicates 70 percent to its general fund and producing counties and 30 percent to the state
“legacy fund,” a trust fund created by a ballot initiative constitutional amendment in 2010. And
Texas sends 75 percent of its revenue to the general fund and 25% to a special school fund. Due
to Texas’ nation-leading oil and gas production, the tax generates billions of dollars in revenue
on an annual basis.151
California lawmakers would face a political decision on how to allocate the substantial revenues
a tax would generate. Policymakers could use the dollars to fund climate change mitigation and
adaptation measures, as California has done with auction proceeds from its greenhouse gas
cap-and-trade program. Such an approach could afford the greatest environmental benefits
and, if committed to near-term projects, could minimize reliance risks that might arise from
dedicating the revenue to the general fund, education, or other ongoing uses, as many other
states do. Policymakers could also potentially bolster public support for a new tax measure by
delivering benefits directly to communities through a “just transition” program that dedicates
severance tax revenues to efforts directly related to climate and environmental health, such
as assisting low-income communities with clean technology deployment like investments in
electric vehicle chargers or water quality protection projects.
California would be unlikely to suffer from over-reliance on tax revenue because California
(unlike Alaska) also imposes both income and sales taxes to fund the state budget, while oil
and gas production constitutes a much smaller portion of state economic activity. But Alaska’s
example represents a cautionary tale that suggests California policymakers could consider
limiting the use of severance tax revenues to a restricted class of projects or for reserves that
can survive future downturns in market prices or total production. The use of the revenue
could help further offset or discourage production, such as by investing in alternative fuels
or job training for displaced fossil fuel workers. State leaders could also dedicate a portion of
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revenue to increased staff and enforcement capacity at CalGEM and other agencies, which
could support a number of the regulatory reforms proposed in this report. Revenue could also
contribute to costs that state and local governments may ultimately face for plugging and
abandoning orphaned wells, which could reach hundreds of millions of dollars. As a recent study
estimated, the average cost of fully plugging and abandoning an onshore well is $68,000, while
nearly 5,500 wells are likely to be or at high risk of becoming abandoned by insolvent owners
or “orphaned.” The potential net liabilities of these wells, which include the cost of plugging and
abandoning minus available bonds, could exceed $500 million and increase to over $9 billion in
the unlikely case that developers orphan all wells in the state.152
Ultimately, imposing a severance tax in California would require significant coalition-building
(either in the legislature or among the voters), economic modeling to determine the proper
level and structure of the tax to achieve desired aims, and responsible planning to avoid
overreliance on funds and generate the most beneficial outcomes. In addition, should federal
or state leaders ever enact an economy-wide carbon tax, policymakers in California (as well
as other taxing states) would potentially want to consider whether they need to provide any
credit or offset to avoid double-taxation. (However, since severance taxes and carbon taxes
serve different goals and any carbon tax is unlikely to account for the full social cost of carbon,
the need for such offsets or credits may be unlikely.) As the examples of California’s peers
demonstrate, levying such a tax could not only raise hundreds of millions of dollars per year but
also bring California up to the standard already met throughout much of the nation.

2. Drilling authorization and denial
As discussed earlier in this report, California’s state-level legal requirements for CalGEM’s
approval of traditional oil and gas wells, as well as its supervisory authority with respect to
environmental protection and facilitating production, have long been subject to conflicting
interpretations.153 While limited case law or other authority on the matter exists, CalGEM has
traditionally interpreted its statutory authority to offer minimal authority to deny permits based
on environmental considerations. Ultimately, full clarity on the extent of CalGEM’s current
authority might arise only through extensive litigation, which is beyond the scope of this report.
Although such authority could exist pursuant to the agency’s supervisory authorities under
Public Resources Code Sections 3106(a) and 3011, legislators could take action to eliminate
any doubt.
Reform options for state-level well approval processes could center around amending the
agency’s core supervisory authority to clarify CalGEM’s discretion to deny drilling applications
and require consideration of environmental factors as part of the drilling application process.
While the five surveyed states generally impose few limitations on drilling via their oil and gas
regulatory agency, recently enacted (though controversial) reforms in Colorado could offer
a potential template to give CalGEM more authority in the permitting process to achieve
improved environmental outcomes from projects.

Summary finding: California legislators could amend CalGEM’s
core supervisory authority in the oil and gas provisions of the
Public Resources Code to expressly require CalGEM to privilege
environmental protection concerns by deleting or making subordinate
any reference to maximizing production, requiring the agency to
consider alternative drilling locations, mandating an assessment
of the overall environmental impacts of drilling in advance, and/or
clarifying agency authority to deny well approvals.
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A. Statutory authority to privilege environmental concerns in state-level drilling
authorization

Legislation amending
CalGEM's primary enabling
statute could bolster agency
authority to expressly prioritize
environmental considerations
in decisions regarding drilling
applications.

Legislators could amend CalGEM’s enabling statute to prioritize environmental protection
and de-emphasize production. As mentioned previously, AB 1057 added a new provision that
clarified that the purposes of the state oil and gas conservation law “include protecting public
health and safety and environmental quality, including reduction and mitigation of greenhouse
gas emissions associated with the development of hydrocarbon and geothermal resources
in a manner that meets the energy needs of the state.” However, the amendment does not
directly address the nature or weight of CalGEM’s duties under Section 3106(b) (which involve
supervising drilling to permit methods that increase recovery of hydrocarbons), and it does not
include any specific new rulemaking authority or requirement. Legislative updates expressly
prioritizing environmental considerations could bring an end to any lack of clarity regarding
these responsibilities.
As discussed earlier, at least one reviewing court has viewed Section 3106(b)’s productionrelated provisions as CalGEM’s “mandate,” although that case is now on appeal.154 While Section
3106(b) does not explicitly prevent CalGEM from denying permits based on environmental
considerations—it requires supervision of drilling operations “so as to permit” owners and
operators to increase recovery of hydrocarbons—the lack of direction or prioritization
between this production language and the Section 3106(a) protection provision leaves
CalGEM’s authority to deny or limit permits for environmental purposes potentially unclear
and subject to litigation. To address this, the legislature could amend Section 3106 to clarify
that CalGEM must prioritize environmental, health, and safety concerns over maximizing
production, or delete the production provision altogether. (Assembly Bill 1440 [Levine, 2019],
a companion bill to AB 1057, would have shifted CalGEM’s production provision to a focus on
permitting “methods and practices…suitable in each proposed case” and expressly subjugated
that provision to the damage prevention authority. While the measure passed both houses of
the legislature, Governor Newsom vetoed it.)
One potential example is Colorado’s reform legislation enacted in April 2019 (SB 19-181)
that updated the State Oil and Gas Conservation Commission’s (COGCC) mandate and
environmental protection focus. Prior to the reform, the law required the commission to “foster
responsible, balanced development” that was “consistent” with environmental concerns,
similar to CalGEM’s dual supervisory authority. After SB 19-181, the commission instead has to
“regulate the development and production of the natural resources of oil and gas in the state
of Colorado in a manner that protects public health, safety, and welfare, including protection
of the environment and wildlife resources.”155 In addition, the law affirmatively required the
commission to protect and minimize adverse impacts to public health and the environment and
“protect against adverse environmental impacts on any air, water, soil, or biological resource.”156
As of this publication, the impact of this reform on COGCC’s regulatory and permitting
activities, and the extent to which it improves environmental and health outcomes, are far from
clear, and early implementation has led to some controversy.157 Yet it could serve as a template
(or a model to improve) for California legislators.
The Colorado statute also required COGCC to develop a set of regulatory reforms aimed
at implementing the refocused agency mandate. While the commission has not yet finalized
new permitting and other regulations under these statutory changes as of this publication, the
commission listed rule changes it is considering. These non-binding proposals include removing
the requirement that agency rules be “technically feasible and cost effective” for developers
and instead replace them with rules “reasonable and necessary” to protect public health,
safety, welfare, wildlife and the environment. They also would “[i]dentify denial criteria based
on long-term impact on public health safety, welfare, and the environment” (a complete list of
the non-binding concept proposals is provided in Appendix C).158 While California’s regulatory
structure differs from Colorado’s, these proposals indicate the shape that a reformed CalGEM
supervisory authority could take. A revised authority like that of Colorado, coupled with a
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directive that CalGEM promulgate permitting and other regulations in accordance with its
terms, could offer California regulators more clarity to prioritize environmental considerations
in oil and gas drilling approval, while affording CalGEM some discretion to tailor those rules to
the state’s characteristics and needs based on stakeholder input.
B. Statutory authority to deny permits
California legislators could also update Public Resources Code Section 3203 to expressly clarify
CalGEM authority to deny drilling authorization based on environmental and health and safety
concerns. While some of the surveyed states have granted express authority to deny permits,
none of them has historically done so specifically for environmental reasons. For example,
New Mexico’s Oil Conservation Division has regulatory authority to deny a permit for reasons
relating to financial assurance, corrective orders, unpaid assessments, or compliance of other
wells, but not for environmental reasons. Regulations also authorize the commission to “impose
conditions on an approved permit to drill” without any stated limitation. But it is unclear if these
conditions ever encompass environmental concerns.159 North Dakota’s Industrial Commission
has regulatory authority to “impose such terms and conditions on the permits…as the director
deems necessary” but can deny permits only to prevent waste or protect correlative rights.160
By contrast, Colorado’s recent reform provides a potential model for permit denial or
conditioning on the basis of environmental concerns. SB 19-181 directed COGCC to enact
regulations under its new environmental protection obligations and allowed the agency to
delay a permit approval to conduct additional environmental or public health analysis in the
period before promulgation of those regulations (which follow a single mandate to affirmatively
“protect against adverse environmental impacts”).161 The commission has yet to issue these
regulations as of this publication, but it is ultimately likely to develop new permit issuance
criteria based on the statute (COGCC referred to permitting process changes in its informal
documents discussing regulatory updates, as described in Appendix C). The commission issued
a set of “objective criteria” that may merit a delay in the interim period, including locations
within 1,500 feet of a residence or municipal or county boundary and within 2,000 feet of a
school; while not final regulations, these temporary criteria may indicate the scope of future
permit denial or conditioning regulations that COGCC adopts.162 As the Colorado commission
develops its permitting regulations, California policymakers could follow the process to identify
the substantive outcomes of the new mandate, as well as any opposition or challenges from
industry or local governments.‡
Given California’s environmental goals, legislators could consider amending Section 3203
of the Public Resources Code to expressly incorporate environmental and health and safety
impacts as a basis to deny or condition an approval to drill. They could also direct CalGEM
to engage in new permit process rulemakings pursuant to the change in the agency’s core
supervisory authority under Section 3106, as described earlier. In addition, California legislators
could expressly clarify CalGEM denial or delay authority for wells based on air quality impacts.
Alternatively, legislators could direct CalGEM to assess drilling approvals based on anticipated
life-cycle emissions and/or water needs. (As noted, certain deposits in California contain
especially “heavy” oil that is among the most carbon- and water-intensive to produce and
refine in the world.) As discussed in this report, CalGEM’s current drilling authorization and
CEQA review processes rely almost exclusively on the environmental, health, and safety
analyses of local permitting agencies, which local and environmental advocates often consider
overly permissive.163

‡ Illinois, which was not included in this report’s survey, also stands out for its general and
fracking-specific permitting statutes that expressly contemplate permit denial. Ill. Stat. 225 §§
725/6.1, 732/1-53. However, Illinois ranks among the lowest oil- and natural gas-producing states
in the country.
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Alternative Location and
Cumulative Impact Analysis
Two elements of Colorado’s recent
reform merit additional consideration
by California legislators. SB 19-181
required the Colorado Oil and Gas
Conservation Commission (COGCC) to
adopt rules for an “alternative location
analysis process” for proposed wells
located near populated areas, as well
as rules to “evaluate and address the
potential cumulative impacts of oil and
gas development.”167 Because the text of
the law did not include details regarding
any required analyses or intended
outcomes, it did not clarify the extent
to which it will affect permit issuance or
well location. SB 19-181 also expressly
granted Colorado local governments
land-use and siting authority with respect
to oil and gas operations—authority
already enjoyed by California local
governments—which may limit any effect
of an alternative location analysis.168
However, given the goals of the law, the
analyses are likely to contribute to more
robust consideration of environmental
factors in new well approval and siting.
California legislators could track the
ongoing regulatory developments in
Colorado and, if COGCC adopts and
enforces environmentally supportive
regulations in response to SB 19-181 that
comport with local land-use control,
consider replicating these new impact
analysis requirements for the California
context (potentially integrating them into
the CEQA review process). To maximize
the intended environmental protection
benefits of these reforms, state leaders
could include alternative location or
cumulative impact analysis as additional
to any new authority to condition or deny
permits and/or new statewide setback
requirements (discussed in the next
section), as opposed to a substitute.
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To facilitate a new environmental focus in drilling reviews, CalGEM would likely need
to increase collaboration with state air and water resource agencies and public health
entities, through both formal and informal processes. CalGEM might need to add
additional staff for the purpose of such collaboration, including those with expertise
in environmental regulation, air and water quality science, and health assessment.
New staff and processes would complement CalGEM’s existing environmental review
capacities and could rely (and build) on existing expertise throughout California’s
state government. The legislature could appropriate funds for this purpose at the
same time that it modifies the drilling approval statute. It could also direct CalGEM
to consult with CARB, SWRCB, and local air districts and regional water boards to
craft appropriate mitigation standards. As an indication of potential scope, Governor
Newsom’s proposed 2020 budget includes a special fund for over 100 new CalGEM
staff positions, including enforcement and transparency positions.164 Alternatively,
CalGEM could, as discussed earlier, increase its existing well assessment under
Section 3400 of the Public Resources Code, as increasing staff to meet a legislative
mandate would fall within the statutory purpose of supporting CalGEM’s operations.
In developing the criteria, CalGEM could expand on analyses and data already
compiled in the state’s SB 4 scientific study, the Air Resources Board’s SNAPS
program, and the recent Los Angeles city and county analyses described in the next
section. The legislature and/or CalGEM could delay the effective date of new well
approval regulations to account for the hiring and criteria-preparation processes.
If California legislators strengthen CalGEM authority to deny or condition drilling for
environmental reasons, the state may want to clarify that such denials or limitations
based on environmental considerations would not conflict with CalGEM’s other
existing requirements to minimize waste and loss, in order to avoid any challenges
based on these provisions. Colorado forestalled such a conflict between its new
environmental focus and portions of the existing law that require prevention of waste
via pooling and spacing measures by expressly declaring that “the nonproduction
of oil and gas from a conditional approval or denial authorized by” the subsection
creating this new environmental protection obligation “does not constitute waste.”
Such a legislative approach could be necessary in California as well to avoid legal
challenges over denials on these grounds. In addition, reform legislation could
clarify that any expansion of CalGEM authority to review environmental and health
impacts that fall outside of “downhole” drilling considerations does not preempt or
displace local environmental or land-use authority that is more stringently applied, as
discussed further in the following section.
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3. Setback Requirements
The institution of statewide oil and gas well setback requirements (also referred to as buffer
zones) would deliver benefits for the health and safety of local residents and could potentially
reduce the feasibility of some new or existing wells. Setbacks establish minimum distances
between wells and residences, public facilities, parks and ecologically valuable areas, and other
locations that support human activities or natural ecosystems. Production operations can place
these locations at risk. As such, setbacks could offer particular benefits for the communities
most directly affected by oil and gas operations, such as many disadvantaged neighborhoods
in Los Angeles and Long Beach that are disproportionately exposed to harmful air pollution.
California currently employs no statewide setback requirement, although state law declares
any well drilled within 100 feet of a property line or public road a de facto public nuisance.169
In addition, a number of local governments have imposed their own setback requirements. As
part of his November 2019 CalGEM reforms, Governor Newsom directed CalGEM to include
consideration of setback rules in its new health and safety rulemaking process.
The imposition of setbacks as a means to limit both in-state production and greenhouse gas
emissions is less clear. Developers may still be able to access deposits in a setback zone by
drilling horizontally, allowing them to continue producing while moving wellheads farther
from sensitive receptors. And, as noted previously, any in-state drilling limitations may have
a limited impact on total consumption and greenhouse gas emissions. However, the setback
could impose additional costs that might discourage marginally economical production if costs
outpace expected revenue. In addition, policymakers have traditionally employed setbacks
to protect residents and nearby ecosystems from the health and environmental risks posed
by drilling operations. As a result, imposing them statewide could at a minimum provide
health-and-safety and environmental benefits to all Californians, regardless of the impact on
greenhouse gas emissions.
State legislators and regulators seeking to institute a setback would need to evaluate a host
of legal questions discussed later in this section. Perhaps chief among these is whether to
apply a setback rule to all oil and gas operations or only new wells. While application to existing
wells could have a far greater impact on both public health and greenhouse gas emissions, it
could also present greater legal implications due to likely litigation over whether or not the
setbacks effect a constitutional taking of property. Such litigation would depend in large part
on whether an owner/operator’s right to drill is fully vested due to the issuance of necessary
permits (discussed at the end of this section). State leaders would also need to identify an
optimal setback distance to protect public health while minimizing these legal risks, which
some experts have placed at 2,500 feet or more.
Given the lack of statewide setback policy and overall weakness of local measures, this section
describes options to set a statewide floor to protect health and safety and possibly reduce
emissions, using existing statutory and regulatory authority.

Summary finding: CalGEM could promulgate setbacks of up to 2,500
feet or more, or launch a California-specific, science-based process
to determine optimal distances on the basis of the agency’s new
core supervisory authority to protect public health and safety and
environmental quality. Agency leaders would need to ensure that any
such setback policy avoid preempting more stringent local versions
and avoid protracted regulatory processes to enact. Alternatively,
legislators could enact a setback statute, clarifying that the setbacks
do not preempt local authority. State leaders would need to carefully
craft any measure to avoid constitutional takings issues.
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Instituting a statewide minimum
setback distance could protect
sensitive populations and
ecosystems while discouraging
some of the least economic,
most energy-intensive drilling.

A. Statewide minimum setback
State leaders seeking to impose a statewide setback would first need to decide the proper
minimum distance to protect health and safety. While not much California-specific scientific
literature on the benefits of these setbacks exists, recent literature offers support for a wide
range of distances. A 2015 report commissioned by the California Natural Resources Agency
pursuant to SB 4 found (based on studies from outside California) that “the most significant
exposures to toxic air contaminants” occur within one-half mile (approximately 2,500 feet) of
well operations.170 The report did not go so far as to call for a statewide half-mile setback, but
it recommended that the state “develop policies such as science-based surface setbacks, to
limit exposures.” Advocacy groups have called for a 2,500-foot setback based on this report
and other data.171
Meanwhile, a 2018 Los Angeles County Department of Public Health study identified the most
significant air quality, noise, and odor impacts from drilling operations on nearby residents
at between 600 and 1,500 feet.172 A subsequent 2019 report from the Los Angeles Office
of Petroleum and Natural Gas Administration and Safety, in part building on the LACDPH
study, suggested that the city consider setbacks of 1,500 feet for new wells and 600 feet for
existing wells, seemingly balancing economic feasibility and public health protection.173 The
report estimated that setbacks in this range would reduce production by approximately 2.5
million barrels of oil and 4.5 million cubic feet of gas and benefit between tens and hundreds
of thousands of nearby residents.174 And as a more aggressive finding, a 2017 literature review
prepared for a Los Angeles environmental justice coalition identified over 10 scientific studies
that found increased health risks for residents within 1,500 to 6,600 feet of oil and gas wells
(all based outside California).175 Assembly Bill 345 (Muratsuchi, 2019) would direct CalGEM
to adopt health and safety regulations including a minimum setback from sensitive receptors,
allowing the agency discretion to determine the optimal distances, while requiring it to consider
a 2,500-foot setback for schools and public facilities where children are present, perhaps
indicating a level of legislative support for this minimum distance. As of this publication, the bill
is still active in the legislature.
In coordination with CalGEM’s health and safety rulemaking directed by Governor Newsom in
November 2019, the legislature could consider directing (and funding) CalGEM to collaborate
with CARB, SWRCB, and other relevant state and local agencies on a definitive study of
setbacks, including assessment of health and safety benefits, economic impacts, and outof-state examples, and prepare a formal legislative recommendation based on the findings.
Alternatively, the legislature could commission an independent study similar to the WST/
fracking analysis conducted under SB 4. The study could largely build on existing research,
including what was compiled in the recent Los Angeles city and county studies and any analysis
from states like Colorado and Pennsylvania where setback measures have recently been
considered, to determine the optimal distance to protect public health and the environment
while maintaining legal and practical feasibility in California. The study would need to account
for California’s particular drilling methods, geological conditions, and air quality concerns. AB
345’s proposal could serve as a baseline for the assessment. The state could also utilize data
from the California Air Resources Board’s SNAPS program to determine appropriate setbacks,
although the timeline for conclusive findings from that process is unclear.
California policymakers could also set a variable setback based on the sensitivity of nearby
sites. This approach would follow the example of Colorado, which instituted one of the largest
statewide setback requirements in 2013 at 500 feet from all occupied buildings, with a more
stringent 1,000-foot setback from high-occupancy residences and schools (along with a 350foot requirement from outside activity areas).176 The “alternative location analysis” required
under Colorado’s SB 19-181 reforms may add further variability based on site-specific health
and safety factors. California officials seeking a more stringent but still adaptable regime could
consider combining a statewide setback with such an analysis process to permit some flexibility.
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Many other states employ some setback requirement, though most are minimal. At least some
states instituted setbacks as state-level responses to preempt more stringent local rules. North
Dakota imposes a statewide 500-foot setback requirement.177 New Mexico’s well-spacing
requirements include a setback from property lines of 330 feet for oil wells and 660 feet for
gas wells.178 Pennsylvania set a 200 feet setback from buildings or water wells (for conventional
drilling) and 500 feet from buildings or water wells (for fracking). (The Pennsylvania setbacks
are subject to waiver by the neighboring owner or if the operator can show the setback “would
deprive the owner of the oil and gas rights of the right to produce or share in the oil or gas
underlying the surface tract.” The operator must also be able to satisfy additional protection
requirements—an exemption that likely limits the efficacy of the rule in protecting health
and the environment.179) Texas, which generally exercises minimal regulatory control over
operations, has a well-spacing requirement that includes a 467 foot setback from property
lines, although the state oil and gas regulator may grant exceptions “to prevent waste or to
prevent the confiscation of property”—another exception that likely limits efficacy.180 A number
of other states around the country have also imposed statewide setbacks, including states as
diverse as Louisiana (500 feet from residential or commercial structures), West Virginia (200
feet from homes or water wells), and Wyoming (500 feet from homes).181 Thus while little
uniformity exists nationwide, California is generally an outlier in its lack of a statewide minimum
setback requirement. By following Colorado’s example, California leaders could institute a
setback regime that is responsive to variable health and environmental conditions as well as
operators’ concerns.
B. Avoiding preemption of more stringent local setbacks
While California has no statewide setback requirement, a number of local governments have
imposed such a requirement as a condition of approving oil-and-gas production. These local
setbacks, though mostly minimal in nature, cover a variety of structures, such as homes and
schools. Examples include Arvin (300 feet), Carson (750 feet), Huntington Beach (300 feet),
Long Beach (300 feet), and Signal Hill (300 feet).182 These local setback rules are generally
less stringent than the minimum distances needed to protect public health, which could range
up to 2,500 feet or more, according to the studies noted earlier. The Ventura County Board
of Supervisors recently proposed extending its current 500-foot setback rule to 1,500 feet
from homes and 2,500 feet from schools for all new wells drilled under discretionary permits
(in addition to banning transportation of oil by trucks and flaring or venting of gases). But, as of
this publication, the county has not yet adopted the policy.183
Should California legislators impose a statewide setback, they would need to ensure that the
state policy does not preempt local setbacks, if they are more stringent than the statewide
version. A statewide setback also must not otherwise generate any concerns regarding the
primacy of local authority. The California Constitution grants local governments primary
control over land use decisions.184 However, state law generally preempts local law, and local
rules that conflict with state law or regulation are typically void. California law firmly establishes
the ability of local governments to regulate the location of oil and gas operations or to ban
them altogether as a land-use matter (which some jurisdictions have done). But neither state
law nor CalGEM regulation to date has entered the area of setbacks.185 While the trial court
decision in the challenge to Monterey County’s Measure Z (now on appeal) appeared to take an
expansive view of the preemptive effect of the legislature’s grant of authority to CalGEM, the
ruling related to local regulation of production techniques—rather than land use—as a means
to limit operations, and the court acknowledged the state’s long-standing precedent upholding
local authority to ban operations altogether.186
Absent express language preserving local authority to set more stringent setbacks, courts
could potentially interpret a statewide legal minimum as preempting local rules. While minimal
evidence exists on the issue of implied preemption of local setbacks, some precedent from
New Mexico and North Dakota has pointed in the direction of state regulation displacing local
rules.187 Colorado’s 2019 oil and gas overhaul, meanwhile, grants local governments the express
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Avoiding Constitutional Takings Challenges
A key consideration for changing permit issuance and denial
rules or imposing setbacks is the general constitutional
limitation on government taking of private property. Both
the U.S. and California constitutions prevent the public taking
of private property without compensation. This principle has
long been extended to cover not only the direct taking of
property, such as through eminent domain, but also laws and
regulations that block or inhibit its profitable use relative to
the rights of the owner at the time it acquired the property.198
Any new law or regulation limiting the ability of a current
owner to drill or operate wells, including but not limited to
setback rules, could potentially be subject to challenge on this
constitutional basis, which would expose the implementing
government body to potentially significant litigation costs
(and even greater compensation costs should a claim prove
successful). The success of such a claim would depend on a
number of factors, including the central question of whether
the owner/operator’s extraction right is vested and to what
extent it may be lawfully terminated.
In general, to establish an unconstitutional taking, and
thus render a law or regulation invalid without financial
compensation, a property owner must show that the rule
deprives it of all economically beneficial use of the property
or otherwise imposes an unreasonable burden, either facially
(i.e. in all cases) or as applied in the case of the individual
challenger.199 In this general context, a taking likely does
not occur if the property rights holder should reasonably
expect and acknowledge “legitimate restrictions” limiting
the property use; the property is located in a “human and
ecological environment” that is “subject to, or likely to
become subject to, environmental or other regulation”; and
the value of the property under the regulation is measured
“with special attention to the effect of burdened land on the
value of other holdings.”200 Courts generally require neartotal elimination of the value of property in order to find a
regulatory taking has occurred, and they rarely regard a loss
of future profits as adequate to support a claim.201
However, in the context of extractive property rights like oil
and gas drilling rights, constitutional takings analysis focuses
more specifically on whether the operator’s right has vested:
whether the operator has obtained all permits necessary
to begin oil and gas operations, actually performed work,
and spent funds to further those operations in reliance on
those permits.202 Thus, only an operator that has already
commenced oil and gas production or is far along the
permitting process would be likely to have a strong takings
claim. In addition, even a vested right might not form the
basis of a valid takings claim where the activity in question
threatens public health and safety (protection of which is at
the core of the government’s police power authority) or is
a nuisance, and if the regulation is appropriately tailored to
the urgency of that threat.203 Because policymakers would
ground any setback rule or other measure to limit oil and gas
operations in public health and environmental imperatives,
the responsible government body would have a strong
argument that abatement of public health hazards supersedes
a vested right to drill.
Policymakers crafting a setback or similar rule could focus
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authority to regulate surface impacts of oil and gas operations “to
the extent necessary and reasonable, to protect public health,
safety, and welfare and the environment” via regulations on land
use, public facilities impacts, well siting, environmental impacts,
insurance and indemnification, and nuisance, and allows these
measures to be more stringent than state rules.188 Presumably,
this expanded authority would include local setbacks.
Any legislator considering a setback should avoid preempting
and thereby invalidating any existing, more stringent local
laws as well as future ones. To address this potential counterproductive outcome, state leaders could draft any law setting a
minimum statewide setback with language expressly allowing
local governments to institute setbacks that are more protective
of public health and the environment, such as through greater
minimum distances or more inclusive lists of sensitive receptors.
State leaders could also make clear that the statewide law is a
floor and not a ceiling. To defend against any arguments (possibly
drawing on the trial court decision in the Measure Z case) that local
governments lack authority to enforce other environmentallyfocused restrictions on oil and gas operations due to preemption
by state authority to regulate how those operations function,
lawmakers could also clarify that the state’s regulatory authority
does not have preemptive effect over any local land use or
environmental limitations on drilling more broadly.
C. Existing CalGEM statutory authority to promulgate
setbacks
CalGEM leaders could also consider instituting a statewide
setback requirement on the basis of the agency’s supervisory
authority to prevent damage to life, health, property, and natural
resources and to protect public health and environmental
quality.189 As a preliminary matter, CalGEM would need to support
such a regulation with substantial evidence in the form of a
review of available science demonstrating the public health and
environmental benefits that a setback could provide.190 Supported
with the data, CalGEM could impose such a requirement on
existing wells, requiring their abandonment if they lie within
setback zones; or only on new wells, preventing future drilling
within the zones. CalGEM and the legislature have taken limited
steps in this direction in the past. As mentioned, state law declares
any well within 100 feet of a property line to be a de facto public
nuisance and authorizes the State Oil and Gas Supervisor to
impose minimum spacing requirements between newly drilled
wells to protect health and safety and prevent waste.191 CalGEM
regulations also include special treatment of wells within 300 feet
of a home (known as “critical wells”), requiring advance notice of
drilling and enhanced safety measures. But neither existing law nor
existing regulation has extended to statewide setbacks mandating
a protective distance.192
However, as discussed earlier, CalGEM’s new environmental
protection purpose (Section 3011) and its original damageprevention authority (Section 3106(a)) do not have clear priority
over the original recovery provisions (Section 3106(b)), an issue
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subject to ongoing litigation. In addition, the approval process
outlined in Section 3203 may have given rise to an assumption
on the part of the oil and gas industry that it has a “right to drill,”
though the statute expresses no such right, indicating a regulatory
setback would likely invite legal challenge from the industry on the
grounds that the rule violates the agency’s recovery provisions or
subverts the existing well approval process.193 Industry could also
argue that existing well-spacing plans conclusively address the
issue of well distance, leaving no room for additional regulation.
Yet those plans and regulatory authorities do not focus on health
and safety, indicating the legislature’s purpose likely was not to
displace a health and safety-focused setback.194 Finally, industry
could argue that setback requirements, whether applied to
existing wells or only to new wells, constitute an unconstitutional
taking, as discussed later in this section.
A reviewing court would owe deference to CalGEM on its
determination that a setback requirement was “reasonably
necessary” in the exercise of its protective authority, so long as
the agency provided adequate scientific support for its decision.
But litigation continues on the question of whether the legislature
granted CalGEM the discretion to protect and enforce health,
safety, and environmental measures at the expense of production.
California case law discussing CalGEM’s core supervisory
authority is minimal, but the recent court decision overruling
Monterey County’s Measure Z (which banned any well stimulation
or wastewater injection activities essential to fracking, as well as
the drilling of any new wells) appeared to take the position that
the Section 3106(b) recovery authority is CalGEM’s “mandate,”
albeit for preemption purposes in the face of local action rather
than state regulation. This reasoning could suggest that courts
may give the recovery authority controlling weight. However, the
ultimate effect is unclear, as the ruling did not directly address
the balance between the two authorities and is still under appeal.
Thus, while CalGEM’s supervisory authority to prevent damage to
(and protect) public health and the environment could authorize
a setback requirement, the lack of specific statutory language
might open such a measure to industry challenge via litigation.
Reform legislation specifically authorizing this type of measure
(or expressly prioritizing environmental protection) would reduce
litigation risk.
CalGEM leaders would also need to consider any potential
preemptive effects of a new setback rule. Since California has
not previously instituted statewide setbacks, case law and legal
analysis of their preemptive effect is minimal. A non-binding 1976
California Attorney General opinion on the general scope and
preemptive power of CalGEM’s authority concluded that while
local governments have a general right to regulate with respect
to “land use, environmental protection, aesthetics, public safety,
and fire and noise prevention,” state regulation in these areas
could potentially curtail the primacy of local law, should CalGEM
leaders choose to implement a setback.195 (“With regard to [land
use and surface activity concerns], local governments may impose
regulations more stringent than those imposed by the state

on a few key considerations to reduce or eliminate the risk
of takings claims and possible litigation. A regulation can
terminate a vested right to operate without effecting a taking
if the regulation creates an appropriate amortization or
phase-out period for the operator to recover its reasonable
investment. This amortization period must be “commensurate
with the investment involved” based on “weighing the
public gain to be derived from a speedy removal of the
nonconforming use against the private loss which removal
of the use would entail.”204 Policymakers contemplating a
setback or other restrictive measure would need to weigh the
anticipated public health and environmental benefits of the
measure against various operators’ reasonable investments
and recovery to date. While newer wells could legally require
a multi-year period of operation to avoid a takings claim,
owners of the oldest wells (which have been operating for
decades, fully recovered their initial investments and were
not issued permits under modern regulatory regimes) might
have no vested claim at all.205
To insulate against potential takings claims and limit costly
litigation, agencies or lawmakers considering new rules to
restrict production could craft savings clauses or other selflimiting measures to ensure no taking occurs:
•

For a setback regulation or law to avoid a facial
challenge, the implementing agency or the legislature
could include a clause that allows for case-by-case
waivers or expressly directs implementing parties not
to infringe on constitutional rights, following Section
30010 of the California Coastal Act as one possible
example.206

•

For a setback rule or an air quality measure, the
state could institute a requirement that owners
who cannot feasibly reduce or relocate drilling
locations must instead abide by increasingly stringent
emission standards, as Colorado has imposed in
certain circumstances. This provision could address
constitutional concerns by protecting the smallest
owners.207

•

For any new restriction, a phase-in or amortization
period could allow owners to recover on their
investment-backed expectations in a manner sufficient
to overcome constitutional challenges. This approach
has succeeded in the past for zoning ordinances that
render existing land uses unlawful and might necessarily
involve creation of multiple amortization options to
address varied operator claims.208 Some legal experts
have proposed a five-year amortization period (with the
ability to extend where necessary) to address oil-and-gas
takings concerns. 209

If any cases remain in which savings, fallback, and phase-in
provisions fail to insulate against a taking claim, the state
could still maintain application of the restriction by providing
constitutionally required just compensation to the affected
owner as required by the state and federal constitutions (as
is typically done in cases of eminent domain). But to avoid
lengthy and onerous litigation involving numerous parties
around the state, representing a wide variety of oil and
gas rights arrangements, the state could seek to limit the
potential for a takings claim to arise through one or more of
these preventive steps.
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so long as they do not conflict with, frustrate the purposes of, or destroy the uniformity of
the Supervisor’s statewide regulatory conservation and protection program.”) As a result, a
court could limit local authority over land use-related matters if CalGEM interprets its core
supervisory responsibilities to include authority over well-siting and then regulates accordingly.
At the same time, the opinion affirms the general proposition that cities and counties may
prohibit oil and gas operations within their boundaries through land-use and environmental
rules, though it does not specifically discuss whether state agencies like CalGEM could override
this power.196 The opinion also states that CalGEM’s issuance of authorization to drill under
Section 3203 of the Public Resources Code would not override a local prohibition on drilling.197
Regulators considering setbacks or similar measures would be entering an ambiguous regulatory
area where local governments have prime authority but the state’s decision to regulate could
potentially displace it. This risk of preempting local controls that seek maximum protection of
public health and the environment means that regulators, like state legislators, would have to
craft any setback rule to expressly authorize more stringent local rules or outright bans, while
at the same time explicitly displacing any less stringent rules.

4. California Air Resources Board Options
As the state’s primary air quality regulator, the California Air Resources Board holds broad
authority to control and reduce emissions of the harmful air pollutants that are associated
with oil and gas production to protect public health. 210 In general, CARB has authority
over statewide emissions from mobile sources such as automobiles, while local air quality
management districts have primary authority over stationary sources, including oil and gas
wells, under CARB’s general supervision. But CARB is also responsible for setting the air quality
standards that local districts must achieve, in particular for the toxic air pollutants that oil
and gas production can generate. CARB also has two distinct sources of authority that could
support enhanced regulation of fossil fuel production activities. Adoption of such regulations
would advance CARB’s Community Air Protection Program, established under Assembly Bill
617 (C. Garcia, Chapter 136, Statutes of 2017) to reduce exposure to air pollution in mostvulnerable communities.

Summary finding: CARB could employ its existing authority to
prevent air pollution episodes or to limit exposure to certain toxic
air contaminants associated with oil and gas production as a basis
for instituting new restrictions to protect public health and the
environment. These policies could include minimum setbacks from
sensitive receptors, time-of-day operational limitations, or mandates
for additional protective equipment. CARB could also initiate a
formal, multi-agency process to plan a long-term phase-out of all
production activities.

A. Air pollution episode prevention
First, CARB has the power to require local air districts to adopt rules to prevent air pollution
“episodes” from any type of air pollutant that cause “discomfort or health risks.”211 While state
law does not conclusively define what constitutes an “episode,” it would likely include the
short-living but health-harmful leaks of benzene, formaldehyde, and other toxic air pollutants
that well drilling and operation can occasion.212 CARB could use this power to require local
air districts to promulgate new regulations for oil and gas production operations that protect
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nearby residents from the most harmful impacts, which could serve to discourage production
at some wells that pose the greatest risk to local populations.
In requiring such preemptive measures, CARB could allow local air districts flexibility in setting
these preemptive requirements so long as they meet minimum standards for public health
protection. Setbacks from sensitive human and natural receptors would be a reasonable
preemptive measure to prevent production operation leaks from causing negative health
impacts: some leaks may be unavoidable with even the most advanced technologies, maintaining
safe distances through setbacks could protect populations and landscapes, and many of these
air pollutants are most harmful in the immediate vicinity of their release. Alternatively, an air
district could institute time-of-day operating limitations to require well operators to suspend
production activity near sensitive receptors when they are most populated, such as during
evenings and overnight for homes and daytimes for schools and businesses. Or an air district
could require operators to install more protective equipment and increase observation and
maintenance the closer a well is to those receptors. CARB’s authority covers episodes that
affect “a significant number of persons or class of persons,” which may focus the applicability
of these measures to more densely populated areas.
B. Toxic air contaminant regulation
Another potential source of more stringent oil and gas regulatory authority is CARB’s broad
mandate to identify and limit exposure to toxic air contaminants. Pursuant to this authority,
CARB could implement measures to limit exposure to benzene and formaldehyde emissions,
both of which are known to result from oil and gas production and have been identified by CARB
and US EPA as toxic air contaminants. These prior listings likely form a basis for mandatory
adoption of control measures by CARB, although additional studies of the California-specific
negative health impacts of these pollutants might bolster a requirement based on EPA’s
findings.213
Under this authority, CARB could promulgate setback or time-of-day regulations as a control
measure to protect public health from the harms occasioned by toxic air contaminants. While
toxic air contaminant control measures must meet a “best available control technology”
standard, the governing statute permits CARB to opt for “more effective measures” where
justified.214 Moreover, CARB has previously implemented setbacks as toxic air contaminant
control measures in other contexts, for example limiting exposure to pollution from chromeplating facilities and stationary diesel generators.215 This history indicates that a setback or
time-of-day requirement to limit exposure to the toxic air emissions from fossil fuel production
would fall within CARB’s existing interpretation of its statutory mandate.
Issuing new regulations pursuant to this authority would require a complex rulemaking process,
including the assessment of existing and new scientific analyses of the pollutants’ toxicity,
which could take significant time to develop. As one example, an Air Resources Board effort to
update regulations limiting the use of asbestos in road surfacing materials under Section 39650
included scientific study beginning in 1992, monitoring and interagency review beginning in
1998, issuance of a control measure in 2000, and litigation that concluded in court approval of
the measure in 2004.216
To the extent that opponents might argue that regulations requiring the shutdown of existing
wells or preventing construction of new wells stretch CARB authority, agency leaders could
look to past experience with timed or limited phase-outs of other technologies or business
practices as a model to balance the burdens of regulation. In similar contexts (including dry
cleaning operations, chrome plating, and use of asbestos in road construction) CARB leaders
have phased out certain business operations over a long timeline or provided a means to
continue operating for a limited period, similar to the amortization periods discussed in relation
to constitutional takings questions.217 CARB leaders could consider a policy phase-in period if
similar concerns arise.
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CARB could use its existing AB
and SB 32 authority, together
with CalGEM’s new mandate
under AB 1057, to develop a
structured phase-out plan for
oil and gas production.
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C. Planning for an oil-and-gas phase-out in California
CARB is the state agency responsible for administering and achieving California’s greenhouse
gas emission reduction laws, AB 32 and SB 32 (Pavley, Chapter 249, Statutes of 2016). These
laws afford CARB wide authority to institute rulemakings and processes to meet the target
of reducing emissions 40 percent below 1990 levels by 2030. As such, the agency is well
positioned to draft a plan for an eventual phase-out of all in-state oil and gas production by
a date certain. AB 1057 added express provisions regarding CalGEM’s obligation to protect
public health and environmental quality, including the reduction and mitigation of greenhouse
gas emissions, in part through coordination with other state agencies such as CARB. CARB
could use its existing AB and SB 32 authority, together with CalGEM’s new supervisory
authority, to develop a phase-out plan and coordinate on implementation. Such a plan could
identify and account for near-term emission reductions from production activities, primarily
methane. The plan could also evaluate demand-side impacts of limiting in-state production,
particularly whether reduced production could affect consumer or refinery demand and the
extent to which fuel imports would increase to meet demand, as well as the anticipated carbon
profile of any imports. In addition, the plan could identify any long-term impacts a production
phase-out policy might have on compliance with the Low Carbon Fuel Standard, since it could
substantially alter the balance of the state’s fuel mix. The state legislature could require CARB
to develop and implement such a plan through new legislation, along with a date certain for an
end to in-state production. CARB could base such a plan on the forthcoming $1.5 million statesponsored study to “identify strategies to decrease demand and supply of fossil fuels,” funded
under the June 2019 California budget.218
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5. CEQA processes
CEQA review is a tool for analyzing and disclosing environmental impacts and mitigating
significant ones when feasible. A more stringent CEQA process on proposed new and modified
wells would enhance community and environmental protection, increase decision-making
transparency, and possibly reduce the scope and prevalence of, and impacts from, the most
environmentally harmful and emission-intensive projects through the imposition of all feasible
mitigation requirements. To achieve these goals, state leaders could consider regulatory action
to ensure that all new and modified production wells in the state trigger site-specific CEQA
analysis and feasible mitigation measures. The ultimate goal would be a strengthened CEQA
process for all new and modified wells, requiring at a minimum an initial study to determine
if the environmental impacts are significant enough to warrant mitigation. These enhanced
requirements would not necessarily trigger a full environmental impact report for all new and
modified wells but provide a statewide minimum level of environmental review, public process,
and mitigation measures, based on project-specific conditions.

Summary finding: To strengthen the CEQA process governing oil and
gas production, the state could:
1.

Through the Governor’s Office of Planning and Research and
the Natural Resources Agency, revise CEQA regulations to limit
eligibility of new and modified oil-and-gas production projects in
existing oil fields for CEQA exemptions;

2. Through CalGEM, conduct site-specific environmental review for
new or modified wells when local governments fail to do so (or do
so inadequately); and
3. Through CalGEM, CARB, SWRCB, and other cooperating
agencies, conduct a rigorous statewide environmental impact
report for all oil and gas production (similar in concept to what SB
4 required for WST/fracking), which would include requirements
for site-specific mitigation measures for both new and modified
projects, including for downstream uses of the fuels.

A. Limiting exemptions
As discussed previously, CalGEM typically defers to local agencies to serve as the lead
agency for the initial CEQA analysis for proposed new wells, with CalGEM providing technical
assistance on any “downhole” review. However, when local agencies do not serve as the lead,
CalGEM assumes those responsibilities.219 In this context, the agency often invokes one or
more of three existing exemptions to avoid CEQA review on any new or modified well projects;
this issue is currently being litigated and on appeal in a Kern County case involving over
200 proposed new wells in an existing oil field, Association of Irritated Residents v. California
Department of Conservation. Local lead agencies can also claim these exemptions. The first
(statutory) exemption applies to an “ongoing project” that was initially approved prior to
the passage of CEQA in 1970, with a cut-off date of 1973 in the implementing guidelines.220
Since many California wells are drilled within larger oilfield projects begun long before 1970,
this exemption may cover a large portion of drilling activity if applied broadly. The second
exemption, a categorical (i.e. promulgated by regulation) exemption referred to as “Class 1,”
covers “negligible expansion” activities of existing facilities, which includes “the operation,
repair, maintenance, permitting, leasing, licensing, or minor alteration” of “existing public
or private structures, facilities, mechanical equipment, or topographical features, involving
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By limiting statutory and
categorical exemptions under
the California Environmental
Quality Act, OPR and CalGEM
could significantly increase the
environmental scrutiny applied
to new oil and gas projects..

negligible or no expansion of existing or former use.”221 The third exemption, also a categorical
exemption referred to as “Class 4,” is for “minor alterations” to land, covering “drilling
operations that result only in minor alterations with negligible or no permanent effects to the
existing condition of the land.”222 Both categorical exemptions can also cover a large portion of
new drilling activity, since so much of it takes place in existing oil fields.
Given that each new or modified well, even in a large and established oil field, can create
significant local and downstream impacts, allowing these exemptions contributes to
environmental risks. The state could take regulatory action to address these risks by
clarifying the inapplicability of these CEQA exemptions to new and modified oil wells. First,
the Governor’s Office of Planning and Research (OPR), which is responsible for developing
the primary CEQA regulations (codified by the Natural Resources Agency), could limit by
regulation the applicability of the statutory exemption for projects approved prior to 1970.
Courts have found that, in order for the statutory exemption to apply, the proposed action
must be “‘a normal, intrinsic part of the ongoing operation’ of a project approved prior to
CEQA, rather than an expansion or modification thereof.”223 Along these lines, at least one
court has found that substantial increases in operations or extraction at projects approved
prior to 1970 constitute significant impacts, at least for publicly operated projects.224 CEQA
guidelines further state that a private project approved prior to CEQA’s enactment is subject
to the law if additional, post-CEQA approvals “involve a greater degree of responsibility or
control over the project as a whole than did the approval or approvals prior to that date.”225
OPR could build on this guidance to clarify in its CEQA regulations that drilling, expanding or
re-working wells at an existing oil field does not constitute an ongoing operation for purposes
of meeting the statutory exemption. OPR could specify that the language of AB 1057, which
as discussed earlier added a new CalGEM responsibility to protect “public health and safety
and environmental quality” and “reduction and mitigation of greenhouse gas emissions”
creates additional authority and adds a new “degree of responsibility or control” over oil and
gas projects beyond what the agency held at CEQA’s enactment. In addition, modifications to
CEQA itself since that time have increased lead agencies’ environmental considerations, and
SB 4 expanded CalGEM’s scope of authority for WST/fracking wells, also potentially rendering
the existing exemption inapplicable.226
Second, OPR could modify its Class 1 “negligible expansion” exemption regulation for existing
facilities to specifically exclude new or modified oil and gas wells from qualification.227 The
agency could do so on its own or by written request from any public agency by adding an
explicit statement of inapplicability to the list of supporting examples illustrating application of
the guidelines (the agency typically includes in the guidelines only examples of how a regulation
applies, as opposed to examples of inapplicability, so such an addition could represent a new
direction for OPR).228 As a result, well projects that expand existing oilfield operations would
not be eligible for this CEQA exemption. CalGEM could similarly clarify in its implementing
regulations that “existing” uses do not include new drilling and new wells at old operations,
precluding qualification for this exemption.
Finally, OPR and CalGEM could modify their respective regulations containing examples of
Class 4 exemptions relating to minor alterations to land to clarify that oil and gas production is
not contemplated.229 Current CalGEM regulations state that drilling operations that qualify for
these exemptions must “result only in minor alterations with negligible or no permanent effects
to the existing condition of the land, water, air, and/or vegetation.”230 OPR and CalGEM could
clarify in their implementing guidelines that “all new oil and gas wells, including re-drilling and
re-working of existing ones, will have a permanent effect on the environment,” which could
limit or eliminate eligibility of these wells for the exemption. In addition, OPR could list new or
modified wells as examples of activities that have a “significant effect” on the environment,
therefore making them ineligible for all categorical exemptions.231
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B. State-level review limiting local avoidance
CalGEM could seek to prevent local governments from treating all current and future wells in
its jurisdiction as one single project for CEQA review purposes, a practice that allows proposed
expansions and new wells to avoid site-specific review. For example, Kern County used projectlevel treatment of all wells in its oil and gas activity area to prepare its now-suspended countywide 2015 EIR and drilling program. CalGEM could clarify in its regulations and through formal
comment on local environmental documents that such a local government approach is not a
properly conceived “project” for CEQA purposes, which could undermine the legality of this
local government approach or provide CalGEM an opportunity to assert lead agency status.
CalGEM could also assert itself as the lead agency in instances where local governments
seek to limit review of new or expanded wells through this type of treatment. OPR’s CEQA
regulations provide a mechanism to assert lead role status in situations when the current lead
agency (i.e., the local government) prepared inadequate environmental documents without
proper consultation, which may offer CalGEM a path to implement this enhanced requirement
(although the statute of limitations may have expired for this action to apply to Kern County’s
2015 EIR).232
C. Statewide review and required mitigation, including for downstream impacts
The Department of Conservation could conduct a statewide environmental impact report of
all oil and gas production operations in the state, including required site-specific mitigation
measures, as the agency will conduct for well stimulation treatment permits beginning in
2020 (discussed below). CalGEM could simultaneously declare a statewide moratorium on
new permitting for types of drilling identified as particularly environmentally problematic,
potentially including WST/fracking and steam flooding, until completion of the document. (The
Obama Administration’s 2016 moratorium on new coal leasing on public lands pending the
completion of a programmatic environmental impact statement offers a potentially informative
precedent, although the federal government has greater legal latitude over public lands than
the Governor might over private lands in this context.233) CalGEM could launch this review on
its own or the legislature could require the agency to do so if specific authorization, scope, and
funding allocations are desired. The review could cover all new and modified wells and include
at least an initial analysis of greenhouse gas, air quality, water quality, and other impacts, and
CalGEM could develop a set of required mitigation measures based on the findings. To conduct
effective review, Department of Conservation and CalGEM staff may need to consult with and
utilize other state resources to assess impacts, in particular CARB for air quality and climate
change analysis and SWRCB for water quality expertise. As described earlier, increased fees on
oil and gas production could support enhanced staffing at CalGEM, CARB, and SWRCB for this
purpose.
Following statewide review, the Department of Conservation could draft an enforceable
mitigation manual for these projects, similar in structure to what SB 4 required the agency to
conduct for WST/fracking permits.234 A stringent mitigation manual could provide permitting
agencies, including both CalGEM and local governments, with a statewide floor of strong
mitigation measures, ensuring a minimum level of state-approved environmental protection.
Regulators would need to craft rules carefully to avoid precluding decision makers from
conducting further CEQA review and requiring enhanced mitigation depending on site-specific
considerations for individual projects. Mitigation manual measures could include, for example,
limiting the locations of wells, restricting the amount of trucking associated with drilling, and
requiring state-of-the-art well casing and groundwater testing (expanding on SB 4 standards
and applying them to all new wells), among other options. The Department of Conservation
and CalGEM could commit to reviewing and updating the manual periodically, or the legislature
could direct such a process. The goal would be to account for ongoing improvements to
environmental, public health and climate science; changing science, technology, and economic
feasibility of mitigation measures; and any revised statewide changes to long-term greenhouse
gas goals.
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CalGEM and other lead agencies could also fill a current gap in environmental review in which
no agency analyzes downstream climate impacts of oil and gas production (CARB’s cap-andtrade program only covers oil-and-gas operations’ on-site emissions). Currently, lead agencies
limit climate-related review only to direct project impacts, such as on-site methane emissions
from wells, and do not evaluate the impacts of refining or burning fuel produced by the wells.
To expand the scope of this review, OPR and the Department of Conservation could provide
more detailed guidance requiring analysis of downstream impacts through revised CEQA
guidelines and recommended agency mitigation measures. The state could follow the lead of
federal courts adjudicating disputes under the National Environmental Policy Act (NEPA), the
federal environmental review statute roughly analogue to CEQA. In cases such as Montana
Environmental Information Center v. U.S. Office of Surface Mining, courts have held that lead
agencies are appropriately situated to conduct life-cycle (i.e. downstream) assessments of
greenhouse gas impacts, particularly when these impacts are substantial and quantifiable.235
OPR could similarly specify in the CEQA guidelines that lead agencies are responsible for
assessment and mitigation of downstream impacts.236 OPR, CalGEM, and CARB could then
collaborate on a checklist of potential on-site mitigation measures, as well as off-site mitigation
(including but not limited to emission offsets) when on-site measures have been exhausted.

6. SB 4’s potential model
Finally, state leaders could look to the existing model of enhanced regulatory and permit
approval authority that the legislature created in 2013’s SB 4. State legislators designed
SB 4 to enhance regulatory and permitting rigor for WST/fracking operations, creating a
potentially more stringent and formal review process that could serve as a model for traditional
drilling. In addition to detailed application requirements, SB 4 expressly stated that CalGEM
may not approve an incomplete application for well stimulation and that operators may not
perform well stimulation work without a valid application approved by CalGEM (a potentially
significant departure from the 10-day deemed approval model for traditional wells). Following
SB 4, the Public Resources Code also requires the agency to evaluate “quantifiable risk” of
proposed projects, although the exact nature of such risk is not entirely clear.237 The law was
not without controversy, as some environmental groups in California contended that the
focus on disclosure, monitoring, and well integrity failed to protect environmental health in
an enforceable manner, making minimal difference in permitting outcomes; advocates have
continued to push for an outright ban on WST/fracking.238
As noted earlier, in November 2019 Governor Newsom instituted a new review of all pending
WST/fracking permits to ensure environmental protection standards are being met and to
develop recommendations for strengthened review procedures. This announcement, as well as
other recent CalGEM reforms, followed reports that approval of WST/fracking permits more
than doubled (and new well permits increased by more than one third) in the first half of 2019,
with some then-DOGGR staff also reporting financial ties to permit recipients.239 In large part
due to the relative newness of the regulatory regime, it is not yet entirely clear whether or
to what extent SB 4 has materially enhanced environmental protection goals or affected the
overall prevalence of WST/fracking within California by erecting potentially higher regulatory
hurdles.
CalGEM’s data indicate that the total level of WST/fracking in California may have decreased
in the early years SB 4 went into effect. In 2015, the first year of SB 4 reporting, CalGEM
reported 2,127 WST/fracking permit approvals, all in Kern County except for 35 across Fresno,
Kings, Los Angeles (offshore), Orange, and Ventura counties. In 2016, CalGEM reported 579
WST/fracking stimulations, all in Kern County except for one in Orange County. And in 2017,
CalGEM reported 169 stimulations, all in Kern County.240 Independently compiled data show
that 222 WST/fracking permits were issued in 2018, and 191 were issued in the first half of
2019 (prompting the aforementioned reports). However, CalGEM does not yet have complete,
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publicly available data for these years.241 The data do not detail the reason for this decline
(market, geological, or regulatory factors, or some combination thereof) nor the level of
production from the remaining wells. Further research is needed to determine the scale of SB
4’s impact on production.
Legislators also intended for SB 4 to increase the level of information available on WST/fracking
operations in California, and it has succeeded to the extent that CalGEM produces annual
reports on WST/fracking permitting and operations, makes available online all permits issued
and operator disclosures filed, and produced a programmatic EIR evaluating statewide impacts
of the practice. In its SB 4-mandated annual reports on WST/fracking activity and regulation,
CalGEM stated that it issued over 50 notices of violation for deficient disclosures, and one
civil order for water sampling and testing, under the new requirements in the first year under
the law. But the agency appears to have issued none since and has never initiated a criminal
enforcement action or assessed a monetary penalty.242 These data could be viewed as evidence
of strong compliance with the new law, that SB 4’s requirements impose no significant burden
on WST/fracking, or that CalGEM has not undertaken aggressive enforcement.
Because SB 4’s provisions largely apply to operational and chemical aspects specific to WST/
fracking, not all aspects of the law offer precedent for replication across traditional drilling
operations. However, SB 4’s mandate for a statewide EIR on WST/fracking operations is a
compelling item for the state to replicate. Requiring CalGEM, CARB, SWRCB, and other
state agencies to collaborate on a comprehensive assessment of the environmental and
greenhouse gas impacts of statewide production operations could provide a factual basis
for subsequent statewide actions and inform policy decisions by multiple agencies in a new
regulatory environment. Such a study could take a similar approach as California Council on
Science and Technology’s study of WST/fracking impacts, which concluded that environmental
and greenhouse gas impacts from non-fracked wells may in fact be greater than those from
fracked wells.243 Assessing these impacts for all drilling forms could facilitate statewide
prioritization of reform efforts and offer greater public and decision maker clarity on the
nature of drilling impacts in California. This information could allow legislators, regulators,
and advocates to better understand the potential effects of new regulations and assess the
indirect consequences of greater restrictions, including potentially greater imports from other
jurisdictions.
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IV. CONCLUSION: CALIFORNIA FACES A RANGE OF
OPTIONS TO FACILITATE A PHASE-OUT
California has multiple options to reduce in-state oil-and-gas production, with attendant benefits for the
climate, air and water quality, and public health and safety, among other impacts. Some of the steps the
state can take are well within the norm of other producer states, such as a minimum statewide setback,
severance tax or increased fees to support enforcement, and express sovereignty for local governments
to set more stringent requirements. Other steps would follow states like Colorado, which added an
explicit mandate to its oil-and-gas regulator to privilege environmental protection. And some steps
require more pioneering leadership, such as an aggressive setback requirement of 2,500 feet, enhanced
ability to deny drilling approvals based on environmental considerations, and a plan to phase out in-state
production altogether.
In addition to protecting public health and safety and the environment, state leadership to limit instate production of fossil fuels would also bolster California’s reputation as a global climate leader and
demonstrate how other oil-and-gas-rich states or countries with similar climate goals can act to reduce
their production. While California’s fossil fuel resources are relatively minimal in the context of worldwide
production, the state could help inspire limits on production elsewhere that could have a cumulatively
significant effect of decreasing overall supply.
Ultimately, the imperative of climate change will require bold action from California’s policymakers, who
have already committed the state to doing its part to address this mounting global crisis. The variety of
options presented in this report to place limits on fossil fuel production could provide a powerful new
opportunity for policymakers to demonstrate this commitment.
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APPENDIX A: LOS ANGELES COUNTY OIL AND GAS STRIKE TEAM ZONING
CODE RECOMMENDATIONS
244

OIL CODE
RECOMENDATION

ANALYSIS/ISSUE

Removal of by right permitting

As required by the Board, the new code would include discretionary approval for oil and gas wells and removing
the current allowance by right. Implementation of discretionary approval provides for the requirement of
project specific mitigation measures and permit requirements.

Setback distances

The updated code should require that wells and associated facilities have a sufficient buffer zone from
residential and other sensitive land uses. This would be determined based on health risk, air quality, noise,
odors, aesthetics and other environmental, health and safety, and public nuisance considerations. An incentive
program could be developed as part of the new code to encourage oil and gas producers to plug and abandon
facilities within the new setback.

Well stimulation techniques

An updated code should address recent development in well stimulation and completion techniques. The code
would reference recent SB 4 adopted regulations to be consistent with the State’s DOGGR rules.

Air quality monitoring

An updated code should include requirements for monitoring to document that offsite air quality impacts are
within applicable standards and to take measures to reduce impacts as appropriate.

Odor plan/monitoring

An updated code should include plans to monitor potential odors and include mitigation as applicable.
Requirements would likely include the preparation of Odor Minimization Plans under specific circumstances, for
all existing or proposed oil and gas facilities within a certain distance of sensitive receptors.

Down hole chemical use
(Chemicals pumped down the well
during drilling, maintenance or
production activities)

These chemicals are not currently included in Hazardous Materials Business Plans due to the short-term use and
temporary storage at oil fields. An updated code should require the tracking of the volumes and use of these
chemicals and provide guidelines for storage, transportation and usage to prevent spills or releases into the
environment

Transportation of chemicals
through residential areas

Transportation of chemicals should be routed away from neighborhoods as feasible. The updated code should
contain requirements for specific transportation routes for certain chemicals as appropriate to protect the
health and safety of residents and to route chemicals away from residential areas where feasible.

Pipeline systems monitoring and
leak detection

Monitoring and leak detection systems should be used for pipelines near residential and other sensitive land
uses. Currently, there are a variety of regulations at the state and federal level, but local oversight is limited. This
addition to the code would allow for requirements for pipeline maintenance, integrity testing, and leak detection
systems.

Gas gathering systems operated
under a vacuum

Operation of gas gathering systems with pipelines operating under vacuum can prevent odor and other
nuisance releases for facilities located near residential or other sensitive uses, and provide for rapid identification
of leaks and operating irregularities. The updated code should contain provisions to address this issue.

Well site berms

Well site berms provide tertiary containment in the event of a leak but are not currently required by State
regulations. Well site berms in the County range from no berm to dirt or gravel berms to concrete/cinder block
walls. Regulations for non-permeable material berms could provide consistent tertiary containment for leaks
and spills.

Well cellar size, volume, and depth

Well cellars with sufficient depth and volume can provide secondary containment in the event of a leak from well
equipment. Well cellars in the County range from no capacity to concrete vaults with significant capacity. The
updated code should provide for well cellars with sufficient volume provide consistent secondary containment
for leaks and spills.

Fire water supply and monitors

Many facilities do not have a fire water supply or system and require assistance from County Fire in the event of
an incident as allowed by the Fire Code. The addition of on-site fire water and or monitors would assist County
Fire in incident response.

Abandonment of long idle wells

DOGGR regulations encourage abandonment of idle wells not planned for future use. Local regulations as
provided in an updated code could provide local oversight of well abandonment activities in advance of State
requirements.
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OIL CODE
RECOMENDATION

ANALYSIS/ISSUE

Review of Emergency

Response Plans ERPs are reviewed by County Fire as applicable. Requiring review of ERPs in a code update
should allow for other County agencies, including DRP, to become familiar with emergency incident response
and allow for coordination with other area current and future projects.

Decommissioning and removal of
out of service equipment

Oil fields, due to the long ongoing operations that are part of the industry, can contain and accumulate
significant volumes of unused equipment and trash. Requirements for cleanup could improve aesthetics at oil
and gas sites.

Storm water discharge handling
with spills, drain valves control

The potential exists for storm water systems to discharge oil in the event of a spill during a precipitation
event. Requirements in an updated code for drain valves and other control systems could help prevent offsite
discharge of contaminated water.

Secondary containment

Secondary containment types for tank farms, vessels, and other oil and gas infrastructure in the County range
from dirt berms to concrete cinder block walls. Requirements in an updated code for secondary containment
systems made of non-permeable materials could provide consistent protection from leak and spills.

Community Communication

The updated code should require oil and gas facilities to prepare a community communication plan for residents
within a certain radius. The plan should include conditions requiring notification, methods of notification and
information on hazardous materials, conditions, or operations that may otherwise impact the health and well
being of nearby residents.
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APPENDIX B: SELECT REVIEW OF TAXATION,
PERMITTING, AND SETBACK POLICIES
SEVERANCE TAX
OIL AND GAS TAX LEVEL/
STRUCTURE

ALLOCATION OF
PROCEEDS

PROCEEDS GENERATED

OTHER

CO

2% of gross income < $25k
3% of $25k < gross income <
$100k
4% of $100k < gross income <
$300k
5% of gross income > $300k245

25% to state water project fund
25% to state energy and resource
project fund
35% to local governments for
local facilities, services, and
revenue compensation
15% direct distribution to local
governments246

Up to $300 million per year,
including approximately $125
million in 2017-2018.247

Operators may claim a credit
of up to 87.5% of the severance
tax for other state and local
ad valorem taxes. The state
has a separate tax for oil shale
proceeds ranging from 1% of
GI in year 1 to 4% in year 4 and
beyond.248

NM

3.75% of value (oil/gas severance
tax)
3.15% of value (oil school tax) or
4.00% of value (gas school tax)
~1.5% of value based on property
tax (oil and gas ad valorem tax)
0.19-0.24% of value (oil/gas
conservation tax)249

Severance tax: to state bonding
fund and state general fund
School tax: to state general
fund Ad valorem tax: to local
governments
Conservation tax: to state
reclamation fund and to state
general fund250

Between $500 million and over
$1 billion per year.251

Taxable value excludes any
federal, state, or tribal royalties
and trucking expenses.252

ND

5% of gross value (oil severance
tax)
5% of gross value (oil extraction
tax)
$.07 per mcf (gas severance
tax)253

Severance tax: 70% to state
general fund and producing
counties; 30% to legacy fund
Extraction tax: 30% to legacy
fund; 30% to state general fund;
20% to energy and water project
fund; 20% to schools fund 254

Between $300 million and over
$1 billion per year (legacy fund
only).255

The state assesses the severance
tax in lieu of all other state and
local ad valorem taxes on oil
and gas property rights and
production, so it both displaces
and replaces local revenue with
distributions from the state
government.256

PA

Year 1: $40k-$60k per well/yr
Year 2: $30k-$55k per well/yr
Year 3: $25k-$50k per well/yr
Year 4-10: $10k-$20k per well/yr
Year 11-15: $5k-$10k per well/yr
(“Unconventional gas well fee”
applied to fracked natural gas,
based on market price of gas) 257

100% to a fund managed by the
state public utility commission
for road and water infrastructure,
emergency response and
preparedness, environmental
programs, housing, and social
services.258

Between $175 and $250 million
per year.259

County and municipal
governments are responsible
for imposing the fee within their
jurisdictions, via adoption of a
local ordinance reflecting the
statutory terms, as a condition
of receiving a portion of the
proceeds.260

TX

4.6% of value (oil severance tax)
7.5% of value (gas severance
tax) 261

75% to state general fund

Multiple billions of dollars per
year.263

The state offers various tax
credits and exemptions including
for low-producing wells, carbon
dioxide injection projects, certain
forms of high-cost gas, and
geothermal energy production.264

25% to special school fund
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PERMIT ISSUANCE AND DENIAL
PERMIT ISSUE/DENIAL/
DISCRETION

ENVIRONMENTAL
CONSIDERATIONS

State Oil and Gas Conservation
Commission is directed to
“regulate the development
and production of the natural
resources of oil and gas in the
state of Colorado in a manner
that protects public health,
safety, and welfare, including
protection of the environment
and wildlife resources.”265

Law requires an operator
to obtain a permit to begin
drilling.266 Commission is required
to adopt rules for an “alternative
location analysis process” for
proposed wells located near
populated areas and rules to
“evaluate and address the
potential cumulative impacts
of oil and gas development.”267
Law does not discuss permit
denial, but allows Commission to
delay a permit for environmental
or health analysis until new
permitting regulations are
developed.268

Commission directed to regulate
“in a reasonable manner to
protect and minimize adverse
impacts to public health, safety,
and welfare, the environment,
and wildlife resources and
shall protect against adverse
environmental impacts on any
air, water, soil, or biological
resource resulting from oil and
gas operations” when issuing
permits.269

Reform legislation enacted in
April 2019 (SB 19-181) updated
the Commission’s mandate
and environmental protection
focus, shifting from a “balanced
development” framework to one
that emphasizes environmental
protection.270 The Commission
is currently developing
implementing regulations under
the new law.

Oil Conservation Division has
“authority over all matters
relating to the conservation of
oil and gas” and “jurisdiction,
authority and control of and over
all persons, matters or things
necessary or proper to enforce
effectively” the oil and gas law,
but no specific reference to
permitting or to environmental
considerations.271

Regulations require an operator
to obtain a permit to begin
drilling and grant express
authority to deny a permit
(only for reasons relating to
financial assurance, corrective
orders, unpaid assessments,
or compliance of other
wells. Regulations authorize
the commission to “impose
conditions on an approved
permit to drill” without any stated
limitation.272

None.

None.273

ND

Industrial Commission has
general authority to regulate oil
and gas operations, including
to limit production so as not to
exceed demand, but no specific
reference to environmental
considerations.274

Law and regulations require an
operator to obtain a permit to
begin drilling.275 Commission
regulations include authority
to “impose such terms and
conditions on the permits…as the
director deems necessary,” but
only to deny permits to prevent
waste or protect correlative
rights.276

Permit applications must include
notice to any owners of dwellings
within 1,000 feet of the proposed
site. Those owners have a right
to require the operator to locate
flares, tanks, and treaters farther
from the dwelling than the
wellhead.277

None.278

PA

Office of Oil and Gas
Management has general
regulatory authority, but
no specific reference to
environmental considerations or
permitting.279

Law and regulation require an
operator to obtain a permit to
begin drilling.280 Law requires
permit issuance within 45 days
of receipt of the application and
authorizes denial of applications
for incompleteness, failure to
meet bonding requirements, or
other specified violations (none
environmental).281

Under a 2012 oil and gas law
reform (Act 13) that was targeted
primarily at fracking wells,
the legislature added a new
permitting provision requiring
the oil and gas office to “consider
the impact of the proposed well
on public resources” including
parks, rivers, and habitats, when
making a determination on a
well permit.282 Litigation broadly
challenging the constitutionality
of the new provisions led to
an injunction on enforcement
of the new permitting criteria;
it appears this injunction is no
longer in place, but new rules
have not yet been issued.283

None.284

TX

Railroad Commission has broad
general regulatory powers
over oil and gas, but no specific
reference to environmental
considerations or permitting.285

Regulations require an operator
to obtain a permit to begin
drilling.286 Law and regulations do
not discuss permitting denial or
discretion.

None.

None.287

AGENCY MANDATE
CO

NM

45

OTHER

LEGAL GROUNDS: LAW AND POLICY OPTIONS TO FACILITATE A PHASE-OUT OF FOSSIL FUEL PRODUCTION IN CALIFORNIA
CENTER FOR LAW, ENERGY AND THE ENVIRONMENT

DRILLING SETBACKS
STATEWIDE REQUIREMENT
CO

500 feet from all occupied buildings
1000 feet from high-occupancy residences
and schools
350 feet from outside activity areas288
To drill within the setback zones, operators
must obtain waivers from neighboring
property owners, certify specific risk
mitigation measures, or demonstrate to the
Oil and Gas Conservation Commission that
no other area is available to the operator to
drill.
(By regulation of the Oil and Gas
Conservation Commission)

NM

330 feet from property line (oil wells)
660 feet from property line (gas wells) 291
(By regulation of the Oil Conservation
Division)

ND

500 feet from dwellings (subject to waiver
by neighboring owner or by Industrial
Commission if necessary to prevent waste)294
(By law and by regulation of Industrial
Commission)

PA

200 feet from buildings or water wells
(conventional drilling)
500 feet from buildings or water wells
(fracking) (subject to waiver by neighboring
owner or if operator can show the setback
“would deprive the owner of the oil and
gas rights of the right to produce or share
in the oil or gas underlying the surface
tract” and satisfies additional protection
requirements.)297
(By law)

TX

467 feet from property line (subject to
exceptions “to prevent waste or to prevent
the confiscation of property)300
(By law)

PREEMPTION/LOCAL AUTHORITY

OTHER

SB 19-181, the 2019 oil and gas overhaul,
grants local governments the express
authority to regulate surface impacts of oil
and gas operations “to the extent necessary
and reasonable, to protect public health,
safety, and welfare and the environment”
via regulations on land use, public facilities
impacts, well siting, environmental impacts,
insurance and indemnification, and nuisance,
and allows these measures to be more
stringent than state rules. Presumably, this
expanded authority would include local
setbacks.289

The Commission promulgated the regulation
under an authorizing statute similar in
scope to California’s (the statute has since
been amended, though no specific setback
authority was included). In 2018, Colorado
voters rejected a ballot initiative (Proposition
112) to institute a statewide 2,500-foot
setback for new oil and gas wells.290

A federal court recently held that the state’s
oil and gas legal regime preempted a county
ordinance banning oil and gas extraction
(among other expansive measures and
declarations), which impliedly permits oil and
gas development by setting out an “extensive
statutory and regulatory scheme to regulate
oil-and-gas production.” The ordinance
and the decision did not, however, address
setbacks.292 No other case law appears to
deal with preemption or local authority.

The statewide requirements do not relate
to distances from residences or sensitive
environmental receptors, and thus differ from
the other setbacks described herein. There is
no other setback requirement in state law or
regulation.293

Two opinions of the state attorney general,
in 1990 and 2010, determined that the
state’s permitting authority for oil and gas
wells preempts local permitting authority,
extending even to land-use approvals. A
county “may not apply its zoning ordinances
to regulate land usage for the location of oil,
gas, or saltwater wells,” including requiring
non-conforming use permits to drill in
agriculturally zoned areas.295

Industrial Commission is authorized to
impose in any permit “reasonably necessary
to minimize impact to the owner of the
occupied dwelling” for wells within 1,000
feet.296

2012’s Act 13 included provisions expressly
preempting local regulation on environmental
grounds and requiring uniformity in local
ordinances. This pro-drilling uniformity
requirement included a ban on regulating
oil and gas operations more stringently than
other industrial operations, a requirement to
authorize drilling operations as a permitted
use in all zoning districts, and a limited
authorization (effectively a ceiling) of 300foot local setback requirements.298 In 2013,
the state supreme court held these provisions
unconstitutional under Pennsylvania’s
Environmental Rights Amendment, which
establishes the right of the people to clean air
and water and environmental preservation—
an amendment that has no direct parallel
under California’s constitution.299

The law also specifies a narrower set of
setbacks for certain state waters (with a
substantial set of waivers and limitations).

State law expressly preempts local regulation
of oil and gas operations, except for
measures that regulate “only aboveground
activity,” are “commercially reasonable,” and
do not “effectively prohibit an oil and gas
operation conducted by a reasonably prudent
operator,” including “reasonable setback
requirements.301

The statewide requirement does not relate
to distances from residences or sensitive
environmental receptors, and thus differs
from the other setbacks described herein.
There is no other setback requirement in
state law or regulation.
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SELECT CITY OIL AND GAS ASSESSMENTS IN LOS ANGELES COUNTY
CITY
Beverly
Hills

CODE SECTION
3-1-219 Classification I302

ASSESSMENT STRUCTURE/FORMULA
2020 inside city: $4,640 base fee + $0.42687 per each
additional barrel over 10,000

REVENUE GENERATED
Not itemized in city budget

2019 outside city: $2,311 base fee + $0.17073 per each
additional barrel over 10,000303
(Updated annually in the city Schedule of Taxes, Fees and
Charges.)
La Habra
Heights
Long
Beach
Santa Fe
Springs

Seal
Beach

3.6.60 B(2)(b)304
2013 Measure B305

Set at $0.60 in 2013 and then adjusted annually based
on the U.S. EIA California Crude Oil First Purchase Price
(approximately $0.26 in 2019).

Not itemized in city budget

3.80.221306
3.80.222

Per-barrel fixed fee of $0.15, plus additional special tax of
$0.25 (subject to adjustment by regional consumer price
index and suspension if per-barrel price falls below $20).

$5,128,231307

§117.022308

Between $0.41 and $0.52 per barrel, determined based on
the Buena Vista Hills crude oil price per barrel.

$350,000309

5.55.015 License Tax310

Base fee of $0.205 per barrel, adjusted annually based
on the producer price index for crude petroleum ($0.125
floor).

$190,445311

Base of $0.15 per barrel, adjusted annually based
on the producer price index for crude petroleum
($0.125 floor).

$525,727313

$0.15 per barrel, adjusted annually based on the
regional consumer price index. Minimum amount
paid by any producer is $56.25.

$9,139315

312
Signal Hill §5.12.010

Torrance
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APPENDIX C: LIST OF “POTENTIAL NEW RULES AND PRACTICES”
OF COLORADO OIL AND GAS CONSERVATION
COMMISSION UNDER SB 19-181
316

Mission Change: Potential New Rules & Practices

Holistic Decision-Making: New Rules and Practices

•

Require emergency response plans and tactical response
plans upon permit filings

•

Create a more comprehensive drilling permit application
process

•

Incorporating new protections to apply to existing facilities

•

•

Requiring takeaway capacity to minimize flaring and truck
traffic

Require spacing, drilling and location permit applications at the
same time

•

Increase number of local public forums

•

Improve Mechanical Integrity Testing requirements

•

•

Reform spill reporting

Identify denial criteria based on long-term impact on public
health safety, welfare, and the environment

•

Evaluate Best Management Practices in context of multi-well
horizontal developments

•

Require oil and gas location permit to include facility layout and
as- built drawings to the COGCC

•

Alternative Site Analysis? In conjunction with local
governments?

•

Re-examine nuisance rules and definitions in relation to
cumulative impact

•

Create basin-wide spacing

•

Use cumulative impacts to inform and develop permit review
and best management practices; Revisit CDPs

Trust Building: Potential New Rules and Practices
•

Establish an ombudsperson for communities

•

Right-sizing or right location of well pads

•

Reform local government outreach and designee program

•

Use cumulative impact noise, odor, and other nuisance rules

•

•

Evaluate and incorporate management of change and process
safety management protocols

Expand and simplify notices to include more impacted citizens
and communities, maps, and site diagrams

•

Rewrite standing rules to allow for increased community
engagement in the permitting process

•

Use the newly created communications officer position to
increase public awareness of COGCC activities

•

Require flowline mapping consistent with SB 181 mandate

•

Address liability for historic spills

Neutral Framework: Potential New Rules & Practices
•

Remove “Shall Approve” from decision-making language

•

Remove “technically feasible and cost effective” from rules
and replace with “reasonable and necessary” to protect public
health, safety, welfare, wildlife and the environment?

•

Minerals left in the ground are no longer considered “waste”

•

Reorienting COGCC rules to horizontal development

•

Rewrite standing rules to allow for increased community
engagement in the permitting process

State-Local: Potential New Rules and Practices
•

Create a Technical Review Board; Provide hand to local
governments who are involved in siting

•

Establish ombudsperson for local communities

•

Ensure COGCC expertise is available to local governments

•

Provide hand to regional local governments who are addressing
siting practices for oil and gas development near each other’s
borders

•

Coordination with local governments, CDPHE, CPW, and
COGCC on siting

•

Increase number of local public forums
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Antiquated Oil and Gas Conditional Use Permits” (April 28,
2015), available at https://www.environmentaldefensecenter.
org/wp-content/uploads/2015/04/ventura-countyantiquated-cup-letter-2015_4_28.pdf (last visited March
14, 2020); Kimberly Rivers, “No More ‘No Limits’: County
Amending Rules for New Oil Drilling on Old Permits,” Ventura
County Reporter (September 11, 2019), available at https://
vcreporter.com/2019/09/no-more-no-limits-countyamending-rules-for-new-oil-drilling-on-old-permits/ (last
visited March 14, 2020).
206. See Home Builders Assn. of Northern Calif. v. City of Napa,
90 Cal. App. 4th 188 (2001); Beach & Bluff Conservancy v.
City of Solana Beach, 28 Cal. App. 5th 244 (2018); Brief for
League of California Cities and California State Association
of Counties as Amici Curiae Supporting Petitioners, Chevron
U.S.A. v. Monterey County, supra, pp. 42-44. Section 30010
of the California Coastal Act, which empowers the Coastal
Commission to deny coastal development projects based on
certain criteria, contains a clause prohibiting such denials if
they violate constitutional property rights.
207. Colo. Admin. Code § 404-1:604.
208. See Metromedia, Inc. v. City of San Diego, supra; National
Advertising Co. v. County of Monterey, 1 Cal. 3d 875 (1970);
Tahoe Regional Planning Agency v. King, 233 Cal. App. 3d
1365 (1991).
209. See Letter from Natural Resources Defense Council,
Communities for a Better Environment, and the Center for
Biological Diversity to Mike Feuer, Los Angeles City Attorney,
“Los Angeles City Authority for Setback from Oil and Gas
Operations” (September 4, 2019), available at https://legalplanet.org/wp-content/uploads/2019/12/LANLT-STANDLA-Letter-12.17.19.pdf (attachment to letter of Los Angeles
Neighborhood Land Trust) (last visited March 14, 2020).

217. See 17 Cal. Code Regs. §§ 93109(h), 93104.
218. Assembly Bill 74 (Ting, Chapter 233, Statutes of 2019).
219. See CalGEM “Notice to Operators (NTO)” (guidance
documents), available at: https://www.conservation.ca.gov/
calgem/CEQA (last visited March 14, 2020).
220. Cal. Pub. Res. Code § 21169; 14 Cal. Code Regs. §
15261(a) (Guidelines for Implementation of the California
Environmental Quality Act – Statutory Exemptions).
221. 14 Cal. Code Regs. § 15301 (Guidelines for Implementation
of the California Environmental Quality Act – Categorical
Exemptions); see also 14 Cal. Code Regs. § 1684.1.
222. 14 Cal. Code Regs. § 15304; see also 14 Cal. Code Regs. §
1684.2 (codifying this exemption in CalGEM’s regulations).
223. N. Coast Rivers Alliance v. Westlands Water Dist., 227 Cal.
App. 4th 832 (2014).
224. See County of Inyo v. Yorty, 32 Cal. App. 3d 795 (1973).
225. See 14 Cal. Code Regs. § 15261(a)(2) & (b)(3).
226. See, e.g., SB 97 (Dutton, Chapter 185, Statutes of 2007) and 14
Cal. Code Regs. § 15064.4 (requiring lead agencies to analyze
greenhouse gas emission impacts of proposed projects).
227. See 14 Cal. Code Regs. § 15301.
228. The CEQA guidelines allow for such agency requests for new
or amended categorical exemptions. See “Revisions to List of
Categorical Exemptions,” 14 Cal. Code Regs. § 15300.3.
229. See 14 Cal. Code Regs. § 15304.
230. See Cal. Code Regs. § 1684.2
231. 14 Cal. Code Regs. §§ 15300.2(c) (“A categorical exemption
shall not be used for an activity where there is a reasonable
possibility that the activity will have a significant effect on the
environment due to unusual circumstances.”).

210. Cal. Health & Safety Code § 39602.

232. 14 Cal. Code Regs. § 15052 (a)(3).

211. Cal. Health & Safety Code § 40001(b).

233. See U.S. Department of the Interior, “Secretary Jewell
Launches Comprehensive Review of Federal Coal Program”
(press release) (January 15, 2016) available at https://
www.doi.gov/pressreleases/secretary-jewell-launchescomprehensive-review-federal-coal-program (last visited
March 14, 2020).

212. See 17 Cal. Code Regs. § 93118.
213. Cal. Health & Safety Code § 39658. Adoption of control
measures for a TAC identified by US EPA is only mandatory
if the EPA standard is inadequate and the cost of the control
measure would be justified by the expected public health
benefit.
214. Cal. Health & Safety Code § 39666.
215. 17 Cal. Code Regs. §§ 93102, 93115.6.
216. Respondent’s Brief, Coalition for Reasonable Regulation of
Naturally Occurring Substances v. California Air Resources
Board, 122 Cal. App. 4th 1249 (2004).

234. CalGEM, “Mitigation Policy Manual for Well Stimulation
Treatment Permits” (July 2015), available at https://www.
conservation.ca.gov/calgem/CEQA/Documents/Mitigation_
Policy_for_WST_Permits.pdf (last visited March 14, 2020).
235. 274 F. Supp. 3d 1074 (D. Mont. 2017).
236. See 14 Cal. Code Regs. §§ 15064(b)(3), 15064(c).
237. Cal. Pub. Res. Code § 3160(d).

LEGAL GROUNDS: LAW AND POLICY OPTIONS TO FACILITATE A PHASE-OUT OF FOSSIL FUEL PRODUCTION IN CALIFORNIA
CENTER FOR LAW, ENERGY AND THE ENVIRONMENT

58

238. Julie Cart, “State issues toughest-in-the-nation fracking rules,”
Los Angeles Times (July 1, 2015), available at https://www.
latimes.com/local/lanow/la-me-ln-state-issues-frackingrules-20150701-story.html (last visited March 14, 2020);
Lifsher and McGreevey, “Brown signs bill on fracking, upsetting
both sides of oil issue,” supra; Julie Cart, “Activists want
California to ban fracking. What does Gov. Newsom want?”
CalMatters (April 11, 2019), available at https://calmatters.org/
environment/2019/04/activists-want-california-frackingban-newsom/ (last visited March 14, 2020); CBD, “Fracking in
California: Nine Questions and Answers,” available at https://
www.biologicaldiversity.org/campaigns/california_fracking/
faq.html (last visited March 14, 2020).
239. See Consumer Watchdog, “Watchdogs Call For Resignations
& Permit Freeze As California Oil Regulators Approve Surge
In Well Permits While Personally Invested In Oil Companies”
(July 11, 2019), available at https://www.consumerwatchdog.
org/energy/watchdogs-call-resignations-permit-freezecalifornia-oil-regulators-approve-surge-well (last visited
March 14, 2020).
240. CalGEM, Well Stimulation Treatment Annual Reports (201415, 2015-16, 2016-17), Table 17, available at https://www.
conservation.ca.gov/calgem/pubs_stats/Pages/legislative_
reports.aspx#wst-annual-report (last visited March 14, 2020).
241. See FracTracker Alliance, “Permitting New Oil and Gas Wells
under the Newsom Administration” (July 11, 2019), available at
https://www.fractracker.org/2019/07/permitting-more-oilgas-newsom/ (last visited March 14, 2020).
242. CalGEM, Well Stimulation Treatment Annual Reports (201415, 2015-16, 2016-17), supra.
243. CCST, An Independent Scientific Assessment of Well
Stimulation in California, Vol. II, supra, at 40-41.
244. Los Angeles Co., Oil and Gas Facility Compliance Review
Project Bi-Annual Report Number Three, supra, pp. 134-136.
245. 39 Colo. Stat. § 29-105. Wells that produce less than 15 barrels
of oil or 90,000 cubic feet of gas are exempted.
246. 39 Colo. Stat. §§ 29-108 – 29-110. State water, energy, and
natural resource project funds are administered by the
Department of Natural Resources via the Severance Tax
Trust Fund. Local government funds are administered by
the Department of Local Affairs via the Local Government
Severance Tax Fund. The 15 percent direct allocation to local
governments is based on drilling-related factors like the
proportion of statewide oil and gas activity based in a given
locality.
247. Colorado General Assembly, Legislative Council Staff,
“Severance Tax,” available at https://leg.colorado.gov/
agencies/legislative-council-staff/severance-tax (last visited
March 14, 2020).
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248. 39 Colo. Stat. §§ 29-105, 29-107.
249. N.M. Stat. §§ 7-29-4, 7-30-4, 7-31-4, 7-32-4; New Mexico
Legislative Finance Committee, “New Mexico Cost Burden on
the Oil and Gas Extraction Industry,” supra.
250. N.M. Const. Art. 8, § 10; N.M. Stat. §§ 7-1-6.21, .22, .23, .61.
251. New Mexico Legislative Finance Committee, “New Mexico
Cost Burden on the Oil and Gas Extraction Industry,” supra.
252. N.M. Stat. §§ 7-29-4.1, 7-30-5, 7-31-5, 7-32-5.
253. N.D. Cent. Code §§ 57-51-02, 57-51.1-02; see also Headwaters
Economics, “How North Dakota Returns ‘Unconventional’
Oil Revenue to Local Governments,” available at https://
headwaterseconomics.org/wp-content/uploads/stateenergy-policies-nd.pdf (last visited March 14, 2020).
254. N.D. Cent. Code §§ 57-51-15, 57-51.1-07.
255. North Dakota State Treasurer, “Historical Legacy Fund
Deposits,” available at https://www.treasurer.nd.gov/northdakota-legacy-fund-0 (last visited March 14, 2020).
256. Headwaters Economics, “How North Dakota Returns
‘Unconventional’ Oil Revenue to Local Governments,” supra.
257. 58 Pa. Stat. § 2301 et seq.
258. 58 Pa. Stat. § 2314.
259. Pennsylvania Public Utility Commission, “Act 13 Disbursements
and Impact Fees,” available at https://www.act13-reporting.
puc.pa.gov/Modules/PublicReporting/Overview.aspx (last
visited March 14, 2020).
260. 58 Pa. Stat. § 2302(a)-(b).
261. Tex. Tax Code §§ 201.052, 202.052.
262. Tex. Tax Code §§ 201.353, 202.353.
263. New Mexico Legislative Finance Committee, “New Mexico
Cost Burden on the Oil and Gas Extraction Industry,” supra.
264. Tex. Tax Code §§ 202.056-063.
265. SB 19-181; Colo. Stats. § 34-60-102(1)(a).
266. Colo. Stats. § 34-60-106(1)(f).
267. Colo. Stats. § 34-60-106(11)(c).
268. Colo. Stats. §§ 34-60-106(1)(f), 34-60-106(1)(f)(III).
Commission-issued criteria for delay include locations within
1,500 feet of a residence or municipal or county boundary,
within 2,000 feet of a school, within a floodplain or identified
public drinking water supply, within certain designated wildlife
areas, or within 1,000 feet of a designated outdoor activity
area. COGCC, “SB 19-181 Required Director Objective
Criteria,” supra.
269. Colo. Stats. § 34-60-106(2.5).
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270. Drivers of reform included a fatal natural gas explosion in 2017,
an attempt to institute setback requirements via a statewide
ballot initiative in 2018 (the unsuccessful Proposition 112),
and a Colorado Supreme Court decision affirming that the
existing “balanced” oil and gas regulatory mandate (similar
to California’s) did not require regulations privileging
environmental concerns over production. See Kirkland &
Ellis, “Passage of Senate Bill 19-181: New Era of Change
and Uncertainty for Oil and Gas Operations in Colorado”
(April 8, 2019), available at https://www.kirkland.com/
publications/kirkland-alert/2019/04/new-era-of-changeand-uncertainty-for-oil-and-gas (last visited March 14, 2020);
Bruce Finley, “Deadly Firestone explosion caused by odorless
gas leaking from cut gas flow pipeline,” Denver Post (May 2,
2017), available at https://www.denverpost.com/2017/05/02/
firestone-explosion-cause-cut-gas-line/ (last visited March
14, 2020). In Colorado Oil and Gas Conservation Commission
v. Martinez, 433 P.3d 22 (Colo. 2019), a group of youth and
environmental advocates proposed a rule that would have
precluded issuance of a drill permit unless the commission
could demonstrate that it would not adversely impact human
health or natural resources or contribute to climate change.
The COGCC statute contained a balanced, dual-purpose
supervisory authority, and the legislative history showed
that the environmental protection element was added more
recently than the development element—both parallel to
California’s Public Resources Code. The court held that the
commission acted properly by refusing to adopt the proposed
rule, stating that an enabling statute that prioritizes both
production and environmental protection does not “allow the
Commission to condition one legislative priority (here, oil and
gas development) on another (here, the protection of public
health and the environment).”
271. N.M. Stats. §§ 70-2-6, 70-2-12.
272. N.M. Admin. Code §§ 19.15.14.8-.10, 19.15.5.9, 19.15.14.10(B).
273. A preliminary review of New Mexico case law, administrative
decisions, and secondary sources citing the relevant portions
of the statutes and administrative code reveal few discussions
or dispositions of the division’s permitting authority or
regulations, and none discussing the scope of its ability to
deny a permit. However, the Supreme Court of New Mexico
has held that failure to obtain a permit does not mandate the
conclusion that an operator has failed to commence drilling
operations in the context of a lease or operating agreement.
Enduro Operating LLC v. Echo Production, Inc., 413 P.3d 866
(N.M. 2018).

278. A preliminary review of North Dakota case law, administrative
decisions, and secondary sources citing the relevant portions
of the statutes and administrative code revealed few
discussions or dispositions of the commission’s permitting
authority or regulations, and none discussing the scope of its
ability to deny a permit.
279. 58 Pa. Stat. § 405.
280. 58 Pa. Stat. § 3211; 25 Pa. Admin. Code § 78.11.
281. 58 Pa. Stat. §§ 3211(e)-(e.1), 3212.
282. 58 Pa. Stats. § 3215(c).
283. Robinson Tp., Washington County v. Commonwealth, 623 Pa.
564 (2013). The injunction resulted from the invalidity of a
related (and un-severable) but distinct provision, rather than
the constitutionality of the criteria themselves.
284. A preliminary review of Pennsylvania case law, administrative
decisions, and secondary sources citing the relevant portions
of the statutes and administrative code surfaced recent
litigation of the permitting statute in the context of the Act
13 reforms, but the dispute did not focus on the discretion or
ability of the office to deny or condition a permit. Historical
examples offer minimal additional insight.
285. Tex. Nat. Res. Code §§ 85.051-81.053, 85.052, 85.201. See
Tex. Atty. Gen. Op. No. JM-418 (December 31, 1985) (finding
the Commission’s permitting authority to be an extension of
its statutory authority to prevent waste).
286. 16 Tex. Admin. Code § 3.5(c).
287. A preliminary review of Texas case law and administrative
decisions citing the relevant portions of the statutes and
administrative code revealed no litigation detailing the
commission’s ability to condition or deny a permit for
discretionary reasons. Secondary literature and historical
case law, however, indicate that the permitting power is
linked most closely to well spacing and density requirements
and do not indicate that the commission holds the authority
to deny a permit for discretionary reasons or reasons related
to environmental or health protection. See 56 Tex. Jur. 3d Oil
and Gas §§ 798, 799 (summarizing Railroad Commission’s
regulatory requirements and state court jurisprudence).
288. 2 Colo. Admin. Code § 404-1:604.

274. N.D. Cent. Code § 38-08-04, 38-08-06.
275. N.D. Cent. Code § 38-08-05; N.D. Admin. Code §
43-02-03-16.
276. N.D. Admin. Code § 43-02-03-16.2.
277. N.D. Admin. Code § 43-02-03-16.
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289. Colo. Stat. §§ 29-20-104, 34-60-131. A preliminary review
of case law identified no cases directly discussing the
commission’s authority to promulgate the setback rule or its
constitutional implications. Of note, two recent decisions by
the Colorado Supreme Court held that state law preempted
two public measures on fracking adopted in home-rule cities
(a ban via charter amendment in Longmont and a five-year
moratorium via municipal code amendment in Fort Collins)
due to their operational conflict with the state’s oil and
gas regulatory authority and interest in uniformity. City of
Longmont v. Colorado Oil and Gas Association, 369 P.3d 573
(Colo. 2016); City of Fort Collins v. Colorado Oil, 369 P.3d
586 (Colo. 2016). The court held that by preventing fracking
that otherwise complied with state processes, these local
bans rendered the state rules and regulations “superfluous.”
Notably, the local governments enacted these fracking bans
before the recent amendments to Colorado’s oil and gas laws,
when the prior version of the commission’s statutory mandate
more closely resembled the current CalGEM mandate under
the California Public Resources Code.
290. See John Aguilar, “Prop 112 fails as voters say no to larger
setbacks for oil and gas wells,” Denver Post (November 6,
2018), available at https://www.denverpost.com/2018/11/06/
colorado-proposition-112-results/ (last visited March 14,
2020).
291. N.M. Admin. Code §§ 19.15.15.9-.10, 19.15.16.15(C).
292. Swepi, LP v. Mora County, N.M., 81 F.Supp.3d 1075, 1198
(D.N.M. 2015).
293. The oil conservation division’s regulations do include standard
safety-related distance requirements for hazardous fluid and
waste storage, firewall maintenance, and blowout prevention.
N.M. Admin. Code §§ 19.15.11, -.17, -.18, -.34, -.36, -.40.
294. N.D. Stats. § 38-08-05(2); N.D. Admin. Code § 43-02-03-28.
295. 2010 N.D. Op. Atty. Gen. No. L-01 (February 5, 2010); 1990
N.D. Op. Atty. Gen. No. 90-23 (October 5, 1990).
296. N.D. Stats. § 38-08-05(2).
297. 58 Pa. Stat. § 3215(a).
298. 58 Pa. Stat. §§ 3215(b), 3215(d), 3303, 3304.
299. Robinson Tp., Washington County v. Commonwealth,
623 Pa. 564 (2013); Robinson Tp., Washington County v.
Commonwealth, 637 Pa. 239 (2016); Pa. Const. Art. 1, § 27. The
Colorado Supreme Court has rejected the argument that that
state’s constitutional inalienable rights clause, nearly identical
to California’s, has the effect of blocking state preemption
of local laws protecting citizens by banning fracking. See
Longmont at 585; Colo. Const. Art. II, § 3; Cal. Const. Art. I,
§ 1.
300. 16 Tex. Admin. Code § 3.37.
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301. Tex. Nat. Res. Code § 81.0523. The statute defines
“commercially reasonable” as “a condition that would
allow a reasonably prudent operator to fully, effectively,
and economically exploit, develop, produce, process, and
transport oil and gas, as determined based on the objective
standard of a reasonably prudent operator and not on an
individualized assessment of an actual operator’s capacity
to act” and considers a measure prima facie commercially
reasonable if it “has been in effect for at least five years and
has allowed the oil and gas operations at issue to continue
during that period.”
302. Beverly Hills Muni. Code § 3-1-219(I) (Tax applied to “[a]ll
registrants engaged in the business of extracting oil from a
well where the well, or any portion of the well, is located in,
passes through, or is bottomed under real property in the city”
at different rate depending on location of wells, as established
in the city of Beverly Hills schedule of taxes, fees and charges,
citing Ord. 96-O-2255, eff. 3-22-1996; amd. Ord. 01-O-2361,
eff. 1-2-2001; Ord. 01-O-2370, eff. 3-8-2001; Ord. 05-O2467, eff. 4-16-2005; Ord. 05-O-2481, eff. 8-16-2005).
303. 2020 Beverly Hills Taxes Fees and Charges, p. 57,
available at https://www.beverlyhills.org/cbhfiles/storage/
files/16782406101139308407/Taxes,FeesCharges.pdf
(last visited March 14, 2020).
304. La Habra Heights Muni. Code § 3.6.60(B)(2)(b). The fee is set
by multiplying $0.60 by the ratio of the current California
Crude Oil First Purchase Price index to the 2012 level; the
post-2012 decline in oil prices has led to a significant decrease
in the fee.
305. See https://ballotpedia.org/City_of_La_Habra_Heights_Oil_
and_Gas_Taxes,_Measure_LHH-B_(March_2013) (last visited
March 14, 2020).
306. Long Beach Muni. Code §§ 3.80.221-.222. (Imposing “annual
business license tax” of $0.15 per barrel for general fund
purposes and “special tax” of $0.25 (as adjusted) for special
police and fire response purposes).
307. 2019 Long Beach Proposed Budget, pp. 81, 448, available
at http://www.longbeach.gov/globalassets/finance/medialibrary/documents/city-budget-and-finances/budget/
budget-documents/fy-19-proposed-budget/fy-19proposed-final-book (last visited March 14, 2020). (2017
Actual Revenues: Oil Production Tax = $1,738,227; Police &
Fire Public Safety Oil Production Act Tax = $3,390,004).
308. Santa Fe Springs Code of Ordinances § 117.022 (including
graduated rate table with floor rate of $0.41 per barrel at
Buena Vista Hills crude oil prices below $70 per barrel, up to
$0.52 per barrel at prices above $160 per barrel).
309. Santa Fe Springs FY 2019-20 Approved Budget, p. 8, available
at https://www.santafesprings.org/civicax/filebank/blobdload.
aspx?blobid=13024 (last visited March 14, 2020).
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310. Seal Beach Muni. Code § 5.55.015 (a separate de minimis
charge is also imposed on out-of-city operations).
311. City of Seal Beach Proposed Budget FY 2018-2019, p. 15
(Revenue Summary by Fund FY 2016-17 Actual), available
at https://www.sealbeachca.gov/Portals/0/Documents/
Proposed%20Budget%20FY18-19%2006.11.18.pdf (last
visited March 14, 2020).
312. Signal Hill Muni. Code § 5.12.010.
313. Signal Hill Adopted Operating and Capital Budget for
Fiscal Years 2018-2020, p. xv (2016-2017 Actual revenue
from Oil Production Barrel Tax), available at: https://www.
cityofsignalhill.org/DocumentCenter/View/6297/City-ofSignal-Hill-Final-Operating-and-Capital-Budget-2018-2020
(last visited March 14, 2020).
314. Torrance Muni. Code § 228.2.1.
315. City of Torrance 2019-2021 Budget Proposed, p. 90 (Oil
Severance Actual for 2016-17 and 2017-18, available at https://
www.torranceca.gov/home/showdocument?id=50806 (last
visited March 14, 2020).
316. Copied from COGCC, “Insights into COGCC Rulemaking
from 30,000,’” supra.
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An oil well pumpjack in a farm field in Weld County against the backdrop of the Front Range on June 5, 2020. (Andy Colwell,
Special to The Colorado Sun)
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Colorado regulators back 2,000-foot
setback for new oil and gas drilling in
“paradigm shift”

In a session Wednesday to review proposed rule changes on
setbacks, four of the five Colorado Oil and Gas Conservation
Commission’s members voiced support for an extended setback
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A

ll homes and schools in Colorado should be protected from new oil
and gas drilling by a 2,000-foot buffer or setback – four times the

current standard for urban areas, a majority of the members of the

Colorado Oil and Gas Conservation Commission said.

In a session Wednesday to review proposed rule changes on setbacks, four of
the five commissioners voiced support for an extended setback to protect

public health and safety, as well as reduce nuisances such as odors, noise and
heavy traffic.

The one commissioner expressing reservations about the 2,000-foot setback

was Bill Gonzalez, a former oil and gas industry executive. “I don’t think that
is the right number and the right way of going about it,” he said.

Jeff Robbins, the commission chairman, said that the expanded setback was
in line with the COGCC’s change in mission — defined in Senate Bill 181 —

from promoting oil and gas development to the protection of public safety,

health, welfare and the environment in regulating the oil and gas industry.
“It is a paradigm shift,” Robbins said. “We are sending a signal that [oil and

gas] operators ought to check in with the commission and local governments
early on” in their planning to know if a project will be “really difficult or not
doable.”
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There was, however, also a majority agreement that there could be

exemptions and variances allowing projects within 2,000 feet of homes.

There was a split among commissioners on how easy it should be to get a
variance.

The COGCC setback position was quickly criticized by the industry. “The

setback recommendation is completely arbitrary, not based on science, and is
being made without any legitimate consideration of its impacts on working

families across our state,” Dan Haley, president of the Colorado Oil and Gas
Association, a trade group, said in an email.

The five-member, full-time commission took over from a volunteer board
July 1, and is in the midst of a sweeping overhaul of the state’s oil and gas
regulations so that they conform with Senate Bill 181.

The current setback for an oil and gas well from a home is 200 feet statewide
and 500 feet in more heavily settled urban areas.

The COGCC staff had proposed extending the 500-foot setback statewide,
adding a 1,500-foot setback for projects affecting 10 or more homes and
doubling the setback from school grounds to 2,000 feet.

The commissioners rejected the staff proposals on residential setbacks,

saying that every resident deserved the same protection and that children
deserve the same protection at home as they get at school.

“The 500 feet is more of the bare minimum. And if we want to be truly
protective, we have to go beyond that,” said Priya Nanjappa, an
https://coloradosun.com/2020/09/09/colorado-oil-gas-setback-2000-feet/
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environmental expert who was appointed to the commission.
John Putnam, a Colorado Department Public Health and Environment

director who is a nonvoting commission member, said that in making risk

assessments federal and state regulators “look at any one person and the risk
that person would face.”

John Putnam, director of environmental programs at the Colorado Department of Public Health & Environment, announces
their $9 million settlement with the Suncor Oil Refinery in Commerce City for air quality violations dating back to 2017.

The commission did agree that the setback should be measured from the
edge of the well pad to the closest building and active school grounds.

Currently the setback distance is measured from the well and the change

could add a couple of hundred feet to the buffer, according to COGCC staff.
Over two days of hearings the commission was presented with competing

scientific interpretations of the potential health risks posed by proximity to
oil and gas operations.
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An industry expert witness said that studies did not show any evidence that

the 500-foot setback was insufficient, while community and environmental
groups cited epidemiological studies showing adverse health effects, safety
risks and complaints from residents.

“The science is not perfect. We don’t have all the information we wished we
had,” Putnam said, “but we have a task.” He said the issue wasn’t just one
point – such as the industry analysis of benzene – but the “cumulative
package of impacts.”

One key study by the CDPHE measured chemical emissions for oil and gas

sites and then modeled their concentrations offsite. It concluded that in a
worst-case scenario — maximum emissions, worst weather — emissions
could cause acute, short-term health effects at 2,000 feet.

“I find credence to CDPHE study,” Robbins said, because the kinds of health
problems it predicts line up with the complaints filed with the state by
residents.

“What drives it home for me is the testimony of people,” Robbins said.

“These folks who have complained about the same things” the CDPHE study
predicted.

https://coloradosun.com/2020/09/09/colorado-oil-gas-setback-2000-feet/
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An oil and gas drilling rig is pictured between houses on June 5, 2020, in Weld County. (Andy Colwell, Special to The Colorado
Sun)

The 2,000-foot setbacks would also help reduce the nuisances neighbors

experience from working oil and gas sites, such as noise, dust, odor and light,
he said.

“When it comes to the setback distances, I don’t know that I’ve been

compelled by the science,” Gonzalez said, “Is 2,000 feet necessary to
protect?”

Gonzalez argued that a setback should be a hard, no-go zone and that

assessing whether a particular site was acceptable should be done using

another new rule – alternative location analysis – requiring an operator to
consider other sites.

The impact of the 2,000-foot setbacks could be softened by a variance

process enabling an operator to drill within the buffer, commissioners said.
https://coloradosun.com/2020/09/09/colorado-oil-gas-setback-2000-feet/
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In the last two years about a third of the applications to drill in Colorado were
within 2,000 feet of a building, according to COGCC data.

“My view of setbacks is they should be pretty prohibitive,” Gonzalez said. “If
you are getting 30% seeking variances, I don’t think rules are meant to be
broken to that volume, to that extent.”

Nanjappa agreed “the setback should be hard and the exceptions should be
rare.”

But other commissioners spoke in favor of giving both the commission and
drillers some flexibility.

“A setback for me is a blunt instrument, but it is the most impactful

instrument we have at our disposal and address health, safety ], welfare and
environment,” said Karin McGowan, a commissioner and a former CDPHE
deputy executive director.

“You regulate to protect, but you also know that people are going to come
with creative ideas,” McGowan said. “I think there has to be a waiver
process, but I think you have to do no harm.”

COGCC Executive Director Julie Murphy said “distance is one tool of the suite
of options but it is not the only tool” in protecting health and safety.

On a case-by-case basis, there could be technologies and controls that when
added to a project to reduce its impact, Murphy said.

The COGCC staff was directed to revise the proposed regulation in light of the
commission discussion. Robbins said there will be future discussion of the
revised regulation and eventually a formal vote.

https://coloradosun.com/2020/09/09/colorado-oil-gas-setback-2000-feet/
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UPDATE: This story was updated to insert a comment from an oil and gas
trade group that was emailed after publication.
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Judge dismisses lawsuit seeking to hold up blue book printing over
Gallagher Amendment language
Analysis created by nonpartisan legislative staff was removed last week and replaced with a description
written by lawmakers
Jesse Paul
SEP 11, 2020 9:45AM MDT
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Lack of child care prevents moms from getting drug treatment in Colorado.
Here comes “RV Honey.”
The first-of-its-kind program will send RVs renovated as child care classrooms to drug and mental health
centers in Denver and the San Luis Valley.
Jennifer Brown
SEP 11, 2020 3:30AM MDT
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to speed up background checks
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minutes in April 2019
Lucy Haggard
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Introduction
The people have a right to clean air, pure water, and to the
preservation of the natural, scenic, historic and esthetic values of
the environment. Pennsylvania’s public natural resources are the
common property of all the people, including generations yet to
come. As trustee of these resources, the Commonwealth shall
conserve and maintain them for the benefit of all the people.
Pennsylvania Constitution, Article 1, Section 27: the Environmental Rights Amendment
This Grand Jury Report assesses impacts on Pennsylvania of a new, lucrative but often
destructive enterprise – the unconventional oil and gas industry, commonly known as “fracking.”
Unconventional oil and gas drilling began its explosive growth in this state more than a decade
ago. We, the 43rd Pennsylvania Statewide Investigating Grand Jury, find by a preponderance of
the evidence and in many instances by clear and convincing evidence, and that after
comprehensive study in the course of our investigative duties, conclude that government
oversight of this activity was for many years poor, and has only more recently shown signs of
improvement. As a result, officials often did not do enough to properly protect the health, safety
and welfare of the thousands of Pennsylvania citizens who were affected by this industry.
The Grand Jury began this investigation based on evidence that private companies
engaged in unconventional oil and gas activities have committed criminal violations of
Pennsylvania’s environmental laws.

We found such violations and we are issuing several

presentments recommending the filing of criminal charges. And we believe investigation of
additional crimes should, and will, continue beyond the term of this Grand Jury. In the course of
our work, we found something else as well. We saw evidence that government institutions often
failed in their constitutional duty to act as trustee and guardian “of all the people,” as Article 1,
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Section 27 provides. We issue this Grand Jury Report to document our findings, and to make
recommendations for improvements going forward.
We are not “anti”-fracking. The purpose of this Report is to present an account of the
impacts of an industry that will affect Pennsylvanians for decades to come.
unconventional drilling brings significant economic benefits.

We are aware that

But if the activity is to be

permitted, it still must be regulated appropriately, in ways that prevent reckless harms. Instead,
we believe that our government often ignored the costs to the environment and to the health and
safety of the citizens of the Commonwealth, in a rush to reap the benefits of this industry.
At the same time, we recognize that some progress has been made in recent years. Our
investigation engaged extensively with the Pennsylvania Department of Environmental
Protection (DEP) and the Pennsylvania Department of Health (DOH), the two agencies whose
responsibilities encompass oversight of unconventional oil and gas activity. We heard testimony
from dozens of current and former employees of these departments, and learned that at least
some of their failings are being somewhat addressed. But we strongly believe we have to
examine and expose those failings, past and present, in order to illustrate the need for further
improvement and to ensure that the mistakes of the past do not continue into the future.
We are also aware of continuing debate about the nature and degree of health impacts
related to unconventional drilling. We do not believe, however, that such uncertainty could ever
be an excuse for inaction. The risks of this new industry should fall on the industry and the
regulatory agencies, not on the public. As we see it, the purpose of government agencies like
DEP and DOH is to proactively prevent harm, not to wait and see if the worst really happens.
There has already been too much of that.

2
2 of 235

Human impact
We heard, from witness after witness, about what happens when you find yourself living
next to a fracking site. To understand, we had to spend a great deal of time over the last two
years hearing testimony from experts and learning about the process. Unconventional oil and
gas activity is heavy industry, requiring heavy construction, heavy trucks, and heavy traffic.
Wells are drilled thousands of feet down into the ground, through water tables, and then drilled
laterally for thousands more feet. The drills are lubricated with hazardous chemical compounds.
When the holes are drilled, gas doesn’t just flow up on its own. In order to release the gas, shale
rock has to be fractured – “fracked” – using explosives and even more chemicals. There are
thousands of wells around the state, and each one produces thousands of gallons of “flowback”
or “produced water” – chemical-filled water that comes back up out of the well along with the
gas. The fluid, as well as the drill cuttings, present unique issues for storage and disposal.
What is most concerning about this industry is that it doesn’t happen in out-of-the-way
industrial parks. It happens wherever there is a deep seam of shale rock – under houses, and
farms, and woodlands. It’s a geological crapshoot. Landowners who sell their mineral rights
often have no idea what it really involves, and people who buy property after rights have already
been sold, or who live next to someone else who sold, have no choice in the matter.
Wells can be drilled as close as 500 feet from your front door. Once construction of a
well pad begins, life changes. We heard about the clouds of dust, the grimy film, the booming
and the blinding lights, day and night. The construction phase of the process is still just the
beginning. Next comes the drilling and the hydraulic fracturing of the wells. These parts of the
process bring their own nuisances, some of which are similar to what homeowners experienced
during the construction phase.

Oftentimes, the noise is far worse than it was during the
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construction phase and can occur 24 hours a day. Some people had to sleep in a corner of the
basement trying to get away from it. The vibrations from drilling and fracking were sometimes
so intense that all the worms were forced up out of the ground.
Aside from the nuisances of the process, some people, as we learned from testimony,
began to notice changes to their water. In many areas where unconventional oil and gas activity
is common, there is no public water line. People rely entirely on water wells drilled on their own
property. When the oil and gas operators spilled products used to fracture a well, or the storage
facilities that held the waste water leaked, the chemicals made their way into the aquifers that fed
those water wells. The water started smelling like sulfur, or tasting like formaldehyde. It burned
the skin. There was a black sludge in the toilet. Some people hauled in “water buffaloes” –
giant tanks of clean water – but the monthly cost could be more than a mortgage payment.
Then there was the air.

The smell from putrefying waste water in open pits was

nauseating. Airborne chemicals burned the throat and irritated exposed skin. One witness had a
name for it: “frack rash.” It felt like having alligator skin. At night, children would get intense,
sudden nosebleeds; the blood would just pour out. But you can’t buy a water buffalo to replace
the air you breathe.
Many of those living in close proximity to a well pad began to become chronically, and
inexplicably, sick. Pets died; farm animals that lived outside started miscarrying, or giving birth
to deformed offspring. But the worst was the children, who were most susceptible to the effects.
Families went to their doctors for answers, but the doctors didn’t know what to do. The
unconventional oil and gas companies would not even identify the chemicals they were using, so
that they could be studied; the companies said the compounds were “trade secrets” and
“proprietary information.” The absence of information created roadblocks to effective medical
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treatment. One family was told that doctors would discuss their hypotheses, but only if the
information never left the room.
Regulatory reaction
Contamination of water and air is not supposed to happen, of course. Environmental
laws and regulations are supposed to prevent these very things. The agency responsible to
enforce those requirements is DEP. Our investigation, however, convinced us that DEP did not
take sufficient action in response to the fracking boom, and even now, more than a decade after it
began, must do more to fully address the special challenges posed by the industry.
Unconventional oil and gas activity uses completely different processes than classic oil
drilling, or any other industry that DEP had previously regulated. New rules were required to
cope with these issues. But it took the agency years to promulgate regulations specifically
targeting this industry, and some crucial areas still haven’t been covered. The Department says
formal regs are subject by law to an inherently slow review process beyond DEP’s control. But
we’ve seen the agency issue and enforce informal rules, when it elected to do so; and on many
occasions it hasn’t availed itself of that option either. As a consequence, companies were free to
continue environmentally hazardous activities that DEP had the power to stop.
DEP employees didn’t just need new rules; they needed new knowledge.

The

Department was faced with novel extraction technologies that no one knew anything about. In
the early days of the industry, DEP endeavored to better understand aspects of the process by
performing its own study. And yet, the agency did not effectively share the information among
its own staff once it was acquired. We learned that expert training is available that could assist
DEP employees in their ability to effectively regulate this industry. In spite of its availability,
the agency hasn’t found a way to avail itself of many of these training opportunities.
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More concerning, though, were the Department’s failures to enforce its existing powers.
DEP was charged with protecting water quality. One of the mechanisms to do so was to conduct
water testing when a homeowner complained of contamination. However, we learned that DEP
was relying on old, pre-fracking criteria – meaning DEP employees weren’t even looking for the
new compounds used in unconventional drilling, and therefore couldn’t accurately say whether it
was causing contamination. And the Department sometimes failed to take advantage of the
law’s most powerful feature: the “zone of presumption.” If water sources near a gas well
showed contamination in the period soon after drilling and hydraulic fracturing, the burden was
on the operator to disprove responsibility. But that presumption was not consistently enforced.
We were also troubled by other practices. We learned, for example, that DEP employees
often elected not to inspect reported violations; some employees would just call the well’s
operator, and rely on his version of events. And even in cases where investigation did show that
a violation had occurred, and that ground water had been tainted, DEP employees typically chose
not to notify neighboring landowners, who would have had no way to know there was a problem.
Even today, there is apparently no policy that requires DEP to notify unsuspecting neighbors that
a nearby resident’s water was found to be contaminated, and therefore that their water could be
contaminated as well.
The goal of regulatory oversight, moreover, is not only to discover past violations of
environmental requirements, but to deter new ones. And the way to do that is to punish violators
once they are identified. Administrative action begins with a Notice of Violation (NOV). But
especially in the early years, there just weren’t very many NOVs issued for fracking violations.
In fact, in 2011, the Department issued a directive prohibiting oil and gas NOVs unless they were
personally reviewed and approved by the Secretary himself, the top official in the Department.
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The message to employees, intended or otherwise, was to leave fracking alone. That message
was reinforced by the Department’s failure to use another powerful tool at its disposal: referral of
cases for possible criminal prosecution. Even in recent years, when things have gotten better in
some other respects, the number of criminal referrals for fracking infractions has been close to
zero.
We believe that some DEP employees saw the job more as serving the industry than the
public. We heard too many stories of complaints unanswered, or cavalierly dismissed. Some
employees refused to consider evidence of problems presented by citizens, while at the same
time readily accepting and believing information supplied by operators. Even when homeowners
went to the trouble and expense of hiring their own experts, some DEP employees did not listen.
We appreciate that not every complaint is founded. But, in areas of this Commonwealth where
fracking has taken a toll, many people do not believe that DEP is an honest broker. Work
remains to win back that trust.
Public health response
In some ways, the Department of Health should have had an easier time dealing with the
shale gas boom than DEP did.
development.

Unconventional oil and gas activity was a revolutionary

Public health crises, on the other hand, were nothing new for DOH.

The

Department, like other public health agencies, had seen plenty of newly arising health conditions,
such as HIV, that demanded concerted action from health care officials: reaching out to doctors
and hospitals in the affected area to gather information, tracing pathways of transmission,
educating the public to recognize warning signs and prevent their spread.
Yet somehow it was different with fracking. When reports started coming in from
homeowners suffering the symptoms of exposure to frack-contaminated air and water, DOH was
7
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suddenly hands off. There was no special training for public health center staff in affected
communities; no public education alerting people to the potential problem; no centralized
collection of data that might help pin down what was making people feel sick.
Instead, staff were directed, in effect, to leave fracking-related complaints alone. The
agency actually constructed a list of approximately 20 words related to health complaints arising
from unconventional drilling activity. Staff were instructed that if anyone called in, and used
one of those words, the staff member should end the call and direct the caller to a central office
at headquarters. After that, nothing happened. Callers who had been transferred to the central
office never got anywhere. They would call back to their district office asking what happened.
Meanwhile, DOH employees who could see that something was going on in their communities,
and who were trying to educate themselves about it, were instructed that they could not attend
meetings or events related to fracking without applying for and receiving special permission that
was not required in other areas.
It didn’t have to be that way. We know, because we heard from other entities about how
they handled these health issues. We heard evidence about a non-profit health organization
active in southwestern Pennsylvania, and a federal agency working on this issue throughout
Pennsylvania. Professionals from these organizations actually investigated to try to find out
what was happening. They used tools to collect air specimens and to detect patterns. They
discovered that exposure levels varied considerably by various factors, such as distance from the
well, time of day or night, elevation, and weather conditions. DOH could, and should, have been
doing the same kind of work, but never did.
Now the agency tells us they are enhancing their response to fracking-related health
complaints.

They have a new centralized database, although few people call to report
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information, because DOH has little to provide in return. The Department says it is changing
that; it is embarking on a new, three-year study, at a cost of one million dollars per year, to
examine possible links between health and unconventional oil and gas activity. We are pleased
to hear that. But the study is retrospective, meaning it will attempt to gather and analyze already
existing data from prior complaints. And because DOH effectively discouraged such complaints
in the past, there may be little data to review.
We believe the Department is still in a state of denial about the potential effects of
fracking-generated substances on human beings. We asked DOH to share with us its opinion on
whether fracking posed a risk to public health. The answer was that definitive causation “has not
been proven.” Well, yes; you can’t prove what you don’t examine, and DOH has gone out of its
way in the past not to look at connections between fracking and health effects.

The

circumstantial evidence is compelling and we think it was the Department’s job to look at it. The
new study is a start, but is still far from the proper response of a public health agency.
Recommendations
We urge the executive and legislative branches of Pennsylvania’s government to
seriously consider the findings of this Report, and to act in favor of the common good of
Pennsylvania and its citizens. We think there is more that can and must be done to minimize the
hazards arising from unconventional drilling. Some of it is science; but it’s not rocket science.
These are practical and available responses to the problem.
1. Expand the no-drill zones
Everything we’ve seen confirms that all the impacts of fracking activity are magnified
by proximity. The closer you live to a gas well, compressor station or pipeline the
more likely you are to suffer ill effects. Yet the state law minimum “set-back” for
well construction is only 500 feet. That is dangerously close. An increase in the set-

9
9 of 235

back, to 2500 feet, is far from extreme, but would do a lot to protect residents from
risk.
2. Stop the chemical cover-up
Oil and gas companies use huge quantities of complex, man-made chemical
compounds, which then get released into the environment. Some of them are subject
to disclosure requirements, but only after they’ve been used. Some have no reporting
requirement at all. And some are kept hidden based on “trade secret” claims. Let’s
end this camouflage, provide transparency to the public, and mandate disclosure of all
chemicals used in any aspect of unconventional drilling, so their possible hazards can
be properly considered.
3. Regulate the pipelines
Fracking requires special pipelines that pose special environmental risks. When they
travel through less-populated areas, though, the network of smaller pipes, called
“gathering lines,” is almost completely unregulated. This is yet another undeserved
exemption for elements of the unconventional drilling system. Close that loophole.
4. Add up the air pollution sources
Fracking equipment regularly releases gasses into the atmosphere. One of the culprits
is the so-called “pigging station,” where pipeline valves are opened up for cleaning.
DEP generally considers individual pigging stations as too small to require attention.
But these stations are often located near each other, and so they have a cumulative
effect that is significant. Start adding together all the emissions producing sources in
a specific area and treat them as one pollution source, so that the true impact on local
residents can be properly addressed.
5. Transport the toxic waste more safely
The industry uses hazardous chemicals in drilling and hydraulically fracturing
unconventional wells. These chemicals return to the surface as waste. This waste is
transported around the Commonwealth in trucks labeled as non-hazardous “residual
waste.” That means when the public and first responders encounter this waste, they
do not know it could be highly dangerous. To mitigate this risk, Pennsylvania should
require trucks carrying waste containing chemicals used in the drilling and fracturing
process display signage specifically identifying the source of the waste they carry.
6. Deliver a real public health response
Let’s release DOH from its self-imposed constraints and require it to treat fracking
like any other public health crisis. Send out the nurses and doctors to interview health
care professionals. Advertise in affected areas. Collect sophisticated data and
conduct sophisticated analysis.
10
10 of 235

7. End the revolving door
DEP employees, once trained about fracking at government expense, are often
poached away to much higher-paying jobs in the oil and gas industry. That
creates a potential conflict of interest for government workers whose duty is to
regulate the people who may well be their future employers. A revolving door
rule would reduce that potential conflict by requiring a period of delay before
taking a new job in the regulated industry.
8. Use the criminal laws
DEP won’t use its most powerful weapon against frackers who break the rules:
criminal prosecution. But there’s no reason it should only be DEP’s call to make.
Extend jurisdiction to the Office of Attorney General, so that its environmental
crimes section can follow the evidence and make appropriate decisions about
criminal charges, without leaving it all up to DEP.
If we ignore history, we’re bound to repeat our mistakes. That is why we are issuing this
Report.

We’ve been here before in Pennsylvania.

First, we allowed the timber in our

Commonwealth to be plundered. Then it was our coal. Now it’s shale. Other industries will
certainly come our way, for some new natural resource to exploit. This is the time to learn our
lesson for the future: who will bear the inevitable risks? We say it should be those who exploit
the resources, not those who live among them. That means let industry pay the price of harm
reduction, and let government take the time to get it right before we hand over the keys. And for
the present, let us at least do all we can to catch up.
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The Realities of Shale Gas Operations
Pennsylvania has experienced an extraordinary oil and gas boom since the first
unconventional well was drilled in Washington County in 2004. Today, approximately 12,500
unconventional oil and gas wells have been drilled in Pennsylvania, and around 10,500 are
actively producing natural gas. Hydraulically fracturing a well is a heavy industrial operation.
Even under ideal conditions, these operations significantly affect the environment and
communities where they occur.
Fracking technology has enabled the extraction of once unobtainable oil and gas deposits
in shale rock formations thousands of feet below the surface of Pennsylvania.

In the

Commonwealth, unconventional drilling has targeted the Marcellus shale formation, a 575-mile
long deposit of flat lying shale rock running beneath West Virginia, Pennsylvania, Ohio, and
New York. As shown in the depicted map, in Pennsylvania, the Marcellus runs from the
southwest of the Commonwealth in an arc toward the northeastern region of the state, with
drilling concentrated in the southwestern corner and northeast.
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The ability to access gas deposits in shale formations through unconventional drilling has
revolutionized energy production in the United States, and Pennsylvania is at the center of this
revolution.

While unconventional drilling and recovery involves impressive feats of

engineering, it is an industrial enterprise. It has in many cases been undertaken within a few
hundred feet of homes and water supplies. This close proximity between industry operations,
homeowners, and communities results in unavoidable risks and problems.
The fracking industry is still in its infancy. Experts anticipate that there will be another
30,000 to 40,000 unconventional wells drilled in the Marcellus shale in the coming years. These
estimates do not reflect the drilling potential of other shale formations lying beneath
Pennsylvania, such as the Utica shale, which also contain substantial gas deposits.
Understanding how fracking has developed in Pennsylvania up to the present day is important
because we are concerned about Pennsylvania’s future. We must act now, with a clear and
honest understanding of the reality of this industry, to avoid potentially devastating
consequences to our environment and the health and well-being of Pennsylvania residents.
The drilling process
The first stage requires clearing and leveling the drilling site and preparing the drilling
infrastructure, including a well pad, an access road to the well pad, and any other required
equipment. Once the necessary infrastructure and large machinery are in place, drilling begins.
The industry utilizes fluids and chemicals throughout the drilling process to manage friction,
allow drill cuttings to move vertically up and out of the well, and to cool and lubricate the drill
bit. Drill cuttings can be contaminated with hazardous chemicals used in the drilling process, as
well as naturally occurring metals previously trapped beneath the earth’s surface, which can be
harmful and even radioactive.
13
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Drilling an unconventional well occurs in stages. As each section is drilled, a metal pipe
called a "casing" is inserted into the ground to stabilize the hole. Cement is then pumped under
pressure inside the casing and when it reaches the bottom of the drilled hole, is pushed up the
outside of the casing to fill the area between the casing and surrounding rock and soil. Once the
cement hardens, the intended result is a metal casing surrounded by cement that has completely
filled and sealed any space between the well and its surroundings. The process is repeated with
progressively narrower casings as the well is drilled.
The Marcellus formation lies from 7,000 to 9,000 feet underground and is around 100 to
350 feet thick. At around 1,000 feet of the targeted shale deposit, drilling goes from vertical to
horizontal at a slight curve. Once lateral, the well is drilled out through the shale rock for
upwards of 25,000 feet, or approximately five miles.
The hydraulic fracturing process
Once an unconventional well is drilled and casings are in place, "perforating guns" are
lowered into the horizontal extension of the well. Perforating guns allow explosives to be placed
and detonated in order to puncture hundreds of dime-size holes through the production casing
and cement and out into the rock formation. This is followed by hydraulic fracturing, which uses
a high-pressure injection of fluid (generally water), "proppant" (sand or silica), and chemicals to
fracture the shale and stimulate production.

The fracturing process requires the use of

extraordinary amounts of fluid.
All of those fluids do not remain underground. A portion of the fluid used in the fracking
process returns to the surface as "flowback." Flowback consists of the chemical composition of
the fracking fluid plus naturally occurring substances it mixed with during the fracking process,
such as chloride and strontium.
14
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Once the flowback has exited, natural gas begins flowing upward and out of the well. At
this point, the well is in production. In addition to gas, wells expel "produced water," which
consists of fracking fluid that did not initially exit the well as flowback, but steadily exits a well
during production. Because produced water has remained in the subsurface far longer than
flowback, it is more contaminated, and will typically contain high levels of sodium chloride
(salt), bromide, lithium, boron, iron, manganese, arsenic, and radioactive radium.

An

unconventional well can produce from half a million to over three and a half million gallons of
flowback and produced water over the first five to ten years of production.
Pipelines
In Pennsylvania, natural gas is transported from well sites via a series of pipelines. From
the wellhead, gas first travels through "gathering lines," which are around four-to-six inches in
diameter and can be highly pressurized at around 1,000 psi. Gathering lines are not subject to
safety regulations in less populated areas. Despite the proliferation of gathering lines throughout
the Commonwealth and the fact that they commonly leak, in underpopulated areas (less than 10
residences within 1 linear mile of pipeline) they are not regulated or otherwise monitored by the
federal government or the Commonwealth for safety.
Gas transfers from gathering lines to "transmission lines," which are 36-to-42 inches in
diameter and travel for hundreds to thousands of miles. Transmission lines ultimately arrive at a
"city gate," where gas is decompressed, odorized, and distributed to end use consumers through
narrow, low-pressure "distribution lines."
"Compressor stations" are strategically placed along gathering and transmission lines to
add and maintain pressure in the pipeline, as well as to clean, cool, and otherwise facilitate
movement of natural gas through the pipeline network. It is necessary to release gas from
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compressor stations through "blowdowns," which are required to ensure the pipeline can be
depressurized in case of emergency. Transmission lines, as well as gathering lines, employ
"pigging stations," where devices called “PIGs” (pipeline inspection gadgets) are inserted and
removed from pipelines to clean out debris and gather data to ensure the pipeline is operating
properly. Each time a pig is inserted or removed from a pigging station, the pipeline has to be
depressurized and gas released through a blowdown. As with blowdowns at compressor stations,
release of gas from a pigging station can have an impact on the environment and those in the
vicinity of where the blowdown occurs.
Disclosure of chemicals used in drilling and hydraulic fracturing
Approximately 1,600 different chemicals have been detected in fracking wastewater. We
have high quality toxicity data on only about 10% of these, however. Among the most common
of these chemicals are petroleum distillates, which are like diesel fuel, and act as "friction
reducers" to sustain pressure in a pipe. Hydrochloric acid is frequently used to keep the holes in
a production casing clear and open to allow gas to flow into a well. Corrosion inhibitors protect
the inside of the casing from corroding. We were particularly concerned to learn that petroleum
distillates are commonly used in the fracking process because they contain "BTEX" chemicals
like benzene, toluene, ethylbenzene, and xylene. BTEX chemicals are extremely toxic and can
cause serious health effects in very small doses, including cancer, neurotoxicity, kidney damage,
liver toxicity, changes to blood chemistry, and harm to the immune system.
A sophisticated nationwide system, referred to as “SARA Title III,” governs the
treatment of hazardous industrial chemicals in the workplace. This system requires businesses to
directly report dangerous chemicals they store on site to “Local Area Emergency Planning
Committees,” local fire departments, and Hazmat teams. The information is also available to the
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public. Notifying first responders of dangerous chemicals in their communities allows them to
prepare for a fire or emergency at a facility where these chemicals are present. Businesses are
required to maintain “Safety Data Sheets” to identify the chemicals on site and allow first
responders to quickly determine the specific risks associated with them in emergencies. When
dealing with dangerous chemicals such knowledge is essential – firefighters and Hazmat teams
can only do their jobs if they know what they are dealing with.
Remarkably, the shale gas industry, despite using and transporting dangerous chemicals
in their everyday operations, is largely excused from SARA Title III’s oversight regime. No
other industry enjoys such comparable exemptions.
Because of these federal exemptions, the states almost exclusively govern the fracking
industry’s obligations to publicly disclose the dangerous chemicals it uses. In Pennsylvania, the
industry self-reports and publicly posts the chemicals used in hydraulically fracturing an
unconventional well on a website called "FracFocus." Via FracFocus, anyone can look up any
shale gas well in Pennsylvania and see what chemicals the operator reported using in fracturing
the well. Operators are required to provide this information only after completing a fracturing
job, however, with the DEP receiving notification 30 days after and a public posting occurring
within 60 days.
There is a significant gap in reporting, however, because the industry is not obligated to
identify or provide information about chemicals they classify as proprietary trade secrets. While
the industry must disclose trade secret chemicals to the DEP, the public and first responders
cannot access them. Keeping these proprietary chemicals secret leaves firefighters and Hazmat
teams incapable of effectively or safely responding to emergencies at unconventional gas sites.
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Communities, industry employees, and others who find themselves in close proximity are
likewise kept in the dark. This risk is unacceptable. Only full public disclosure is sufficient.
In addition, the industry is only required to disclose chemicals used in the hydraulic
fracturing process, but not the drilling process. This is a serious problem because chemicals used
in the drilling stage can come into direct contact with the water table. We have learned that
water contamination most frequently occurs when a well is drilled. Yet the drilling stage, when
water supplies are most at risk, is largely unregulated.
The industry argues that maintaining the confidentiality of trade secret chemicals is
necessary to protect their competitive advantages. We find any competitive interest of the
industry outweighed by the need for Pennsylvanians to know all chemicals used in fracking
operations. In addition, we have learned that full disclosure of trade secret chemicals can occur
without harming oil and gas operators' economic interests.
In 2014, a United States Department of Energy task force unanimously recommended full
disclosure of all constituents used in hydraulic fracturing, including those containing trade secret
information. The task force concluded that complete disclosure can occur with nominal risk of
revealing proprietary information if it is “organized by the chemicals rather than the additives of
products to the fluid." In the words of one witness, “it is like the back of the Kentucky Fried
Chicken box . . . . Ingredients do not make a recipe.”
Pennsylvania should require full public disclosure of all chemicals, including trade secret
chemicals, used in both drilling and hydraulically fracturing an unconventional well. These
disclosures should occur before drilling commences, and an operator should update its
disclosures if different chemicals are used during a fracking job. Anything other than complete
disclosure poses an unacceptable risk to communities and first responders.

18
18 of 235

Hauling fracking waste
The dangerous chemicals used to drill and hydraulically fracture unconventional wells
end up in drill cuttings and millions of gallons of wastewater produced by each individual well.
Managing the millions of gallons of wastewater generated by unconventional oil and gas
operations, in particular, presents an extremely challenging problem. The fracking industry has
never had a good solution for this problem, and it persists today.
For years following the fracking boom, the DEP permitted the industry to dispose of
flowback and production water at municipal wastewater facilities. However, these facilities
could not process the various metals, chemicals, radioactive materials, and extreme salinity of
these fluids. Therefore, in 2012, a voluntary ban on accepting fracking fluids at wastewater
facilities was instituted, and Pennsylvania later formally banned the practice.
Fracking wastewater can be permanently disposed of by pumping it into decommissioned
oil and gas wells called "deep injection wells," or “underground injection control wells.” There
are currently around a dozen permitted deep injection wells in Pennsylvania, and only a few of
these operate commercially; meaning they can accept wastewater from any operator. Rigorous
permitting requirements, local opposition and litigation, and the fact that Pennsylvania’s geology
is not conducive to these wells means they are not a viable local option to the fracking industry’s
wastewater problem.
There are over 200 deep injection wells in Ohio, however, so 90% to 95% of
Pennsylvania’s fracking wastewater disposed of in deep injection wells goes to Ohio. Given the
cost and logistical burden of shipping wastewater to these out-of-state injection wells, this is not
a viable solution to the industry’s wastewater problem.
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The industry primarily employs on-site tanks to store flowback and produced water,
which is later "recycled" to frack other wells. In Pennsylvania, around 90% of flowback and
produced water is recycled, and 20% to 30% of fracturing fluids are composed of recycled
wastewater. This practice entails storing fluids in a series of interconnected "frac tanks," which
hold around 20,000 gallons and are roughly the size of a shipping container. More recently,
companies have begun using "modular aboveground storage structures," which are temporary
holding tanks that store massive amounts of wastewater.
Before flowback and produced water can be recycled, it has to be treated. Operators use
on-site mobile treatment units or ship their waste to the approximately 20 treatment plants
around the Commonwealth. Treating fracking wastewater is its own distinct industry, with costs
ranging from $2.00 to $10.00 a barrel (42 gallons) depending on the degree of treatment
performed.
Both “recycling” wastewater and disposing of it in deep injection wells requires hauling
it around the Commonwealth and neighboring states in tanker trucks. This wastewater may be
composed mostly of brine and relatively harmless constituents, or it may be full of extremely
dangerous chemicals or highly radioactive. There is no way to tell, however, because the
industry is not required to identify or manage its wastewater for what it actually contains. Due to
exemptions under federal law, trucks carrying fracking wastewater in Pennsylvania are not
placarded as hauling hazardous waste, even though they may be carrying hazardous waste.
Rather, they display signage indicating they are carrying “residual waste,” which fails to account
for the serious health and environmental risks posed by fracking wastewater.
Hauling fracking wastewater as “residual waste” poses a serious risk to the public and
first responders because if there is an accident and the driver of a truck hauling fracking waste is
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incapacitated, the public and first responders at the scene won’t know that whatever may have
spilled all over the roadway came from a fracking site. Pennsylvania should require that trucks
hauling solid and liquid waste containing chemicals from shale gas operations display signage
indicating the source of the waste in question. While this signage may not clearly state exactly
what is in the waste in question, the public will know it came from a fracking site and can handle
the matter appropriately given the risk that it may contain extremely dangerous chemicals.
Our government and the shale gas industry currently have no long-term sustainable
solution to managing the toxic waste generated by fracking operations. At the very least, the
industry should be required to more safely and responsibly transport this waste around the
Commonwealth.
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The Effects of Shale Gas Operations on Pennsylvania Families
We heard testimony of the experiences of over 70 households with the shale gas industry.
This sampling represents the limited number of complaints we as a grand jury had jurisdiction to
investigate. While the number of homeowners we heard from is far less than the total number of
Pennsylvanians who have experienced harm from fracking operations, their stories provided us
with a sound and detailed understanding of the realities of this industry and the problems
associated with fracking in our Commonwealth.
We are deeply grateful to the homeowners who shared their stories with us. We were
moved by the profoundly emotional experiences many have endured. Often, their pain was still
raw, but they nevertheless testified and taught us about the sometimes harsh reality of shale gas
operations. While we cannot truly capture what it was like to witness their testimony, all those
reading this report should understand that we find the testimony of these homeowners credible
and compelling.
While each homeowner's experience was unique, they were in many ways similar,
regardless of whether they lived in the same township or hundreds of miles from one another.
Indeed, many of their accounts were remarkably consistent. Dozens of people experienced the
same medical symptoms in association with the same oil and gas activity. Parents invariably
feared what exposure to fracking operations posed to their children's health and future, as any
parent would.

There are simply too many people who have suffered similar harms in

communities throughout Pennsylvania where fracking occurs to disregard the damage caused by
this industry's operations. This reality necessitates laws and regulations capable of protecting
those put at risk by fracking, and a government willing to enforce them.

For too long,

Pennsylvania has failed to live up to its responsibility to its people in both respects.
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Fracking is a heavy industrial operation. It requires hundreds or even thousands of trips
by heavy trucks, coming and going from a well pad, 24 hours a day, for months. Drilling and
fracturing requires the use of dangerous chemicals – some known and some unknown, because
the industry refuses to disclose them. The use of these chemicals produces contaminated solid
waste and hundreds of thousands of gallons of liquid waste. The industry is exempt from
treating the dangerous byproducts of its operations as hazardous. Spills and accidents happen.
Emissions are inevitable. We examined evidence and heard testimony showing that when all this
industrial activity occurs within a few hundred feet of someone's home, as our laws have
allowed, harm to public health and significant disruption to people’s lives result.
We do not claim to have an easy solution that would allow fracking operations and
residents to coexist in perfect harmony.
necessary and obvious.

However, the recommendations we do offer are

Extensive testimony, hundreds of exhibits containing records, and

technical data from leading experts and dozens of DEP and DOH employees support what we
propose. Ultimately, the recommendations in this Report are rooted in and validated by the
experiences of everyday Pennsylvanians who shared with us the real world effects
unconventional oil and gas operations can have on people’s lives. Confronting and fixing the
legal, regulatory, and executive-level norms that enabled the harms experienced by the
homeowners will go a long way toward restoring some balance between fracking operations,
public health, and the constitutional right to "clean air, pure water, and the preservation of the
natural, scenic, historic and esthetic values of the environment."
The vast majority of homeowners we heard from lived in rural, agricultural areas. Some
deliberately sought an escape from the noise of urban or suburban life when they bought
property and built their dream homes. They lived on small plots of land as well as on farms
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spanning hundreds of acres. Some entered into oil and gas leases, often under false pretenses or
lacking a full understanding of what fracking operations would entail. As one homeowner told
us,
The land manager told us that when they were finished, all that
would be in there were a few green tanks, but we had no idea that
it was going to be a three-year ordeal of 24-hour lights, back-up
beepers, digging, my wall vibrating in my house. Just had no idea.
Many did not sign leases, but that did not insulate them from the life-altering disruption
of industry activities. Extraction may occur on a neighboring property, or an oil and gas
company might have obtained the mineral rights to the land from a prior owner, allowing the
company to access the property to extract the oil and gas lying below. So long as the operation
was not within 500 feet of their home – the only limitation under Pennsylvania law – residents
had no control.
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Families that once lived in peaceful agrarian communities suddenly found themselves
living in something resembling an oil refinery. As one witness described it,
It has made it an industrial zone. There is no country living out
there anymore. Getting out of our driveway alone is dicey at best.
We have a lot of fracking trucks. We have a lot of sand trucks.
We have a lot of construction vehicles . . . . And there is – you
know, when we first started building, there was one small
compressor station. There is two very large compressor stations.
There are two cryogenic plants. There are several wells, pigs, of
course, and that is all within less than a mile from our house. Most
is I would say less than three quarters of a mile. . . . So, yeah, it is
– it is worrisome.
For homeowners who did not own the mineral rights beneath their property, the
realization that an oil and gas operator had the right to come onto their land and set up operations
could be traumatic:
A: I just got a chill. You kind of forget some of those things. But
when it first happened, it was devastating to have somebody knock
on your door and tell you we're going to come on your land, we
have the right to do it, and we're going to use – I don't even know
how many acres they said. I don't even know if they knew at the
time. You know, beautiful wooded land, places I take trail horses
with old tree lines with trees covered and old fence lines. It was a
nightmare. I remember [my husband] and I both – I don't think I
slept through the night for a month. It was like a nightmare. You
just can't imagine somebody knocking on your door saying we
have the right to come on your land and do such and such to the
land. It was like a living nightmare really.
Q: Ultimately, did they come on the land to start constructing well
pads?
A: Ultimately, they did, yeah.
Once an operator has secured leases for mineral rights in and around the area of the
proposed well pad, their next step would be to acquire all necessary permits. Once the permits
are in hand, the operator would begin the actual construction of the well pad. The heavy
industrial nature of fracking becomes evident to property owners from the very outset of
constructing the well pad. Many homeowners described the extreme disruption this process
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caused to their lives.

Heavy truck traffic caused clouds of dust to circulate around their

properties, blanketing their homes inside and out. They kept their windows shut. They stopped
spending time outdoors. Their children could not play in their yards. A grimy film would
accumulate on glass surfaces as dust and particulate matter invaded the interior of their homes.
These sort of problems were a direct result of our laws permitting shale gas sites in such close
proximity to people's homes.
The industrial nature of fracking operations is apparent from just looking at a typical well
pad.
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Construction of the pad is only the beginning. Next comes the drilling of the gas wells.
This part of the process can continue for weeks on end, day and night, with the drilling pad lit up
with blinding lights, creating extraordinary noise and vibrating the Earth around it. The closer a
homeowner lived to these operations, the more traumatic they were to their previously peaceful
lives. Homeowners described sleeping in corners of their basements in an effort to escape the
bright lights and noise. They could not sleep. Their children could not sleep. They could not
escape the industrial activity happening so close to where they lived.
When they sought help from local authorities, their pleas often fell on deaf ears. For
example, we heard testimony that when residents complained that industry operations were in
violation of noise ordinances, local governments changed the ordinances to accommodate the
industry rather than responding to the needs of their citizens. In addition to finding no help from
the local authorities, we heard from homeowners who sought help elsewhere and were equally
frustrated. One witness recounted calling DEP to register her complaints and being told to call
9-1-1 instead. When she called 9-1-1 as instructed, they did not understand why she was calling
and were equally unhelpful. The lack of response from agency after agency led to feelings of
hopelessness, despair, and distrust toward the government.
Many homeowners reported that they first experienced contamination of their drinking
wells during the drilling process. Drilling through the water table would turn their well water
brown and rust-colored and fill it with sediment. Sometimes after drilling was complete, their
well water would eventually return to normal after constituents in the aquifer resettled or
contaminants introduced during the drilling process dissipated or moved along in the aquifer.
For others, contamination of their water supply was just beginning. In some cases, homeowners
experienced a complete loss of their water supply.
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Below is a photo of contaminated tap water from a homeowner’s well:

For many Pennsylvanians living in rural areas, such as where shale gas drilling
proliferates, clean drinking water is available only from wells. Most of us take for granted the
safe, municipally supplied water we use every day. In rural parts of the Commonwealth, public
water is the exception to the rule, and well water is the only option. Thus, if industry operations
contaminate a family's water supply, they cannot simply hook up to a public system. When their
water suddenly changes in taste, smell, or appearance, they can either continue drinking it and
hope for the best or begin hauling clean water to their homes.
Many resort to using large water tanks called “water buffalos.” Sometimes an oil and gas
operator alleged to have contaminated a family’s well will supply them with a water buffalo, at
least temporarily, while other homeowners are left to cover the cost of an alternative water
source themselves. One homeowner testified that paying for an alternative water supply cost her
family $650 per week, which can easily exceed a family's monthly mortgage payment. We heard
testimony from some homeowners who felt that oil and gas operators would remove their water
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buffalo in direct response to additional or continuing complaints that they made. We find this
behavior, if true, unconscionable.
The next stage in the process of extracting natural gas is known as hydraulic fracturing.
During this stage of the process, many homeowners described over 200 trucks coming and going
from a well site in a single 24-hour cycle. This traffic goes on for weeks as a well is fracked.
These numbers are not exaggerated. They reflect the millions of gallons of fluids, sand, and
chemicals necessary to hydraulically fracture a well. We heard the following account of what
fracking-related truck traffic is like:
It was horrific. It was constant. The amount of trucks going in and
going out of there, I've never seen anything like it in my life. You
couldn't pull out without being behind, between or trying to
maneuver with the trucks. . . . [T]hey made the roads go like a
washboard. It was rough.
Below is a screenshot from a video of fracking-related truck traffic that captures to some
degree what such traffic looks like.
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Hydraulic fracturing entails pumping millions of gallons of fluid into the earth under
enormous pressure. This causes powerful vibrations to resonate through the earth. These
vibrations shake homes and crack foundations. Several homeowners described how the earth
around their homes would vibrate so intensely that worms would crawl out from the ground in
their yards and basements. A fleet of heavy trucks coming and going, day and night, to provide
millions of gallons of fluid to the well pad, accompanies all of this fracturing activity. The noise
would be overwhelming.
Descriptions of the effects of fracking on peoples' well water were remarkably similar
across the Commonwealth. Many described a "black film" or "black sheen" appearing in their
water, particularly when it would sit idly in their toilets. Some would have "cloudy" water.
"Black sludge" or "black slime" would clog and damage the pumps and filters used to treat their
well water. They would find sandy, particulate matter in their water and filters. They described
a "sulfur" or "rotten eggs" smell. Homeowners detailed a variety of chemical smells, as "sweet,"
"like a chemical lab," "plastic," or "like formaldehyde." Those who ventured to taste their water
often described it as "foul" and "metallic." None of these conditions occurred prior to fracking
operations near their homes.
Homeowners' water became unusable for not only drinking and cooking, but bathing,
hand washing, and other basic household purposes. Some came to realize their water was
contaminated not because of perceptible changes such as smell or color, but through illnesses
and health effects. Accounts of red, itchy, burning rashes from exposure to contaminated water
were widespread. When people were away from their residence, their skin problems subsided.
They were unable to safely wash their hands or bathe in their own homes. Often these symptoms
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would manifest without their water exhibiting noticeable problems such as intense smells or
discoloration. As one homeowner described her family's experience,
We started getting sores all over us. And we were sick to our
stomachs and having problems with breathing whenever we were
in the shower. And it would burn our eyes, nose, and throat; and it
just -- it was putrid. It was embarrassing. If we had anyone
coming to our home, we would have to shower and air the house
out and then try to spray air fresheners to get rid of the smell. It
was bad.
We learned that part of what complicates well water testing and determinations of
contamination is that subsurface waters are dynamic, and chemicals in an aquifer may not appear
at detectable levels in a water supply at the same time.

Nor do they necessarily remain

indefinitely. This means that contaminants may be in someone's water and affecting their health,
but they are initially unaware of it at the time, but when symptoms manifest those chemicals may
have washed out or dissipated in the water table and been replaced by some other contaminants.
Often a homeowner will take action to test their water only when it becomes highly salty, or
when some other noticeable problem manifests, without realizing they have been exposed to
contaminants over the prior months. When testing then occurs, it may not reflect the totality of
their exposure, and the links between their health condition and possible causes are more
difficult to determine.
Water analysis is an imperfect science that cannot always provide the answers
homeowners need. This complexity of water testing is compounded by the fact that operators are
not required to disclose all the chemicals used to fracture any particular well, or any chemicals
used in the drilling process. That makes it impossible to analyze a homeowner's water for
sources of contamination properly, because the tester does not know what to look for.
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Homeowners frequently described a lingering fear that analysis of their water was not
showing a full and accurate picture of what was happening. When they turned to DEP for
answers, they were often left unsatisfied because DEP’s standard water analysis was too narrow
and would not account for the full range of potential contaminants in their water. When results
were provided they were difficult for the layman to understand. Turning to the industry operator
would bring equally unsatisfying answers.

In the midst of this anxiety-inducing situation,

homeowners often concluded that no one was taking their concerns seriously. They were
ultimately left to decide whether to pay the hefty cost of an alternative water supply or complex
treatment systems to clean their water of unknown chemicals and fracking byproducts or
continue using their suspect well water.
Different homeowners described different ways in which the industry's operations
affected their lives. We heard many accounts of impoundments; man made ponds, several acres
in size, where oil and gas operators stored millions of gallons of fluids. In some instances the
DEP permitted the use of an impoundment to hold fresh water for use in fracturing wells in the
surrounding area. Over time, however, the industry sometimes would use these impoundments
to store contaminated wastewater, even though they were not designed to store toxic fluids.
Such impoundments lacked features like double liners and leak detection zones capable of
detecting leaks.

As a result some of these ponds of liquid waste failed, with devastating

consequences. Dangerous chemicals and contaminants invaded the environment and affected
public health.
Families came to realize that wastewater impoundments not only contaminated their
water, but the air they breathed. As enormous open toxic pits, some of which were acres in size,
impoundments would release harmful chemicals into the air. The smell of sulfur and intense
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chemicals smells would inundate nearby homes. Property owners would sense a metallic taste in
their mouths. Contamination in the air would overwhelm homeowners with nausea, dizziness,
and a feeling that they would pass out. They would vomit. Their eyes, nose, skin, and throat
would burn.
These were not fleeting episodes. The air in their homes would cause persistent sores,
nosebleeds, mouth ulcers, unexplained bruises, and extreme fatigue. Visitors would grow ill.
Children would become frighteningly lethargic. Homeowners stopped going outside from fear
of exposure. Their children could no longer play in their yards or explore the previously bucolic
farmland where they lived. Nor did the inside of their homes offer an escape. We learned that
air quality testing inside residences confirmed the presence of dangerous chemicals that would
not normally be in people's homes, like benzene, toluene, methylbenzene, chlorobenzene,
xylenes, acrylonitrile, cyclohexane, and three different types of trimethylbenzene.

One

homeowner described what it was like to live near a wastewater impoundment:
My property had a fence around it and they put the frack pit in 200
feet behind my property which was the size of a football field.
Then they started filling it with chemicals. It constantly smelled
like gasoline and kerosene, constantly.
Homeowners processed their experiences in different ways. In telling their stories, some
seemed haunted and freshly traumatized, while others were stoic. The common theme from
every homeowner who testified before us was an all-encompassing, debilitating anxiety that
comes from so many unknowns. This was especially the case in the early days of the fracking
boom, when there were more questions than answers. While this was partially due to the
newness of the activity, it was also a consequence of the industry having no obligation to provide
information to families living within a stone’s throw of a well pad. Homeowners were not
informed that toxic chemicals were used during the drilling or fracturing of a well. They were
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not told that toxic waste was stored in impoundments. They had no idea if these giant ponds of
wastewater were leaking. They smelled foul odors, but did not know the cause, or if the mere act
of inhaling could cause them to become ill. They did not know if their water was safe to drink or
bathe in. Almost every normal daily activity suddenly posed unknown risks. There was little to
no transparency.

When families would turn to the medical community their problems would often remain
unresolved. We heard from several homeowners who attempted to find answers to their ongoing
health concerns and received troubling responses from medical professionals. Too often, they
recounted their doctors expressing reluctance to overtly link their symptoms to fracking
operations, while also telling them it was not safe to stay in their homes. For instance, one
parent described receiving test results confirming that chemicals used in an adjacent fracking site
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were poisoning her family. When she visited a toxicologist with this information, the doctor told
her his office could not confirm the gas industry was responsible because his practice may lose
its government funding, but that if he were in her situation, he would leave the family home.
This type of account was not an anomaly. Another homeowner described a similar
experience with the medical community:
. . . [W]e've kind of hit a brick wall there as well trying to relate it.
We go to the doctor's with him and they're not allowed to talk
about anything. You mention one word, drilling or fracking or any
of the key words, then you're kind of shut down. At one point we
met with the doctors at UPMC and they took us into an emergency
room and brought a couple chairs in and shut the door and
whatever happens in this room has to stay in this room. What they
told us is they can't put a direct link to it. It's just that the only
thing they can do is process of elimination, take one thing out of
the mix at a time until they determine what's wrong. They sent us
to a specialist. Then it just kind of went nowhere either.
Another homeowner recounted the struggle faced when trying to find answers to what
was making her children so sick:
…our other doctors, like our family doctor and the pulmonologist
and the gastroenterologist that my son saw, I mean basically, they
were just trying to help us figure this out along with us. I mean, no
one had any experience or expertise in this area. . . . And so it just
– it was hard trying to put two and two together. And, you know,
[the operator] wouldn't tell us what they were using up there. You
know, they have their proprietary chemicals, which we fought hard
to try to get those, and so we didn't even know what else to test for.
I mean, it was – if they would have at least given us what they
were using, then we could have – you know, I could have had my
kids tested for other things. We were just trying to figure things
out on our own, find out information from the people in Texas,
who had already been through a lot of this. It was – it was just
hard, and there was no cooperation whatsoever.
For many, determining what industry operation was causing them to get sick was elusive.
The most obvious pathway of contamination seemed to be well water, so people initially focused
on their water. Many would obtain alternative water sources once the quality of their well water
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was ruined or they started getting sick.

Even though they were no longer exposed to

contaminated water, their health would not improve, and many found themselves and their
children getting sicker.
Families would then turn to the next most likely pathway of contamination: air.
Wastewater impoundments would release repugnant airborne smells and toxins so intense
property owners would pass out, become sick or vomit, or so overwhelming that they would
have to be rushed to the hospital. Many other components of this industry’s operations release
airborne contaminants as well, which can be particularly harmful to those living close to sources
of these emissions. Emissions from well pads, pigging stations, compressor stations, and other
industry operations can all contaminate the surrounding air. Sometimes the way homeowners
experienced emissions from well sites would change over the course of a day, with the air
smelling “sweet and sulfur-like” at night, and like “burning hair” during the day. We heard of
smells like “hair dye at a salon” and “burnt electrical components.”
We heard of the industry performing "blowdowns" or wellhead "flaring"; or the rapid
release of gas due to maintenance, a malfunction, emergency, or as part of regularly mandated
safety testing.

Many homeowners described these events as sounding like a "jet engine,"

vibrating nearby homes and windows, and releasing plumes of gas that would, in some instances,
settle like fog in the surrounding area. One homeowner described awakening at 4:00 in the
morning, without notification, to the "jet engine" sound of a wellhead flaring natural gas. The
industry employees overseeing these operations wore protective headgear, but she was not, and
was left with a loud hissing sound in her ears.
Various homeowners all described emissions from compressor stations smelling like
chlorine. Noxious gases generated from compressor stations would permeate the interior and
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exterior of peoples' homes, causing burning eyes, headaches, and sores in their mouths, and the
development of serious illnesses. Blood tests would confirm the presence of contaminants in
people who had been exposed to these gaseous emissions.
Health symptoms related to exposure to routine emissions were numerous and deeply
troubling. Respiratory problems, headaches, dizziness, and burning eyes were commonplace.
Children in particular experienced nosebleeds and extreme stomach pain. People told us that
after the industry came into their lives they experienced weight loss, neuropathy (nerve pain),
tremors and shaking, nose and throat pain.
Linking the wide variety of health issues homeowners have associated with air
contamination to specific industry operations can be difficult. The absence of testing and lack of
access to industry data substantially impede understanding. What we do know is that upon
installation of an industry operation close to a family’s home, they would begin to detect smells
associated with the gases and chemicals emitted from these operations. At the same time, they
started experiencing various symptoms indicative of airborne contamination and getting sick.
Environmental testing at their homes, when properly conducted, would confirm the presence of
airborne contaminants. Medical testing would likewise reveal that chemicals associated with
industry operations were inside of their bodies.
One homeowner eventually saw a specialist who told him his blood revealed “chronic
benzene exposure.” His wife also had benzene levels in her blood. But he was particularly
concerned for his children. As he told us,
Q. How does it make you feel that your children were being
exposed?
A. Well, the same thing. The worst thing about it is if you read the
toxicologist's report, one of the last statements he makes is now
you need to be concerned about cancer sometime in the future.
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For many families, exposure to contaminated air results in health anxieties and requisite
medical monitoring becoming a routine part of their children’s lives:
A: So there was blood work, urinalysis; and it is hard to take kids
to have their blood taken all the time. It is pretty terrifying. How
much do you torture them through that; but yet, there were things
found in their blood.
Q: Okay. And do you have any recollection sitting here today
what those things were or would you have to look back at the
actual medical records?
A: They said it had something to do with the ethyl benzene.
We heard the same account from witness after witness about the rashes their families
would get from exposure to air contaminants. These rashes would appear on the frequently
exposed parts of their bodies – their hands and arms, necks and faces – and would go away when
they were away from home for a long enough period of time. While a rash may not seem like a
particularly distressing ailment, one parent’s description of a rash his son continually had
captures the disturbing nature of this condition:
Yes. We all call it a frack rash. He gets like an alligator skin after
that and becomes really sensitive after a while. He's moved out of
the house a couple times, moved back in. As he moves away, he's
gone for a month and it goes away. If he's back in, it acts up right
away.
Another near constant account was of children frequently waking at night with sudden,
severe nosebleeds. As one parent testified:
Both kids seemed to have [nosebleeds] a lot. My daughter seemed
to get them more at night so she would kind of just wake up and
panic, you know, something is on my face, screaming. She was,
like, four or five years old. So by the time you turn on the light,
you see – I know kids get bloody noses. We all do, but it was
becoming a chronic thing. And it was getting to the point where I
could trace them back to when they were doing maintenance at one
of the compressor stations or opened the lines because there was
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too much pressure. But it was getting really bad like she had this
pretty little – her first princess bedspread and it was just ruined. It
was getting to the point where I was using hydrogen peroxide to
get the blood out of the carpet. That is not something normal. The
doctors couldn't find any reason for it.
Another mother recalled a similar experience:
We had – my daughter had a lot of nosebleeds. It seems like the
nosebleeds were worse with her. They would just be standing
there and then all of the sudden blood would start pouring out of
their noses. It wasn't anything like that they had done anything to
prompt it.
A constant theme in the stories we heard was that children suffered health effects from
nearby oil and gas operations more than adults. In addition to severe and chronic rashes,
headaches, and nosebleeds, we heard accounts of children experiencing lethargy, bruising,
intense cramping, difficulty sleeping, and painful stomach problems, including nausea and
vomiting. They had eye problems ranging from frequent burning sensations and conjunctivitis to
partial blindness. We heard of young people suffering symptoms associated with neurological
problems, like twitching and tremors, erratic and uncontrollable eye movements, and neuropathy,
which involves weakness, numbness, and stabbing or burning sensations throughout the body.
We heard clear and convincing evidence that leads us to conclude that industry
operations in Pennsylvania have made our children sick. That is not a reality we are willing to
accept, and the recommendations we propose will help to alleviate this problem.
We learned that kids get sick from airborne contamination not just because of some faulty
industry operation, such as a malfunctioning compressor station, or practices that are no longer
commonplace, like the use of wastewater impoundments. We know that air contamination is not
limited to anomalous, outdated, or unintended industry activities. Indeed, the exact opposite is
true. Standard operating procedure under Pennsylvania’s current legal and regulatory regime
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exposes those living in close proximity to fracking operations to possible exposure and health
risks. Pennsylvania needs to resolve this problem by requiring industry sites be far more distant
from where we live and work. The current 500 foot standard is woefully inadequate.
Pennsylvania's laws further aggravate the problem by not accounting for the aggregate
effects of fracking operations. When numerous gas sites exist in a relatively small area, their
collective effect is not measured or acknowledged in the governing regulatory scheme. Many
homeowners described living near a combination of well pads, pigging stations, gas processing
plants, compressor stations, and impoundments. The DEP regulates these sites only individually,
however, and by each individual company associated with them. Therefore, two oil and gas
companies may own and operate adjacent pigging stations, but so long as each is compliant with
emissions limits, Pennsylvania law is met. Meanwhile, a nearby homeowner is exposed to the
collective effect of the emissions from both pigging stations, in addition to other nearby well
pads and industry operations, but there is no recognition of the heightened risk posed by the
collective emissions from multiple sites.
When families would escape their homes, whether temporarily or permanently, many of
their symptoms would go away. For some the damage was permanent, however, and they
continue to struggle with long-term problems like reduced motor faculties and sensitivity to
chemicals. Many parents and medical professionals fear for the long-term health of children
who have suffered health problems related to industry activities, particularly their ability to have
children of their own and the risk of developing cancer. Doctors have advised that children who
have suffered persistent health problems related to nearby fracking sites participate in regular
cancer screening for decades to come.
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Additionally, we find that while families may implement measures to remediate the risks
of living near an industry site inside their homes, such as with high-tech air filtration systems and
alternative sources of water, they cannot remedy conditions outside the home. As a result, pets
and livestock would continue to face exposure.

Often, homeowners' animals first showed

symptoms of contamination from industry activity. Even if their owners arranged a safe water
supply for their animals, animals instinctively drink from seeps, streams, and ponds and their
caretakers can do little to stop this. Family dogs got violently ill and died. Horses were
poisoned and died. Many homeowners regularly bred livestock like goats, sheep, and cows.
Some animals would become infertile, miscarry, and produce deformed offspring. Postmortem
blood testing consistently showed the presence of fracking-related chemicals in animals’ bodies.
For many homeowners, the loss and harm to their animals was not strictly economic, but caused
great emotional anguish.
Industry operations would ruin families’ ability to enjoy other aspects of their country
homesteads. For many, fishing and swimming in a pond is part of the joy of living in the
countryside. Several homeowners described chemical spills, impoundment failure, or well bore
breakdowns ruining their once thriving freshwater ponds. We heard about fish kills, ponds
turning black, natural gas bubbling around the surface of the water, and plants and animals living
around ponds dying off. Trees and massive patches of grass would die on people’s land. While
these effects of fracking may not seem as profound or life altering as other events we have
learned about, such as someone's child becoming terribly ill, they nevertheless constitute a
serious impact on homeowners' lives and are indicative of the variety of ways industry
operations can harm the environment in which they occur.
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Additionally, we heard testimony from individuals concerned about the possible effects
of producing food on their property in close proximity to shale gas operations. Well pads in rural
areas of Pennsylvania means there is a lot of industry activity near farming. We heard from a
homeowner whose property was surrounded by multiple well pads who grew tomatoes, grapes,
and apples. The owner watered the produce with potentially contaminated water and sold it to a
local grocery chain. We heard from another farmer with a well pad on their property who raised
and bred livestock that drank from suspected contaminated water. When the livestock failed to
breed as anticipated, possibly because of the tainted water they were exposed to, the farmer sold
them at auction to be butchered and sold to the public. We have learned that food, like water and
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air, is a possible pathway of contamination, and are concerned that contaminants from fracking
may be spreading into the broader community by entering our food supply.
Industry operations also had effects on interpersonal relationships and sense of
community. Once close-knit communities unraveled over whether they supported or opposed
fracking. The industry perpetuated this division by rallying public support for their work and
opposing those who spoke out against their business interests. Formerly cordial neighbors would
be openly hostile to one another. People told us they no longer felt comfortable shopping and
socializing in their own communities because of the animosity they felt.

Friendships and

community bonds were broken. We heard testimony from a witness who spoke about how life in
her community changed:
…I got some incidents where I would go to a grocery store and one
time a guy came charging at me. The woman with him pulled him
back. Other times I would be pushed pretty close to the edge of
the road. I had a gas tanker beep loudly their air horn every time
they go by my house. I went up to the [supermarket] one day and
walked in and they had a table set up where you could get a
subscription to the [local newspaper]. I thought about it. I said
maybe I should. Then a guy came up behind me and said, you
should, you're in it all the time. People felt free just to say things
to me. Some of the neighbors that were talking to me just had to
tell me how badly I was being spoken of. It was very hostile. I
actually stopped shopping in my hometown. My family all lives a
short distance away in [a nearby town] and I do all my shopping
there or elsewhere. Once in a while, I have to run over to [the
supermarket]. I have a beautiful home in a community that is not
my home.
As these experiences compounded, some homeowners eventually reached a breaking
point and were left with no choice but to leave the homes they loved. Medical professionals and
others told them it was unsafe to stay; an obvious fact given what was happening to their family.
They could not sell their home, however, because it was unsafe, but also could not afford the cost
of maintaining their mortgage and paying to live somewhere else. Thus, they were stuck with
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the option of financial ruin or trying to carry on living in a home where they feared for their
health and the long-term wellbeing of themselves and their children. These were decisions born
from desperation, and several homeowners shared with us the heartbreaking moment they
realized they had no option but to leave:
One day I was unpacking the car from Costco, I realized I'm now
buying the double pack of hydrogen peroxide at Costco because
this is strictly just to clean the carpet. This is it for me. I am done.
This is not how kids live. So we left.

Protecting one’s children is fundamental to a parent, and the realization that your own
kids cannot experience a healthy, happy childhood is too much for anyone to bear. A parent
described learning from someone else that her own son would hide the fact that he was feeling
the effects of airborne contamination from his parents just so he could play outside:
…And she was sitting in the sandbox with him and she came back
down with tears in her eyes and literally said to me that he told her
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that he doesn't always tell me when he is outside and gets
headaches and dizzy and can smell it because mommy won't let
him come out and play with his new trucks in the sand box.
Some homeowners were able to obtain financial relief by entering into settlement
agreements with industry operators. This, however, brought additional issues in the form of nondisclosure agreements that prevented homeowners from discussing with their neighbors the fact
that their community had been contaminated by industry activity. One homeowner described the
way a non-disclosure agreement impacted her ability to answer her neighbors’ questions:
And the people that just purchased the [] house down below. . .
[S]he says tell me about your water situation and I said I'm not
allowed. And she says we just bought this place. I need to know
. . . . So I told them, I said you need to get in touch with the DEP
and EPA as well and that is all I can tell them.
Some homeowners found themselves with no choice other than to stay where they were.
We heard from one homeowner who testified as follows:
I took my son [] to the doctor and he referred me to Children’s
Hospital for his rash. . . . I went in there and after several times
of going to [the doctor’s] office, she said that there was nothing
she could do for me. Then she said her advice was to get an
attorney or move.
And then that’s when I thought, I can’t live – why is this
happening? And that’s when I thought, I can’t move. I’m going
to sell this house to somebody else and let this happen to
somebody else or somebody else’s kid? I couldn’t do it. So that’s
when we just decided we really have to, as a family, just watch
out for one another and my two neighbors and just not go outside.
*****
Knowing what we know, and having heard so many Pennsylvania families experiencing
terrifying health problems in relation to unconventional oil and gas operations, we cannot accept
the status quo in our Commonwealth that facilitates these harms. Every Pennsylvanian should
ask themselves how they would feel if a fracking operation suddenly commenced near their
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home. Imagine waking up in the morning and knowing that when you step into the shower, it
fills the house with a smell of rotten eggs and burns your skin. You try to shower as quickly as
possible with the windows open to mitigate the effects. You try to increase the number of days
between bathing your children to minimize their exposure to this harmful water.
To protect friends and family and out of embarrassment, you never allow visitors to come
over because of the way your water looks and smells when it comes out of the tap. You can’t
help but wash your clothes in your now contaminated water. You just hope you can air dry your
clothes long enough that the odor diminishes before you have to wear them, all the while hoping
that wearing clothes washed in unknown chemicals isn’t going to exacerbate any symptoms you
or your children have developed since your water changed.
And you do have symptoms that tell you that something is wrong: headaches and nose
bleeds and rashes that don’t go away. Your children are tired and nauseous all the time and
frequently sick. You fear that something isn’t right with your water, in spite of being told it is
safe and so you begin to spend money to buy bottled water. You have animals to care for, but
there is no way you can afford to give them bottled water to drink, so you continue to let them
drink the potentially contaminated water. You watch as some of your livestock and pets become
sick and die.
You become more and more concerned for your health and the health of your children.
You cannot get straight answers from the gas company about what chemicals might be in your
water because they’re not required to tell you, so you’re left to try to figure it out for yourself.
DEP tests your water but only for a handful of compounds – and not the ones you really want to
know about.

46
46 of 235

You worry that it’s not just the water that is to blame, but the air that your family is
breathing. You can’t buy clean air at the grocery store. You make more frequent trips to the
doctor. You scour the internet for information. You and your children do more blood tests. The
symptoms persist.
You try to spend more time away from your house than you do in it. But you cannot
leave permanently because your house is worthless without potable water, so you cannot sell it.
You cannot afford to keep paying a mortgage on a house that has no value and so you just wait
for the bank to foreclose or possibly declare bankruptcy. No matter what, your credit is ruined,
which makes it almost impossible to find another place to live. You struggle to work because
you’re feeling sick and you’re taking more time off to care for your sick children. And even if
you do finally manage to get away from the house and you find a new place to live, even when
you have the opportunity to breathe clean air and drink clean water again, you are left waiting for
a diagnosis that you hope never comes.

Because you know that the impact of drinking

contaminated water or breathing contaminated air can show up slowly over time as a multitude
of diseases.
This reality is not something that should be tolerated. We find it unacceptable that, for
many living in close proximity to unconventional oil and gas operations, their health is
jeopardized and their constitutional right to “clean air” and “pure water” has been rendered a
fiction.
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The Pennsylvania Department of Environmental Protection
DEP Mission Statement
The Department of Environmental Protections’s mission is to protect Pennsylvania’s
air, land and water from pollution and to provide for the health and safety of its citizens
through a cleaner environment. We will work as partners with individuals, organizations,
governments and businesses to prevent pollution and restore our natural resources.
The Grand Jury heard extensive evidence about the response of the Pennsylvania
Department of Environmental Protection (DEP) to the fracking boom. More than 30 witnesses
from the department testified. They included retired and current employees, ranging from the
ground-level inspectors up through various managers, to the people at the very top of the agency.
We heard from water quality specialists, water quality specialist supervisors, oil and gas
inspector supervisors, air quality specialists, air quality specialist supervisors, environmental
program managers, environmental protection specialists, geologists, engineers, bureau directors,
Deputy Secretaries and even former Secretaries – the top officials who ran the Department.
We conclude from this evidence that DEP was initially unprepared for and at times
overwhelmed by the challenges resulting from the new technologies of unconventional drilling –
or, as it is known in the general public, “fracking.” To some extent, this was not the fault of
Department employees. They were not the people who opened the Commonwealth’s shale
resources to industrial exploitation, or who permitted aggressive expansion before an appropriate
regulatory framework could be enacted. Nonetheless, we were disturbed by what we heard. We
believe that many DEP employees were doing the best job possible with the limited resources
they had. We also believe there were others who appeared to show undue deference to the
fracking industry, and undue indifference to citizens with serious complaints about appalling
effects they were suffering.
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In more recent years, it appears progress has been made. The current administration has
responded to our requests for information, and has documented improvements. We believe,
however, that it remains important to highlight the past history of DEP’s management of this
new industry, both to explain the public distrust that has built up over time, and to ensure that the
Department’s actions going forward will fulfill its mission – to protect the environment, for all
the citizens of Pennsylvania.
At the outset, we feel obligated to note concern about the role that industry influence may
have played in DEP’s delayed reaction to the arrival of unconventional drilling. We realize, of
course, that government bureaucracy is inherently slow. But we heard enough testimony during
the course of our investigation to believe that more may have been at work. Two former DEP
Secretaries voiced similar opinions before the Grand Jury. Both felt an obligation under Article
1, Section 27 of the Constitution of the Commonwealth of Pennsylvania, known as the
Environmental Rights Amendment. That provision, adopted by the voters in 1971, gives citizens
the right to clean water and air, and makes the Commonwealth the trustee of the environment for
present and future generations. Yet both Secretaries felt that the oil and gas industry had its own
pipeline to elected officials, and both felt pressure to permit production of shale gas.
As our investigation progressed, we learned of a joke circulated in Harrisburg that there
was an oil and gas industry lobbyist for every member of the General Assembly. We assume that
is hyperbole. But the concern would explain a lot of what we saw, and what we heard from DEP
employees at both high and low levels.
Failure to regulate
When the shale gas “boom” began in Pennsylvania, DEP was still working from
administrative regulations that were geared to a different era. The only regulations in place were
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those created to oversee conventional drilling – e.g., old-fashioned oil wells. When the U.S. oil
industry first began in the 1800s – ironically, in Pennsylvania – operators only had to dig down
100 feet or so in the right spot, and the oil spouted up by itself. Fracking requires an entirely
different and more complex approach. As one witness described it to the Grand Jury, the
comparison was like riding in a horse and buggy while the unconventional operators were flying
to the moon and back.
•

Impoundments
A prime example of the outmoded regulatory approach was the use of “impoundments,”

or pits for storing liquids at the well site.

While pits certainly existed at old-fashioned

conventional well sites, the impoundments that were springing up around fracking sites dwarfed
anything DEP had seen previously. These impoundments were now being used to store tens of
thousands of gallons of fracking fluid, which contained varieties of exotic, complex chemical
compounds, many of which may have serious health consequences.
The Grand Jury heard testimony about consideration of new rules for such impoundments
that would have required permits like those for landfills. In the end, DEP decided to let
operators build impoundments as part of the well pad, making them exempt from permit
requirements under the Solid Waste Management Act.
In the mid-2010s, DEP recognized that impoundments were not safe, and they were
phased out in favor of more secure storage methods. But by that time, DEP had years of
knowledge about impoundment failures. The Grand Jury heard extensive testimony about leaks
from impoundments that contaminated springs and wells which had served as the only source of
water for many Pennsylvania families. We also heard about the effects on neighbors’ living
standards caused by the intense, rancid odors generated by the impoundments. The consequences
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of these under-regulated impoundments ruined property values, family finances and water
supplies in many areas, and impacts on physical health are still being assessed. DEP’s new
regulatory approach is welcome, but for many Pennsylvanians it came too late.
We heard from current DEP Deputy Secretary Scott Perry, who was also with the agency
in those early fracking days. He testified that an initial decision made by DEP management to
exempt impoundments from regulation under the Solid Waste Management Act was “wrong,”
but that his position was rejected.

A former DEP employee testified that, based on his

experience with the agency, the impoundment decision was likely made in deference to the oil
and gas industry: “if they had to go through waste management, they were concerned that there
were going to be delays in getting these permits issued…. [W]hat was consequential for [the
industry] was time, not so much money.… They had a lot of resources. They could spend the
money.”
•

Pigging stations
We saw another example of failure to regulate in the case of pigging stations. At these

junctions along a gas pipeline where the gas is treated and the lines are cleaned, methane and
other pollutants are regularly released into the air. We know DEP knew about the issue, because
it sent out a preliminary notice to the industry in 2011. Yet it did not follow up for five more
years, until 2016, when it finally began to require emissions reporting for pigging stations. In the
meantime, the lack of regulatory oversight in this area made it possible for operators to build
multiple stations in close proximity, sometimes right next to a school or someone’s backyard.
The net result, for some unlucky homeowners, has been high exposure to the kind of
danger DEP is tasked to help protect us against. Health data presented to the Grand Jury have
made clear that, although fracking has caused severe water contamination in certain parts of the
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Commonwealth, we should be equally concerned about the contaminants the industry releases
into our air. DEP regulation concerning pigging stations has been, in our view, insufficient and
untimely.
Ask the family we heard from in Washington County. They built a home for their three
children, and refused to grant an easement for oil and gas development. But the company came
anyway, laid down a pipeline next to their property, and constructed a high pressure valve
system for “blow-downs” that showered chemical waste into the yard. After a gas release that
sounded “like a jet engine,” the family developed nosebleeds, dizziness, and a rash of erasersized dots on exposed areas of their skin. The family called DEP, but were told no action could
be taken. “I assumed by the title of their name, department of environmental, I just thought they
were protecting the environment,” the mother told us. “Now I really don’t know what they do.”
•

Comprehensive regulations
But the failure to regulate wasn’t just in one or two areas. Testimony showed that, early

on, people in the agency knew they needed a whole new set of regulations specific to
unconventional drilling, and there was much discussion of the issue. DEP helpfully prepared a
timeline for us, showing that the Department began “developing concepts” for a comprehensive
fracking regulation package as early as 2009-10. But the package wasn’t formally proposed until
2013, and it wasn’t until 2016 that full regulations were finally adopted. John Hanger, a former
DEP secretary, testified that in his view the delay was partly political: “the business community
has been very, very successful in making passing regulations or enacting regulations difficult
because they don't generally like regulations. So the rules about how you pass a regulation in
Pennsylvania are very, very difficult.” But another former Secretary, Michael Krancer, testified
that “the Department is able to move more nimbly by using policy documents and guidance
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documents, which are not regulation,” but still provide a basis for enforcement. Unfortunately,
DEP for a variety of reasons failed to create a comprehensive fracking policy, whether through
formal regulations or internal guidance documents, in a timely fashion.
Failure to train
As fracking ramped up in Pennsylvania, DEP was attempting to perform its regulatory
responsibilities with employees whose tenures largely predated unconventional drilling, and who
knew little about the highly complex methods used to extract natural gas from shale. One
employee, for example, told us he had never even seen an impoundment before. The testimony
we heard established that agency personnel knew they were playing catch-up; yet many were
unsatisfied by DEP’s efforts to train employees for the new challenges they would be facing.
Indeed, several employees testified that training opportunities that did arise seemed to be
discouraged, both in earlier and in more recent years. One DEP employee testified that he
traveled out of state for training on his own initiative, and met scientists (including one from
Penn State, which has a Center for Marcellus Shale Research) who offered to provide training
and assistance to DEP. The employee brought back the offer to supervisors, but nothing was
ever done. Other DEP employees testified that they were told not to participate in training
provided by outside entities because attendance would violate the administration’s “gift ban”
policy. Another employee testified that he tried to institute bi-monthly training sessions within
his district office, but that he was transferred after two or three sessions and the training stopped.
The result, once again, was the absence of any comprehensive response to the new
circumstances. One employee told us that, when fracking began, he felt his colleagues were
“thrown into the fire.” Another testified that agency staff received only “on-the-job training”
and “an occasional staff meeting.” As he pointed out, “[w]hen you learn from someone who
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learned from someone who learned from someone, you could have been doing it wrong the
whole time.”
DEP did provide us with a list of training sessions conducted by the agency over the
years. Many of these, however, do not appear to have focused on fracking, and in several years
it appears there was little or no training at all. We recognize that most government agencies lack
significant funding for training. Indeed, an official DEP representative acknowledged to the
Grand Jury that this remained an item of need for the Department. For us the point is that
fracking was the new challenge facing DEP, and that was the subject on which agency personnel
most required information. As we heard from the employees who testified before us, they didn’t
get it.
Failure to communicate
Testimony also established that, even when DEP employees did gain useful knowledge
about the new industry, they failed to communicate it to others within the agency. Some of this
was a structural problem; sections of the Department with overlapping responsibilities did not
talk to each other. We learned of one case, for example, in which one DEP section – the Bureau
of Waste Management – prepared a cease and desist order against a company that was illegally
operating a waste storage unit without the required permit. When inspectors arrived at the scene
to serve the order, however, the operator produced a document provided to him by a different
DEP section – Oil and Gas – which authorized him to use the waste storage unit without getting
a permit. The Oil and Gas employees had never bothered to check with Waste Management
about its interpretation of the law it oversaw.

Oil and Gas issued similarly improper

authorizations throughout the Commonwealth.
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In general, we learned, DEP showed little interest in cross-training employees with
overlapping responsibilities. Instead, the culture was described to us as “stay in your lane.” We
heard testimony about another very telling case, in which DEP actually did something
responsible early on, and yet wound up wasting the effort. In the first days of unconventional
drilling, starting in 2008, DEP undertook what should have been a crucial study to identify the
precise chemicals the industry was using in frack fluid to open up shale deposits. The
environmental engineer who led the investigation appeared before the Grand Jury. Several
employees were assigned to the project, as well as interns. They took dozens of samples around
the state, which were then analyzed by the Department’s Bureau of Labs.
But the results never really went anywhere. The engineer handed off the data, but the
study was never published within the agency, and no one received any training on it. We asked
other employees what they had learned from the study. It appeared that most had barely even
heard of it. This was information that should have advanced DEP’s regulation efforts by years.
But it didn’t.
DEP has assured us that its efforts from the beginning of the fracking boom included
internal collaboration, and no doubt there was at least some in some form. But the testimony of
the agency’s own employees persuaded us that, in the opening years of unconventional oil and
gas activity, when the need was greatest, the Department’s efforts to coordinate its widespread
staff were not sufficient.
Failure to test
We were also disturbed by testimony about how the Department failed to test, or
ineffectively tested, water samples to find contamination caused by fracking. The law requires
the Department to conduct water quality tests in response to citizen complaints. We learned that
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DEP performed that obligation by relying on a set list of known parameters to test for, such as
chloride and sediment levels. The list was called a “suite code”, and could be effective only to
the extent that it accurately identified the appropriate factors for which to test in particular
situations. One of these lists, suite code 942, had been developed by DEP before fracking, for
old-fashioned conventional drilling. Since conventional drilling did not use the same chemicals
or techniques as fracking, suite code 942 could not accurately indicate whether water was
contaminated; yet many DEP employees relied upon it to the exclusion of any additional
investigation. Eventually, a new list was developed, suite code 946, but many employees didn’t
know about it, and kept on using suite code 942.
Even the new suite code, moreover, was often too narrow to catch contaminants. And
once again, it was used without regard to individual circumstances. An operator might be using
a particular compound on a specific occasion that is not universally present at fracking sites. If
DEP did not check the operator’s records to see what he was using when a spill occurred (if the
chemicals were fully disclosed), the Department would never know what to test for. Reliance on
the standard suite code would actually be detrimental, because it would give a clean bill of health
to water that might in fact be dangerously contaminated. And the problem was compounded, we
learned, by the fact that DEP did not always fully report all the substances for which it did test.
So even those homeowners whose water was tested, and who did receive results, might never
know what they really meant.
We were also disturbed to learn about DEP practices concerning “pre-drill” sampling.
Experts in the field explained to us that impact assessment relies heavily on comparing the water
before and after a company starts drilling in a particular area. Some compounds occur naturally
in water, and vary from location to location.

Pre-drill samples establish a baseline for a
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particular water supply; if the water changes significantly after fracking operations begin, the
reasonable conclusion is that the fracking caused the change. DEP often lacked pre-drill data in
the early years of fracking, but nevertheless purported to make determinations about whether a
well site had caused contamination. We heard testimony from one water quality specialist
supervisor who stated that without pre-drill testing a positive determination would not be
possible and that any additional investigation would not be helpful. We shared that assertion
with a higher ranking employee in the same section and the response was “that’s absurd.”
Moreover, even when proper samples did exist, we remained concerned about whether
DEP knew how to properly analyze them. We reviewed a DEP policy document from 2015
setting forth guidelines for assessing water quality samples.

But the document makes no

reference to established federal standards for maximum safe concentrations of various
contaminants, nor does it identify the criteria that are most likely to indicate whether water has
been compromised by industrial activity. Surprisingly, this policy was adopted in 2015 – long
after unconventional drilling began. By that time, DEP’s water-testing policies should have been
far more advanced.
These concerns may sound technical; but they are not trivial. It is important to keep in
mind that, in most of the areas where unconventional drilling became prevalent, there are no
public water lines to supply water to landowners. These people rely entirely on wells that are
dug on their property to supply their water. So when there is a noticeable change to their water,
whether it is a smell or a change in appearance, it is devastating. We heard many accounts of
landowners who literally begged and pleaded with operators to provide a temporary water supply
so they wouldn’t have to drink, cook, clean, bathe or care for their animals using well water they
believed was contaminated
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We heard much testimony, however, indicating that DEP employees often approached
these issues with less gravity than, in our view, they deserved. In many cases, DEP water quality
specialists, relying on outmoded or overly restrictive testing parameters, would declare water to
be clean and would “close” the investigation in the face of a homeowner’s knowledge that
something was wrong. We remember one employee in particular who admitted in his testimony
that, as he saw it, his duty prevented him from putting a “monetary hit” on an operator unless he
could “prove that this water is being impacted by this activity.”
As we learned, however, that is not at all how the applicable law works. The Oil and Gas
Act establishes a “zone of presumption.” Within the zone, contamination from oil and gas
activity is presumed. DEP need not “prove” that the activity caused the contamination; rather,
the operator must prove the opposite. Previously, the zone of presumption was 1,000 feet from
an oil or gas well, and applied to any contamination manifesting within six months after
completion of drilling or subsequent alterations. In 2012, the zone was enlarged – to 2,500 feet
and 12 months after drilling or alteration.
This is an absolutely essential aspect of Pennsylvania’s environmental protection system.
But testimony established that some DEP employees have simply disregarded this safeguard.
One, for example, stated that “I would use probably the same, you know, level of proof
regardless” of the zone of presumption. We find it troubling that any DEP employee was
unaware of crucial legal guidelines that govern the Department’s testing program.
Failure to inspect
We were additionally troubled by testimony concerning the conduct of inspections, such
as when a spill was reported. We learned that DEP regulations require well operators to report
spills of more than five gallons.

Several employees testified that, in order to make
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determinations in such situations, they would simply take the operator’s word for it about the
existence or amount of a spill. These employees told us that they trusted the industry to follow
the rules and self-report accurately.
We are mindful of concerns that DEP is understaffed and employees cannot spend all
their time making inspections. At the same time, we are highly skeptical that operators can fairly
or effectively police themselves, given the powerful incentives not to expose their own
violations. Yet we learned that it was not uncommon for DEP employees to resolve some cases
through an “administrative file review,” meaning sitting at their desks, reviewing documentation
submitted by the industry, without ever seeing the spill for themselves.
On other occasions, we learned, DEP employees would investigate citizen complaints
simply by calling the operator and asking him what happened. “We had so many complaints,”
testified one employee. “It was impossible for us to respond to every one.” So, instead, the first
step was often to telephone the well site operator. If the operator sent in a photo purporting to
show that no spill had occurred, the matter could be closed without ever leaving the office.
Revolving door
The credence given to oil and gas operators by some DEP employees proved less
surprising to us after we learned this fact: that oil and gas operators often were DEP employees
who had recently left the public sphere for private industry. As is typical with government work,
they could make considerably more money by moving on. In fact we learned of an instance in
which an operator scooped up seven employees from the same DEP office all at one time. This
sort of hiring created an unfortunate talent drain for DEP – but more concerning to us was the
potential effect on the integrity of the Department’s investigations.
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We heard testimony, for example, concerning the improper issuance of two “plugging”
certificates that allowed a company to shut down wells without first doing the necessary work to
make them safe. When we asked about the identity of the employee who had issued the
certificates, we learned he was no longer at DEP; he was hired by the company to whom the
certificates had been issued. Such career progression was not uncommon. Industry employees
were often former employees of DEP. In our view, this is not a recipe for restoring public
confidence in the DEP inspection process.
Failure to notify
We should emphasize that DEP did often perform proper testing and inspection, and in
many cases has identified contamination caused by shale gas activity. Yet we were surprised to
learn about what often happened, or more accurately didn’t happen, next. We would have
expected that DEP would have a clear practice, if not a rule, of notifying neighbors in the area
once a positive determination had been made that water sources had been tainted.

That

apparently is not the case.
DEP employees testified repeatedly that notification to neighbors was not the norm, nor
required, as far as they were aware. As one put it, employees were reluctant to “poke a hornet’s
nest.” Another explained that, in his view, surrounding homeowners might not want to know,
“because they're afraid of what it will do to their property value.” A third simply said, “[w]e
generally do not do that. We address the complaint that's given to us.” These employees were
not against the idea that it made sense to notify neighbors if DEP determined someone’s water
supply had been contaminated, they just understood that wasn’t the policy. As to why – that was
“above [their] paygrade.”
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We asked Deputy Secretary Perry about this issue. He stated DEP had an obligation to
notify neighbors when a contaminating event occurred close to their homes, but that this
obligation, and how it is carried out, depends on the circumstance of the particular event. For
example, when serious instances of well failure cause stray gas to migrate out of a well bore and
into the surrounding aquifer, according to Perry, DEP has a clear half-mile notification policy,
which can expand beyond this radius. DEP has also required operators to notify neighbors about
serious chemical spills in their area. Ultimately, however, DEP’s approach to this issue depends
on the “best judgment” of its employees in determining the need to notify nearby homeowners
about a contaminating event.
What we know from the DEP employees we asked about this issue – including water
quality supervisors and those supervisors’ supervisor – is that to the extent there is some policy
or practice about notifying homeowners in close proximity to a confirmed case of water
contamination from shale gas activity – DEP employees are largely unaware of it. Indeed, their
understanding was that the policy is not to notify those living nearby.
It is deeply troubling to us that this type of notification isn’t routinely happening at DEP.
The need is particularly great given that many homeowners enter into non-disclosure agreements
(NDA) with operators in order to settle water supply complaints. If DEP doesn’t tell neighbors
there is a potential problem and their neighbors can’t tell them because they entered into an
NDA, there may be no way for people to find out. We think that, whether or not DEP believes
adjacent landowners “want” to know, they have a right to know, so that they can make their own
decisions about how to proceed.

We recommend DEP take measures to ensure this is

occurring—formalizing and standardizing policies and procedures to ensure consistent
application by all regions and levels of employees.
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Failure to issue violations
Our investigation also revealed evidence of another manner in which DEP was not
vigorously enforcing Pennsylvania environmental laws. When the Department discovers that an
operator is not in compliance with a regulation, the Department is supposed to issue a Notice of
Violation, or “NOV.” DEP failed to do much of that in the formative years of fracking, which is
when oil and gas violations were much more likely to occur.
We saw this in particular in relation to odor complaints. In the early days of the industry,
when impoundments were commonly used to store noxious fluids in open air, neighbors lodged
repeated air quality complaints. We think they should not have been that difficult to substantiate;
the nose knows. The Department, however, imposed such stringent requirements that violations
could rarely be found. A DEP air quality specialist explained, for example, that, in order to
vindicate a complaint, the odor had to be smelled at the same time by three unrelated people in
three different households, plus an inspector on site.

And if the operations around the

impoundment tended to produce the odor at a particular time of day that was outside of DEP
work hours, no violation could be brought. The inspector testified that, in ten years in his
position, he had never once been able to issue a “malodor” NOV.
We heard evidence indicating that in at least some cases DEP staff’s reluctance to issue
oil and gas NOVs may have been a consequence of policy decisions made at the top of the
Department. We reviewed an email from the then-Executive Deputy Secretary of DEP, dated
March 23, 2011. The email directed that every single NOV had to be personally approved by the
highest official in the agency, then-Secretary Michael Krancer. The email stated emphatically
that “I need to repeat no final actions are to be taken unless … with clearance from Mike. Any
waiver from this directive will not be acceptable.”
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Mr. Krancer did come before this Grand Jury, and described the email as “a
misunderstanding” based on a miscommunication between the Deputy Secretary and himself.
Employees who learned of the email, understandably, did not take it that way. As one put it, he
thought the message was clear: “To leave the Marcellus alone…. Don't interfere with their
business.”
DEP has provided the Grand Jury with statistics showing that, in more recent years, the
number of NOVs has dramatically increased. In 2015, for example, the Department issued over
400 unconventional well NOVs, and the numbers have gone up since. We’re encouraged to see
that. We do note, however, that the Department has begun, in effect, double-counting NOVs in
some cases. If the violation is not corrected within the year, it is carried over to the following
year but is registered as if it were a new violation. In addition, the Department can’t tell us what
we would most like to know: how many NOVs have risen to the level of enforcement action?
DEP now publishes online the status of each NOV that occurred after 2017, and whether the
violation has been corrected or noted on a subsequent report.

DEP does not track all

63
63 of 235

enforcement actions and litigation that may result from an NOV. We also find it concerning that
the Department says that while it tracks complaints generally, it is unable to parse out which
complaints relate solely to oil and gas activities, so we cannot tell how many citizen complaints
in this area have been investigated and acted upon. Still, the situation seems to be improving.
Failure to refer
In a related area, however, we think enforcement is still lagging, and has even been
getting worse. The ultimate sanction for an environmental law violation is criminal prosecution.
The Pennsylvania Legislature has created several criminal offenses in the environmental field.
The Office of Attorney General has a special section dedicated to environmental crimes. But the
office does not have the power to initiate such prosecutions on its own. The Attorney General
can act only if an outside agency – primarily DEP – refers the case for investigation.
Evidence presented to the Grand Jury, however, established that, in contrast to NOVs, the
number of criminal referrals by DEP in fracking-related cases has been declining in recent years,
to the point where they rarely occur at all. A number of DEP employees testified that they didn’t
even know about the referral process. Others, who did know, justified the absence of criminal
referrals mostly on the grounds that such referrals simply aren’t necessary. They testified to their
belief that the oil and gas industry wants to do the right thing, and that the threat of civil penalties
is sufficient to achieve compliance with the law. As one supervisor put it, “[t]he industry is
pretty scared of us.”
We don’t agree. We did not see anything in this investigation to convince us that oil and
gas operators are running scared. The advantages of money and power are on their side. Given
that reality, there will be cases on occasion in which appropriate enforcement includes
prosecution. DEP witnesses themselves acknowledged that guns, badges, and subpoenas can get

64
64 of 235

the attention of people on a drilling site. Decisions about invoking these criminal sanctions
should ultimately be made by experienced prosecutors, not oil and gas administrators.
DEP has recently given us new statistics, claiming that it actually has referred hundreds
of cases for prosecution, with yearly levels in the double digits. We find those numbers to be
irrelevant to the present inquiry. What we are talking about are fracking-related referrals, for
violations related to unconventional drilling and pipelines. From 2008 to 2018 there were a total
of only 17 such referrals. From 2015 to 2018, the grand total was two. If DEP is dedicated to
effective use of the tools at its disposal, it should start referring appropriate cases for criminal
prosecution. Given what we’ve seen, we feel confident there are more cases out there that
deserve prosecutorial review.
Failure to listen
We end with one overriding concern. Our investigation persuaded us that DEP’s actions
in the past, during the years that defined its reaction to the fracking phenomenon, created
significant distrust of the agency among many members of the public. We know that there are
and have always been exemplary DEP employees. But we heard of too many times when
Department representatives, all too willing to believe operators, dismissed the concerns of
citizens who had turned to government for assistance. We hope that is changing, and that this
Report, by exposing the behavior, may advance the change.
We heard, for example, from a homeowner who personally observed a spill occurring
into the creek near his property. He saw the creek change color. He took video. He called DEP
and described what was happening in real time. But nothing he said would convince the
employee to come and look for himself. The employee said he had already talked to the
operators of the well, that they had assured him there was no danger to the creek, and that he
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therefore had no need of the homeowner’s evidence. He threatened to have the homeowner
prosecuted for filing a false report.
We heard testimony from other citizens who could get nowhere even when they went to
the expense of hiring their own consultants to offer scientific analyses to DEP. The Department
declined to review third party data from citizens, although we know that employees often
accepted evidence from oil and gas operators. We heard from a DEP water quality specialist that
he could not consider lab results provided by a homeowner, even when they came from the same
lab regularly used by the industry. We heard from another homeowner that DEP not only
refused to review her lab report, but also refused to do its own analysis to look for the
compounds her report had revealed.
We also heard from a hydrologist at Penn State who had been called in to investigate well
water that was milk-colored and frothing. The scientist performed extensive forensic lab testing
to confirm that the foam had the same chemical signature as a drilling foam that was then being
used at a nearby well site. But even this expert made no progress with DEP.
Ironically, forensic analysis is what one DEP employee expressly disavowed. “[T]hey
expect my guys to be NCIS,” he testified, referring to a popular crime lab television series.
“That’s not going to happen in reality.”
We don’t think the public really expects DEP to be NCIS. We think citizens just want to
be listened to, to be taken seriously, and to be informed. We understand that complaints about
fracking-related contamination are not always correct. Sometimes the operator is not to blame.
But unconventional drilling is different from almost all other heavy duty industrial operations in
that it can happen virtually in people’s backyards or the playgrounds where they take their
children. Fracking can threaten the only water available to them to drink and the only air
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available to them to breathe.

DEP must respond to these concerns with neutrality and

professionalism.
*****
We recognize that certain actions taken by DEP as described in this report were based on
legitimate policy decisions. A deliberate policy decision was made to support the fracking
industry in Pennsylvania as an important economic driver. However, policy decisions also have
consequences, and in this case, one consequence of the decisions made by multiple
administrations and DEP was inadequate supervision of an industry which had – and continues to
have – significant impacts on the Commonwealth’s citizens. While it may not have been
intentional or malicious, ultimately, DEP failed to meet its mission “to protect Pennsylvania’s
air, land and water from pollution and to provide for the health and safety of its citizens.”
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The Pennsylvania Department of Health
DOH Mission Statement
The mission of the Pennsylvania Department of Health is
to promote healthy behaviors, prevent injury and disease, and to
assure the safe delivery of quality health care for all people in Pennsylvania.
For years following the outset of the fracking boom, Pennsylvania failed to sufficiently
recognize or respond to the public health consequences of fracking. We failed to train or
empower our public servants to educate and help those reaching out to their government when
they believed their health was suffering because of industry operations. Our government devoted
woefully insufficient resources toward gathering public health data associated with industry
activities. It failed to implement executive-level policies that could have improved public health
data collection. This absence of data crippled potential regulatory, legal, and enforcement
actions aimed at addressing industry practices harmful to public health.
Things have improved under the current gubernatorial administration. Inheriting a legacy
of inaction, the administration made a deliberate effort to gather health data associated with
fracking operations more effectively, but the inadequate resources put toward this effort doomed
it to failure. Just recently, the administration has directed greater effort and resources toward the
problem, but in our view, more should be done. Most significantly, our government -- including
its Department of Health (DOH) -- does not recognize that fracking operations harm public
health, citing insufficient research on the issue. However, the absence of such research, at least
in part, is due to DOH's own failure to inquire into the matter over the past decade. This "wait
and see" approach facilitates placing the health risks of the shale gas industry's operations on
everyday Pennsylvanians. We find this status quo unacceptable. The recommendations we
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propose are in recognition of the public health risks posed by the fracking industry and seek to
strike the right balance going forward.
DOH at the beginning of the fracking boom
We heard from a public health nurse who worked for the Pennsylvania Department of
Health in Fayette County, in southwest Pennsylvania, for 36 years. In 2011 and 2012, State
Health Centers in southwest Pennsylvania began receiving complaints from people in the
community who believed they were experiencing health problems due to shale gas activity.
Fracking was a new phenomenon, however, and DOH employees had not received training on
how to respond to these complaints. As a result, they were unequipped to help members of the
community reaching out to DOH for help.
This was not the first time the Department of Health was confronted with an emergent
public health event. In such instances when communities were experiencing a broad public
health phenomenon, such as the HIV crisis or hepatitis outbreaks, DOH responded by educating
its staff through in-service and out-service programs. DOH staff would then implement a
Department-directed public education, outreach, and treatment program. DOH would refer the
public to resources and medical professionals for treatment and testing. As we were told, one of
the “ten essential services of public health” is “informing and educating and empowering people
regarding health issues.”
When DOH began receiving health complaints linked to fracking activity, however, no
such collective public outreach and education response occurred. Rather, the Department of
Health strictly limited its employees' activities in relation to fracking. For instance, the public
health nurse we heard from explained that she and her colleagues received a list of 15 to 20
words related to the fracking industry they were to keep next to their telephones. If someone
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called with a health complaint and referenced these terms, they could not answer any of the
caller’s questions. Rather, they were to take the caller's name and information and pass it on to a
supervisor. While they were under the impression that someone higher up in DOH would
respond, she and her colleagues frequently received calls from frustrated citizens who never
received a follow-up response from DOH to their fracking-related health complaints. The
witness we heard from testified that in her 36 years as a public health nurse, the Department had
never handled any other public health complaints in this manner.
At the same time DOH employees received instructions on how to process frackingrelated health complaints, the Department imposed other limitations on their freedom to engage
with the public. DOH employees were instructed that in order to participate in conferences,
boards, task forces, or public meetings, they first had to channel a request through their
supervisor, which would ultimately require approval from the DOH Bureau of Community
Health in Harrisburg. These requests entailed filling out a form specifying the date of the event,
who would be attending, the agenda and what would be discussed, and if they would be taking
an active or speaking role. Staff was obligated to sign a document confirming they understood
the limitations DOH had placed on public engagements. Thus, although a public-facing office,
DOH policies restrained public health employees from engaging with the public or from
participating in events where they could learn about fracking, health concerns related to industry
operations, or otherwise carry out the Department's public health mission.
The Department’s blanket muzzling of its employees at the outset of the fracking boom
and general failure to meaningfully address the public health consequences of fracking
operations was unprecedented. As the witness before us confirmed, the Department had never
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before imposed comparable restrictions on its employees in response to any other public health
issue during her 36-year career.
DOH continued to ignore the public health effects of fracking
The absence of any meaningful public health response from our government to the
fracking phenomenon continued for years. We heard testimony from a witness who served as
the District Executive Director for the Southwest District of DOH’s Bureau of Community
Health Services from January 2012 through April 2014 (District Director). This District Director
oversaw the State Health Centers in ten southwest Pennsylvania counties at the center of the
fracking boom.
DOH provides public health services to local communities through its State Health
Centers, such as those the District Director oversaw. During his tenure with DOH, all phone
calls or complaints involving unconventional oil and gas activity were forwarded to the Bureau
of Epidemiology in Harrisburg. The District Director confirmed these referrals did not go to
some team of public health professionals specially equipped to respond to fracking-related
issues. Rather, they went into a proverbial “black hole.” There was no protocol, there was no
plan, and there was no meaningful response from DOH. The practice implemented at the
beginning of the fracking boom continued for years thereafter.
DOH’s approach to fracking-related health issues stood in stark contrast to the usual way
State Health Centers respond to health outbreaks. The District Director described how DOH
carries out its mission when communities experience a public health event. For instance, when
he worked at DOH there were 74 diseases, conditions, and infections the Department was
required to monitor and address as part of the National Electronic Disease Surveillance System,
or “PA-NEDSS.” The PA-NEDSS is integrated with local health providers and the federal
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Centers for Disease Control and Prevention, and is part of a nation-wide system for monitoring
outbreaks and risks to public health. When a public health issue included in the PA-NEDSS
arises, DOH takes action to address the problem.
The Department’s public health nurses, who work out of DOH State Health Centers, are
its “boots on the ground” points of contact with the community. DOH nurses carry out their
duties according to training and protocols developed by the Department for a wide variety of
health issues, including those in the PA-NEDSS. These protocols include providing public
health nurses with questionnaires to gather pertinent information from the community in
response to an emergent health problem. When such a problem arises, DOH does not sit idly by,
but goes out into the community to directly figure out what is happening. Once DOH acquires
an understanding of the problem, it equips its staff with direction on how to advise the public
accordingly, with the ultimate goal to figure out the source of the health issue in question and
then execute a plan to stop the problem from continuing or spreading.
Despite DOH’s capacity to address a wide variety of public health problems, nothing was
developed to address the health effects of fracking. There were simply no resources or policies
implemented to do so. Early versions of Act 13 included $2 million to address the public health
risks of fracking. When the Act ultimately passed, however, it allocated no money for public
health. The District Director testified that he attended quarterly meetings in Harrisburg with the
DOH Secretary and Department of Epidemiology leadership. A response to fracking was never
discussed at these meetings. Thus, DOH’s failure to take meaningful action in response to
fracking was established as policy from the outset of the unconventional oil and gas boom and
continued for years, despite persistent and widespread reports and public outcry about the harms
to health industry operations were causing to so many Pennsylvanians.
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Throughout our investigation, we heard Pennsylvanians express a sense that their
government failed to acknowledge what they were experiencing because of shale gas operations
occurring near their homes and in their communities. Accompanying this lack of
acknowledgment was a lack of action, which fostered a feeling of hopelessness and distrust in
their government. We find that DOH’s response – or rather lack of response – during the rapid
expansion of the fracking industry contributed significantly to the pervasive sense of despair felt
by so many people whose lives were upended, and health damaged, as a result of industry
activities.

While better efforts by DOH are now underway, this legacy continues to pose

substantial obstacles to mounting an adequate response to the public health implications of
fracking.
The current administration's approach
•

The "enhanced" oil and gas health registry
Our government’s first deliberate response to the public health harms caused by

unconventional oil and gas operations was the development of a so-called “enhanced” oil and
natural gas public health registry. The development of this registry began in 2015 with the
current administration devoting $100,000 to address the public health effects of fracking, which
ultimately went to the enhanced registry. “Enhancing” DOH’s fracking-related health registry
did not mean much, however, since from 2011 on, the Department logged citizen complaints
involving shale gas activity on a Microsoft Word document. When the current administration
assumed office in 2015, this Word document log was the totality of what DOH received in terms
of fracking-related data or programs from prior administrations.
During our investigation, the Office of Attorney General shared evidence with DOH and
the administration and welcomed feedback on this evidence. DOH accepted this opportunity by
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submitting written submissions and live testimony for our consideration. The Office of Attorney
General "ceded the floor" to the administration and allowed it to present its own evidence
directly to us. With respect to the administration's public health approach to the shale gas
industry, we heard from Dr. Rachel Levine, the current DOH Secretary.
Dr. Levine explained the circumstances surrounding the creation of the enhanced
registry. Dr. Levine, who previously served as Pennsylvania’s Physician General, testified she
was tasked by her predecessor as DOH Secretary with developing a proposal for how to most
effectively use the $100,000 budgeted toward the administration’s public health response to
fracking. DOH developed two proposals. The money could be used for an enhanced oil and gas
health registry, which was ultimately selected, or as “seed money” toward a more comprehensive
health study, which would be done in partnership with a research university.

Such a

comprehensive study, if ultimately funded, would cost millions, however. Because there was no
certainty more money would be budgeted toward this public health issue in the future, the
administration opted to spend the $100,000 toward the enhanced registry.
Virtually all of the $100,000 in funding for the enhanced registry went toward paying the
contract employee who administered it. This contractor initially worked with others in the DOH
toward developing a more detailed questionnaire for collecting health complaint data involving
shale gas operations. Once collected, the data is entered into a free software program provided
by the Centers for Disease Control (CDC).
The CDC software used for the enhanced registry is an information repository capable of
generating reports, which DOH issues quarterly. The software does not analyze data. The
dataset in the registry includes only that self-reported by a citizen complainant. The program
does not incorporate medical data and DOH does not engage with health providers in developing
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the registry. While a letter sent in response to oil and gas complaints welcomes the recipient to
have their doctor contact DOH, the contractor stated that had never occurred. In addition, Dr.
Levine stated, "data reported by a doctor would be anecdotal and therefore not really useful."
Assuming contaminants are found in the complainant's water at elevated levels indicative of a
health risk, the contractor informs the complainant accordingly and describes the risks associated
with the chemicals in question. A toxicologist is available to assist the contractor in that regard.
Otherwise, the Department does not follow-up with complainants or doctors.
DOH has received an average of one complaint per month since establishing the
enhanced registry in 2017. As of DOH's last report issued for 2019, the registry includes 164
inquiries related to fracking since March 2011. Of these 164 inquiries, only around 120
constitute specific complaints of fracking activity affecting someone’s health. Most of these
registered complaints carried over from the Word document dataset maintained by prior
administrations, which gathered less data than the current registry. So, over three years the
enhanced registry gathered around three dozen complaints.
The amount of complaints received by the enhanced registry fell far below the
Department's expectations, which was partly a consequence of DOH failing to meet community
expectations. As Dr. Levine acknowledged, despite DOH's concerted efforts to encourage those
with fracking-related health complaints to participate in the enhanced registry, it was difficult to
convince people to do so because the Department was not offering answers or solutions to their
problems. People were not eager to spend upwards of an hour completing a detailed health
survey when DOH had little assistance to provide them in return. We find that DOH’s response,
or in reality lack of response, contributed to citizens’ feelings of hopelessness and created a lack
of trust in the government that should have been interested in protecting them.
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When Governor Wolf commenced his first term in 2015, he selected John Quigley to
serve as DEP Secretary. The Senate confirmed Quigley as Secretary in June 2015 and he
remained in that position until May 2016. Quigley testified that he also participated in the
administration’s discussions on developing a fracking-related public health registry.
Quigley had significant concerns about the harm to public health posed by shale gas
operations. However, he understood that without data substantiating the connections between
fracking and public health, DEP, the administration, and other actors were hamstrung in asserting
the need for regulatory or government action to address this problem. In Quigley’s view, the
$100,000 a year budgeted for such a registry was inadequate, and it would cost millions of
dollars to build a sufficient registry. We find it self-evident that this level of funding was
inadequate and did not rise to the level of importance of the problem at hand.
•

Failure to work together
The administration’s failure to gather public health data effectively in relation to industry

activities was further undermined by its own agencies’ inability to work effectively together
toward that end.
complaints.

DOH relies primarily on DEP referrals for oil and gas related health

As the contractor who administers the enhanced registry testified, it was

“perplex[ing]” how DEP had received thousands of complaints in relation to fracking activity,
while DOH had registered only around 120 total health complaints. While under the current
administration DOH and DEP have made some effort to collaborate and address this data gap,
these efforts have fallen short.
At the outset of the current administration, DEP and DOH initiated monthly meetings
aimed at getting DEP and DOH to work together to gather better public health data. The general
approach developed during these meetings was to include health-related questions among those
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asked when DEP takes an environmental complaint. If someone contacted DEP to report their
belief that fracking operations were contaminating their water, air, soil, etc., they would also be
asked whether they were experiencing any health problems. If so, that information could be
shared and registered with DOH, and DOH could follow-up accordingly.
Efforts at incorporating health questions into DEP’s environmental complaints
culminated in a November 7, 2018 meeting between high-ranking DOH and DEP officials and
policy experts. DOH had proposed adding an “active” box to DEP’s water quality complaint
form, which would require a DEP employee registering a complaint to ask the complainant
whether they had any health concerns.

DEP, principally through Scott Perry, the Deputy

Secretary of the Oil and Gas Management Program, opposed this request because it would
constitute a “leading question” and was outside the area of DEP’s expertise. Ultimately, DEP
agreed to a “passive” box on the complaint form; meaning if the complainant mentioned a health
issue, unprompted, a notation to that effect would occur and be passed to DOH.
Additionally, DOH and DEP were only discussing adding a health question to water
quality complaints, but health complaints regularly pertained to air quality, truck traffic, and
other effects of unconventional oil and gas operations. DOH was interested in developing ways
they could gather information about these health issues as well. So, while DEP was somewhat
receptive to incorporating public health issues into its complaint processes, in DOH’s view, there
was a lot more it could do. DOH representatives continued to push DEP to take further action
aimed at gathering public health information, including adding an “active” question on health.
Ultimately, however, Scott Perry refused to agree to more than adding the passive box to the
water quality complaint form, and the meeting, which was contentious at times, ended.
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After the November 2018 meeting, DEP cancelled all future regularly scheduled
meetings with DOH. There was no discussion about this; DEP simply deleted the meetings from
a shared Outlook calendar.
When Dr. Levine testified before us in January 2020, she informed us that DEP and DOH
had recently begun meeting again. That was not the case when Scott Perry testified in November
2019, however.

Mr. Perry shared his view on the above-described meetings with DOH.

According to Perry, it was important that DEP only provide information to DOH with the
consent of the complainant because not all homeowners trusted the government or would
welcome another agency reaching out to them following their interaction with DEP. Perry
believed DEP’s engagement with DOH accomplished that end because DEP now refers health
complaints to DOH. Otherwise, at the time of his testimony, Perry was open to meeting with
DOH again, but said he would want to see what agenda they had because he saw nothing more
on the policy development side for them to discuss.
DOH saw a slight increase in complaint referrals from regional DEP field staff following
the November 2018 meeting. While the creation of the enhanced registry and DEP agreeing to
transmit some information to DOH was an improvement over nothing, the financial resources
devoted to this enhanced registry and collaborative effort between DEP and DOH were grossly
inadequate and did not constitute a legitimate public health response to the realities of fracking.
We learned that the current administration recently budgeted $1 million a year to fund a
study, in collaboration with a research university, of trends and clusters of acute health harms
and cancer rates in southwest Pennsylvania. The administration anticipates dedicating $1 million
each year for three years. Once gathered, this data can be analyzed to determine whether public
health trends correlate to unconventional oil and gas activity. While the administration has
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finally budgeted funds sufficient to gathering and studying public health data associated with
fracking, we are disturbed by the long-standing approach by our government to ignore or reject
information that substantiates the health and environmental harms of shale gas operations.
Further, we understand that developing sound data on the health consequences of the
unconventional oil and gas industry is important to implementing polices aimed at addressing
this issue. The current $1 million in funding to engage in a study of this issue may finally bring
about some meaningful results. We fear that the unwillingness to gather data over the past
decade, and years it will take to develop data under the currently-envisioned plan, have and will
continue to allow further harm to Pennsylvanians.
We asked DOH its position on whether unconventional oil and gas operations harm
public health. As the question was phrased, "Is it the DOH and administration's view that there
is insufficient evidence proving that unconventional oil and gas operations, whether in the past or
as they currently exist under the governing legal and regulatory scheme, harm public health?"
DOH responded by stating, "[T]he science in this area is developing, and it is fair to say that it
has not been proven that fracking harms public health." The Department further noted that
"'association' is not the equivalent to 'causation,'" and that further research was required to
substantiate a causal connection between fracking and harms to public health.
We do not contend that we are qualified to dispute medical professionals over whether
there is a sufficient body of epidemiological research establishing a connection between fracking
and public health. Indeed, officials at DOH co-authored a study in 2019 in which they reviewed
the prevailing scientific literature on the issue and found it lacking. However, we also learned
about studies concluding that health harms increase based on how close one lives to a fracking
operation, and that the only dispute was over how far away from the site was far enough.
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Regardless of which view is the correct one, we reject DOH and the administration's view on this
issue for two primary reasons.
First, DOH, prior gubernatorial administrations, and our government as a whole failed to
acknowledge or inquire into the public health effects of fracking since shale gas operations
commenced in the Commonwealth years ago. No resources were put toward addressing this
issue and executive level polices were implemented that prevented data gathering or a legitimate
public health response. Recently, the current Administration made some effort, but the $100,000
per year put toward the enhanced registry was inadequate and that endeavor was destined to fail,
despite efforts by those at DOH to make the most with what they were given.
Only now, after a decade of fracking and the drilling of over 12,000 unconventional
wells, has our government devoted resources to study the issue that may actually bring about
some meaningful results. These results, assuming they do come about, are still years away.
Thus, the absence of data and research DOH points to in saying there is insufficient evidence to
find a connection between fracking operations and harms to public health is, in part, a
consequence of DOH and our government's failure to look into this issue in the first place. In
other words, our government made no effort to gather the data and points to the lack of data as a
reason for not concluding there is a problem.
Meanwhile, we know that Pennsylvania families have been crying out to their
government, and anyone who will listen, that fracking operations have made them sick. We
heard many of their stories, and we find them credible.
Second, we do not accept that perceived inadequacies in available scientific research on
the risks to public health posed by industry operations should result in placing those risks on
Pennsylvania families. Under the status quo, the industry operates in close proximity to family
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homes without those families knowing what is happening at the industrial site next door. They
are exposed to harmful emissions and chemicals while we wait and see if research will
definitively prove, and in what way, the harms to their health that may be occurring. We are not
guinea pigs in an epidemiological study. If further research is necessary to understand this issue
fully, so be it. In the meantime, our laws should protect Pennsylvania families.

The

recommendations we propose seek to impose some sanity and safety to how this industry
operates in Pennsylvania.
Others actors fill the void
Given our government's failure to mount a meaningful public health response to the
fracking phenomenon in Pennsylvania, concerned organizations have tried to fill this void. We
heard testimony from Dr. David Brown, a public health toxicologist with the Southwest
Pennsylvania Environmental Health Project (EHP), a nonprofit public health organization that
offers services to southwestern Pennsylvanians who believe their health has, or could be,
affected by unconventional oil and gas development. We learned from Dr. Brown's testimony
what a typical, on-the-ground public health response looks like.
In approximately 2010, a philanthropic organization voicing community concerns about
the health impacts of fracking contacted Dr. Brown. They flew him in to meet with physicians
and residents in Greene and Washington Counties who believed they were experiencing health
problems because of shale and gas operations. Dr. Brown met with multiple people living near
unconventional gas sites who described illnesses befalling their animals and similar health
problems they were experiencing personally; most notably headache symptoms associated with
methane exposure. He saw no indication these people were colluding in describing their similar
ailments and experiences. Dr. Brown was particularly concerned upon seeing reports signed by
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DEP employees informing people their water was safe, rather than such assurance coming from a
public health or medical professional, which he described as a "sin." In the doctor's view, the
scenario looked like "a public health outbreak," and he put together a plan to mount a public
health response, received immediate funding from a philanthropic organization, and the project
commenced.
Dr. Brown had overseen responses to public health outbreaks before, for instance while
working at the Centers for Disease Control and as the Director of Epidemiology for the
Connecticut Department of Health. He educated us on how a public health response is carried
out. The first step is to perform a "needs assessment," which entails finding out what is going on
in the local population and whether the population has the resources to deal with the problem.
That means gathering as much information as possible from local medical professionals, the
Department of Health, and the community. To achieve that end, Dr. Brown hired a nurse
practitioner and a professional to do environmental assessments at peoples' homes. They used a
standardized questionnaire in an effort to develop a sound dataset to understand what was going
on and develop possible solutions to the problem.
The chief obstacle at the outset of this public outreach effort was the sense of
hopelessness felt by many suffering the health effects of oil and gas activities. Their government
was not recognizing what they were experiencing or trying to offer some meaningful help, the
industry continued to operate unabated, and they felt let down and abandoned as a result. For
these and other reasons, there was significant distrust of anyone from outside of Washington
County.

To overcome this barrier, Dr. Brown's team brought on Raina Rippel, a local

environmentalist and health organizer, who helped build trust with the community. Ms. Rippel
insisted a social worker accompany medical and technical experts on home visits because the

82
82 of 235

focus of the organization was to help people. That is and remains the mission of EHP: to "do
what public health organizations do," which is to look at health data, come up with solutions to
the problem at hand, and educate the public on ways they can protect themselves.
Informing people on how to protect themselves from contaminants harmful to health
requires determining the pathways of exposure. Cutting off these pathways is how a public
health outbreak is stopped.

In this instance, there were three possible pathways: (1)

groundwater, which was the most frequent mechanism; (2) air; and (3) contamination through
plants and food. What EHP learned about how oil and gas activity results in contamination via
air pathways was of particular interest to us.
Consistent with the evidence we heard from homeowners living in close proximity to
industry operations, people living near oil and gas operations regularly complained to EHP of
repeated nosebleeds. These nosebleeds most often occurred at night. Children were affected
most frequently. While kids getting nosebleeds is not unusual, they would also develop stomach
distress and frequent headaches. Local doctors could not explain what was going on. People
were traveling as far as the Cleveland Clinic for help. These complaints came from those with
both well and public water supplies, so EHP looked to air emissions as a source.
EHP used meters to measure air quality in affected areas and determined that while
emissions from unconventional gas sites may have been relatively constant, at night
contamination levels would "peak," resulting in increased exposure. This was explained by
"vertical mixing," which refers to the upward or downward movement of air because of
temperature differences between the surface of the Earth and overlying air. At night, when there
is no sunlight hitting the ground, there is less vertical mixing and air is stagnant and low-lying.
On cloudy nights without wind, air was even more likely to stagnate and settle on the ground.
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Under this combination of circumstances exposure levels would peak, contaminated air would
enter homes, and symptoms like nosebleeds, stomach problems, and headaches would result.
EHP confirmed this was occurring by monitoring air quality meters placed inside and outside of
peoples' homes along with the health complaints experienced by those living in monitored
homes.
Meanwhile, DEP's air monitoring program, which conformed to EPA's, was concerned
with overall air emissions compliance over 24-hour periods. While overall emission reduction
targets were reached under this program, it did not account for how peak contamination levels
affected health in localized instances. As a result, when people complained to DEP about health
problems – headaches, nosebleeds, burning eyes, etc. – they believed were caused by emissions
from a nearby compressor station or impoundment, DEP would conclude there was no problem
based on testing focused on emissions over 24-hour periods. DEP would deny the claim, but the
health problems would persist.
Over the decade or so EHP has operated, it has identified 77 compounds emitted from the
approximately 350 compressor stations, gas processing plants, and well pads operating in
Washington County. Of these 77 compounds, five made up 90% of emissions. The most
frequent was nitrogen oxide, which is an eye irritant that also causes cardiovascular problems
and damage deep in the lungs and upper respiratory system. Carbon monoxide, which causes
"anoxia," or reduced oxygen to the brain, headaches, and brain pain, is also common. In Dr.
Brown's opinion, however, detected carbon monoxide levels – which were comparable to
smoking three cigarettes a day – were not high enough to cause the reported health problems.
The most frequent compounds also include microscopic particulate matter, which moves
like a gas, releases proteins in the blood called "kinins" that cause inflammation and affect blood
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pressure, damage the lungs, and cause heart conditions. Particulate matter is also problematic
because water-soluble compounds in the air can attach to it, causing it to act as a vector by which
other toxins can travel deep into the lungs where they are far more damaging. Among the
compounds that can attach to particulate matter are volatile organic compounds (VOC), like
toluene, benzene, and xylene, which are also frequently found in gas emissions. These cause
neurological and cardiovascular effects and intense fatigue. Also, when VOCs like iodine,
chlorine, and bromine attach to a chemical like methane, they become even more toxic. Finally,
formaldehyde, a carcinogen and irritant that results from methane as it breaks down, is also
among the top five contaminants in oil and gas emissions.
The potential health risks of the remaining 72 compounds identified by EHP emitted by
oil and gas operations are, in many cases, unknown.
Factors determinative of exposure risks to people living near oil and gas operations are
necessarily nuanced and site-specific. For instance, EHP found that in Washington County, the
particular chemicals emitted from any one oil and gas site would vary by a factor of 10; meaning
chemicals from one well could be 10 times greater than that emitted by another. Whether
someone lives uphill or downhill from oil and gas operations affects exposure. The number of
peak exposures experienced within a short time-period is significant because if the body has not
processed contaminants from one exposure before another occurs, the health effects can
compound.
Health impacts also increase the closer someone lives to an oil and gas operation and as
the density of pads around their property increases. The general range where exposure can be
problematic is within two kilometers, or a mile-and-a-quarter, of a gas site. And the rates of
emissions from well pads are not the same. Well pads emit contaminants from degassing tanks,
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condensate tanks, and dehydrating tanks, which can emit periodically.

These inconsistent

emission events, both in frequency and volume, add additional unpredictability. Meanwhile,
weather can be varied, with cloud cover, temperature, wind, and vertical mixing all having a
significant influence on exposure risk. All these factors make reaching some comprehensive,
uniform approach to understanding airborne exposure risks from oil and gas operations difficult,
if not impossible, to determine.

Risk is determined by location and constantly changing

interactive factors.
Once EHP developed an understanding of the paths of airborne exposure from oil and gas
operations and the factors influencing risk, they implemented means of educating the public on
how to avoid these risks. EHP can identify a Washington County homeowner’s exact latitude
and longitude and determine their grams per hour exposure risk depending on their distance from
the source and weather patterns. EHP developed an informational magnet people keep on their
refrigerators that help them predict risk levels based on weather patterns. These are particularly
useful to asthmatics because of their sensitivity to airborne contaminants and those with young
children who need to avoid playing outside when the air is compromised.
Air quality monitoring techniques employed by EHP include providing homeowners with
“SUMMA” canisters, which collect air over 24-hour periods for testing inside and outside of
peoples’ homes. Testing from SUMMA canisters has confirmed high levels of contamination
inside residences. EHP recommends such minor approaches as not wearing shoes in the house to
prevent dust from oil and gas activity tracking inside to recommending installation of advanced
home filtration systems. Children are a particular concern with respect to airborne contamination
because chemicals associated with oil and gas emissions can block development in their rapidly
growing bodies, causing permanent damage. However, health data on the long-term effects of
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oil and gas operations to children’s health are incomplete, and likely will not be clear for years to
come. In instances where air contamination levels are particularly high in a home, EHP has
recommended that families with young children move. Dr. Brown confirmed it would be
unethical for a public health organization, like EHP, to advise families that consistently exposing
their children to airborne fracking contaminants is acceptable.
We find that EHP’s actions stand in stark contrast to DOH’s: the government agency
charged with protecting public health. We further find it remarkable that a newly created
organization like EHP swiftly gathered data and provided guidance to Pennsylvanians on how
they could protect themselves from the effects of industry operations, while a long-established
government entity, DOH, did not.
In addition to Dr. Brown's testimony on the work of EHP, we learned of efforts by the
federal government to provide public health services to Pennsylvanians who suffered adverse
health effects from fracking operations. We heard testimony from Dr. Karl Markiewicz, a Senior
Toxicologist from the Agency for Toxic Substances and Disease Registry (ATSDR), which is a
federal public health agency within the Centers for Disease Control. ATSDR partners with EPA
and other agencies to provide public health oversight and responses to significant instances of
environmental pollution or contamination.
As a public health agency, ATSDR works much like EHP. When assigned to look at a
particular incident, usually via a referral from EPA, they first perform a public health
assessment. In understanding the situation at hand, ATSDR most often gets data from states in
which they work, medical records from patients, and other sources, although they gather their
own data as well. Dr. Markiewicz repeatedly emphasized how critically important access to
comprehensive, quality data is to understanding the possible health risks to a community in
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relation to an incident of contamination.

Like EHP, ATSDR tries to determine exposure

pathways, with groundwater being the most likely path of exposure, but air as well, and then a
means of interrupting that pathway to prevent ongoing harm from the given source of
contamination.
ATSDR’s first contact with the fracking phenomenon in Pennsylvania was in response to
a stray gas migration incident that resulted in the contamination of numerous drinking water
wells. DEP investigated the incident and determined the problem was resolved and drilling
operations could continue. Meanwhile, EPA and ATSDR were brought in out of concern over
possible ongoing health risks. ATSDR did its own independent water testing and recommended
people not drink local groundwater pending further testing. They were the only agency advising
the public as such.
According to Dr. Markiewicz, the divergence between ATSDR’s recommendation and
DEP’s reflected, at least in part, the agencies’ respective missions. DEP is a regulatory agency
that performed testing according to the governing protocols of DEP. DEP is not specifically
tasked with protecting public health or addressing public concerns outside its perceived
regulatory mission. ATSDR is a public health agency with a different perspective, and their
focus on public health led them to view the same phenomenon in a different light. There were
apparent, serious risks to public health present, and ATSDR could not accept or disregard these
risks without further understanding what was going on.

These differences in perspective

illustrate how the absence of any meaningful involvement by the Pennsylvania Department of
Health in the fracking phenomenon has resulted in an ineffective response by our government to
the realities of unconventional oil and gas operations experienced by many of its citizens.
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ATSDR’s inability to get data from DEP and industry operators frustrated efforts at
mounting a public health response to the stray gas migration incident in question. ATSDR works
most frequently with Superfund sites, where the norm is an open door policy with private
companies and the government in sharing all available data and information. The fracking
industry is different, however. The fracking industry resisted sharing information about its
practices with ATSDR and legal mechanisms obstruct the sort of routine oversight other
industries are subject to. Meanwhile, DEP’s failure to collect data, and resistance to sharing
what data they have, coupled with their narrow approach to testing when determining whether
contamination has occurred, enables the industry to ignore residents’ claims that oil and gas
activity has contaminated their environment, air, or water supply. DEP’s failure to adequately
respond to homeowners’ concerns builds distrust between the community and the government.
That distrust has become entrenched in Pennsylvania, which further impedes a meaningful
response to the problem.
With respect to the Pennsylvania Department of Health, ATSDR experienced the same
disengaged, hands-off response consistently shown by DOH in relation to the fracking
phenomenon. Pennsylvania has professionals capable of doing the same work ATSDR does and
Dr. Markiewicz was in contact with DOH employees during their work involving fracking
operations. While DOH employees wanted to know what was going on, “they were not allowed
to work on it,” and did not engage in an on-the-ground response to what was happening, despite
being welcome to participate. Dr. Markiewicz could not verify whether there was any specific
directive within DOH preventing its employees from working with ATSDR on a public health
response to fracking-related contamination, but he frequently heard complaints from residents
about DOH’s absence from their community.
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Like EHP, ATSDR also worked on air quality contamination from fracking operations.
They used SUMMA canisters to collect data, but emphasized a significant lack of air quality data
in Pennsylvania on oil and gas activity. They investigated emissions from a pigging station in
collaboration with the criminal division of EPA, and found that when a pigging station releases
rapidly at around 1000 psi, as opposed to gradually at 100 psi, there are significantly higher
methane and benzene emissions. Using high-tech cameras, they observed the massive amount of
emissions from when a PIG was removed at the station, and the plume of gas that would waft
over nearby residents’ homes.
Dr. Markiewicz expressed concerns that DEP was not looking into the combined impact
of pigging stations, gas condensing units, and the combined effect of transporting gas from well
pads through pipelines. Again, more data is needed to understand the reality of how fracking
operations affect air quality and public health.
Testing must reflect how oil and gas operations impact air quality and the pathways of
contamination that can result in harm to public health. Similar to the testimony we heard from
Dr. Brown, Dr. Markiewicz recognized how air contamination occurs in “peaks” through a
combination of factors, and that testing needs to reflect that reality. ATSDR was asked to review
data gathered by DEP pursuant to a long-term air-monitoring project conducted at four locations
in Washington County in 2012 and 2013. They found that because of where DEP placed airmonitoring devices in relation to wind and weather, the devices collected pertinent data only
20% of the time. Again, more data is essential, and testing must account for the inherently
localized nature of air contamination from oil and gas operations.
Dr. Markiewicz's testimony also reflected Dr. Brown's concern over DEP informing
people that based on its test results, it was safe to drink their well water. In his view, by
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providing such assurances without consulting with medical or public health experts, they are
putting peoples’ health at risk. Moreover, you do not need to be an expert to see the wisdom of
this view. As Dr. Markiewicz described an interaction he had with a homeowner who was told
by DEP that his water supply was safe to drink:
He kind of looked at me and he stood up and his kids are sitting
around. And he went over to the kitchen sink and he took a glass
tumbler and filled it up and I mean, it looked like swamp water.
And he said, you are telling me that I can drink this? And he didn't
say, go ahead and drink it but he was holding it in front of me. And
I said, [], I agree with what you are saying but based on the data -and that is how I started the conversation. I said, based on the data,
there wouldn't be any restrictions on this. It would be okay. He
said would you drink this or give it to your kids? I said, no, I
wouldn't.
*****
We appreciate DOH engaging with us in this investigation.

We found their input

extremely helpful, and the Department deserves credit for the efforts it has made in recent years
given its available funding. For instance, in addition to the initiatives discussed above, in 2015
DOH hired an expert with a background in environmental health to head its Bureau of
Epidemiology. It brought on additional staff over the past few years, most of whom were
responsible for overseeing the enhanced registry. The Department also indicated it received
funding in 2019-2020 for ten new positions dedicated to environmental health. It has engaged in
direct outreach to communities and stakeholder organizations in an effort to encourage
participation in the health registry. It provides useful information to the public via a website
devoted to oil and gas activities. When DOH comes in direct contact with people who believe
fracking operations have affected their health, it offers to review any available sampling results
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to identify potential health risks, and provides referral information for environmental health
physicians.
In our view, however, more can be done. We would like to see DOH not only fund
research and provide feedback and referrals to those who reach out to the Department, but
actively go out into communities and try to find solutions to the problems people are
experiencing right now – not wait on the research. We learned that public health work is all
about identifying pathways of contamination and cutting off these pathways so that people stop
getting sick. This is what EHP has endeavored to do in Washington County, and they have had
some success. We know DOH does this with other public health issues, and we would like to see
DOH put forth the type of on-the-ground effort others are making in response to the public health
consequences of fracking. Such an approach would provide Pennsylvanians with the kind of
help they are looking for from their government.
We also understand DOH may not have the resources to do the sort of work we would
like to see. Perhaps the increased staffing it expects will enable it to do more. Regardless, we
remain troubled by the Department's belief "that it has engaged in an appropriate response to the
potential health effects associated with fracking." Again, DOH's perspective appears rooted in
its view that a connection between shale gas operations and public health remains "unknown,"
and "that it has not been proven that fracking harms public health."

We know from our

investigation what too many Pennsylvanians know from personal experience: that industry
operations have made Pennsylvanians sick, and that the legal and regulatory regime governing
shale gas extraction in the Commonwealth puts people's health at risk.

Our proposed

recommendations account for this risk as we develop a better understanding and approach to
managing the relationship between public health and fracking.

92
92 of 235

Recommendations of the
Forty-Third Statewide Investigating Grand Jury
We, the 43rd Statewide Investigating Grand Jury, based on a preponderance of the
evidence before us and in some cases clear and convincing evidence, make the following
recommendations. Our recommendations, though relevant to all living in the Commonwealth,
are focused on the oil and gas industry, the Commonwealth of Pennsylvania’s Department of
Environmental Protection, the Department of Health, and the General Assembly.
One: Expand the No-Drill Zones
For all the arguments about the effects of fracking, we believe, and the evidence we
gathered confirms, that there is one point that is impossible to deny. The closer people happen to
live to a massive, industrial drilling complex, the worse it is likely to be for them. The more of a
chance that their drinking, cooking, and bath water will be contaminated. The more harmful
emissions they will breathe into their lungs. The more truck traffic and machinery they will have
to hear, at all hours of the day and night. The more the effect on the health, safety, and welfare
of their family and children.
And yet, under current law, an unconventional oil and gas company can drill a well as
close as 500 feet from a person’s home. That’s only about 200 steps away. That means the well
itself can be that close; the well pad and its accompanying equipment can come even closer. No
one expects, when they find a place to settle, raise a family, live a life, that a steel mill might be
constructed right next door, or a power plant. And local zoning laws will normally make sure
that doesn’t happen. When it comes to unconventional drilling, though, people have seen rigs
sprout up almost in their backyard, along with all the equipment necessary to service them. In
many parts of the state, local zoning practices have simply been inadequate to prevent such
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development. There has to be a statewide minimum “set-back” – and the current minimum, 500
feet, just isn’t high enough.
We therefore recommend that the set-back statute be changed. Considering the size and
scale of a fracking site, the no-drill zone should be at least 2,500 feet, not 500. Even that
distance is still only a short stroll, within sight and sound of residences. We do not believe such
a modest buffer zone is too much to ask when it comes to people’s health and homes.
But our concern is not just for residential settings. We were astonished to learn that the
drilling set-back is no different even when it comes to sensitive sites, like a hospital, or an
elementary school playground. It is the same 500 feet. We think the no-drill zone for schools
and hospitals should be even bigger – 5,000 feet. We understand that fracking has its benefits.
We just want to give it some separation from the places we eat and sleep, treat the sick, and
educate our children.
Two: Stop the Chemical Cover-up
We heard repeatedly during this investigation the claims that there is no real danger from
the use of complex chemical compounds manufactured for the fracking process – or at least that
the risk is “unproven.” The time has come to provide for proof, one way or another; and the only
way that can happen is to require disclosure.
We learned that under existing law, the oil and gas companies don’t have to say what
chemicals they are using until after they have already used them. And even that disclosure rule
only applies to chemicals used in the fracturing phase of the process – the stage after the well has
been drilled, when the companies use high-pressure water and chemicals to break up
underground rock formations in order to extract the gas. What goes down the hole, though, must
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come up – much of the chemical-filled fluid that is used for fracturing makes its way, sooner or
later, back to the surface.
But the companies also use potentially dangerous chemicals during the drilling process
itself, before they even start the fracturing. And those chemicals don’t have to be publicly
disclosed at all – even though they often drill directly through water tables, where the chemicals
may mix with water that someone is using and drinking.
In addition, every time these fracking chemicals are moved there is a risk of leaks or
spills or escape onto the ground, into the water, and into the air. And if there is any kind of
accident, the first people at risk are the first responders, followed by everyone else in the
vicinity.
But in addition to these lax rules about disclosure, there is another problem. Companies
also get an exception to the disclosure requirements for “trade secrets.” So if they say they have
created some special chemical compound that gives them a competitive advantage over other gas
companies, they don’t have to reveal publicly what it is.
We find that unacceptable. The corporate bottom line does not outweigh the lives and
health that may be at stake. We want the public to know the identity of all these chemicals being
released into the environment, so their effects can be studied, and so government or individual
citizens can choose to protect against them if they deem it necessary. We recommend that all
chemicals employed in any stage of the unconventional oil and gas process must be publicly
disclosed before they can be used.
Three: Regulate All Pipelines
With all the attention on pipeline problems in different parts of Pennsylvania, one would
expect that government must have some role in how the system is operated. And it does – up to
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a point. We were surprised to learn, however, that as of now regulations focus primarily on the
big pipelines, the major “highways” that transport gas over long distances.
As with the road system, though, those gas highways are not the only pipelines. The gas
has to have some way to get to the pipeline highways from the well. They don’t use tank trucks.
They use a system of smaller pipelines, called “gathering lines.”
And those gathering lines are hardly regulated at all in the rural and semi-populated areas
where most fracking takes place. In effect, it is a remnant of history: they didn’t need regulation
for gathering lines in conventional drilling days, because those lines were low pressure, low
volume, and no real hazard. Modern gathering lines are very different. Yet only the gas
highways get full government oversight.
This deficiency is not defensible. These gathering lines operate under high pressure and
can span hundreds of miles. They are subject to leaks, erosion, and even explosion, much like
the bigger lines. And yet, outside of higher-population areas of the state, the companies are
largely free to lay down whatever gathering lines they want.
We say the Commonwealth must start regulating gathering lines from unconventional
drilling wells. All pipelines in all parts of Pennsylvania.
Four: Add Up the Air Pollution Sources
Fracking does not entail big belching smokestacks, like some factories. So we don’t
think of it as a source for air pollution.
But it is. Fracking operations mean frequent releases of gas, not just accidental but
intentional. The pipes must be cleaned out regularly, and every time that is done, billowing but
invisible clouds of gas escape into the atmosphere. That gas can be hazardous in itself, and in
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addition can be tainted with the man-made chemicals used to extract it from the ground, and with
naturally occurring chemicals released from deep in the earth.
The problem is that most of the fracking industry air pollution comes from smaller cleanout stations, known as "pigging stations," and other sources that, individually, slip under the air
pollution thresholds at which regulation would kick in. And that is true even though these oiland-gas industry pollution sources are often clustered together; if aggregated, they would trigger
requirements for pollution control. But they are not aggregated, and so they are frequently not
regulated.
The solution is to stop looking in isolation at air pollution caused by unconventional
drilling sources. The state has to begin using more common sense and logical standards for
evaluating these sources. If air-polluting fracking facilities are stationed in close proximity, treat
them as one source, and regulate accordingly. After all, if people live anywhere nearby, their
lungs aren’t going to care whether the chemicals in the air came from one large source or from
many smaller sources all next to each other. It is reasonable to expect our regulatory agencies to
take that into account.
Five: Transport the Toxic Waste More Safely
Among the many troubling aspects of unconventional oil and gas drilling is this one: its
waste. Simply put, the fracking industry generates enormous quantities of noxious by-products.
We learned that unconventional drilling creates two categories of waste requiring special
disposal. The first is a significant problem; the second is an even more significant problem.
First, there are the drill cuttings – the rock and mud that is ground up and brought out to
create the well. The drill cuttings are mixed in with the sludge of industrial chemicals used for
the drilling processes. This is not just normal rubbish that can be tossed onto a regular garbage
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dump. The chemicals in drill cuttings are potentially hazardous even beyond the standards of
landfill sites used for municipal trash.
Second, there is the wastewater – which is not just water at all. The fluid injected into a
fracking well cannot perform its function with mere H20. Frack fluid is an elaborate and, as we
mentioned, secret chemical cocktail of lubricants, biocides, solvents, and other agents. And the
issue isn’t just the composition, but the quantity. A single well may create millions of gallons of
contaminated water over its lifetime.
Yet this hazardous material is not treated as such. We learned of a striking example of
the problem. When toxic chemicals are initially transported to a well, the tanker trucks are
labeled as carrying hazardous material. But after these chemicals are injected into the ground,
and then return to the surface in wastewater, the contaminated water is transported from the well
as if any danger had ceased to exist. The very same chemicals that were identified as hazardous
before they were used are now identified as non-hazardous “residual waste,” although their
composition has not changed. Thus, the transportation of fracking-generated wastewater in
Pennsylvania does not account for the toxic nature of this waste being hauled all over the
Commonwealth.
This creates a serious problem. Fracking wastewater can be a relatively harmless briny
concoction, an extremely dangerous combination of chemicals, or highly radioactive. Because it
is labeled as “residual waste” – a classification that includes many sources of waste other than
from fracking – there is no way to know whether a tanker came from a shale gas site or carries
something that does not carry the same potential risk. If one of these trucks overturns and spills
all over a roadway, the signage on the truck will not provide adequate notice to those at the scene
about what they are dealing with. This system puts the public and first responders at risk.
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Presently, there is no easy long-term solution for permanently disposing of waste
generated from shale gas operations. And operators perform an elaborate shell game, moving
fluid from one well to the next to fracture more shale. The movement of this waste presents a
risk to the public. While regulators sort that out, at a bare minimum, Pennsylvania should
require that trucks carrying waste from fracking sites display signage specifically identifying that
which they are hauling as unconventional oil and gas waste.
Six: Deliver a Real Public Health Response
Our investigation showed that, for the better part of a decade, there were Pennsylvania
citizens who suffered ill effects after fracking moved into their neighborhoods, and who basically
received a cold shoulder from their government’s official medical establishment. Now we have
learned that in recent years the Department of Health has made more of an effort to address the
problem, and has allocated a million dollars a year for a three-year study. That is encouraging.
But it is not enough.
We understand the nature of the challenge. There are many potential health issues that
fall under the “fracking” label, and many conflicting claims about what is or is not dangerous.
That, however, is usually the case with public health issues. It is not always obvious up front, in
any health crisis, what the real causes are, or what the consequences will be. But lack of
knowledge should be a reason to do more, not less.
Consider the attention being paid to vaping, which the Pennsylvania Secretary of Health
wants declared as a public health emergency. Consider the resources marshaled to study the
spread and effects of a group of harmful substances known as PFAS from the former Willow
Grove air base outside of Philadelphia. Consider the state government’s call to arms over
spotted lanternflies.
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These are all significant issues, and we have no intention of minimizing them. But
fracking has been going on for over a decade in Pennsylvania now. It has potentially affected the
short- and long-term health of tens of thousands of people. By this point, we should know more
than we do. It was as if our government didn’t want to know.
Several other of our recommendations will serve to address the public health
consequences of fracking, such as expanding the no-drill zone and requiring full disclosure of
chemicals used in industry operations. We also call on DOH to unleash the full force of the
public health apparatus in order to gather all the data and figure out the best medical responses.
Don’t just wait for people to report; they might not, or they might have tried repeatedly and
given up because no one listened. Put boots on the ground and go out into the community.
Mobilize health centers. Make public service announcements. Build a better website, and
advertise the hotline.

Reach out to doctors and hospitals in the affected areas.

Issue

declarations. Do what we do with other public health crises.
Seven: End the Revolving Door
We saw staffing issues at DEP that caused us concern. But among the most troubling
was the fact that DEP employees were frequently lured away to work for the oil and gas
operators they were supposed to be regulating. In a way, this should be no surprise. The
industry is far better funded than government, and can offer far better compensation to state
employees who have developed, at state expense, an expertise in this regulatory field. But the
resulting potential for conflict of interest cannot be ignored. If DEP employees know there may
be a big paycheck waiting for them on an operator’s payroll, they may be reluctant, consciously
or otherwise, to bring to bear the full force of the law. The solution is to do what Pennsylvania
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has done in other areas: impose a “cooling-off” period that would prohibit DEP employees from
jumping directly into a job with an oil and gas company.
To be clear, this would not be a complete solution to the personnel issues we saw at DEP.
We believe the agency has been understaffed and undertrained; even the Department’s own
representative testified to the need for more resources.

DEP must have an appropriate,

sustainable funding source in order to ensure that it can hire, train, and retain the people
necessary to perform the challenging tasks required to regulate this complex industry.
In the meantime, however, a revolving door rule would be a simple and straightforward
means of addressing at least one part of the problem. The Ethics Act provides that former public
employees must wait one year after leaving state government before they can engage in lobbying
before their former agency. And the Gaming Act provides an even more pertinent provision. A
former employee of the Gaming Control Board cannot accept employment, for a period of two
years, with any company that has applied to the Board for a license.

The prohibition is

particularly prudent in an industry awash in money, as is gambling. We have some of the same
concern regarding the oil and gas industry. While energy prices may rise and fall, the profits in
the good years are plentiful, and thus enhances the industry’s ability to pluck talent from the
Department. We propose that a cooling-off period, as under the Gaming Act, will protect the
Department’s work force and at the same time enhance integrity.
Eight: Use the Criminal Laws
Pennsylvania has a series of special environmental statutes that make it a crime for
people to pollute the Commonwealth’s air or water, or dispose of industrial waste improperly.
And yet, when it comes to unconventional drilling, these criminal statutes in effect do not exist;
they are virtually never invoked. We wondered why.
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As it turns out, the lack of criminal prosecution is not because no such crimes have been
committed. As we learned during our investigation, most of this criminal conduct cannot go
forward unless the Department of Environmental Protection refers it to law enforcement for
criminal investigation. Local D.A.s have the authority to prosecute these environmental laws,
but seldom the resources. The Attorney General’s Office, on the other hand, has a special
environmental crimes section for exactly this purpose – but it lacks the legal authority to
prosecute unless DEP asks it to do so.
Yet, in recent years DEP has seldom asked.

DEP employees testified to various

explanations for this lack of criminal referrals for oil and gas violations. Some said they don’t
need to seek criminal prosecutions, because their own internal regulations provide sufficient
deterrence. Some said they would refer more cases, if only prosecution didn’t take so long.
Some said they wanted to send out cases for prosecution, but supervisors didn’t always approve.
Whatever the story, there is a simple fix.

The legislature should amend the

environmental laws, in particular the Solid Waste Management Act and the Clean Streams Law,
to give the Attorney General direct jurisdiction over environmental crimes. That way the office
will not have to wait for DEP to refer or not refer; it can begin an investigation on its own,
whenever it has proper cause to do so. There are already a number of other specialized areas,
such as child predator and computer crimes, where the Attorney General’s Office has been given
special jurisdiction. It would be a straightforward matter to do the same here.
We think, in appropriate cases, criminal charges can provide an effective way to help
carry out the constitutional mandate of article 1, section 27: to conserve and maintain the
people’s right to clean air, pure water, and a healthy environment. The three presentments issued
by this Grand Jury serve as a first step.
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IN THE COURT OF COMMON PLEAS
ALLEGHENY COUNTY, PENNSYLVANIA
IN RE:
THE FORTY-THIRD STATEWIDE
INVESTIGATING GRAND JURY

:
:
:
:
:
:
:
:

SUPREME COURT OF PENNSYLVANIA
71 W.D. MISC. DKT. 2017
ALLEGHENY COUNTY COURT OF COMMON
PLEAS CP-02-MD-0005947-2017
NOTICE NO. 42

Response on behalf of the Pennsylvania Department of Health

The Pennsylvania Department of Health (“DOH”) has reviewed Report 1 of the
Forty-Third Statewide Investigating Grand Jury (“the Report” or “the Grand Jury Report”) and
respectfully submits this response and requests that it be attached to the Grand Jury Report.
I.

Introduction
DOH respects the comprehensive work performed by the grand jury. DOH has

studied the grand jury’s report carefully and will continue to do so, and takes all of its
observations and recommendations with the utmost seriousness. In that regard, DOH appreciates
the observations that “things have improved under the current gubernatorial administration,” and
that “the Department deserves credit for the efforts it has made in recent years given its available
funding.”
The grand jury also recognizes the challenges that limited state resources present.
This is made all the more challenging by the absence of any meaningful federal action, funding,
studies or response to the many environmental and health questions raised by fracking. That
said, DOH must always strive to do better in realizing its vision of “a healthy Pennsylvania for
all.”
1
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As such, DOH welcomed the opportunity to engage in the grand jury process
with the aim that the Report would be accurate and the Report’s recommendations and
observations would be a useful tool in examining and improving DOH’s work related to
fracking. To that end, when offered the opportunity by the Office of Attorney General, DOH
provided written statements and exhibits to the grand jury. In addition, the Secretary of Health
welcomed the opportunity to testify before the grand jury, testified extensively, and answered all
of the questions asked her by the grand jury.
Unfortunately, the secret nature of the grand jury process has resulted in a Report
that contains some factual errors and (in some instances) erroneous conclusions. Further, DOH
has not been provided with the transcripts of testimony or the documents or other materials
presented to the grand jury. These troubling times have underscored many things, including that
transparency, objectivity, facts and science will always be among the critical pillars of effective
public health. It is in that spirit that the following observations are provided. But, the ensuing
comments are not intended in any way to detract from the important work performed by the
grand jury here.
In the current administration DOH has listened and will continue to listen, with
even greater intensity, to the concerns of Pennsylvanians who express health concerns related to
fracking. As evidenced by the Report, fracking is a challenging and complex topic that requires
a thoughtful, coordinated approach. DOH therefore would like to take this opportunity to once
more encourage Pennsylvanians to contact DOH and report their health concerns related to
fracking by telephone at 717-787-3350 or e-mail at env.health.concern@pa.gov :
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This is not an empty invitation. DOH relies on these submissions to gather health data that is
vital its work to study this topic and ensure an informed and effective approach.
To the degree that the Grand Jury Report suggests that DOH does not share the
grand jury’s concerns and is not invested in solutions, that is neither fair nor accurate. While
DOH is constantly seeking ways in which to improve its response to fracking, DOH under the
current administration has always been committed to understanding and responding to the
potential health effects associated with fracking. As such, DOH would like to provide additional
information about its programming and strategy, particularly as it relates to fracking.
II.

Overview of DOH’s Public Health Response to Fracking
A.

Background
DOH is an agency comprised of medical professionals, policy experts, scientists,

and staff who work to achieve DOH’s mission to: “promote healthy behaviors, prevent injury
and disease, and to assure the safe delivery of quality health care to all people in Pennsylvania.”
DOH is currently led by the Pennsylvania Secretary of Health, Dr. Rachel Levine. Dr. Levine
3
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first joined the Wolf administration in 2015 as Physician General. In July 2017, Governor Wolf
named Dr. Levine the Acting Secretary of Health. She was confirmed as Secretary of Health in
March 2018.
Of course, currently, DOH is deeply engaged in addressing one of its paramount
responsibilities – to address acute public health emergencies. It is, therefore, coordinating
Pennsylvania’s comprehensive response to the COVID-19 pandemic, a public health emergency
the like of which has not been experienced since the influenza pandemic of 1918. Additionally,
DOH operates many ongoing programs related to a multitude of significant public health issues.
Among these are programs addressing environmental health issues (including fracking), the
opioid epidemic, HIV, quality care in health care facilities, school health, emergency
preparedness, maternal and child health, obesity, sexual violence, and many more.
Funding for DOH programming comes from a combination of sources.
Approximately one-third of DOH’s budget comes from state government funding, which, by
necessity, is allocated based on a consideration of a variety of competing needs. The remaining
two-thirds of DOH’s budget comes from the federal government through specific program
grants. Unfortunately, there has not been a single grant from federal sources to address the
health effects of fracking.
By contrast, there are federal grants provided to study health effects associated
with other environmental concerns, such as “PFAS” (or “poly-fluoroalkyl substances” which are
manufactured chemicals included in many household products). The Report highlights DOH’s
health work on PFAS in an effort to contrast that work to fracking. Specifically, the Report
directs readers to compare DOH’s fracking-related program to “the resources marshaled to study
the spread and effects of a group of harmful substances known as PFAS.” (Report at p. 99.) For
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its PFAS-related program, however, DOH received funding through the Centers for Disease
Control and Prevention (“CDC”), as well as the Association of State and Territorial Health
Officials. With this funding, DOH was able to implement three PFAS-related studies – the
testing of a response toolkit, an exospore assessment project, and a multisite health study.
However, while DOH has federal funding available for its PFAS work, there is no federal
funding for fracking, an absence of resources which necessarily impacts DOH’s capabilities with
regard to fracking.
Despite these and other resource constraints, since the beginning of Governor
Wolf’s Administration in January 2015, DOH sought to markedly change the prior
administration’s approach, and to bring a much greater focus to bear on both fracking and
environmental health issues more generally.1 And these efforts are ongoing. For example, at Dr.
Levine’s request, in 2019, the Administration granted DOH funding of over $1 million per year
for three years to study the health effects associated with fracking.
B.

Environmental Health Program Development
Beginning in 2015, DOH brought in new staff to the Bureau of Epidemiology to

reassess needs, including those related to environmental health. Since then, DOH has continued
to build its staff and expertise to better address existing and emerging issues in environmental
health, such as fracking, lead, and PFAS. Thus, DOH hired Dr. Sharon Watkins as its Director

1

DOH notes that much of the discussion in the Report relates to conduct that occurred before January 2015
under the prior Administration,. The current DOH Administration is not able to fully comment on the circumstances
surrounding that purported conduct. However, DOH does understand generally that, prior to 2015, DOH focused its
epidemiology resources on disease investigations with an emphasis on pandemic flu, anthrax, emergency response,
and food and water borne disease. While the Report makes some distinction between the prior Administration and
the current Administration, it largely conflates time periods. For example, certain comments and opinions voiced by
Karl Markiewicz from the Agency for Toxic Substances and Disease Registry (“ATSDR”) and Dr. David Brown
from the Southwest Pennsylvania Environmental Health Project (“SPEHP”) may have related in part or in whole to
activity prior to 2015. However, as DOH was not present for their testimony and has not had the opportunity to ask
questions, DOH does not have sufficient information to fully respond to their observations.
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of the Bureau of Epidemiology. Dr. Watkins is a nationally-recognized epidemiologist who
previously served as the Chief of the Bureau of Epidemiology for the State of Florida, and who is
currently the president of the Council of State and Territorial Epidemiologists. Dr. Watkins has
a strong background in environmental health.
DOH hired Dr. Anil Nair as the Director of the Environmental Health Division of
the Bureau of Epidemiology. A PhD-level consultant also has been retained by DOH to focus
specifically on fracking. Moreover, DOH hired a full-time toxicologist with expertise in
reviewing environmental testing samples and assessing the associated health risks.
Currently, the Environmental Health Division is comprised of five staff members
and two contractors, as well as one intern and one annuitant. DOH has requested and received
approval for funding in the 2019-2020 year for ten new positions dedicated to environmental
health, including fracking. Eight of those positions are in the Bureau of Epidemiology and two
are in the Bureau of Laboratories. DOH is currently recruiting for those positions.
C.

Development of the Fracking Questionnaire and Data Registry
Starting in 2015, DOH developed a complaint questionnaire to gather and analyze

information from individuals with health concerns related to fracking.2 DOH then contracted
with a PhD-level consultant to be the Department’s point person on fracking. The consultant
refined the questionnaire so that it would gather more useful and standardized information, and
developed the data registry so that the information can be stored and analyzed. (See the
questionnaire template at Exhibit A). DOH uses this information to improve its understanding
of the causal links that may exist between fracking and specific health effects.

2

DOH receives $100,000 per year in state funding to develop and operate this registry. In 2019, the
Administration budgeted a much larger amount, over $1 million per year for the next three years, for DOH to work
with an academic partner to conduct two comprehensive studies on health effects associated with fracking.
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DOH routes all health complaints related to fracking to the Bureau of
Epidemiology. Once routed to the Bureau of Epidemiology, staff members contact every person
who reports a fracking-related health concern to gather additional data as well as to respond to
the individual concern.3 DOH does not take a “wait and see” approach to fracking. Instead,
DOH proactively seeks to gather the information by encouraging individuals impacted by
fracking to participate and report their concerns. DOH’s proactive approach has taken many
forms. For example, DOH spoke directly with individuals within concerned communities about
the data registry at public meetings. DOH also met with the Southwest Pennsylvania
Environmental Health Project to seek their assistance in referring complaints to DOH for
purposes of the data registry. DOH created flyers to publicize the data registry, and placed the
flyers at each of DOH’s six Bureau of Community Health district offices, and all 60 state health
centers, as well as the district offices of the Department of Environmental Protection (“DEP”).
(Flyer attached as Exhibit B). DOH publicized the data registry on its website and publicly
invited individuals to contact DOH to report concerns by email, phone, fax or mail. (See
Exhibit C; available at: https://www.health.pa.gov/topics/envirohealth/Pages/ContactEnvironmental-Health.aspx ). DOH set up regular meetings with DEP to facilitate coordination
between the agencies and to receive health complaint referrals. The health complaint reporting
information was also included on DEP’s website, and the information was shared with the
Agency for Toxic Substances and Disease Registry and environmental health physicians to
whom DOH refers individuals. Additionally, DOH regularly conducts statistical analyses of the

3

These complaints do not go to a “black hole” as alleged in the Report. (Report at p. 71). That allegation
appears to refer to policies under the prior Administration rather than the current Administration. Nonetheless,
DOH is providing information about its current policies and practices.

7
167 of 235

public health data it collects, and publishes reports of that data on an anonymized basis. These
reports are made available on DOH’s website and provide the public with information on the
reported health effects associated with fracking. This includes data on the number of complaints,
location of the complaints and wells (by county), the environmental source of concern (such as
water or air), health symptoms reported (such as cardiovascular or dermatological), and
demographic and other information. (See Exhibit D; available at
https://www.health.pa.gov/topics/Documents/Environmental%20Health/Q32019_ONGP.pdf).
Pennsylvania is one of the few states that maintains a data registry of fracking-related health
concerns and reports that data publicly.
Despite these measures, the number of reports DOH received for the data registry
was less than anticipated or desired. As of December 2019, DOH received 125 formal health
complaints relating to 263 individuals. The Grand Jury Report acknowledges that DOH
publicized its registry and encouraged participation through a variety of means (Report at p. 91),
yet it suggests that the reason individuals did not report their concerns to DOH was because “the
Department was not offering answers or solutions to their problems.” (Report at p. 75).
That conclusion is not correct. As Secretary Levine explained in her testimony,
DOH’s process for collecting scientifically useful information for the registry necessarily
depended on individuals providing information in response to a detailed survey. That
information provides significant value to the public, as it is used by DOH to study the issue and
to inform the public at large. However, individuals may have been deterred from participating in
the survey because it did not provide an immediate tangible benefit to the person on the phone.
Rather the information gleaned from the survey was meant to provide useful data for DOH to
study and educate the public. Dr. Levine further explained that, in response to low participation
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rates, DOH has since evolved its strategy, and will be conducting two comprehensive studies
using health data maintained by an academic partner.
D.

Support and Referrals for Individuals
In addition to gathering health information for purposes of analysis, DOH also

directly responds to individuals who report health concerns. When DOH receives a complaint, a
staff member of the Bureau of Epidemiology contacts the individual. The staff member gathers
information about the complaint and obtains any environmental sampling results in that person’s
possession. DOH also seeks any available sampling results from DEP. DOH’s toxicologist
reviews those results to determine if any potential health risks are identified. DOH informs the
complainant of the results, including the toxicologist’s interpretation of the results related to
health risks, and refers the individual to physicians with particular expertise in environmental
health issues. Additionally, DOH provides educational resources through FAQs on fracking
issues and the contact information to make a report related to Pennsylvania’s drinking water.
Finally, where needed, DOH will request that DEP do further sampling.
E.

Other Public Information-Sharing, Research, and Education
DOH has also continued to engage in scholarship, education, and information-

sharing on fracking. Like most government agencies, DOH requires that its employees seek
approval before attending conferences or participating in speaking engagements. Such rules are
in place to ensure that resources are used wisely and that employees do not violate the
Commonwealth-wide ban on gifts to public employees (such as free admission to conferences,
compensation for speaking engagements, or other items that could be considered gifts). It would
be irresponsible not to have them. However, the rules apply across the board and are neither
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specific to fracking, nor in any way designed or utilized to chill participation in fracking related
programs.4
Furthermore, since 2016, DOH has been presenting fracking data at state and
national conferences, and discussing fracking issues in connection with other state programs.
For example, DOH staff attends the annual conference of the Council of State and Territorial
Epidemiologists, including participating in roundtables and workshops related to fracking. From
2016 to 2018, DOH personnel attended the annual Shale in Public Health Conference hosted by
the Pennsylvania League of Women Voters. In 2017 and 2018, DOH staff attended the Shale
Network Conference at Penn State and, in 2018, participated in a fracking-related workshop by
the National Academy of Science. These efforts help keep DOH up to date on the latest
developments in public health related to fracking, and provide an opportunity for DOH attendees
to educate others.
DOH staff also engage in research to advance the understanding of health effects
associated with fracking. For example, in 2019, under Dr. Levine’s direction, DOH and the State
of Colorado published a study titled “A Systematic Review of the Epidemiologic Literature
Assessing Health Outcomes in Populations Living near Oil and Natural Gas Operations: Study
Quality and Future Recommendations.”5 This piece surveyed the most in-depth peer-reviewed
literature on health effects associated with fracking to date. Additionally, DOH is currently
completing a report evaluating the occurrence of a rare form of cancer, Ewing’s Sarcoma, in
communities experiencing fracking issues.
4
The Grand Jury Report alleged that DOH “muzzles” its staff in relation to fracking, which was clearly a
reference to the prior administration. (See Report at p. 70). Since the new administration, DOH has never muzzled
its staff, but has engaged in the numerous efforts to educate itself and the public about ongoing fracking concerns, as
detailed in the Response.
5

The paper can be found at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6616936/#
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In Spring 2019, DOH began to develop a new initiative for fracking-related
research, which was approved by the Administration in November 2019. This initiative involves
two studies based in southwestern Pennsylvania, where the most fracking activity occurs. The
first study will focus on the potential acute effects of fracking (i.e. asthma and birth defects).
The second study will focus on incidents of cancer in these areas. For both studies, instead of
relying on data that DOH collects from individual complainants, DOH will work with an
academic partner and with existing health system databases, including the Pennsylvania Cancer
Registry and data from regional healthcare systems. DOH will use that data to analyze health
trends in proximity to fracking sites. This initiative is budgeted at just over $3 million for three
years (approximately $1 million per year). DOH has requested to receive this funding in its
2020-2021 budget.
The Grand Jury Report incorrectly claims that these upcoming studies “will
attempt to gather and analyze already existing data from prior complaints. And because DOH
effectively discouraged such complaints in the past, there may be little data to review.” (Report
at p. 9). To the contrary, these studies will not rely on the fracking-related health data that has
been collected by DOH thus far. As detailed above, the studies will rely on robust existing
healthcare system data, which is not limited to individuals who made complaints related to
fracking. This misunderstanding causes the Report to erroneously imply that the studies will not
be sufficiently useful.
To the contrary, these studies will accomplish many of the goals for DOH
outlined in the Report. For example, the Report recommends that DOH “[s]end out the nurses
and doctors to interview health care professionals. Advertise in affected areas. Collect
sophisticated data and conduct sophisticated analysis.” (Report at p. 10). The studies described
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above will accomplish those aims even more effectively by gathering medical data from health
care professionals in a much more comprehensive manner, rather than through anecdotal
interviews that may vary in accuracy or opinion. The studies will also allow DOH to conduct
sophisticated analyses of detailed data that will be published and made available to the general
public.
III.

The Science of Health Effects Associated with Fracking
A fundamental criticism of DOH in the Report is that DOH is in a “state of

denial” about the health effects associated with fracking and that it has taken a “wait and see”
approach to the issue. (See Report at p. 2, 9). As explained above, that criticism is unfounded.
DOH has proactively invited people to report health concerns related to fracking, collected
scientifically-useful data, conducted research, collaborated with DEP, published data to inform
the public, referred individuals to doctors expert in environmental health, made available other
resources, and more. While DOH has improved its response to fracking over time, and will
continue to do so, it is wrong to suggest that DOH is sitting idly by or, worse, purposefully
ignoring evidence of the health effects associated with fracking. That suggestion is both untrue
and damaging to the public interest.
The Report cites the following question posed by the grand jury to DOH:
Is it the DOH and administration’s view that there is insufficient evidence proving
that unconventional oil and gas operations, whether in the past or as they
currently exist under the governing legal and regulatory scheme, harm public
health?
In response, DOH explained that “the science in this area is developing, and it is
fair to say that it has not been proven that fracking harms public health.” That is true, and no
amount of grand jury investigating will change the science. Importantly, however, what the
Report omits is the remaining portion of DOH’s response on this point. Immediately after this
12
172 of 235

statement, DOH explained: “That said, the number of peer-reviewed epidemiological studies in
this area has increased in recent years, and studies have shown some association between
fracking and a limited number of health-related effects in select areas, though the strength and
the nature of the association still requires further research.” DOH further explained that it had
conducted a detailed review of the existing studies, and provided a copy of that review to the
grand jury. (See “A Systematic Review of the Epidemiologic Literature Assessing Health
Outcomes in Populations Living near Oil and Natural Gas Operations: Study Quality and Future
Recommendations” attached as Exhibit E). That review concluded:
There currently exists limited research and conflicting scientific
information on the health risks for those living next to these
operations.
***
Twenty (20) studies met our criteria of a human health
epidemiologic study evaluating the potential health effects
associated with living near ONG [oil and natural gas] operations in
the United States. Weight-of-evidence conclusions were developed
for a total of 32 different health effects, and ranged from
insufficient evidence to limited evidence. Across all health
outcomes, four of the 20 studies received a moderate level of
certainty rating. All others received a rating of low certainty.6
In further contradiction of the erroneous conclusion of the Grand Jury Report that
DOH is “in denial” about fracking, DOH provides a summary of what is known about the
potential health effects associated with fracking on its public website:
Recently there has been increased interest in UONGD by academic researchers.
When most people think of unconventional oil and natural gas development
(UONGD) they only think of wells and well pads, but there is an entire network
of compressor stations, natural gas processing plants and pipelines in addition to
the drill rigs and accompanying access roads that make for several points of
6

“A Systematic Review of the Epidemiologic Literature Assessing Health Outcomes in Populations Living
near Oil and Natural Gas Operations: Study Quality and Future Recommendations” at pp.1 and 6 (references
omitted).
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concern from a health perspective. UONGD may negatively impact water, air and
soil quality. It may also involve excessive noise, light and vibrations from seismic
testing and cause vehicular injuries from increased truck traffic or other injuries or
emergencies from well explosions or flooding. What is more are the mainly
mental health impacts related to the disruption of rural communities and the influx
of young male workers. Together these factors may directly impact health or
indirectly impact health through increased stress, anxiety and reduced sleep. For
workers and their families and sensitive populations (e.g., pregnant women,
children and elderly), the health consequences of UONGD may be more severe.
Most epidemiologic research to this point has compared the health outcomes of
those living varying distances from unconventional well sites as a substitute for
exposure to UONGD. There have been very few studies that have measured
exposure directly. Overall, epidemiologic work has found some limited evidence
of relationships between living near UONGD and poor infant health and
worsening respiratory symptoms. Infant health is unique in that the timing of
exposure can be pinpointed (within a 9-month period) more precisely than for
other health symptoms or outcomes.
(available at: https://www.health.pa.gov/topics/envirohealth/Pages/OilGas.aspx )
There is no doubt that DOH relies on scientific methods and evidence to shape its
policies and programs. But this does not lead to inaction by DOH. Instead, it is the reason that
DOH’s multi-prong strategy for fracking has included a particular focus on improving the
research and public understanding of the health effects associated with fracking. It is also the
reason that the Administration agreed to spend $1 million per year for three years to conduct two
comprehensive studies on the health effects associated with fracking.
DOH does not address every public health concern with a one-size-fits-all
approach. DOH’s responses differ depending on the specific disease, infection or condition, how
deadly it is, how quickly and easily it spreads, and what is known about the causes of the disease.
For example, DOH takes a different approach to highly-infectious diseases than it does for a
disease that is not infectious. Similarly, DOH takes a different approach to diseases where the
cause or method of transmittal is known versus one that is that is subject to evolving scientific
and medical understanding. DOH is committed to serving the interests of Pennsylvanians, and
14
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addressing the many public health issues that Pennsylvanians face including those related to
fracking. DOH’s response to fracking has continued to evolve and improve, and DOH will
continue this trend into the future.
*****

Respectfully submitted,
By:

_____________________________________
THOMAS M. GALLAGHER
Pa. Attorney ID No. 55984
CHRISTEN M. TUTTLE
Pa. Attorney ID No. 206925
PEPPER HAMILTON LLP
3000 Two Logan Square
Philadelphia, PA 19103
(215) 981-4000
Counsel for Department of Health
Dated: May 8, 2020
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CERTIFICATE OF SERVICE
I hereby certify that I am this day serving one copy of the foregoing Response on behalf of
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Rebecca S. Frantz
Chief Deputy Attorney General
Office of Attorney General
Environment Crime Section
rfranz@attorneygeneral.gov
Carson B. Morris
Deputy Attorney General
Office of Attorney General
Environmental Crime Section
cbmorris@attorneygeneral.gov
Dated: May 8, 2020

______________________________
Christen M. Tuttle
Attorney No. 206925
PEPPER HAMILTON LLP
3000 Two Logan Square
Eighteenth & Arch Streets
Philadelphia, PA 19103-2799
Telephone: (215) 981-4000
tuttlec@pepperlaw.com
Counsel for Department of Health
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DO YOU HAVE A HEALTH CONCERN ABOUT THE ENVIRONMENT?
Could contaminated air, soil or water be affecting your health?

Have questions about environmental health? The department
has epidemiologists available to answer questions about a
range of environmental health issues.
Have a health concern related to oil and gas production?
The department has a registry to track health complaints.
Call 717-787-3350 to add your information.

Need community resources? The department has relationships
with state and local stakeholders that can help you address
your environmental health concerns.
CONTACT US:
717-787-3350 or env.health.concern@pa.gov
VISIT OUR WEBSITE:
https://www.health.pa.gov/topics/envirohealth

4� pennsylvania
,. DEPARTMENT OF HEALTH
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Contact Environmental Health
Ways to Contact Us Report an Environmental Health Concern ONGP Health Registry

The Division of Environmental Health Epidemiology is part of the Bureau of Epidemiology in the
Pennsylvania Department of Health. All programs within the division – the Health Assessment
Program, Environmental Public Health Tracking Program, Adult Blood Lead Epidemiology and
Surveillance Program and Unconventional Oil and Natural Gas Development Program – can be
contacted at the bureau office.

Ways to Contact
()

Mail: Pennsylvania Department of Health
Division of Environmental Health Epidemiology
Bureau of Epidemiology
Room 933, Health and Welfare Building
625 Forster Street
Harrisburg, Pennsylvania 17120-0701
Phone: 717-787-3350
Fax: 717-346-3286
env.health.concern@pa.gov
Email:

(mailto:env.health.concern@pa.gov)

Hours: Monday-Friday, 8 a.m. to 4 p.m.

Reporting an Environmental Health Concern
()

The Division of

Environmental Health Epidemiology is part of the Bureau of Epidemiology in the Pennsylvania
Department of Health (DOH). Pennsylvania residents are encouraged to report environmental
health concerns to the Division, where they will be evaluated and referred to an appropriate
program area for potential investigation and follow-up. If applicable, we will analyze
environmental sampling data and/or clinical (i.e., toxicological) data. If environmental sampling
data are not available, we will work with the Department of Environmental Protection (DEP) to
collect data, when indicated and as appropriate. Lack of environmental sampling data may limit
the department’s ability to conduct a thorough investigation.
While we do not offer primary health care services, we can provide advice based on the nature of
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the complaint and work closely with the individual who filed the complaint and, if applicable,

their healthcare providers to address health concerns. Depending on the nature of the concern,
DOH environmental health staff members will collaborate with federal, state, county and local
officials, healthcare providers and the public on a regular basis to address environmental health
issues throughout the commonwealth.

Before Contacting Us
If you have an environmental health concern, the tips below are intended to help us address your
concern in the most efficient way possible. Please be patient, as it takes time to investigate the
many variables at play in environmental health concerns and to conduct a health evaluation. You
can expedite the department’s response by having the following things in place before you file a
complaint:
Visit your healthcare provider or doctor first.
Have environmental test results available.
Be prepared to speak about your family’s current health and health history.
Be prepared to talk about your health symptoms.

Difference between DOH and DEP
Both DOH and DEP receive and respond to environmental complaints. Citizens should know that,
in matters of environmental concern, DOH is an advisory agency, not a regulatory one.
Environmental regulation concerns are primarily managed by DEP or, on a national level, the EPA.
The following is a rough guide for when to contact DEP versus DOH. It is possible that you would
contact both departments.
DEP works to protect the state’s air, land and water from pollution and ensure a clean
environment. DEP is the agency to which you primarily direct your complaint or questions if your
concern involves drinking water or the waterways, air quality issues or potential soil pollution
believed to be related to UONGD. Additionally, DEP takes reports of spills, accidents and other
releases of hazardous substances and contaminants. DEP will test the air, water or soil to
determine if there is a problem.
DOH examines how different environments affect a person’s well-being. The health effects of
breathing air, drinking water and more are researched in relation to specific sites where they are
reviewed and investigated. Your complaint should also be directed to DOH’s Division of
Environmental Health Epidemiology if you have an environmental concern that is specific to your
health or the health of a family member or friend, which may be caused by the air, water or soil.
DEP has separate contact information for
(http://www.dep.pa.gov/About/ReportanIncident/Pages/d

reporting an incident efault.aspx)
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(emergency)
and

(http://www.dep.pa.gov/About/ReportanIncident/Pages/EnvironmentalComplain

reporting an environmental complaint ts.aspx)
.

ONGP Health Registry
()

The Division of Environmental Health Epidemiology manages the oil and natural gas (ONG) health
complaints registry. If you have a health concern related to the oil and gas industry in your area,
please contact the division to be included in the registry. DOH environmental health staff are also
available to answer general questions about health impacts of the oil and gas industry.
Mail: Pennsylvania Department of Health
Division of Environmental Health Epidemiology
Bureau of Epidemiology
Room 933, Health and Welfare Building
625 Forster Street
Harrisburg, Pennsylvania 17120-0701
Phone: 717-787-3350
Fax: 717-346-3286
env.health.concern@pa.gov
Email:

(mailto:env.health.concern@pa.gov)

Hours: Monday-Friday, 8 a.m. to 4 p.m.
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ONGP Quarterly Report | Quarter 4 2019 (October to December)

Oil and Natural Gas Production (ONGP) Health Concerns
ONGP in Pennsylvania
ONGP is a significant industry in
Pennsylvania. The latest wave of ONGP
activity in the state began in 2005 with the
start of unconventional oil and natural gas
development (UONGD). Unconventional
wells are distinct from conventional wells
by the geologic formation being tapped.
They use horizontal and vertical drilling
and hydraulic fracturing (“fracking”) to
access traditionally unavailable reservoirs
of oil and natural gas.
As of Dec. 31, 2019, the Pennsylvania
Department of Environmental Protection
(DEP) reported there were 10,819 active
unconventional wells in the state. Thirtyfour of Pennsylvania’s 67 counties had
active unconventional wells, with
Washington (1,772), Susquehanna (1,601)
and Greene (1,367) counties having the
greatest numbers of active unconventional
wells.*

ONGP Health Registry
In response to growing concerns about
UONGD, the Pennsylvania Department of
Health (DOH) developed a confidential
health registry to better track and respond
to public health complaints related to
ONGP.
As of Dec. 31, 2019, DOH received 164
ONGP-related health complaints, with
Washington (41), Susquehanna (31) and
Bradford (22) counties having the most
health complaints.

Figure 1. Total Health Complaints Logged by DOH Division of
Environmental Health Epidemiology Since 2011 (N=164)
30
20
Number of
complaints 10
0
2011 2012 2013 2014 2015 2016 2017 2018 2019

Table 1. Reason for Contact (N=164)
Q4 2019

Reason

since
2019 YTD Total
2011

% of Total
since 2011

General inquiry

0

0

24

14.6%

News update/alert

0

0

3

1.8%

0

0

12

7.3%

2

15

125

76.2%

Information sharing
Formal health complaint

a

a

General inquiries, news updates/alerts and information sharing cases were no longer logged in the
health complaints registry effective March 2017.

Table 2. Environmental Source of Concerna (N=164)
Source

Q4 2019

since
2019 YTD Total
2011

% of Total
since 2011

Water

2

14

115

70.1%

Air

0

5

96

58.5%

Soil

1

7

31

18.9%

Noise

0

2

54

32.9%

Truck traffic

0

2

50

30.5%

b

2

3

48

29.3%

0

0

9

5.5%

Other

Missing
a

More than one environmental source of concern may be selected per complaint.
Other category includes light, drilling mud or solid waste, vibrations or seismic testing, etc.

b

Referrals

_

One hundred % of Q4 2019 health
complaints were referred by DEP.

Figure 2. Active Unconventional Oil and Natural Gas Wells in Pennsylvania,
as of Dec. 31, 2019*
*Based on the number of active wells from DEP Spud Data Report, Wells Drilled by County

200 of 235

2

Table 3. Demographic Information of Individuals in ONGP Registry With a Formal Health Complaint
(N=125 formal health complaints, 263 individuals*)
Q4 2019

2019 YTD

Total since
2011

% of Total
since 2011

Female
Male
Missing

1
2
0

11
15
0

136
123
4

51.7%
46.8%
1.5%

Non-Hispanic white
Non-Hispanic black
Hispanic
Other
Missing

3
0
0
0
0

22
0
0
2
2

109
0
0
3
151

41.4%
0.0%
0.0%
1.1%
57.4%

0-17 years old
18-64 years old
65+ years old
Missing

0
3
0
0

4
16
4
2

43
130
41
49

16.3%
49.4%
15.6%
18.6%

Any private insurance
Public only insurance
Uninsured
Missing

3
0
0
0

20
3
1
2

79
28
6
150

30.0%
10.6%
2.3%
57.0%

Characteristic

Demographic Summary
This table summarizes the
demographic and health insurance
information of individuals included in
the formal health complaints received
for Q4 2019, YTD 2019 and total since
2011. This does not necessarily reflect
the demographic characteristics of the
entire community.

*Table excludes general inquiries, news updates and information sharing complaints. Each health complaint may pertain to more than one individual.
Race/ethnicity, age and health insurance were not systematically collected until March 2017. Percentages within each group may not sum to 100% due to rounding.

Table 4. Health Information of Individuals in ONGP Registry With a Formal Health Complaint
(N=125 formal health complaints, 263 individuals*)
Symptom Group

Q4 2019

2019 YTD

Total since
2011

% of Total
since 2011

Cardiovascular
Dermatological
Ear
Eye
Gastrointestinal
General systemica
Neurological
Psychological
Respiratory
Urogenital
Missing

1
2
0
1
0
2
2
0
0
0
0

2
10
2
5
9
10
10
4
10 (2)†
1
0

42 (11)†
100
32
54
93
95
115 (6)†
60 (8)†
140 (22)†
26 (6)†
36

16.0%
38.0%
12.2%
20.5%
35.4%
36.1%
43.7%
22.8%
53.2%
9.9%
13.7%

Symptom Summary
This table summarizes the symptoms
reported by individuals for Q4 2019,
YTD 2019 and total since 2011.

*Table excludes general inquiries, news updates and information sharing complaints. Each health complaint may pertain to more than one individual.
a
Includes sleep disturbance, fatigue, fever, chills, night sweats, shaking, weight loss/gain, decreased appetite, muscle aches/cramps, joint pain, fainting and swelling
†Numbers in parentheses correspond to newly diagnosed conditions relevant to that symptom group: heart disease and/or hypertension (cardiovascular group),
neurological disease (neurological), psychological disease (psychological), asthma or COPD (respiratory), kidney disease or failure (urogenital). They do not
represent pre-existing conditions. Therefore, someone could report that UONGD exacerbated their asthma (noted in the respiratory count) but was diagnosed
before UONGD activity started in their area (not reflected in number of parentheses).

Health Overview 2019 Year-to-Date Based on Formal Health Complaints (N=15 complaints, 26 individuals)







42% of individuals reported being in poor or fair health.
8% of individuals reported being disabled.
0% of individuals reported being diagnosed with cancer since the beginning of 2019.
65% of individuals visited the doctor for their health concerns.
Five (33%) of 2019 YTD complaint cases had concerns about animal health (livestock or pets).
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Figure 3. Total Number of Active Oil and Natural Gas Wells in Pennsylvania, 2012 to 2018
100,000

12,000

80,000

10,000
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6,000

40,000

4,000
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20,000

Panel B: Unconventional Wells

2,000

0

0
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2012 2013 2014 2015 2016 2017 2018

The tables below show data for counties with more than 500 active unconventional oil and natural gas wells
as of Dec. 31, 2019.
Washington (1,772) Susquehanna (1,601) Greene (1,367)

Bradford (1,326)

Lycoming (919)

Tioga (769)

Butler (576)

Table 5. Environmental Source of Concern by County (All Complaints Since 2011)
Source
Water
Air
Soil
Noise
Truck traffic
Othera
Missing

Washington

Susquehanna

Greene

Bradford

Lycoming

Tioga

Butler

24
32
9
21
21
21
3

26
17
5
10
9
10
0

7
4
2
4
3
2
0

20
6
4
4
4
5
0

2
4
0
0
1
0
1

4
2
1
1
2
0
0

3
2
0
1
1
1
0

County-specific numbers of complaint cases are as follows: 41 (Washington), 31 (Susquehanna), 8 (Greene), 22 (Bradford), 6 (Lycoming), 4 (Tioga) and 3 (Butler).
More than one environmental source of concern may be selected per complaint.
a
Other category includes light, drilling mud or solid waste, vibrations or seismic testing, etc.

Table 6. Health Symptoms by County (Individuals With a Formal Health Complaint Since 2011)
Symptom Group

Washington

Susquehanna

Greene

Bradford

Lycoming

Tioga

Butler

Cardiovascular
Dermatological
Ear
Eye
Gastrointestinal
General systemica
Neurological
Psychological

6
23
7
15
22
24
29
22

8
26
5
11
23
19
19
13

3
10
0
2
6
9
6
2

12
11
3
5
14
10
15
4

0
6
2
3
0
0
1
3

1
1
1
2
3
3
5
0

0
0
0
0
2
2
3
2

Respiratory
Urogenital
Missing

37
6
16

29
6
2

12
2
3

15
4
8

4
3
0

6
0
0

2
1
1

County-specific numbers of individuals are as follows: 66 (Washington), 59 (Susquehanna), 20 (Greene), 34 (Bradford), 8 (Lycoming), 8 (Tioga) and 5 (Butler).
a
Includes sleep disturbance, fatigue, fever, chills, night sweats, shaking, weight loss/gain, decreased appetite, muscle aches/cramps, joint pain, fainting and swelling

By far, most oil and natural gas-related complaints received by DOH have been related to UONGD. We have received four
complaints related to conventional oil and natural gas development since 2011.
Figures in this report may slightly differ from previous reports due to the potential for ongoing data collection. Please contact the
Division of Environmental Health Epidemiology for more details at 717-787-3350 or env.health.concern@pa.gov.
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Abstract: A systematic method was used to review the existing epidemiologic literature and determine
the state of the scientiﬁc evidence for potential adverse health outcomes in populations living near oil
and natural gas (ONG) operations in the United States. The review utilized adapted systematic review
frameworks from the medical and environmental health ﬁelds, such as Grading of Recommendations,
Assessment, Development and Evaluations (GRADE), the Navigation Guide, and guidance from the
National Toxicology Program’s Oﬃce of Health Assessment and Translation (OHAT). The review
included 20 epidemiologic studies, with 32 diﬀerent health outcomes. Studies of populations living
near ONG operations provide limited evidence (modest scientiﬁc ﬁndings that support the outcome,
but with signiﬁcant limitations) of harmful health eﬀects including asthma exacerbations and various
self-reported symptoms. Study quality has improved over time and the highest rated studies within
this assessment have primarily focused on birth outcomes. Additional high-quality studies are
needed to conﬁrm or dispute these correlations.
Keywords: oil and natural gas; hydraulic fracturing; fracking; unconventional oil and gas;
environmental health; epidemiology; systematic literature review

1. Introduction

The United States has signiﬁcantly increased its capacity for oil and natural gas (ONG) development
through the technological advancements of directional drilling and hydraulic fracturing, with
natural gas production reaching a high in 2017 and 2018 [1]. In 2016, more than two-thirds of
the 977,000 producing ONG wells in the U.S. used these technologies to access energy reserves in shale
and tight oil sands [2]. In places like the Colorado Front Range and Dallas-Fort Worth, Texas, ONG
operations are occurring directly alongside population growth. It is estimated that 17.6 million people
in the U.S. live within 1 mile of an active ONG well [3].
There currently exists limited research and conﬂicting scientiﬁc information on the health risks
for those living next to these operations. The industry surrounding ONG expanded faster than
evidence-based epidemiologic research could respond [4,5]. Early community health assessments and
surveys of health symptoms in people living near ONG operations raised concerns about the potential
chemical hazards, including exposures to air and water pollution [6–8]. Additional studies pointed
Int. J. Environ. Res. Public Health 2019, 16, 2123; doi:10.3390/ijerph16122123
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to non-chemical stressors, including psychosocial stress, from living near ONG operations [9–11].
These early hypothesis-generating studies gave way to a growing body of observational epidemiologic
literature that has quantiﬁed associations between residential proximity to ONG operations and the
potential for certain adverse human health eﬀects. Several review articles published within the last
ﬁve years summarize this literature [5,12–14].
Our study is the ﬁrst of its kind to systematically review the entirety of existing epidemiologic
literature on the associations between living near ONG development and the potential for harmful
health eﬀects. We weigh the level of evidence for each health outcome and aim to present a clear
assessment of the methodological rigor, study strengths, and weaknesses, to identify approaches to
future research. The scholarship published to date varies in the types of ONG operations studied, the
populations of interest (e.g., based on their geography, time period, or demographic characteristics),
the health outcomes measured, and the quality of the methods used. While Saunders and colleagues
do raise important methodological concerns about many of the articles they review [14], no existing
review addresses study quality in a systematic way. In research on the health eﬀects of potential
environmental contaminants, where randomized controlled trials are neither ethical nor appropriate,
study quality, or certainty in the study aligning with its stated objectives, is integral to interpreting
scientiﬁc results and extrapolating them for regulatory and other science-based decisions.
The need for public health scientists to systematically evaluate the body of a literature base for
an important issue, with limited resources, is necessary to assist in science-based regulatory decision
making. Often, these issues are not entirely characterized and may include multiple chemical stressors
(which are typically unknown) and variable health outcomes. The current established systematic
review frameworks focus on an in-depth evaluation of the toxicological and epidemiological literature
for a speciﬁc chemical and/or health outcome, however, this approach is unable to be applied directly
to the epidemiological literature surrounding ONG development. Therefore, we have adapted these
approaches to better answer this environmental health question.
The steps used to conduct the review were adapted from various established systematic review
frameworks for the medical and public health ﬁelds, including as Grading of Recommendations,
Assessment, Development and Evaluations (GRADE) [15] and Meta-analyses Of Observational Studies
in Epidemiology (MOOSE for observational studies) [16], and emerging methods in environmental
health as outlined by the Navigation Guide [17], and Oﬃce of Health Assessment and Translation
(OHAT) [18] guidance (Figure 1). Each study was evaluated using 14 study evaluation questions to
assess the level of certainty in, or scientiﬁc plausibility of, the study ﬁndings. The overall weight of
evidence was determined for each health outcome separately. This review is not intended to replicate
any previous frameworks nor is it to be the single word on study quality in this area of research. Our
aim is to be objective and transparent, in a way that can be understood by community members,
government and non-government public health and environmental oﬃcials and policymakers.

Step 1:

Step 2:

Step 3:

Step 4:

Identify
relevant
studies

Rate the level of
certainty for the
findings in each study

Group related study
findings by health
outcome

Weigh the overall
evidence for each
health outcome

Figure 1. Steps in the current systematic review of epidemiologic literature.

2. Materials and Methods
2.1. Scope of Analysis
The scope of this literature review is deﬁned by a PECO (populations, exposures, comparators,
and outcomes) question [19]: “In humans (including unborn fetuses) living in the U.S., is exposure to
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chemicals emitted from ONG operations, compared to people who are not exposed (or who are exposed
at lower levels), associated with adverse changes in health?” (Figure 2). Unborn fetuses were included
as a population of interest to account for the possibility of ONG activities aﬀecting fetal development
within the mother’s womb. The term “oil and natural gas operations” (or development) was deﬁned
to include all upstream processes involved in the extraction of ONG resources using any combination
of vertical drilling, directional/horizontal drilling, and hydraulic fracturing to access energy reserves
from conventional and unconventional geologic formations. This review does not include studies
evaluating mid- and downstream processes. Since October 2011, the majority of new ONG wells in the
U.S. overall have been hydraulically fractured horizontal wells, typically referred to as unconventional
wells [2]. Study authors will often use a variety of these terms, and the distinction between conventional
and unconventional wells—in source rock, depth, or drilling technique—is muddled in practice [20].
We sought to look across a range of comparators since exposures to ONG-associated chemicals occur
along a continuum and it may not always be clear what the pathway of exposure is, how far that
pathway reaches, or whether multiple exposure pathways produce synergistic eﬀects on health [5,19].
We then considered whether any and all adverse changes in health occur with these exposures. While
it is plausible that ONG may impact health through indirect pathways such as income (e.g., from
monetary gains from leasing land or mineral rights), or investment in community infrastructure such
as healthcare services [10,21,22], indirect eﬀects were not included in this paper.

Figure 2. Populations, exposures, comparators, and outcomes (PECO) statement.

The PECO question informed our exclusion criteria and studies were excluded if one or more
of the following ﬁve criteria were met: (1) exposure to ONG chemicals was not directly measured
in, or estimated for, study subjects (i.e., excluded studies focused on indirect health eﬀects including
community stressors such as degradation of rural life, sexually transmitted infections from newly
arrived young male workers, and traﬃc accidents from increased heavy truck traﬃc); (2) the study failed
to quantify associations between exposures and a speciﬁc health outcome (i.e., excluded studies did
not measure odds ratios, relative risk, etc.); (3) the study did not include original data or observations
(e.g., review articles, commentaries); (4) the study did not deﬁne ONG operations to include any or
all processes associated with the upstream development and production of ONG, including but not
limited to horizontal drilling and hydraulic fracturing; or (5) the study did not take place in the U.S.
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2.2. Data Search
PubMed was the primary research database used to obtain articles. We identiﬁed relevant records
using the following PubMed search terms: ((“Oil and Gas Industry”[Mesh] OR “Natural Gas”[Mesh])
AND (epidemiolog* or symptom*)) OR ((oil OR natural gas) AND (epidemiolog* OR health OR
symptom*) AND (unconventional OR drilling OR shale OR coal OR production OR development) NOT
(“Occupational Health”[Mesh] OR “Animal Experimentation”[Mesh]) AND (“2013/01/01”[PDAT]:
“2018/10/01”[PDAT])) AND Humans[Mesh]. We veriﬁed that no relevant study was published before
2013, and any studies published after our search date of October 1, 2018 were not included in the
assessment. In total, 1253 articles were returned by the search and all were screened for eligibility
(Figure 3). Review articles, risk assessments, and included studies were also screened for references
and identiﬁed six additional studies. The majority of articles (98%) did not meet our study inclusion
criteria because they were related to the ﬁelds of environmental engineering, geology, hydrology or
biomedical topics such as plant-based oil extracts/lipids. We kept the search terms broad in an eﬀort to
capture the wide variety of terminology that has been used within the interdisciplinary ONG health
eﬀects ﬁeld.
Records identified through

Additional records identified

database searching

through other sources

(n = 1253)

(n = 6)

Records after duplicates removed
(n = 1259)

Records screened
(n = 1259)

Records excluded *
(n = 1224)

Full-text articles assessed

Full-text articles excluded

for eligibility

with reasons *
(n = 15)

Studies included in
qualitative synthesis
(n = 20)

Figure 3. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) ﬂow
diagram for study inclusion. * Exclusion criteria is detailed within the methods.

2.3. Level of Certainty Rating and Level of Evidence Conclusions for Individual Studies
A modiﬁed systematic review framework was used to rate the level of certainty (or the certainty
in an estimate of eﬀect) for each health outcome (Figure 4). We developed our framework based on
established methods of systematic reviews for the medical, public health and environmental health
ﬁelds. These frameworks incorporate, either explicitly or implicitly, most of Bradford Hill’s criteria
for causation such as studies with speciﬁcity and biological plausibility and that were temporal and
consistent [23]. We consulted these classic criteria to develop a meaningful scope of review (as reﬂected
in the PECO question) and determine criteria for study certainty and weight of evidence [24].
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1. Establish Initial Level of Certainty

2. Consider Raising
Level of Certainty

3. Final Level of
Certainty Rating

Study design

Initial certainty in an
estimate of effect

Higher certainty if:

Certainty in an
estimate of effect

Randomized
control trials *

High certainty
Moderate certainty

Observational
studies

Ö

Low certainty

Percentage of study
evaluation questions
adequately addressed
in the study

High
Ö

Moderate
Low

Figure 4. The approach used for developing level of certainty ratings for each study outcome.
* No randomized control trials were identiﬁed in this review.

We rated study ﬁndings as having low, moderate, or high certainty that the estimated eﬀect was
close to that of the true eﬀect. The ﬁndings of observational epidemiologic studies were initially ranked
as low certainty and were upgraded according to fourteen (14) study evaluation questions that assessed
various domains (Table 1). These criteria were based on established frameworks which specify the
domains, questions, or study limitations used to evaluate individual studies for use in a systematic
review [17,18,25–27]. We categorized the study evaluation questions into ﬁve groups: population and
sample, exposure, health outcomes, confounders, and reporting. Two or more authors reviewed each
study evaluation question with a yes-or-no response for each study (Supplementary Tables S1–S20).
Conﬂicting responses were resolved through discussion and additional review of the study. Studies
with greater than 50% “yes” answers (i.e., 8 “yes” answers out of 14) were considered for potential
upgrade of their ﬁndings to moderate certainty; studies with greater than 75% “yes” answers (i.e.,
11 “yes” answers out of 14) were considered for potential upgrade to high certainty [28]. All ﬁndings
of each study were ascribed the same level of certainty after evaluations were complete.
Table 1. Key study evaluation questions to determine the level of certainty ratings for health outcomes.
Study Evaluation Questions
Population and Sample
1. Does the control group match the exposed group?
2. Is the sample generalizable to the population of interest?
3. Did the study a priori quantify sample and power?
4. Were missing data addressed and tested?
Exposure
5. Was exposure directly measured and quantiﬁed?
6. Was the exposure or proxy/surrogate of exposure measured from a point location?
7. Does the proxy/surrogate adequately estimate exposure?
8. Was there a temporal relationship between exposure and outcome?
Health Outcomes
9. Was the health outcome determined by a medical provider?
10. Was a dose-response relationship seen in any outcome?
Confounders
11. Did the study design or analysis account for important confounding and modifying variables?
12. Did the study design or analysis adjust or control for other environmental exposures that were anticipated
to bias results?
13. Were sensitivity analyses attempted for population, outcome, or exposure?
Reporting
14. Did the study conclusions match the results?
Final level of certainty rating: Low/Moderate/High

We derived weight-of-evidence conclusions using standards outlined in GRADE [29], the Cochrane
Handbook [30], and developed by the Institute of Medicine [31]. For each health outcome, relevant
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ﬁndings from individual studies were grouped and evaluated to derive one of the following
weight-of-evidence levels: substantial, moderate, limited, mixed, failing to show an association,
or insuﬃcient (Table 2).
Table 2. Weight-of-evidence determinations.
Evidence Level

Deﬁnition

Substantial

Strong scientiﬁc ﬁndings that support an association between oil and gas
exposure and the outcome, with no credible opposing scientiﬁc evidence.

Moderate

Strong scientiﬁc ﬁndings that support an association between oil and gas
exposure and the outcome, but these ﬁndings have some limitations.

Limited

Modest scientiﬁc ﬁndings that support an association between oil and gas
exposure and the outcome, but these ﬁndings have signiﬁcant limitations.

Mixed

Both supporting and opposing scientiﬁc ﬁndings for an association between oil
and gas exposure and the outcome, with neither direction dominating.

Failing to show an association

Body of research failing to show an association—indicates that the topic has been
researched without evidence of an association; is further classiﬁed as a limited,
moderate or substantial body of research failing to show an association.

Insuﬃcient

The outcome has not been suﬃciently studied.

3. Results
Twenty (20) studies met our criteria of a human health epidemiologic study evaluating the
potential health eﬀects associated with living near ONG operations in the United States (Table 3,
Supplementary Table S21). Weight-of-evidence conclusions were developed for a total of 32 diﬀerent
health eﬀects, and ranged from insuﬃcient evidence to limited evidence (Table 4).
Across all health outcomes, four of the 20 studies received a moderate level of certainty rating.
All others received a rating of low certainty. The majority of the studies were retrospective cohort (six
studies) or ecological (six studies) study designs. There were ﬁve cross sectional studies, two nested
case controls, and two case-controls. The average score across all studies was 6, with a score range
from 2 to 9 (Supplementary Table S22).
3.1. Birth Defects and Birth Outcomes
This review identiﬁed nine studies comprising 12 low to moderate certainty ﬁndings that identiﬁed
the relationship between women who lived near ONG operations and the likelihood that their child
was born with birth defects or other types of adverse health outcomes at birth.
Two studies evaluated birth defects (congenital heart defects, oral clefts, and neural tube defects)
in infants of mothers who lived at varying proximities to ONG development during pregnancy [32,33].
These low-certainty studies resulted in insuﬃcient evidence to determine if living near ONG operations
during pregnancy is associated with birth defects since there was only one study per outcome.
Eight studies evaluated adverse birth outcomes [32,34–40]. These studies examined commonly
used indicators of infant health status such as preterm birth, gestational age, Apgar score, birth weight,
infant mortality, and fetal death. Overall, there are conﬂicting ﬁndings across studies resulting in either
mixed or insuﬃcient evidence of adverse birth outcomes associated with living near ONG operations
during pregnancy (Table 4). Three of the eight studies and their ﬁndings were upgraded to a moderate
level of certainty rating due to strength in their study designs that reduced risk-of-bias [35,37,38]. These
studies demonstrated both positive and null associations for multiple health outcomes. All three were
retrospective cohort studies that demonstrated evidence of a dose-response relationship and included a
valid exposure surrogate as taken from a point location. All other studies were ranked as low certainty
because of limitations within the study design or missing key elements. For example, most studies
failed to adequately quantify exposure either directly, or through a proxy/surrogate estimate. In many
cases, this measure of exposure was limited to either presence or absence of wells in a county or was
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solely proximity-based. Although some studies calculated inverse distance-weighted well counts, they
failed to quantify other metrics such as well development phase or total natural gas volume [39].
Birth outcomes have received the most scholarly attention for this topic, due to the relatively easy
access to birth certiﬁcate or birth health records data, and the ability to pinpoint exposures to ONG
operations during the 40-week gestation period [36]. While the overall evidence is rated as mixed or
insuﬃcient for various outcomes, the most recently published studies on ONG and birth outcomes have
used innovative methodologies that improve or alleviate some of the weaker assumptions in early work.
For example, Hill in 2018 took advantage of the little assumed diﬀerence between pregnant women
living near permitted but not yet drilled wells and those living near active wells to deﬁne a better
comparison or control group [37]. Additionally, three of the four moderate certainty studies evaluated
birth outcomes and have identiﬁed positive associations between living near ONG operations and
these adverse health outcomes.
ONG operations can emit volatile organic compounds (VOCs) into the air and contribute to
increased particulate matter 10 micrometers or less in diameter (≤PM10 ) during upstream development
activities. Some of these VOCs have the potential to cause developmental eﬀects in test animals
following high levels of exposure—generally at much higher levels than what has been observed for
individual VOCs at ONG operations [41]. Systematic reviews of a broad set of data have identiﬁed
positive associations between maternal exposures to ﬁne particulate matter in ambient outdoor air
pollution in urban areas and adverse birth outcomes. Other studies have documented adverse
developmental and reproductive health outcomes in animals exposed to ONG-related chemicals used
as fracturing ﬂuids in the hydraulic fracturing process [42–45]. Although these substances may be
released from operations, the exposure concentrations and complete routes of exposure have not been
well characterized.
3.2. Cancer
We identiﬁed seven low certainty study outcomes from three studies that assessed the relationship
between living near ONG operations and the likelihood of developing cancer [46–48]. The studies
examined various types of both adult-onset and childhood cancers. Speciﬁcally, they looked at the
incidence of cancers of the urinary bladder and thyroid, leukemia, all childhood cancers, childhood
leukemia (and speciﬁcally acute lymphocytic leukemia), childhood non-Hodgkin’s lymphoma, and
childhood central nervous system tumors. Overall, the weight of evidence is insuﬃcient for all but one
of the cancer outcomes since there is only one study for each. There is mixed evidence for childhood
leukemia owing to conﬂicting study ﬁndings.
None of the three cancer studies and their ﬁndings were upgraded to a moderate level of certainty
rating. Two of the studies were ecological, conducted at the county level in Pennsylvania, and did not
control for potential confounding variables [46,47]. For example, it is probable that there are social
characteristics of county populations (e.g., race or ethnicity, occupation, smoking status, etc.), diﬀering
access to medical care and screening, and other environmental exposures (e.g., major roadways,
particularly in a place like Allegheny County where Pittsburgh is located) that would explain some
of the study ﬁndings. Fryzek et al. also incorrectly interpreted their standardized incidence ratio
results, as has been noted by Saunders et al. [14]. McKenzie et al. used a case-control design to study
childhood cancers in rural Colorado [48]. However, their data source was exclusively the state’s
cancer registry and therefore there was no comparison group made up of children without cancer.
Additional research on this topic might consider incorporating a more appropriate comparison group
from household surveys [49]. For studies of cancer, it is crucial for researchers to consider what would
be an appropriate time frame from exposure to ONG operations to the potential development of cancer.
ONG operations began in earnest in the late 2000s in Pennsylvania, but Fryzek et al. used data only
through 2009; this truncated period between community exposure and cancer endpoint is a major
limitation [47]. As noted elsewhere [50], the study period was not matched to the theoretical lag period
or latency period for adult carcinogenesis.
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ONG operations may release chemicals into the air and water, such as benzene, polycyclic aromatic
hydrocarbons, and diesel exhaust [51]. Although long-term exposure to these substances, such as
benzene, may increase the risk of developing certain types of cancer, the development of cancer is
complex because many other non-environmental inﬂuences, such as genetics and lifestyle behaviors,
also contribute to cancer risk.
3.3. Respiratory Health Outcomes
There were three low to moderate rated health outcomes from six studies evaluating the associations
between living near ONG and respiratory health eﬀects [52–57]. A single moderate certainty study
with one study outcome indicated a limited weight of evidence for an association with asthma
exacerbations [56]. The current literature provides a link between regulated air pollutants (ozone and
particulate matter) and lung, heart disease and other respiratory health eﬀects [58]. The inﬂuence,
speciﬁcally, of ONG contributing to respiratory health outcomes is not fully understood, particularly
within the context of other behavioral/lifestyle inﬂuences (e.g., smoking) exacerbating the deleterious
eﬀects of air pollutants. Additionally, there may be many other environmental sources of emissions for
air pollutants including vehicles and wildﬁres.
Five other low-rated studies evaluated the occurrence of respiratory eﬀects (various self-reported
symptoms and hospitalizations) and found conﬂicting evidence for both categories. The two
hospitalization studies used ecological study design, which is limited since the estimation of exposure
is based on an average in the population. The three other studies documented self-reported symptoms.
Health outcomes were not determined by a medical provider.
3.4. Neurological Health Outcomes
We identiﬁed four studies that assessed the relationship between living near ONG
development and the likelihood of neurological health eﬀects [52,53,55,57]. Three studies identiﬁed
self-reported neurological symptoms (Elliott et al. [52]: severe headaches, dizziness; Rabinowitz et
al. [55]: neurologic problems, severe headache/migraine, dizziness/balance problems, depression,
diﬃculty concentrating/remembering, diﬃculty sleeping/insomnia, anxiety/nervousness, seizures;
Tustin et al. [57]: migraine headache, fatigue) and yielded a limited weight of evidence for a null
association with neurological health eﬀects. The other outcome, neurological hospitalizations, had
insuﬃcient evidence, with only one positive study published [53]. VOCs are known to produce
neurological eﬀects, such as central nervous system damage, headaches, dizziness, visual disorders,
loss of coordination, and memory impairment in test animals and humans [59].
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Publication
Journal of
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Scientiﬁc Reports

Science Advances
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Public Health

Journal of
Environmental
Medicine

Journal of Health
Economics

Title
There’s a World Going on
Underground—Infant
Mortality and Fracking in
Pennsylvania
Unconventional Natural
Gas Development and
Birth Outcomes in
Pennsylvania, USA
Associations of
Unconventional Natural
Gas Development with
Depression Symptoms and
Disordered Sleep in
Pennsylvania
Hydraulic Fracturing and
Infant Health: New
Evidence from
Pennsylvania
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Evaluation of Proximity to
Unconventional Oil and
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Contaminants, and Health
Symptoms in Ohio
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and Cancer Incidence in
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Incidence in Pennsylvania
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Living in Counties with
Hydraulic Fracturing Sites
Unconventional Natural
Gas Development and
Infant Health: Evidence
from Pennsylvania

Year

2017

2016

2018

2017

2018

2016

2013

2018

Busby [34]

Casey [35]

Casey [60]

Currie [36]

Elliott [52]

Finkel [46]

Fryzek [47]

Hill [37]

Pennsylvania

Pennsylvania

Pennsylvania

Ohio

Pennsylvania

Pennsylvania

Pennsylvania

Pennsylvania

State

Retrospective
cohort

Ecological

Ecological

Cross-sectional

Retrospective
cohort

Case-control and
cross-sectional

Retrospective
cohort

Ecological

Study Type

Birth outcomes

Cancer (child)

Cancer

Self-reported
symptoms

Birth outcomes

Self-reported
symptoms and
diagnoses

Birth outcomes

Birth outcomes

Health Finding
Category

All childhood cancer
incidence and
leukemia

Gestation periods

Low birth weight,
decreased term birth
weight, premature birth
small for gestational age,
Apgar score less than 8

Moderate (9)

Low (2)

Low (2)

Low (6)

Respiratory,
neurological b ,
dermal,
gastrointestinal
symptoms
(self-reported)
Thyroid cancer,
leukemia

Low (5)

Low (6)

Moderate (9)

Low (3)

Level of
Certainty

9 of 20

NA

Disordered sleep
(diagnoses)

Apgar score, small for
gestational age, term
birth weight

NA

Null Associations

Central nervous system
tumors

Urinary bladder cancer

General symptoms
(stress, fatigue, muscle or
joint pain, any other
self-reported health
symptoms)

Low birth weight,
decreased birth weight,
decreased score on infant
health index

Depression symptoms
(self-reported)

Preterm birth and
high-risk pregnancy a

Early infant mortality

Positive Associations

Table 3. Summary details of epidemiologic studies included in this systematic review.
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Rasmussen [56]
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case-control
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Case-control
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Interrupted time
series

Ecological

Study Type
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Respiratory
diagnoses

Self-reported
symptoms

Hospitalizations

Cancer (child)

Birth outcomes
and birth defects

Birth defects

Hospitalizations

Health Finding
Category

Asthma exacerbations

Dermal and upper
respiratory symptoms
(self-reported)

Pneumonia
hospitalizations

Childhood acute
lymphocytic leukemia

Congenital heart defects
and neural tube defects

NA

Cardiology and
neurology
hospitalizations

Positive Associations

Low (7)

Lower respiratory,
cardiovascular,
gastrointestinal,
neurological
symptoms
(self-reported)

Moderate (8)

Low (6)

Hospitalizations for
acute myocardial
infarction, chronic
obstructive
pulmonary disease
(COPD), asthma,
upper respiratory
infections

NA

Low (8)

Low (6)

Oral clefts, preterm
birth + , term low
birth weight + ,
decreased term birth
weight +
Childhood
non-Hodgkin’s
lymphoma

Low (5)

Low (7)

Hospitalizations for
various medical
categories, including
pulmonary
hospitalizations

Birth defects
prevalence

Level of
Certainty

Null Associations
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New Solutions

Environmental
Health
Perspectives

PLOS ONE

Environmental
Health
Perspectives

Perinatal Outcomes and
Unconventional Natural
Gas Operations in
Southwest Pennsylvania

Investigating Links
Between Shale Gas
Development and Health
Impacts Through a
Community Survey Project
in Pennsylvania

Associations between
Unconventional Natural
Gas Development and
Nasal and Sinus, Migraine
Headache, and Fatigue
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Maternal Residential
Proximity to
Unconventional Gas
Development and Perinatal
Outcomes among a Diverse
Urban Population in Texas
Drilling and Production
Activity Related to
Unconventional Gas
Development and Severity
of Preterm Birth

2015

2013

2016

2017
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Stacy [38]

Steinzor [61]

Tustin [57]

Whitworth [39]

Whitworth [40]

Texas

Texas

Pennsylvania

Pennsylvania

Pennsylvania

State

Nested
case-control

Retrospective
cohort

Cross-sectional

Cross-sectional

Retrospective
cohort

Study Type

Table 3. Cont.

Birth outcomes

Birth outcomes

Self-reported
symptoms

Self-reported
symptoms

Birth outcomes

Health Finding
Category

Preterm birth

NA

Small for gestational
age and term birth
weight

NA

Chronic rhinosinusitis
(CRS), migraine
headache, and fatigue
symptoms in
combination
(self-reported): CRS and
fatigue, migraine
headache and fatigue,
and all three symptoms
together

Preterm birth and fetal
death

Low (3)

Joint pain, sleep
disturbances,
shortness of breath,
forgetfulness, sleep
disorders, feeling
weak and tired,
increased fatigue,
lumbar pain, muscle
aches or pain,
diarrhea symptoms
(self-reported)
Throat irritation, sinus
problems, nasal irritation,
eye burning, persistent
cough, frequent nose
bleeds, loss of sense of
smell, severe headaches,
skin rashes, swollen
painful joints symptoms
(self-reported)

Low (9)

Low (7)

Low (5)

Moderate (8)

Level of
Certainty

Premature birth+

Null Associations

Decreased birth weight
and small for gestational
age

Positive Associations

11 of 20

NA = Not applicable (no result). + Denotes evidence of a signiﬁcant negative relationship (i.e., with increasing exposure, poor health outcomes improved). a High risk pregnancy was an a
priori conclusion and is not a direct eﬀect and therefore was not included in a weight of evidence determination. b Elliot et al. deﬁned the neurologic category to include symptoms of
frequent headaches or migraines, dizziness or balance problems, feeling down, diﬃculties with concentration or memory, diﬃculty sleeping or insomnia, feeling anxious or nervous, and
seizures. Some of these symptoms are traditionally categorized as psychological.
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8

3

3
2

Birth outcomes

Cancer

Cardiovascular

Dermal
2

2

Birth defects

Gastrointestinal

Total Number
of Studies

Health
Outcome
Categories

Self-reported symptoms

Self-reported symptoms

Elliott [52]; Rabinowitz [55]

Elliott [52]; Rabinowitz [55]

Rabinowitz [55]

Self-reported symptoms

1

1

2

1

1

1

1

Finkel [46]
Jemielita [53]; Peng [54]

Leukemia
Hospitalizations

1

Finkel [46]

Thyroid

1

1

1

1

1

1

1

1

Finkel [46]

Fryzek [47]

1

3

1

1

Urinary bladder

CNS

McKenzie [48]

Non-Hodgkin’s lymphoma
(childhood)
tumorsb (child)

Fryzek [47]; McKenzie [48]

Small for gestational age
Fryzek [47]

2

Casey [35]; Hill [37]; Stacy [38];
Whitworth [39]

Preterm/premature birth

Cancer incidence (childhood)

1

Casey [35]; Hill [37]; McKenzie [32];
Stacy [38]; Whitworth [39,40]

Leukemia (childhood non-speciﬁc and
acute lymphocytic leukemia)

1

Currie [36]
Casey [35]; Hill [37]

Gestation period
Low APGAR score a

Hill [37]

Fetal death

Low infant health index

Busby [34]
Whitworth [39]

Early infant mortality

1

2

2

Decreased term birth weight or low
birth weight

1

1

1

McKenzie [32]

Neural tube defects

1

Low

Ma [33]

McKenzie [32]

Oral clefts

Moderate

Casey [35]; Currie [36]; Hill [37];
McKenzie [32]; Stacy [38]; Whitworth
[39]

McKenzie [32]

Congenital heart defects

High

Low

1

1

1

1

1

Moderate

High

Null Association

Number of Studies Per Certainty Rating
Positive Association

Birth defects prevalence

Reference

Health Outcomes

Table 4. Summary of the overall weight-of-evidence determinations for each health outcome.
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Limited- failing to show
an association

Mixed

Insuﬃcient

Mixed

Insuﬃcient

Insuﬃcient

Insuﬃcient

Insuﬃcient

Insuﬃcient

Mixed

Insuﬃcient

Mixed

Mixed

Mixed

Insuﬃcient

Insuﬃcient

Insuﬃcient

Insuﬃcient

Mixed

Insuﬃcient

Insuﬃcient

Insuﬃcient

Insuﬃcient

Weight of Evidence
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Total Number
of Studies

4

2

6

2

Health
Outcome
Categories

Neurological

Psychological

Respiratory

Other

Rasmussen [56]
Elliott [52]; Tustin [57]
Jemielita [53]

Asthma exacerbation
Self-reported symptoms (multiple)
Hospitalizations (all)
b

Jemielita [53]; Peng [54]

Hospitalizations

APGAR score: Appearance, Pulse, Grimace, Activity and Respiration score.

Elliott [52]; Rabinowitz [55]; Tustin [57]

Self-reported symptoms

a

1

Casey [36]

1

1

2

1

3

Moderate

High

Null Association

CNS: Central Nervous System.

2

1

1

Casey [36]; Tustin [57]

Self-reported symptoms

1

1

Low

Diagnosed sleep disturbances

1

Moderate

Elliott [52]; Rabinowitz [55]; Tustin [57]

Jemielita [53]

Hospitalizations

High

Low

Number of Studies Per Certainty Rating
Positive Association

Self-reported symptoms

Reference

Table 4. Cont.

Health Outcomes

Int. J. Environ. Res. Public Health 2019, 16, 2123

Insuﬃcient

Limited

Limited

Mixed

Mixed

Insuﬃcient

Mixed

Limited- failing to show
an association

Insuﬃcient

Weight of Evidence

13 of 20

Int. J. Environ. Res. Public Health 2019, 16, 2123

14 of 20

3.5. Other Health Outcomes
We found limited evidence of a positive association between general multiple self-reported
symptoms and living near ONG development, with two studies assessing this relationship [52,57].
The two studies however characterized symptoms diﬀerently: Elliott and her colleagues combined
feeling stress, fatigue, muscle or joint pain, or any other health symptom into a “general health
symptom” grouping [52]; while Tustin and his co-authors found signiﬁcant eﬀects only when at least
two of the three symptoms they considered—chronic rhinosinusitis, migraine, and fatigue—were
experienced jointly [57].
Two epidemiologic studies evaluated a variety of indicators of psychological well-being, including
depression, anxiety and sleep disturbances [60,61]. Measures of mental health are not necessarily a
result of direct exposure to substances emitted from oil and gas operations but could be indirectly
associated with non-chemical environmental stressors such as noise, light, odors, or social stress of
living near a hotly debated, politicized, and potentially risky industry. For example, studies have
shown associations between living in areas with increased noise and traﬃc, such as by airports, with
increased psychological symptoms [62–65].
There was mixed evidence for self-reported dermal symptoms, self-reported psychological
symptoms, and cardiovascular hospitalizations. Other health eﬀects, including neurological and
all hospitalizations, diagnosed sleep disturbances, and self-reported cardiovascular symptoms, had
insuﬃcient evidence due to a single low-rated study per outcome. There was a demonstrated lack
of evidence (no association) for gastrointestinal self-reported symptoms. Three studies evaluated
self-reported dermal symptoms, such as rash, irritation, burning, itching, and hair loss, in relation
to ONG in Pennsylvania, resulting in mixed evidence [52,55,61]. Skin-related health eﬀects may be
possible due to direct exposure to soil or water. However, the routes of exposure to ONG-related
chemicals were not well characterized in these studies and encounters with other skin irritants were
not documented, making it diﬃcult to interpret these conclusions.
4. Discussion
In this paper, we summarized the observational epidemiologic literature on the health eﬀects
of populations living near ONG operations and assessed the methodological rigor of the studies
published to date. Speciﬁcally, we used a modiﬁed systematic review framework, adapted from
GRADE, the Navigation Guide, and guidance from OHAT, to determine the level of certainty that
the study ﬁndings represent the true eﬀect of exposures to ONG-related substances, and to make
overarching weight-of-evidence determinations for a variety of health outcomes.
The strength of our review lies in its transparency and objectivity. We adapted previous systematic
review guidelines to make the criteria for evaluating studies as clear as possible. We considered a wide
variety of study evaluation questions to represent those domains. Our review framework can also
be applied to other research questions in environmental health. For researchers, policymakers, and
public health practitioners, this type of review can swiftly help elucidate key ﬁndings and gaps in the
knowledge base that need to be addressed.
We found 20 published epidemiologic studies that evaluate potential associations between ONG
operations and health outcomes. These studies assessed 32 diﬀerent health outcomes ranging from
self-reported symptoms to conﬁrmed disease diagnoses. Since only a few outcomes were covered
by multiple studies, there was insuﬃcient weight of evidence for most health outcomes. We found
studies of populations living near ONG operations provide limited evidence (modest scientiﬁc ﬁndings
that support the outcome, but with signiﬁcant limitations) of harmful health eﬀects including asthma
exacerbations and various self-reported symptoms. For all other health outcomes, we found conﬂicting
evidence (mixed), insuﬃcient evidence, or in some cases, a lack of evidence of the possibility for
harmful health eﬀects.
There are important limitations to our approach. First, it is not a meta-analysis as the current
line of inquiry, including diﬀerent exposure measures (and surrogates), health outcomes, and
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geographic/geologic locations, is not suited to conducting a meta-analysis. Second, although we clearly
stated our criteria for upgrading a study to a moderate or high level of certainty ranking, the number
of study evaluation questions and the ranking cutoﬀs may still be viewed as arbitrary since Rooney et
al. (2016) compares these systematic review methods and notes that the scoring of studies may be
inﬂuenced by the number of elements and may not account for the diﬀerences in relative importance
across the risk of bias domains [66]. Study certainty is diﬃcult to quantify, but we used a quantiﬁable
framework and did not allow factors such as media coverage or other publicity (positive or negative)
to color our ranking system.
The majority of ﬁndings from the studies were ranked as low certainty, primarily due to limitations
of the study designs that make it diﬃcult to establish clear links between exposures to substances
potentially emitted directly from ONG operations and the health outcomes evaluated. These limitations
are inherent to observational epidemiologic studies and include indirect exposure measurements,
confounding bias, and subjective methods to determine health outcomes. The ﬁeld of environmental
health incorporates these types of studies along with exposure and risk assessments to inform public
health and policies. In addition to these factors, diﬀerences in the observational epidemiologic study
types (e.g., retrospective cohort, case-control, ecological) make it diﬃcult to compare results across
studies with various health outcomes. These epidemiologic studies may also reﬂect the interactions
of non-chemical or chemical stressors that may or may not be related to ONG operations that can
contribute to adverse health outcomes in a population. Study quality has improved in recent years
with better exposure measures and more thorough methods to account for possible confounders.
Although these observational epidemiologic studies alone are not suﬃcient to determine causality,
they provide helpful information to direct further investigation into the public health implications of
ONG activity near residential areas. Taken together, these studies make it clear that the identities and
exposure levels of substances people are exposed to when living, working, or going to school near ONG
development have not been well characterized. Epidemiologic studies that include more controlled
designs with direct measurement of exposure and diagnosed health outcomes are needed to conﬁrm
or dispute the associations published in the literature. Incorporating a health impact assessment
framework within an epidemiologic study may be useful. One such framework, developed by the
Agency for Toxic Substances and Disease Registry (ATSDR) can be used to assess the health impacts of
multiple chemicals and stressors [67].
Additionally, we have little empirically driven understanding of the factors (biological, geological,
meteorological, and social) that drive ONG-related exposure patterns and vulnerability to such
exposures. For example, there may be regional diﬀerences across the U.S., with varying technological
controls or regulatory environments. Researchers should integrate community members [68–70] and
concepts of health equity and environmental justice [69] into their research approaches. They should
also consider using policy as a starting point rather than the conclusion in order to evaluate policies
and ONG industry practices that have been implemented thus far (e.g., setback distances, number of
wells drilled per well pad, etc.). Having an understanding and familiarity with the populations at
risk for health eﬀects from ONG development across states and regions within states is also important
to prioritize evidence-based health-protective policy interventions and to improve public health
prevention strategies [52,68–71].
ONG regulatory policy has not been informed by robust epidemiologic research literature. Now,
15–20 years since the widespread application of hydraulic fracturing and horizontal drilling in states
as diverse as Colorado, Pennsylvania, Texas, and Kansas, the epidemiologic literature on the potential
health eﬀects of ONG operations is still inadequate to deﬁnitively guide policy, as evidenced by the
mainly low certainty and conﬂicting studies reviewed here. Regulators and policymakers, then, should
work with public health researchers to pose speciﬁc questions that need to be answered, and partner
with public health oﬃcials to evaluate the public’s concerns. Public health oﬃcials should continue to
monitor health concerns in areas with substantial ONG operations through centralized data collection
and analysis. Multi-state collaborations should be considered to collect consistent data from diﬀering
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oil and gas basins across the United States with the aim to more comprehensively evaluate the potential
for adverse health eﬀects.
Supplementary Materials: The following materials are available online at http://www.mdpi.com/1660-4601/16/12/
2123/s1, Tables S1–S20: Study evaluation individual assessments, Table S21: Full summary details of epidemiologic
studies included in systematic review, Table S22: Summary of answers to study evaluation questions.
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IN THE COURT OF COMMON PLEAS
ALLEGHENY COUNTY, PENNSYLVANIA
IN RE:
THE FORTY-THIRD STATEWIDE
INVESTIGATING GRAND JURY

:
:
:
:
:
:
:

SUPREME COURT OF PENNSYLVANIA
71 W.D. MISC. DKT. 2017
ALLEGHENY COUNTY COMMMON PLEAS
CP-02-MD-5947-2017
NOTICE NO. 42

RESPONSE TO CERTAIN ALLEGATIONS
IN INVESTIGATING GRAND JURY REPORT NO. 1
Pursuant to the Court’s April 7, 2020 Order, and by his undersigned counsel, respondent
Michael Krancer hereby responds to the allegations in the report that may be construed as
offering constructive or critical guidance to him. Such allegations are found at pages 6-7 and 6263 of the report, and state as follows.
Mr. Krancer was the Secretary of the Department of Environmental Protection (“DEP”)
from January 18, 2011 through April 13, 2013. The gravamen of the allegations is that, based
upon a March 23, 2011 email from DEP’s then Executive Deputy Secretary John Hines, “any
actions, NOVs, and such” required approval of the Executive Deputy Secretary and Dana
Aunkst, with “final clearance from” then Secretary Krancer.
The report accurately and fairly states that Mr. Krancer testified before the Grand Jury
that this was a “misunderstanding.” However, the report unfairly omits reference to an email
authored the very next day by Dana Aunkst, an email that was presented to the Grand Jury, in
which Mr. Aunkst apologized for the confusion caused by the Hines email of the day before.
Although we are unable to have access to that email because it is a Grand Jury document, that
email, as Mr. Krancer recalls it, specifically clarified that no such “final clearance” by the
Secretary was necessary. Mr. Krancer was shown this email in the Grand Jury; yet no mention
of it is made in the report. Given (i) the immediate correction that was made to Hines’s email,
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and (ii) the fact that the Grand Jury report specifically emphasizes that, although the
communication was based upon a misunderstanding, “employees who learned of the email did
not take it that way,” this omission leaves an unfair, incomplete, inaccurate, and impression.
Even if “employees who learned of the email did not take it that way,” it was corrected the very
next day. In fairness, the next day email (and this Response) should be added to the report.
It is also important for context to note that, at the time of the Hines email, as Mr.
Krancer recollects it now, nine years later, the Department was specifically undertaking (or was
about to undertake) a formal consistency review regarding the different Regional Offices of DEP
for NOVs and enforcement actions in the Oil and Gas program. That accounts for particular
attention’s being directed toward DEP actions at that time relating to oil and gas operations. The
results of that review process were released in November 2011. This, Mr. Krancer believes, is
the background and context of the Hines email.
Accordingly, for the foregoing reasons, respondent Krancer respectfully requests that this
Response, and the next day Aunkst email, be attached to the report before it is made part of the
public record.
Respectfully submitted,
/s/Joseph G. Poluka
JAMES T. SMITH
Pennsylvania Attorney I.D. 39933
JOSEPH G. POLUKA
Pennsylvania Attorney I.D. 42035
BLANK ROME LLP
One Logan Square
130 North 18th Street
Philadelphia, PA 19103
(215) 569-5624
Dated: April 28, 2020
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IN THE COURT OF COMMON PLEAS
ALLEGHENY COUNTY, PENNSYLVANIA
IN RE:

: SUPREME COURT OF PENNSYLVANIA
: 71 W.D. MISC. DKT. 2017

THE FORTY-THIRD STATEWIDE

:
: ALLEGHENY COUNTY COMMON PLEAS

INVESTIGATING GRAND JURY

: CP-02-MD-5947-2017
:
: NOTICE 42

MOTION FOR INCLUSION OF RESPONSE OF DEPARTMENT OF
ENVIRONMENTAL PROTECTION WITNESS SCOTT PERRY
TO GRAND JURY REPORT
1.

The Forty-Third Statewide Investigating Grand Jury has produced a Report that

outlines the Commonwealth’s findings on, inter alia, the issues that Department of
Environmental Protection (“DEP”) has had in exercising its regulatory authority against
companies that use hydraulic fracturing (“fracking”) to harvest natural gas in Pennsylvania. That
report has been referred to by this Court in prior orders as Investigating Grand Jury Report No. 1.
2.

DEP Deputy Secretary of the Office of Oil and Gas Management, Scott Perry,

testified before the grand jury, and his testimony is quoted in Investigating Grand Jury Report
No. 1. He is also specifically named in multiple places in the Report.
3.

On April 7, 2020, this Court entered an Order stating that pursuant to 42 Pa.C.S. §

4552(e), Mr. Perry would be permitted to prepare and submit a response to allegations made
against him in Investigating Grand Jury Report No. 1 that “may be construed as offering
constructive or critical guidance to him.”
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4.

On April 20, 2020, this Court entered an Order permitting disclosure of the

transcript of Mr. Perry’s own testimony in front of the Forty-Third Grand Jury pursuant to 42
Pa.C.S. § 4549 so that he could properly prepare his Response to the Report in accordance with
this Court’s April 7, 2020 Order.
5.

This Court further granted Mr. Perry until May 8, 2020 to file his Response.

6.

Mr. Perry has reviewed the Report and his Grand Jury Testimony.

7.

Pages 77-78 of the Report do not provide a complete and accurate description of

the joint efforts by the Pennsylvania Department of Health (DOH) and the Pennsylvania
Department of Environmental Protection (DEP) to incorporate health questions into DEP’s
forms used when registering complaints from complainants. Accordingly, Mr. Perry, who is
specifically identified in an unfavorable light in those paragraphs of the Report, asks that
Attachment A (which is the information set forth in ¶¶ 8-13 below) be appended as his Response
to any public release of the Report, which to date, has remained under seal.
8.

The Grand Jury Report at pp. 77-78 talks about efforts at incorporating health

questions into DEP’s environmental complaints. At page 77, the Report states that “DOH had
proposed adding an ‘active’ box to DEP’s water quality complaint form, which would require a
DEP employee registering a complaint to ask the complainant whether they had any health
concerns.” The Report further states that this idea was opposed by “DEP, principally through
Scott Perry, the Deputy Secretary of the Oil and Gas Management Program” because “it would
constitute a ‘leading question’ and [a health complaint] was outside the area of DEP’s expertise.”
The Report then states that DEP agreed to a ‘passive’ box on the complaint form; meaning if the
complainant mentioned a health issue, unprompted, a notation to that effect would occur and be
passed to DOH.”

121467464_3
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9.

The Report states at page 77 that “[a]dditionally, DOH and DEP were only

discussing adding a health question to water quality complaints, but health complaints regularly
pertained to air quality, truck traffic, and other effects of unconventional oil and gas
operations[]” and “DOH was interested in developing ways they could gather information about
these health issues as well.”
10.

The Report further states at page 77 that DOH “continued to push DEP to take

further action aimed at gathering public health information, including adding an ‘active’ question
on health. Ultimately, however, Scott Perry refused to agree to more than adding the passive box
to the water quality complaint form, and the [November 2018] meeting, which was contentious
at times, ended.” The Report states at page 78 that after the November 2018 meeting, DEP
cancelled all future regularly scheduled meetings by DOH without discussion and by deleting
meetings from a shared outlook calendar.
11.

These allegations of the Report do not accurately reflect what occurred. The

decision to include a “passive” box to the DEP water quality complaint form regarding health
concerns - as opposed to an “active” box - was not a unilateral decision made by Mr. Perry or by
DEP but rather a joint decision by DEP and DOH. Mr. Perry and his counterpart at DOH - a
DOH Deputy Secretary - discussed this matter and jointly agreed that the best procedure to
employ would be the passive box, and not an active box. The DOH Deputy Secretary told Mr.
Perry that he did not support adding an “active” box because it would constitute a “leading
question.” The use of the phrase, leading question, originated with the DOH Deputy Secretary;
not with Mr. Perry.
12.

DEP did not limit the health question to water quality complaints but expanded it

to include all investigations conducted by DEP where the DEP employee encountered a
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complainant with health concerns. In all such matters, DEP would forward the complainant’s
contact information to DOH.
13.

Moreover, the meetings between DEP and DOH stopped because DOH had not

asked for another meeting and also because the objective of the meetings - to make sure there
was a flow of information from DEP to the DOH registry - was accomplished. Mr. Perry notes
that he would be willing to meet in the future with DOH provided there was an agenda with new
matters to discuss.
WHEREFORE, for the reasons set forth above, Scott Perry respectfully requests that the
Court include his Response (Attachment A) to the Investigating Grand Jury Report No. 1 if and
when such Report is publicly released.
Respectfully submitted,
/s/ Linda Dale Hoffa
LINDA DALE HOFFA
DILWORTH PAXSON LLP
1500 Market Street, Suite 3500E
Philadelphia, PA 19102
Phone: (267) 767-6275 (mobile)
Email: lhoffa@dilworthlaw.com

Dated: 5/8/2020
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RESPONSE OF MR. SCOTT PERRY,
DEPUTY SECRETARY,
PENNSYLVANIA DEPARTMENT OF ENVIRONMENTAL PRODUCTION.
TO GRAND JURY REPORT #1
43rd STATEWIDE INVESTIGATING GRAND JURY
The Grand Jury Report at pp. 77-78 talks about efforts at incorporating health questions
into DEP’s environmental complaints. At page 77, the Report states that “DOH had proposed
adding an ‘active’ box to DEP’s water quality complaint form, which would require a DEP
employee registering a complaint to ask the complainant whether they had any health concerns.”
The Report further states that this idea was opposed by “DEP, principally through Scott Perry,
the Deputy Secretary of the Oil and Gas Management Program” because “it would constitute a
‘leading question’ and [a health complaint] was outside the area of DEP’s expertise.” The
Report then states that DEP agreed to a ‘passive’ box on the complaint form; meaning if the
complainant mentioned a health issue, unprompted, a notation to that effect would occur and be
passed to DOH.”
The Report states at page 77 that “[a]dditionally, DOH and DEP were only discussing
adding a health question to water quality complaints, but health complaints regularly pertained to
air quality, truck traffic, and other effects of unconventional oil and gas operations[]” and “DOH
was interested in developing ways they could gather information about these health issues as
well.”
The Report further states at page 77 that DOH “continued to push DEP to take further
action aimed at gathering public health information, including adding an ‘active’ question on
health. Ultimately, however, Scott Perry refused to agree to more than adding the passive box to
the water quality complaint form, and the [November 2018] meeting, which was contentious at

121467464_3

234 of 235

times, ended.” The Report states at page 78 that after the November 2018 meeting, DEP
cancelled all future regularly scheduled meetings by DOH without discussion and by deleting
meetings from a shared outlook calendar.
These allegations of the Report do not accurately reflect what occurred. The decision to
include a “passive” box to the DEP water quality complaint form regarding health concerns - as
opposed to an “active” box - was not a unilateral decision made by Mr. Perry or by DEP but
rather a joint decision by DEP and DOH. Mr. Perry and his counterpart at DOH - a DOH
Deputy Secretary - discussed this matter and jointly agreed that the best procedure to employ
would be the passive box, and not an active box. The DOH Deputy Secretary told Mr. Perry that
he did not support adding an “active” box because it would constitute a “leading question.” The
use of the phrase, leading question, originated with the DOH Deputy Secretary; not with Mr.
Perry.
DEP did not limit the health question to water quality complaints but expanded it to
include all investigations conducted by DEP where the DEP employee encountered a
complainant with health concerns. In all such matters, DEP would forward the complainant’s
contact information to DOH.
Moreover, the meetings between DEP and DOH stopped because DOH had not asked for
another meeting and also because the objective of the meetings - to make sure there was a flow
of information from DEP to the DOH registry - was accomplished. Mr. Perry notes that he
would be willing to meet in the future with DOH provided there was an agenda with new matters
to discuss.

DATED: 5/8/2020
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ELK GROVE NEWS.NET
Ventura County approves nation's rst 2500 foot health, safety setback from oil wells as
CA
permits to drill new wells increase 190%
http://www.elkgrovenews.net/2020/09/supporters-of-2500-foot-health-and.html

Supporters of the 2500 foot health and safety setbacks at the Ventura County Board of Supervisors
meeting last night. Photo courtesy of Tomas Morales Rebecchi. |

By Dan Bacher |
After years of community members organizing and going to hearing after hearing, the Ventura County Board of Supervisors in an on-line 14-hour
final hearing last night (September 1) voted 3 to 2 to tentatively approve the nation’s first 2500 foot health and safety setback from oil wells as part
of their General Plan.
Supervisors John C. Zaragoza, Steve Bennett and Linda Parks voted for the plan, while Supervisors Kelly Long and Bob Huber voted against it.
Dallas, Texas currently requires 1500 foot setbacks around oil wells, but no city, county or state in the U.S. has a 2500 foot setback in place at this
time. Despite California’s “green” and “progressive” veneer, the state of California requires zero health and safety setbacks around oil and gas
wells, unlike Texas, North Dakota, Colorado, Maryland, Pennsylvania and other states do.
“We're now one step closer to undoing the history of environmental racism in Ventura County,” said Food & Water Action Central Coast Organizing
Manager Tomas Morales Rebecchi. “Now it’s Governor Gavin Newsom’s turn to protect all of California.”
Rebecchi said his family and their two young children live within one mile of hundreds of oil wells on Ventura’s Westside. “Our community is over
70% Latino and we have organized for years to ensure our voices are heard and oil drilling is stopped next to our homes,” he noted. “Today’s vote
is a testament to people power beating oil industry money.”
Ventura County Residents, advocates and community leaders provided public comment during the meeting, urging the board to adopt a 2,500-foot
setback, the minimum recommended by public health professionals and scientists. The General Plan previously included a 2,500-foot setback from
schools and a 1,500-foot setback from homes.
After hearing the hours of testimony, the Board tentatively voted to pass the 2,500-foot buffer for schools and study increasing setbacks to 2,500foot from all “sensitive receptors,” including homes, by 2022, according to Rebecchi.
The final vote on the final General Plan will be on Sept 15, at 3 pm. Jeff Barnes, principal assistant county counsel, said, “We think it would be a lot
cleaner plan. It is not a do-over."
”We argued that homes are schools during the coronavirus pandemic,” said Rebecchi. “The three supervisors voting for the plan said they support
a 2500 feet setback for homes, but they said the EIR prepared by staff specified 1500 foot setbacks for homes. They said they weren’t sure if they
could legally change it, so they directed staff to bring it back to the board at a later date after staff does a study of raising the setback for homes to
2500 feet.”
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Over 50 people commented, with about half supporting the passage of the measure and the other half, including oil industry representatives, telling
them to vote no, according to Rebecchi.
Representatives from the Western States Petroleum Association, Aera Oil Corporation (Shell/Exxon) and other fossil fuel interests urged the board
to reject the proposed plan. saying that they need more studies of the economic impact of the ordinance during the time of COVID.
More than 8,500 people in Ventura County live within 2,500 feet of an active oil or gas well, about 60% of them Latino, according to an analysis
by the FracTracker Alliance. Across the state, the vast majority of Californians who live in close proximity to oil drilling are from communities of
color, already severely overburdened with other forms of pollution—from ports, freeways, oil refineries, agribusiness and other major polluters.
“Oil production sites use and emit known carcinogens and endocrine disruptors like benzene, formaldehyde and hydrogen sulfide, in addition to
releasing fine and ultra-fine particulate matter,” according to a press release from the Last Chance Alliance. “All of these chemicals and emissions
have proven records of toxicity and are known to cause health problems ranging from nosebleeds to chronic headaches, increased risks of asthma
and other respiratory illnesses, and increased risk of cancer.”
Two different studies released earlier this year revealed that living near oil wells also has significant adverse effects on pregnant mothers and
newborn babies in California.
"Ventura County's general plan represents one of the nation's most ambitious and comprehensive plans to protect communities from the dangers
of oil and gas pollution," said Sierra Club Los Padres Chapter Director Jonathan Ullman. "It's long been known that living within 2,500 feet of an oil
well threatens the health and safety of our communities, and creating a buffer zone between oil drills and the places our families live and go to
school is an important step forward for Ventura County's public health."
After failure of setbacks bill, groups ask Newsom and CalGEM to establish statewide setbacks
Ventura County’s decision to establish health and safety buffer zones between communities and oil drilling operations follows the State
Senate Natural Resources and Water Committee’s rejection last month of a bill, AB 345, that would “consider a setback distance of 2,500 feet from
schools, playgrounds, and public facilities where children are present.” The amended bill would have required the Geologic Energy Management
Division of the Department of Conservation to adopt regulations by July 1, 2022, to “protect public health and safety near oil and gas extraction
facilities.”
The three California Senate Democrats who voted with Republicans against AB 345 received $142,206 in donations from oil and gas
corporations. Senate Majority Leader Bob Hertzberg, Senator Anna Caballero and Senator Ben Hueso joined Republican Senators Andrea
Borgeas and Brian Jones to defeat the legislation in a 5 to 4 vote in a Senate Natural Resources and Water Committee hearing on August 5.
Hertzberg has taken a career total of $82,757 from the oil and gas industry; Anna Caballero, $15,349; Ben Hueso: $44,100; Andrea Borgeas,
$20,000; and Brian Jones, $67,300.
While the Senate Democrats voting for AB 345 only received $16,200 from oil and gas companies, the Senate Democrats voting against received
$142,206, according to Follow the Money data compiled by Donny Shaw, editor and co-founder of readsludge.com. The total in oil and gas
donations for those voting against the bill comes to $229,506 when you include the Senate Republicans.
With the failure of AB 345, it now falls to Governor Gavin Newsom and CalGEM to direct the oil and gas regulators to adopt a 2500 foot setback on
a statewide level.
“This is an important first step toward protecting communities from oil and gas pollution, and it shows that local governments can fight back against
the oil industry and win,” said Theo LeQuesne, a climate campaigner at the Center for Biological Diversity, referring to Ventura County’s vote last
night. “Now we need Gov. Newsom to adopt a statewide setback of at least 2,500 feet and begin a just transition away from dirty fossil fuels.”
The Last Chance Alliance noted that other oil-producing counties in California, including Los Angeles, have explored enacting setbacks to protect
community health, but have not yet taken action. They said initial proposals by Los Angeles regulators “have fallen woefully short of protecting
human health and safety, with a mere 500-ft setback recommended by L.A. County and 600-foot setback for existing wells and 1,500-foot for new
wells by L.A. City.”
“In contrast, last month Culver City councilmembers took the first necessary steps to phase out oil extraction in the city’s 78-acre portion of the
Inglewood Oil Field, unanimously directing staff to develop a framework and timeline to phase out active oil wells,” they said.
“This victory for frontline communities in Ventura should remind L.A. City Council what leadership looks like and that there should be no drilling
where we live, work and learn,” said Martha Dina Argüello, executive director of Physicians for Social Responsibility-Los Angeles and co-chair of
www.elkgrovenews.net/2020/09/supporters-of-2500-foot-health-and.html
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STAND-L.A., a coalition of community groups who oppose neighborhood drilling.
Lobi Naseck, VISIÓN (Voices in Solidarity Against Oil in Neighborhoods) Coalition Coordinator, stated, “The 2500-ft setback ruling in Ventura
county confirms what we’ve known all along - the majority of Californians are waking up to the dangers of fossil fuel extraction in our backyards
and playgrounds and demanding protections. The Ventura County decision is a bright example of justice for the more than 5 million Californians
statewide who live, work, and learn within 1 mile of an oil and gas site, the majority of which are a part of BIPOC communities.”
“Everyone who sees the commonsense 2,500 setback ruling in Ventura County will ask themselves - why isn’t this a statewide policy?
Unfortunately, that’s a question frontline residents are still waiting for state legislators and administrators to answer,” Naseck concluded.
New permits to drill new oil and gas wells increase 190% in first six months of 2020
Whether Newsom and CalGEM will support requiring 2500 foot setbacks around new oil and gas wells statewide, as environmental justice
advocates are calling upon them to do, is another question.
Public interest groups Consumer Watchdog and FracTracker Alliance today (September 2) revealed that oil regulators under Governor Gavin
Newsom are setting records for dispensing new oil and gas production well drilling permits during an unprecedented pandemic at a time when oil
companies like the California Resources Corporation are filing for bankruptcy: www.dailykos.com/...
“The California Geologic Energy Management Division (CalGEM), a branch of the Department of Conservation, granted 190% more permits to drill
new oil and gas production wells in California in the first six months of 2020 over Newsom’s first six months in office,” according to the two groups.
“In addition, after a nine-month moratorium on fracking that began in July 2019, CalGEM issued 48 new fracking permits to Aera and Chevron
between April and July 2020. During his first year in office, Newsom issued 211 fracking permits.”
The permit numbers and locations are posted and updated on an interactive map at the website: NewsomWellWatch.com
“This is exactly the wrong trendline we would expect to see at this point under Governor Newsom,” said Liza Tucker, Consumer Watchdog's
Consumer Advocate. “We should have seen a ban on fracking, as the Governor promised during his campaign. We should be seeing fewer permits
issued. That would be the natural result if we made oil companies pay for the true cost of doing business in California by putting up the money
necessary to plug and clean up a well when they get a permit to drill one, as state law allows.”
“Oil companies appear to be applying for new permits without intending to use them, perhaps to draw new investors in the middle of a financial
crisis due to COVID-19 and a plunge in oil demand and prices. The last thing California should be doing is abetting them to go deeper into debt
without shielding Californians from the financial consequences of being left holding the bag on well plugging and cleanup if they go under,” said
Tucker.
In 2019, Governor Newsom’s administration practically matched the total number of new permits issued under Governor Jerry Brown in 2018. The
Brown administration issued 2,229 new permits in 2018, while the Newsom Administration issued 2,337 new permits in 2019.
But if CalGEM keeps up the current pace, 3,102 new permits to drill oil and gas production wells will be issued in 2020, according to FracTracker
Alliance.
“That blows away Brown’s tally for new well drill permits during 2018 as well as Newsom’s new well drilling permits for 2019,” said FracTracker
Alliance’s Western Program Coordinator, Kyle Ferrar. “We have not seen this level of permits issued for drilling new oil and gas wells since 2015.
Governor Newsom's permitting policies are the exact opposite of the managed decline he promised.”
Background: Big Oil exerts enormous influence over California politicians and regulators
Why is the Newsom Administration approving increasing numbers of oil and gas permits during a pandemic when you would expect regulators to
approve less? It might have something to do with the uncomfortable fact that the oil industry is the most powerful corporate lobby in California.
Last year the Western States Petroleum Association, the most powerful lobbying organization in the state, pumped more money into lobbying than
any other organization in California, spending a total of $8.8 million. The San Ramon-based Chevron pumped the third most money into lobbying, a
total of $5.9 million. The lobbying expenses of the two oil industry giants came to a total of $14.7 million.
During the first quarter of 2020, at the same time that the Newsom Administration approved 1,623 total oil drilling permits, the Western States
Petroleum Association (WSPA) spent $1,089,702 lobbying state officials.
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Chevron spent even more: $1,638,497 in the first quarter of 2020 to influence legislators, the Governor’s Office and other state officials. The two oil
industry giants combined to spend a total of $2,728,199 lobbying from January 1-March 31.
In the second quarter of 2020, WSPA spent $1,220,986 while Chevron spent $974,322 on lobbying in California, a total of $2,195,308.
Big Oil’s tentacles extend far and wide in California politics. Lobbying is just one of the methods that Big Oil uses in California to exercise
inordinate influence over California regulators. WSPA and Big Oil wield their power in 6 major ways: through (1) lobbying; (2) campaign spending;
(3) serving on and putting shills on regulatory panels; (4) creating Astroturf groups; (5) working in collaboration with media; (6) creating alliances
with labor unions; and (6) contributing to non profit organizations.
A classic example of deep regulatory capture in California is how Catherine Reheis-Boyd, the President of the Western States Petroleum
Association, chaired the Marine Life Protection Act (MLPA) Initiative Blue Ribbon Task Force to create “marine protected areas” in Southern
California at the same time that she was lobbying for new oil drilling off the West Coast.
For more information, read: www.counterpunch.org/…
Follow Dan Bacher on @DanBacher
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City of Culver City
Capital Investment Amortization Study

1.

LEGAL NOTICE
The City of Culver City (the “City”), located in Los Angeles County, California, retained

Baker & O’Brien, Inc. (“Baker & O’Brien”) to prepare a study of the amortization of capital
investment in the Culver City portion of the Inglewood Oil Field. This report presents the basis
and conclusions of this study as of the Effective Date. Baker & O’Brien makes no warranties;
either expressed or implied, and assumes no liability with respect to the use of any information
or methods disclosed herein.
The analysis, opinions, and findings in this report are based on the experience, expertise,
and skill of Baker & O’Brien consultants, as well as their research, analysis, discussions, and
related work to date. In preparing this report, Baker & O’Brien has relied upon public and
proprietary information available for use in this assignment. All conclusions, forecasts, and
projections presented in this report represent Baker & O’Brien’s best judgment based upon
information available as of the Effective Date of this report, and are inherently uncertain due to
the potential impact of factors or future events that are unforeseeable or which are beyond Baker
& O’Brien’s control. Baker & O’Brien reserves the right to supplement or amend this report if
additional information should subsequently become available that is material to the conclusions
presented herein.
Baker & O’Brien prepared this report for the sole benefit of the City. Any reproduction,
distribution, or use of this information for other purposes requires Baker & O’Brien’s prior
written consent. Baker & O’Brien expressly disclaims all liability for the use, reproduction, or
disclosure of this information to, or distribution by, any third party.
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2.

INTRODUCTION
Baker & O’Brien has been retained by the City to prepare a study of the amortization of

capital investment in oil and gas operations located in the approximately 78-acre portion of the
Inglewood Oil Field (“IOF”) that is located in the City (the “City IOF”). The oil and gas
facilities within the IOF are owned and operated by Sentinel Peak Resources LLC (“SPR”). SPR
acquired its interest in the City IOF in 2017 from Freeport McMoRan Oil and Gas LLC (“FCX”)
as part of a portfolio of California oil and gas assets. SPR is a private company that is an
affiliate of Quantum Energy Partners, a private equity investor. The information developed by
this study will be considered by the City in its review of the possible termination of oil and gas
operations within the City IOF.
The Effective Date of this study is January 1, 2020. The Effective Date represents the
cut-off date for information used in the study as the basis for representing historical oil and gas
operations and projections of future operations in the City IOF.
This report refers to a number of terms and abbreviations that are used in the oil and gas
industry. For convenience, a Glossary is provided in Exhibit A that lists many of these terms
and abbreviations and provides a brief definition for each.

2.1

QUALIFICATIONS
Baker & O’Brien is an independent professional consulting firm that serves clients with

interests in the upstream and downstream oil and gas industries. The firm was founded in 1993
and has completed more than 1,500 assignments in the United States (“U.S.”) and around the
world. These engagements have included asset valuations, due diligence studies for transactions,
land use issues, commercial disputes, and construction disputes. In these assignments, Baker &
O’Brien consultants have provided expert services to law firms, lenders, insurers, municipalities,
operating companies, and manufacturers of transportation fuels and chemical products.
Baker & O'Brien consultants are experienced engineering and finance professionals who
offer significant technical and commercial expertise in the oil and gas industry. The firm’s
consultants have provided technical and commercial support in resolving a variety of valuation
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and land use assignments in California and other U.S. and local jurisdictions, including disputes
involving ad valorem taxes, buffer land, rights of way, and land use regulations.
This report was jointly prepared by Mr. William Cheek, Mr. Donald Flessner, and Mr.
Charles Kemp. Baker & O’Brien also retained Mr. Donald LeBlanc to provide independent
subject-matter expertise in reservoir engineering and management. The qualifications of Baker
& O’Brien consultants are provided in Exhibit B.

2.2

SCOPE OF WORK
Baker & O’Brien has been engaged to prepare an income model for use in determining

amortization of capital investment (“ACI”) in existing oil and gas production facilities within the
City IOF based upon financial principles. In addition to preparing the income model, Baker &
O’Brien’s scope of work includes the collection and validation of technical and commercial data
used as the basis for determining capital expenditures, revenues, royalties, operating costs, and
reasonable returns on capital investment for oil and gas operations in the City IOF.
Baker & O'Brien’s analysis and conclusions are presented in this report. In preparing this
report, Baker & O’Brien has relied upon public and proprietary information available about oil
and gas operations in the City IOF that was available at the Effective Date. Reference materials
that have been considered in developing the ACI analysis and preparing this report are listed in
Exhibit C.

2.3

STRUCTURE OF REPORT
The basis for the income analysis and the conclusions from this analysis are set forth in

the remainder of this report, which is organized into the following sections.
•

Section 3 provides an Executive Summary of the study;

•

Section 4 provides background information about the history and operation of the
IOF;

•

Section 5 summarizes the methodology and baseline assumptions used in the income
model to determine the time required for ACI;
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•

Section 6 summarizes an analysis of the amortization of capital investment for SPR’s
acquisition of the City IOF and specific assumptions related to this analysis;

•

Section 7 summarizes an analysis of the amortization of initial capital investment to
drill and complete wells in the City IOF and specific assumptions related to this
analysis; and

•

Section 8 summarizes sensitivity cases that were developed to test certain
assumptions used in the income model.
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3.

EXECUTIVE SUMMARY
Baker & O’Brien has been retained by the City to prepare a study of the amortization of

capital investment (“ACI”) in oil and gas production facilities existing as of the Effective Date
within the approximately 78-acre portion of the IOF that is located within the City.
SPR acquired the City IOF in January 2017 when it purchased a portfolio of California
oil and gas properties from FCX. At the time of the acquisition, there were 41 wells located
within the City IOF and supporting infrastructure. During 2017, 21 wells were in operation to
produce oil and gas, 10 production wells were idle, and 10 wells were used for injection of water
into the reservoir. These wells were drilled and completed between 1925 and 2002.
This study uses a standard financial analysis to determine the time required for ACI. An
income model is used to account for capital investment and variables that determine net income
for facilities in the City IOF, which are organized into annual income statements. Financial
metrics are calculated for each annual period to test for ACI. ACI occurs when cumulative
income from an investment is sufficient to offset the initial capital investment and to provide a
return on that investment to the owner. The income model uses the Internal Rate of Return and
Net Present Value as tests to determine when ACI would occur.
In one scenario, the income model is used to determine the time required for ACI for
SPR’s capital acquisition of the City IOF. SPR’s capital investment in the City IOF was a small
portion of the acquisition price that SPR paid in 2017 to acquire FCX’s portfolio of California oil
and gas production properties. Since there is no public allocation of the acquisition price that
was attributable to the City IOF, the income model uses a fair market value of $4.65 million for
the City IOF, which is an indicative value for an arm’s-length exchange of the property between
a willing buyer and a willing seller. The income model determines that ACI would occur within
four years of SPR’s purchase of the City IOF.
In a second scenario, the income model is used to determine the time required for ACI for
costs by other operators to drill and complete individual wells in the City IOF since 1977. This
analysis confirms that ACI for individual wells is typically achieved within a few years, although
there is significant variability among individual wells. For the six production wells drilled in the
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City IOF since 1977, four wells achieved ACI within five years, while two wells generated
returns that fell short of the targets. When individual wells are considered together, these results
show that high returns from performing wells offset poor returns from marginal wells. These
findings confirm that it is appropriate to aggregate individual wells to determine the time
required for ACI for facilities within the City IOF. These results for original investment in
individual wells also confirm that the time required to achieve ACI for SPR’s acquisition of the
property is reasonable.
The use of the income model was limited to wells drilled since 1977 because historical
data was incomplete or not available to determine income or capital investment for wells drilled
prior to 1977. For these wells, operating economics were evaluated for different periods to
determine the time for ACI in historical periods. When wells drilled during various historical
periods are aggregated, wells drilled prior to 1977 have similar economics as the individual wells
evaluated with the income model. Even though capital investment between 1925 and 1977
occurred during a range of market conditions, the economic performance of these wells indicates
that wells drilled prior to 1977 achieved ACI within the first several years of operation and well
before 2016.
Finally, a sensitivity analysis was conducted to test the impact of potential changes in key
baseline assumptions on the time required to achieve ACI for SPR’s acquisition of the City IOF.
Within reasonable ranges of baseline assumptions, the ACI has a modest sensitivity to changes in
SPR’s acquisition cost, but ACI has little sensitivity to changes in the crude oil quality discount
or the industry return on capital.
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4.

BACKGROUND
The IOF surface boundary covers approximately 1,000 acres of land in the Baldwin Hills

area of Los Angeles County and represents one of the largest contiguous urban oil fields in the
U.S. 1 Most of the land within the IOF is in an unincorporated area of Los Angeles County (the
“County IOF”). Approximately 78 acres of the IOF is located within the City, which borders the
IOF on its northern and western boundaries. 2 The land within the boundaries of the City IOF is
owned by numerous entities.3 A map that shows the boundaries of the City IOF and the
locations of oil and water injection wells is presented in Exhibit D.

4.1

INGLEWOOD OIL FIELD
Oil and natural gas resources were discovered within the current boundaries of the IOF in

1924. The Standard Oil Company of California (a predecessor to Chevron Corp., “Chevron”)
began to produce commercial quantities of oil from the field in 1925, with oil and gas production
continuing to present day. Between 1924 and 1977, numerous operators produced oil and natural
gas from the IOF. 4
Chevron had consolidated ownership and became the sole operator of the IOF by the late
1970s. Stocker Resources purchased Chevron’s interests in the IOF in 1991. 5

Plains

Resources, Inc. (a predecessor to Plains Exploration & Production, “PXP”) acquired Stocker
Resources in 1992. 6 FCX acquired PXP in 2013. 7 SPR became the sole operator of the IOF
when it acquired FCX’s interest in the IOF and other California oil fields in a portfolio
transaction that closed on January 1, 2017. 8
While subject to common State regulatory requirements, the County IOF and City IOF
have separate local regulatory requirements. Oil and gas operations in the County IOF are

1

Analysis of Oil and Gas Well Stimulation Treatments in California, Section 11, Jun 2015, pg. 11.0-4.
Final Environmental Impact Report, Baldwin Hills Community Standards District, Oct 2008; pg. 1-1, pg. 3-4.
3
Final Environmental Impact Report, Baldwin Hills Community Standards District, Oct 2008; pg. 1-1, pg. 2-4, 2-5.
4
https://inglewoodoilfield.com/history-future/history-inglewood-oilfield.
5
https://inglewoodoilfield.com/history-future/history-inglewood-oilfield.
6
https://www.upi.com/Archives/1992/05/13/Plains-Resources-to-acquire-Stocker-Resources/8780705729600/
7
https://investors.fcx.com/investors/news-releases/news-release-details/2013/FCX-Completes-Acquisition-ofPlains-Exploration--Production-Co/default.aspx.
8
https://sentinelpeakresources.com/240-2/.
2
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regulated by the Baldwin Hills Community Standards District (CSD), which became effective in
November 2008, while oil and gas operations in the City IOF are regulated separately by the
City. The County requires SPR to submit an annual Drilling, Re-drilling, Well Abandonment,
and Well Pad Restoration Plan (“Plan”) each November. These plans provide overview
information about the IOF as well as specific plans for drilling new wells, plug and abandonment
of wells, and other field activities within the County IOF.
In November 2017, SPR issued its first plan under the CSD for field activities in the
County IOF during 2018 (the “2018 Plan”). In the 2018 Plan, SPR stated that the IOF produced
5,520 barrels per day (“B/D”) of crude oil in 2017. 9 Although SPR noted that it was unlikely to
drill new wells in 2018, the 2018 Plan proposed to drill 9 new wells, to redrill 1 well, and to plug
and abandon 13 wells. 10 The 2018 Plan also noted that the CSD allows the operator to drill up to
53 new wells each year until 2028, as long as the total number of new wells in the CSD does not
exceed 500 from inception of the CSD. 11
In November 2019, SPR issued its most recent plan under the CSD for field activities in
the County IOF during 2020 (the “2020 Plan”). The 2020 Plan stated that the IOF produced
5,200 B/D of crude oil in 2019, 6% less than in 2017. 12 SPR noted that it was unlikely to drill
any new wells in the County IOF during 2020, but proposed to drill 9 new wells, to redrill 1 well,
and to plug and abandon 12 wells. 13 The 2020 Plan showed that 132 wells had been drilled in
the County IOF since inception of the CSD in 2008 and that no new wells had been drilled since
2014. 14 The 2020 Plan also showed that 27 wells had been plugged and abandoned between
2014 and September of 2019, of which 2 were abandoned during 2018 and 7 were abandoned in
2019. 15 Comparing SPR’s 2018 Plan and 2020 Plan for plug and abandonment, four of the wells
proposed for abandonment in 2018 had been carried over to the 2020 Plan. 16 Although SPR
planned to complete an in-depth reservoir assessment during 2018 as a basis for its drilling

9

2018 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 1.
2018 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 5.
11
2018 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 4.
12
2020 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 1.
13
2020 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 1.
14
2020 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 5.
15
2020 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 13-17.
16
2018 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017, pg 13; 2020
Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017, pg 13.
10

Page 8

City of Culver City
Capital Investment Amortization Study

program in the County IOF, 17 no such plan for development of the County IOF has been
proposed.
In addition to production and water injection wells, surface equipment used in oil and gas
production activities includes pump jacks, water injection pumps, pipelines, roadways, small
buildings, and tanks. This equipment is located throughout the IOF, although most of this
surface equipment is located in the County IOF. Facilities used to prepare crude oil and natural
gas to marketable quality for delivery to pipelines is also located in the County IOF. Surface
equipment located in the City IOF includes pump jacks, water injection pumps, pipelines,
roadways, small buildings, and four tanks.

4.2

CITY IOF
SPR has not issued any drilling plans for the City IOF that present information about

historical production, planned drilling of new wells, or planned abandonment of wells. This
study relies on data available from the California Department of Conservation’s Geologic Energy
Management Division (“CalGEM”) for the status of wells and production volumes of oil, natural
gas, and water produced from each well in the City IOF. 18
Operators are required to report the status of each California oil well to CalGEM, and this
information is available to the public through the CalGEM public portal.19 The CalGEM data
provides a monthly “snap shot” of individual well status and activity, as this information is
reported by the oil field operator. As of January 1, 2020, this information was available for wells
in the City IOF from 1977 through April 2018. CalGEM provides information for the 41
production and injection wells that were located in the City IOF during 2016, which is
summarized in Exhibit E.
The CalGEM database shows that the status of wells within the City IOF has changed
over time. 20 In 2013, 25 wells in the City IOF produced oil and gas, while 6 wells were idle or

17

2018 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 1.
Data obtained from the CalGEM public portal as of January 2020 provided incomplete historical data prior to
1977 and incomplete data since April 2018. Well data after April 2018 was unavailable while CalGEM
performed updates to its public portal.
19
CalGEM was known as the Division of Oil, Gas, and Geothermal Resources (“DOGGR”) prior to January 2020.
20
https://www.conservation.ca.gov/calgem/Pages/Index.aspx.
18
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shut-in (these wells were available but did not produce oil or gas), and 10 wells were used for
water injection. During SPR’s first year of operation in 2017, 21 wells produced oil and gas, 10
wells were idle, and 10 wells were used for water injection. CalGEM reports that the last new oil
well drilled within the City IOF was completed in 2002. 21
During 2017, the 21 production wells located in the City IOF produced about 211 B/D of
crude oil, 16 barrels of oil equivalent per day 22 (“BOE/D”) of natural gas, and 12,023 B/D of
water. The 211 B/D of crude oil produced from wells in the City IOF represented about 3.8% of
the 5,520 B/D of crude oil produced from the IOF in 2017. 23 As a percentage of the 12,250 B/D
of total production fluids produced from wells in the City IOF in 2017, crude oil was less than
2% and water comprised more than 98% of fluids produced from wells in the City IOF.
SPR has provided no plan to the City that proposes a program for the future development
of oil and gas operations in the City IOF. Based on the annual plans that SPR has issued to the
County under the CSD, it appears unlikely that SPR will drill new wells in the City IOF or plans
to plug and abandon wells that are currently idle or shut in.

21

https://www.conservation.ca.gov/calgem/Pages/Index.aspx.
Natural gas is measured in cubic feet and converted to barrels of oil equivalent, or BOE, based on the relative
heating value of crude oil and natural gas.
23
2018 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan, SPR, Nov 2017; pg 1.
22
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5.

INCOME MODEL
This study uses a standard financial analysis to determine the time required for ACI in oil

and gas production facilities within the City IOF. This financial analysis has been organized into
an income model that can be utilized to validate the assumptions used and to evaluate potential
changes in assumptions. The methodology, application, test for ACI, and baseline assumptions
used in the income model are summarized in the following discussion.

5.1

METHODOLOGY
Amortization is a common accounting concept that refers to the allocation of a capital

account over time. For the amortization of a loan, the loan is often amortized by making regular
payments of principal and interest over a fixed term. For investments in capital assets, the
investment is amortized for accounting and tax purposes by allocating the capital investment to
specific periods over the life of the asset. In these examples, the initial value of the loan or the
capital investment are known and the purpose is to determine the amount of payment or
accounting depreciation for each period.
The income analysis in this study uses the same conceptual framework of offsetting a
capital investment with periodic receipt of income to determine the time required for ACI. ACI
occurs when cumulative income from an investment is sufficient to offset the initial capital
investment and provide a return on that investment to the owner. In this analysis, the initial
capital investment and the periodic income are known, or can be reasonably estimated, and the
purpose is to determine the time required for ACI.

5.2

APPLICATION
In the application of an income model to a simple use, such as a sign or billboard, the

time required for ACI may be determined by offsetting the capital investment to install the
fixture with rental income until the land owner achieves a fair rate of return. Net income (rent
less expenses and taxes) is accumulated until the cumulative net income exceeds the original
capital investment and a fair rate of return, at which time ACI has occurred.
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In the application of an income model to complex uses, such as an oil field, the analysis
often involves many more variables over longer periods of time. An income analysis of an oil
field may consider the impact of distinct ownership rights for surface use and mineral extraction,
and changes in ownership of these rights. An income analysis of oil and gas facilities also
considers numerous variables that change over time, both historically and into the future. These
variables include the following:
•

Capital investments;

•

Sustaining capital investments required to maintain production capacity;

•

Revenues;

•

Changes in revenues due to market events or changes in production;

•

Operating expenses;

•

Income taxes; and

•

Market rates of return.

For complex situations, an income model is often used to account for capital investment
and variables that determine net income. Historical information and projections are organized
into annual income statements. The income statements begin with revenues and deduct
operating expenses, income taxes, and sustaining capital investment to determine net cash flow
available to offset all capital investment and to provide a fair rate of return on capital. Financial
metrics are calculated for each annual period to test for ACI.

5.3

TESTS FOR AMORTIZATION OF CAPITAL INVESTMENT
An income model for oil and gas facilities is organized around financial concepts used in

discounted cash flow analysis. A discounted cash flow analysis is commonly used in the oil and
gas industry to evaluate capital investments, to make operating decisions, and to evaluate exit
strategies. The tests for economic viability generally used in discounted cash flow analysis can
also be applied as tests for occurrence of ACI. These tests include the Internal Rate of Return
(“IRR”) and the Net Present Value (“NPV”).
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When the IRR is used as a test, ACI occurs in the year when the IRR exceeds a market
return on capital for companies in the oil and gas industry. The income model calculates a
cumulative IRR for each year of the analysis. A market return on capital is determined by
reviewing financial results for a peer group of companies with similar businesses. ACI occurs
when the cumulative IRR from the time of the original investment exceeds the market return on
capital for oil and gas companies.
When the NPV is used as a test, ACI occurs in the year when the NPV exceeds zero. The
income model calculates a cumulative NPV for each year of the analysis by discounting income
from the time of the original investment. The discount rate used to determine NPV is the market
return on capital for oil and gas companies. ACI occurs when the cumulative NPV exceeds zero.
The market return on capital provides for a return of capital investment and a fair rate
return on capital. For this study, the market return is an industry rate of return characteristic of
oil and gas production companies. The IRR and NPV tests are expected to provide the same
conclusion for ACI, since the definition of IRR is the return on capital when NPV is equal to
zero. However, these tests provide different insights into ACI. The comparison of IRR to a
market return on capital provides a relative measure that can change from time to time. The
NPV serves as an absolute measure of ACI from year to year when the market return on capital
is used to discount cash flows.

5.4

BASELINE ASSUMPTIONS
An income model used for analysis of oil and gas facilities requires certain baseline

assumptions. Specific information about the oil and gas facilities is needed to prepare a
representative income model, including the amount of initial capital investment and net cash
flow based upon production rates, crude oil quality, netback prices for crude oil and natural gas
royalty costs, operating costs, and sustaining capital expenditures. Historical information,
projections of future operations, and changes in market environments are also used in developing
the baseline assumptions for an income model.
Baker & O’Brien has prepared the income model for this study using public information
to develop baseline assumptions. This public information includes data that is specific to the
wells that are operated in the City IOF and public disclosures by other operators with similar
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operations in California. Where public information was not available (such as future production
rates from wells in the City IOF), Baker & O’Brien has developed reasonable estimates based
upon our consultants’ experience and proprietary information available to us.
Proprietary information about the oil and gas operations in the City IOF was not available
from SPR for this study. While such information would have been helpful, it is not necessary for
development of the income model used in this study. If SPR records were available, they would
have been used for validation purposes and possibly to extend the analysis to historical periods
prior to the availability of public data for the City IOF.

5.4.1 INFORMATION SOURCES
Public information used in developing the baseline assumptions for the income model
includes the following: 24
•

CalGEM’s public portal, which provides historical production data for individual
wells in the City IOF for the period from 1977 through 2017; 25

•

Public reports of capital investment and operating costs issued by other operators of
water-flood fields in California, including CRC and PXP;

•

Historical market prices published by World Bank, the U.S. Federal Reserve, and
S&P Global Platts;

•

Price forecasts published by the U.S. Department of Energy’s U.S. Energy
Information Administration (“EIA”);

•

Income tax rates and depreciation schedules published by the U.S. Internal Revenue
Service (“IRS”) and the State of California; and

•

Inflation indices published by the U.S. Department of Commerce, Bureau of
Economic Analysis.

24

Public information includes general reference information as well as information available to Baker & O’Brien
and other subscribers under license.
25
https://www.conservation.ca.gov/calgem/Pages/Index.aspx.
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Certain proprietary information was used in combination with our consultants’
experience and engineering judgement to develop certain baseline assumptions for the income
model. This information includes the following:
•

Capital expenditures were estimated for drilling and completion costs, workover
costs, and plug and abandonment costs;

•

Future production rates from individual wells were estimated using a proprietary
software package often used in petroleum engineering applications, including
reservoir management;

•

Operating costs were estimated for oil and gas production and for water injection; and

•

The quality of Inglewood crude oil.

Data obtained from CalGEM’s public portal for the wells located in the City IOF is
detailed and forms the basis for historical and projected production rates of oil, natural gas, and
water in the income model. The CalGEM public portal provides individual well data from 1977
through April 2018 in a searchable database format, as it was reported by operators. The
CalGEM records for the City IOF contain some minor anomalies in well status and production
rates, which appear to be reporting errors that are not material to this study.

5.4.2 INITIAL CAPITAL INVESTMENT
Initial capital investment generally refers to the owner’s original investment to acquire
mineral rights and commence production of oil and gas. This study considers two scenarios for
initial capital investment. In the first scenario, SPR’s initial capital investment in the City IOF
occurred when it closed its acquisition with FCX in 2017. In the second scenario, initial capital
investment is the original costs to drill and complete the wells and infrastructure in the City IOF
that were made by previous operators between 1925 and 2016.
Since there is no common basis in the amount and timing of the initial capital investment
during SPR’s ownership and initial capital investment in the actual drilling and completion of
wells in the IOF prior to SPR’s ownership, the initial capital investment is evaluated separately
for each scenario.
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5.4.3 SUSTAINING CAPITAL INVESTMENT
Sustaining capital investment is required for every oil and gas property to maintain its
productive capacity. For the City IOF, sustaining capital investment in well workovers is
required to replace and renew surface and down-hole equipment to maintain mechanical integrity
and production rates.
Historical and projected sustaining capital investment is included in the income model by
making an allowance for a workover in each producing well at seven-year intervals. CalGEM
production data for individual wells between 1977 and 2018 was analyzed to determine that a
seven-year workover interval is characteristic of wells in the City IOF. The income model uses
workover costs that are estimated to be $180,000 per well in 2018,26 with adjustment for cost
escalation prior to and subsequent to 2018. 27

5.4.4 PLUG AND ABANDONMENT COSTS
Plug and abandonment costs are required to safely and permanently remove a well from
service and to restore the immediate area to its natural condition. These costs are considered to
be capital investment.
The income model used to determine the timing of ACI does not include plug and
abandonment costs based upon SPR’s actual activity. The income model only considers wells in
the City IOF that were in production or available for production when SPR purchased the IOF.
CalGEM indicates that these wells remained in production or available for production into early
2018, and SPR has proposed no plan to plug and abandon any wells in the City IOF.

5.4.5 PRODUCTION VOLUMES
Historical production volumes of crude oil and natural gas are reported by CalGEM
between 1977 and April 2018 for individual wells in the City IOF. This information was
compiled in the income model to calculate the total amount of crude oil and natural gas produced
from the City IOF.

26
27

Value-Driven November Corporate Presentation, California Resources Corp., Nov 2018, pg 40.
Cost factors were adjusted for escalation using the Personal Consumption Expenditures: Chain-type Price Index,
published by the U.S. Department of Commerce, Bureau of Economic Analysis.
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Future production volumes of crude oil and natural gas were projected using a software
package often used in oil and gas reservoir management. The projections rely upon historical
production volumes reported by CalGEM that are used to calculate future volumes based on a
characteristic decline curve. Projections were checked to confirm that well economics support
workover and operating costs needed to produce the projected volumes.
The income model uses the production history and forecast for crude oil and natural gas
shown in Exhibit F.

5.4.6 NETBACK CRUDE OIL PRICES
Netback prices for crude oil are the prices received for delivery at the County IOF.
Inglewood crude oil is injected into a Chevron pipeline for delivery to Los Angeles area
refineries.
There is no independent market price assessment for Inglewood crude oil. Historical
prices are available for Line 63 crude oil delivered from the San Joaquin Valley by Plains All
American Pipeline to its terminal in Long Beach, California. Inglewood crude is assumed to be
priced competitively with Line 63 crude delivered to Long Beach, with adjustments for
differences in quality. Inglewood crude quality has been reported as 24.4 degrees API
(“°API”) 28 with a sulfur content of 1.77%. Inglewood crude is lower quality and less valuable
than Line 63 crude, which is reported to be 28 °API with a sulfur content of 1.02%. The income
model assumes that Inglewood crude is discounted by $1.75 per barrel (“/B”) from the price for
Line 63 crude to represent the difference in market value for crude quality. The netback price
received by SPR for Inglewood crude is estimated to be the price for Line 63 crude at Long
Beach, less the quality discount, less an estimated pipeline transportation cost of $0.25/B to
move Inglewood crude approximately 20 miles from the IOF to Long Beach.
Inglewood crude oil prices are projected based upon future prices for Brent crude oil
provided in the Department of Energy’s Annual Energy Outlook for 2019 (“AEO 2019”). Brent
crude prices serve as a global benchmark for crude oil prices. The outlook for Brent prices is

28

The abbreviation “°API” refers to API Gravity, which is a standard method of measuring the density of crude oil
and petroleum products.
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used to project Line 63 prices, which are discounted to determine projected netback prices for
Inglewood crude oil.
Netback prices for Inglewood crude oil are shown in Exhibit G.

5.4.7 NETBACK NATURAL GAS PRICES
Netback prices for natural gas are the prices received for delivery at the County IOF.
Inglewood natural gas is treated to pipeline quality and injected into the Southern California
Natural Gas Co. (“SoCalGas”) system. Historical price assessments for natural gas are available
for delivery to the SoCalGas “City Gate,” which is a virtual trading location. No discounts are
applied to Inglewood natural gas for transportation or quality for delivery at City Gate.
Natural gas prices are projected based upon future prices for natural gas delivered at
Henry Hub provided in the AEO 2019. Henry Hub serves as a benchmark for North American
natural gas prices. The outlook for Henry Hub natural gas is used to project City Gate natural
gas prices. No adjustments are applied to projected City Gate prices to project netback prices for
Inglewood natural gas.
Netback prices for Inglewood natural gas are shown in Exhibit G.

5.4.8 ROYALTIES
Owners of mineral rights earn a royalty on commercial volumes of oil and gas produced
from their property. Royalty terms are provided in lease agreements between landowners and oil
and gas companies, which vary from lease to lease and are often confidential. The income model
deducts royalties on oil and gas production from revenues to determine net cash flow.
A listing of IOF landowners in 2008 shows that at least six landowners owned parcels
within the City IOF, but the listing does not indicate if these landowners also owned mineral
rights. 29 No further information is readily available that provides royalty rates or other terms of
leases between landowners and SPR or its predecessors. No public information is available

29

Final Environmental Impact Report, Baldwin Hills Community Standards District, Oct 2008; pg. 2-4, 2-5.
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about royalties that have actually been paid to landowners for oil and gas production from the
City IOF.
The income model assumes a 15% royalty rate as an allowance for royalties and other
land lease costs paid to owners of mineral rights. This discount is applied to the market value of
oil and natural gas produced from the City IOF. This rate is within the range of a 12.5% royalty
rate that is generally applicable to federal leases and the 16.66% royalty rate applicable to leases
for oil and gas extraction for California state lands.
To the extent that SPR acquired mineral rights in the City IOF in 2017, royalties would
not be applied to oil and gas produced from SPR’s ownership interest. If SPR’s ownership
interests include mineral rights, the income model is conservative since it applies the royalty rate
to all production, extending the time required to achieve ACI.

5.4.9 OPERATING COSTS
Oil field operating costs include labor, utilities, operating materials, maintenance
materials, spare parts, general and administrative expenses, insurance, property taxes, and
permits. The income model deducts operating costs from available income, which are estimated
as the cost per barrel of crude oil, the cost per BOE for natural gas, and the cost per barrel of
produced water. These estimated operating costs for the City IOF include costs for operations to
separate production fluids into oil, gas, and produced water, as well as to treat crude oil and
natural gas for delivery to local pipelines, which are all conducted in the County IOF.
CRC owns and operates oil and gas field developments in California, some of which are
similar to the IOF. In a presentation to investors, CRC reported operating costs in 2018 for its oil
and gas operations in California. CRC reported that operating expenses for an infill well were
$8/BOE 30 and total operating expenses for a waterflood redevelopment well were $19/BOE. 31
These wells are similar in operation to the wells in the City IOF.
The income model uses estimated operating costs of $8.00/B for oil production,
$8.00/BOE for gas production, and $0.25/B for water injection as of 2018, with adjustments for

30
31

Value-Driven November Corporate Presentation, California Resources Corp., Nov 2018,, pg 57.
Value-Driven November Corporate Presentation, California Resources Corp., Nov 2018,, pg 53.

Page 19

City of Culver City
Capital Investment Amortization Study

cost escalation prior to and subsequent to 2018. These operating costs amount to total operating
costs of $24/BOE, which are conservative when compared to total operating expenses of
$19/BOE reported by CRC.

5.4.10 INCOME TAXES
Income taxes are deducted from income to determine the cash flow available for ACI.
The income model deducts federal and state income taxes from revenues produced by the City
IOF. Income before taxes is adjusted for depreciation of capital investment and for tax loss
carry-forward (where applicable). The analysis assumes a federal income tax rate of 35% prior
to 2018 and 21% in 2018 and later years, which represent the highest corporate federal tax
brackets in effect. The income model assumes a California income tax rate of 9%, which is the
highest corporate tax bracket in effect.
Two depreciation schedules are used in the income model for calculation of income
taxes. The following depreciation schedules are provided by the IRS:
•

Drilling of new wells: The IRS provides a depreciation schedule for drilling of new
oil and gas wells, which provides a straight-line depreciation schedule over four
years; and

•

Other capital investment, including work-overs and plug and abandonment of wells:
The IRS provides its Modified Accelerated Cost Recovery System (“MACRS”)
depreciation schedule that is applicable for most business and investment property
placed in service after 1986. The MACRS schedule for “assets used by petroleum
and natural gas producers for drilling wells and production of petroleum and natural
gas, including gathering pipelines and related storage facilities…separation
equipment, compression or pumping equipment, and liquid holding or storage
facilities…” 32 provides an accelerated depreciation schedule over eight years.

It is noted that these depreciation schedules allocate capital investment over a defined
period for purposes of determining applicable deductions for income tax purposes. In the

32

IRS MACRS Asset Class 13.2.
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income model, deduction of depreciation to determine taxable income increases the amount of
net cash flow and reduces the time required to achieve ACI.

5.4.11 INDUSTRY RATE OF RETURN ON INVESTMENT
As noted above, the tests for ACI are compared to an industry rate of return on
investment. The industry return on investment is a total rate of return that is generally realized
by oil and gas production companies.
A “market” industry rate of return on investment is estimated by evaluating the weighted
average cost of capital (“WACC”) typical of production and exploration companies in the oil and
gas industry. The WACC represents the combined cost of equity capital and debt capital used to
finance a company. Equity capital earns a market return on equity and debt capital receives
market rates of interest.
Estimates of the WACC for oil and gas companies are available from various public
sources. One analysis of WACC for oil production and exploration companies considers 269
public companies, which are mainly structured as corporations. 33 For this group, the WACC has
ranged between 7% and 8.5% since 2016, as shown in Exhibit H. 34 The income model assumes
an industry rate of return of 8%, which is above the average of companies engaged in oil and gas
operations from 2016 through 2019. This industry rate of return is characteristic of returns on
capital investment to an owner that is organized as a corporation that pays income taxes on net
operating income.
It is noted that SPR is organized as a limited liability company (“LLC”), which is a
“pass-through” corporate structure sometimes used by companies engaged in oil and gas
operations. As a pass-through corporation, an LLC does not pay corporate income taxes, but
distributes income to LLC partners that pay income taxes based on each partners’ particular tax
situation.35 The income model is not structured to calculate ACI for a pass-through corporate
structure, which would also require further changes to calculations of income taxes, as well as
information about cash distributions to SPR partners that is not available to the public.

33

http://pages.stern.nyu.edu/~adamodar/New_Home_Page/.
http://pages.stern.nyu.edu/~adamodar/New_Home_Page/.
35
MLP Primer Fifth Edition, Wells Fargo Securities, October 31, 2013; pg. 19.
34
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6.

SPR ACQUISITION
The income model was used to determine the time required for ACI for SPR’s capital

investment to acquire its interest in the City IOF and projected sustaining capital investment after
the acquisition. This analysis developed annual cash flow statements that begin with SPR’s
initial investment in 2016 and continue through 2026. The income model uses the baseline
assumptions listed in Section 5.4 above for this analysis, except as noted in the following
discussion.
The City IOF was a small portion of SPR’s much larger acquisition of a portfolio of
FCX’s interests in the IOF and other California onshore oil and gas properties, which included
properties in the Los Angeles Basis, coastal zones, and the San Joaquin Basin that produced a
total of 28,000 B/D of crude oil. 36 Oil production of 211 B/D from the City IOF in 2017
amounted to 0.75% of the total crude oil produced from the FCX properties. No public
information is available that provides an allocation of SPR’s purchase price to either of the IOF
or the City IOF. Baker & O’Brien has valued SPR’s initial capital investment to purchase the
City IOF as an arm’s length transaction between a buyer and seller in accordance with California
State Board of Equalization guidelines for determining the fair market value of oil and gas
production properties.37

6.1

INITIAL CAPITAL INVESTMENT
SPR’s initial capital investment is the portion of its acquisition price that can be attributed

to the City IOF. Since there is no public information concerning an allocation of the acquisition
price to the City IOF, SPR’s initial cost to acquire this portion of the IOF is estimated by
considering the three standard indications of value, using the income approach, the cost
approach, and the market approach.

36

https://www.globenewswire.com/news-release/2016/10/14/1194556/0/en/Sentinel-Peak-Resources-Announcesthe-Acquisition-of-Freeport-McMoRan-… .
37
California State Board of Equalization, Assessor’s Handbook Section 566 Assessment of Petroleum Properties,
August 1996.
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6.1.1 INCOME INDICATION OF VALUE
The income approach evaluates the present value of future income from a property at the
time of the transaction using a discounted cash flow analysis. For the City IOF, this analysis
considers projections of oil and gas production, the outlook for commodity prices, and
projections of operating costs and capital expenditures for 10 years from the purchase date.
Projections were developed based upon the market outlook in 2016, when SPR announced its
intention to acquire the FCX properties. Projected annual net cash flow is discounted to present
value as of January 1, 2017, using the oil and gas industry return on capital of 8%. The present
value of this discounted cash flow analysis provides an income indication of value for the City
IOF of $5.34 million as of January 1, 2017.

6.1.2 COST INDICATION OF VALUE
The cost approach determines a deferred replacement value (“DRV”) for a property,
which is the value to a buyer of deferring capital investment in new facilities until the service life
of existing facilities is exhausted. The cost approach considers the original capital cost of
facilities in place and the remaining life of these facilities based upon the current condition and
normal maintenance activities. For the oil and gas production wells in the City IOF, the
functional replacement value was $15.1 million in 2017, and the DRV cost indication of value
was $3.00 million. It is noted that Baker & O’Brien consultants have not visited the site as of the
Effective Date, and this analysis assumes that the wells are in normal condition relative to inservice dates reported by CalGEM.

6.1.3 MARKET INDICATION OF VALUE
The market approach evaluates the value of a property by reference to sales prices for
similar properties that were sold near the valuation date. For the City IOF, Baker & O’Brien
researched: 1) transactions of small oil and gas properties in California that produce heavy-sour
crude oil; and 2) transactions involving transfer of ownership in the IOF.
A search for transactions involving properties similar to the City IOF identified a small
number of potential comparisons. However, there is insufficient public information available to
establish comparability or to make suitable adjustments to cash equivalent prices (“CEP”) and no
useful sales comparisons were identified.
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Review of transactions involving transfers of ownership in the IOF provided no
allocations of purchase prices to the City IOF. However, public information is available that can
be used to estimate a CEP realized for SPR’s purchase of the FCX California properties. The
CEP may be allocated based upon crude oil production, as shown in Exhibit I and summarized
below:
•

The parties announced a total sales price for the FCX portfolio properties of $742
million, including contingent payments, but omitting the value of liabilities
transferred to SPR.

•

The announced price is adjusted to CEP as follows: 1) contingent payments for 2019
and 2020 are deducted since the floor price of Brent crude was not achieved; 38 and 2)
the transfer of liability for abandonment is added to the sales price. These
adjustments are offsetting and the CEP for the FCX properties was $742 million.

•

The CEP is allocated to the City IOF, according to crude oil production. For 2017,
crude production from the City IOF represented 0.75% of the total crude production
of 28,000 B/D from the FCX portfolio properties.

This analysis provides a market indication of value of $5.59 million for the City IOF,
based upon its pro-rata share of total crude oil production from the FCX properties.

6.1.4 FAIR MARKET VALUE
The three indications of value are weighted to determine a conclusion of fair market
value for the property:
•

The income indication of value is based on projected income from the production of
oil and gas from wells in the City IOF at the time of the acquisition, using
information available to SPR or any buyer in 2016. This information includes the
market value of oil and gas production, operating costs that are higher than typical

38

These adjustments are retrospective as of the Effective Date. In September 2019, quoted prices for futures
contracts for delivery for Brent crude oil indicated prices of less than $70/B during 2020. See This Week in
Petroleum, EIA, Oct. 9, 2019.
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costs for water flood operations, typical levels of sustaining capital, and an industry
return on capital.
•

The DRV indication of value is based on the cost to replace the oil and gas production
wells in the City IOF and the remaining life of existing wells using information
available to SPR or any buyer in 2016 from CalGEM. It is noted that the DRV does
not reflect any impact on value from production declines, depletion of reserves, or the
ratio of oil to water production. The DRV also implicitly assumes that economics are
sufficient to replace facilities. Assuming that wells in the City IOF are in normal
condition for their age, nearly all were operating far beyond the typical service life in
2017. The DRV indication of value is consistent with little remaining life in these
assets without new capital investment.

•

The market indication of value for the City IOF is based on the CEP that SPR paid for
a much larger portfolio of properties. The allocation of 0.75% of the value to the City
IOF assumes that the production from these wells is equivalent in value to the 99% of
production generated by all of the other properties. However, the high water cut,
above average operating costs, and the need for capital investment associated with
wells in the City IOF indicates that the market indication of value may be less reliable
for the City IOF than for other properties that SPR acquired.

The conclusion of the fair market value of the City IOF in an arm’s-length transaction on
January 1, 2017, is $4,642,000, as shown in the table below. This conclusion equally weights the
three indications of value and reflects the age and status of wells in the City IOF. The income
model uses $4.65 million to represent SPR’s initial capital investment in the City IOF.

Income
Cost
Market
Weighted

Indicated, $
5,341,000
2,997,000
5,592,000

Weighting, %
33.3
33.4
33.3
100
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1,000,998
1,862,136
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6.2

SUSTAINING CAPITAL INVESTMENT
The income model includes sustaining capital investment in workovers during the

projection period. These workovers are related to 1) returning idle wells to oil and gas
production; and 2) renovation of operating production wells at seven-year intervals.

6.3

MODEL RESULTS
The income model demonstrates that ACI for SPR’s capital investment in the City IOF is

achieved during 2020, within four years of the acquisition date. Achievement of ACI within four
years of SPR’s acquisition is demonstrated by the cumulative IRR exceeding the industry rate of
return during 2020 (as shown in Exhibit J) and by the cumulative NPV achieving a positive
value during 2020 (as shown in Exhibit K).
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7.

DRILLING AND COMPLETION INVESTMENT
Initial capital investment to drill and complete production wells in the City IOF is also

evaluated, beginning with the first wells in 1925 and extending to the last wells that were drilled
in 2002. To evaluate ACI for existing oil and gas facilities in the City IOF, an income model
would consider the following historical information:
•

The 95-year history of oil and gas operations;

•

Multiple changes of ownership interests;

•

Records of capital investment for drilling and completion, workovers, well
stimulations, and plug and abandonment;

•

Records of oil and gas production rates, revenue realized for sales of crude oil and
natural gas, and operating expenses; and

•

Operation of the City IOF as a small part of a much larger oil field development.

For wells drilled since 1977, this information is available or can be reasonably estimated.
The income model was used to determine the time required to achieve ACI for six individual
production wells drilled in the City IOF at various times since 1977.
For wells drilled prior to 1977, public records needed to develop baseline assumptions for
capital investment and revenue extending back to 1925 are generally incomplete or unavailable
for use in an income model. However, estimates of capital investment, production volumes, oil
prices, and operating costs are used in an income model to develop aggregate economics for
wells completed during various periods prior to 1977. These economics can be compared to
similar benchmarks for the six wells completed since 1977 to determine if payback of capital
investment for older wells is similar to that for newer wells.

7.1

WELLS DRILLED SINCE 1977
The income model was used to determine the time required to achieve ACI for individual

wells in the City IOF that were drilled and completed in the City IOF since 1977. Since these
wells were completed and began production during the period in which historical records are
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generally available, baseline assumptions needed for an income model are available or can be
reasonably estimated. Baseline assumptions for this analysis include the following:
•

Capital costs are current costs adjusted for escalation in costs reported by EIA for
drilling and completion of the wells and workovers; 39

•

Production rates for crude oil, natural gas, and water are from CalGEM;

•

Netback values for crude oil and natural gas are based on price assessments; and

•

Operating costs are current costs adjusted for inflation.

The results of this analysis are summarized below and tabulated in Exhibit L.
•

For two wells completed in 1977 and 1979, ACI was achieved within three years;

•

For two wells completed in 1982 and 1985, ACI was not achieved; and

•

For two wells completed in 2002, ACI was achieved within five years.

These results illustrate that productive wells achieve ACI quickly, while unproductive
wells may never realize ACI. Several metrics are presented in Exhibit L that are based upon the
average of the first five years of operation for each of the wells.
•

O&G BBL: This is the average volume of crude oil and natural gas for each of the
first five years of operation. Oil production is strongly correlated with IRR. Wells
that produce more oil and gas achieve higher IRR.

•

Water BBL: This is the average volume of water produced for each of the first five
years of operation. Higher water production results in higher operating costs.

39

U.S. Nominal Cost per Foot of Crude Oil Wells Drilled, EIA, December 17, 2019.

Page 28

City of Culver City
Capital Investment Amortization Study

•

Water Cut %: This the portion of water produced from well fluids. 40 Wells that have
lower water cuts achieve higher IRR.

•

Oil Price, $/B: This is the average netback price for Inglewood crude over the first
five years of operation.

•

Capex Avg. $/B Oil: This is the investment cost divided by the volume of oil and gas
produced over the first five years of operation.

•

Opex $/B Oil: This is the total of operating costs and royalties divided by the volume
of oil and gas produced over the first five years of operation.

•

Oil Price / Capex + Opex: This ratio divides the oil price by total expenses for the
first five years of operation. This ratio is highly correlated with IRR. Wells with a
higher ratio of oil price to total expenses achieve higher IRR.

•

Simple Payback Yr: This is the ratio of capital investment to average earnings during
the first five years before interest, taxes, depreciation, and amortization. Simple
payback usually occurs more quickly than ACI since simple payback does not
consider tax effects or return on capital investment.

These metrics confirm that the time required for ACI depends mainly upon high
production rates and the ratio of oil prices to total expenses over the first several years of
operation. Although two of the six wells drilled in the early 1980s did not achieve the target
industry return on capital used in this analysis, these wells were ultimately profitable, generating
IRR of between 5.0% and 6.5% by 2016. When compared to the other wells that achieved ACI
within five years, these two wells produced much less oil, produced much more water, and
started operation during a period of low oil prices.
Four of the six wells achieved ACI within an average time of three years. The simple
payback for these four wells averaged 1.7 years. Although completed at different times and with
much different capital investment and operating expenses, oil prices averaged twice the total

40

The water cut is the fraction of production fluids from the well that is water. For example, a 96.5% water cut
means that 96.5% of the production fluids are water.
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expenses during the first five years of operation, and these wells delivered an average IRR in
excess of 40%. For these wells, ACI occurred no later than 2006.

7.2

WELLS DRILLED PRIOR TO 1977
Development of an income model to evaluate initial investment in drilling and

completion costs requires the same type of information used to evaluate SPR’s initial capital
investment, including capital investment, production rates, operating expenses, and industry rates
of return. For wells in the City IOF drilled between 1925 and 1977, much of this information is
not available and independent data is generally not available to validate estimates prior to 1980.
Oil and gas production economics in California have been subject to competing market
forces since the IOF began to produce oil in 1925. First, demand for crude oil and market prices
for crude oil in California have trended upwards since the 1950s, supporting capital investment
in expanding production of oil and gas. Second, technological advancements in the science of
finding oil, evaluating reservoirs, and managing production from reservoirs have raised costs for
these activities, but have also increased the success rate of new wells and the economic life of
old wells. Third, increased regulatory and operational oversight by federal, state, and local
governments have resulted in rising cost burdens for operators to manage regulatory affairs.

7.2.1 HISTORICAL CONTEXT
For purposes of evaluating initial economics for wells drilled in the City IOF between
1925 and 1977, it is useful to consider the following periods:
•

1925 to 1949: During this period, demand for petroleum expanded with increasing
number of light vehicles and response to two world wars. Drilling for oil and gas
depended mainly upon an operator’s individual experience and skill in developing
and operating a particular oil field. During this time, numerous individual operators
drilled for oil in the IOF. Although records are not available for specific wells, peak
oil production of 90,000 B/D of crude oil was produced from the IOF in 1925, 41 15
times production levels in 2017. Regulatory burdens were minimal and localized.
Drilling costs and operating costs were much less than modern costs, and are

41

Final Environmental Impact Report, Baldwin Hills Community Standards District, Oct 2008; pg. 1-1, pg. ES-5.
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estimated to have been 50% of modern costs during this period, after adjustment for
inflation.
•

1950 to 1976: During this period, demand for petroleum expanded with post-war
economic activity, while price levels were low by modern standards. Significant
technical advancement in petroleum engineering applications increased drilling costs
per well, but provided large economic benefits, including a higher success rate and
improved recovery of oil and natural gas. Regulatory frameworks for resource
management were established during this time, but there was little regulatory burden
related to environmental protection. During this period, ownership rights in the IOF
were consolidated with Chevron becoming the sole operator during the 1970s.
Drilling costs and operating costs had increased from levels prior to 1950, and are
estimated to have been 75% of modern costs during this period, after adjustment for
inflation.

•

1977 to 2016: This is the modern period, beginning with the OPEC oil embargo,
continuing with development of world-wide trade in petroleum, and more recently
subject to extensive regulation related to water quality, air quality, and carbon dioxide
emissions. Demand for petroleum increased globally during this time with economic
development, resulting in periods of high prices followed by periods of low prices in
response to market disruptions and geopolitical events. Technical advancements in
oil field development continued with computer-aided reservoir visualization and
management tools. With passage of much more restrictive environmental protections
to preserve clean water and clean air in the late 1970s, implementation of increasingly
stringent regulations has resulted in much higher cost burdens for regulatory
compliance at all levels of government. Modern costs for drilling and oil field
operations are assumed to be characteristic of this period with adjustment for
inflation.

7.2.2 ANALYSIS
Since detailed information is not available, wells drilled prior to 1977 are analyzed in the
aggregate, with 6 wells drilled from 1925 to 1949 and 16 wells drilled from 1950 to 1976. The
second period was subdivided to evaluate 6 wells drilled from 1950 to 1959 and 10 wells drilled
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from 1960 to 1977. Although wells are drilled at different times during these periods, production
was estimated from the first year of operation for each well and then aggregated for all of the
wells drilled during the period. Metrics are calculated for each group of wells, including IRR,
the ratio of oil price to total expenses, and simple payback. These metrics may be compared to
the same metrics for the individual wells drilled between 1977 and 2002.
For all of the wells, production of crude oil, natural gas, and water was estimated for the
first fifteen years of operation based upon actual production rates for the five-year period from
1977 to 1982. A “type-curve” was used for estimating production rates for each of the wells
using historical production data reported by CalGEM for four of the six wells drilled between
1977 and 2002. Production from each of these wells during the first fifteen years of operation
was normalized to the first year of production and the aggregated production was used to
estimate the relationship of production over time. This relationship is the type-curve for these
wells. Although the type-curve used in this analysis is similar to type-curves published for
waterflood operations in other fields, this type-curve represents the relationship of initial
production to long-term production for wells drilled in the City IOF subsequent to 1977.
To value estimated production rates, netback prices and operating costs were estimated
by “back-casting” from more recent data. Back-casting assumes that trends observed in
available historical data can be applied retrospectively. Assumptions used in this analysis for
estimating historical market prices and operating costs are summarized:
•

Netback prices: Netback prices for Inglewood crude oil and natural gas were backcasted using reported market prices for benchmark commodities, including WTI
crude, Brent crude, and Henry Hub natural gas. Differentials to benchmarks were
trended for inflation and estimated prior to 1950.

•

Operating Costs: Operating costs in 1977 were back-casted by adjusting for
historical inflation. In addition, operating costs were reduced from modern costs by
25% from 1950 to 1977 and by 50% from 1925 to 1949.

•

Drilling and Completion Costs: Drilling costs in 1977 were back-casted by adjusting
for historical inflation. In addition, operating costs were reduced from modern costs
by 25% from 1950 to 1977 and by 50% from 1925 to 1949.
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7.2.3 CONCLUSION
This analysis demonstrates that wells in the City IOF that were drilled prior to 1977 have
similar economics to the six individual wells evaluated using the income model. The results of
this analysis are summarized in Exhibit M and shows that the simple payback on the older wells
was about five years. Other metrics, including water cut and the ratio of oil price to total
expenses, are similar to the four individual wells drilled after 1977 that achieved ACI. This
analysis demonstrates that initial investment in the City IOF between 1925 and 1977 achieved
ACI well before 2016.

7.3

SUMMARY
The income model was used to determine the time required for ACI for six individual

wells in the City IOF that were drilled after 1977. These wells were evaluated because complete
production history was available for fifteen years following well completion and other
information was available to support baseline assumptions for most of the period. This analysis
confirms that ACI in drilling and completion of oil wells in the City IOF has typically been
achieved within a short time, although there is significant variability among individual wells.
While IRR for two of the wells did not exceed the target industry rate of return, four of the six
wells achieved ACI within five years. It is reasonable to expect that performance of individual
wells will be variable, but will achieve ACI in aggregate.
This expectation is confirmed by analysis of economics for wells in the City IOF that
were drilled prior to 1977. For wells drilled in each of the four periods evaluated, the simple
payback was less than six years and the aggregate production volumes were sufficient to
generate returns in excess of current industry rates of return. The detailed economic factors for
the aggregate performance of older wells are comparable to the six individual wells that are
evaluated using the income model, indicating that the older wells achieved ACI in a similar
period of time.
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8.

SENSITIVITY ANALYSIS
The income model was used to test the impact of changes in key assumptions used in

determining the time required to achieve ACI for SPR’s acquisition of the City IOF. The Base
Case assumptions used in the model are shown in Exhibit N. The following sensitivities were
evaluated:
SPR Acquisition Cost: The income model was used to test the impact of a change in
SPR’s initial capital investment on the time required to achieve ACI. The fair market value of
$4.65 million for the City IOF was replaced with the income indication of value of $5.34 million.
Using a market value of $5.34 million, ACI occurs during 2021 and is achieved within five years
of SPR’s acquisition, as shown in Exhibit O. This analysis demonstrates that the time to achieve
ACI has modest sensitivity to reasonable changes in the acquisition cost.
Crude Oil Quality Discount: The income model was used to test the impact of a change
in the quality discount for Inglewood crude oil on the time required to achieve ACI. The quality
discount for Inglewood crude of $1.75/B was replaced with a potential quality discount of
$0.50/B. The discount of $0.50/B was selected based on declining production rates for San
Joaquin Basin crudes and higher netback prices for Los Angeles Basin crudes relative to Line 63
crude. The lower quality discount increases the income indication of value and the weighted
conclusion of value for the City IOF from $4.65 million to $4.73 million. Using a quality
discount for Inglewood crude of $0.50/B, ACI occurs during 2020 and is achieved within four
years of SPR’s acquisition, as shown in Exhibit P. This analysis demonstrates that the time
required to achieve ACI has little sensitivity to reasonable changes in the crude quality discount.
Return on Capital: The income model was used to test the impact of changes in the rate
of return on capital on the time required to achieve ACI. The 8% industry rate of return in the
income model was replaced with a rate of return of 12%, which was selected as the highest cost
of equity for oil and gas companies since 2016. 42 The higher industry rate of return reduces the
income indication of value and the weighted conclusion of value for the City IOF from $4.65
million to $4.27 million. Using a rate of return on capital of 12%, ACI occurs during 2021 and is

42

See Exhibit H.
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achieved within five years of SPR’s acquisition, as shown in Exhibit Q. Although the graphs in
Exhibit Q appear to indicate ACI during 2020, the model calculates an IRR of 11.9% and an
NPV of $(8,000) during 2020, both of which are slightly short of the targets. This analysis
demonstrates that the time required to achieve ACI has little sensitivity to reasonable changes in
the rate of return.
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EXHIBIT A: ABBREVIATIONS AND GLOSSARY
ABBREVIATIONS
°API

API Gravity

/B

Per Barrel

/BOE

Per Barrel of Oil Equivalent

ACI

Amortization of Capital Investment

AEO

Department of Energy’s Annual Energy Outlook

API

American Petroleum Institute

B/D

Barrels per day

BBL

Barrel containing 42 U.S. gallons

BOE

Barrel of Oil Equivalent

BOE/D

Barrels of Oil Equivalent per day

CalGEM

California Department of Conservation’s California Geologic Energy
Management Division

CAPEX

Capital Expenditures

CEP

Cash Equivalent Price

City

City of Culver City

City IOF

Culver City portion of the Inglewood Oil Field

County IOF

Los Angeles County portion of the Inglewood Oil Field

CRC

California Resources Corporation

CSD

Baldwin Hills Community Standards District

DOGGR

California Department of Conservation’s Division of Oil, Gas, and
Geothermal Resources

DRV

Deferred Replacement Value

EIA

The U.S. Energy Information Administration, a division of the U.S.
Department of Energy.

FCX

Freeport-McMoRan Oil & Gas LLC

IOF

Inglewood Oil Field

IRR

Internal Rate of Return

IRS

Internal Revenue Service

1

LLC

Limited Liability Company

MACRS

Modified Accelerated Cost Recovery System

NPV

Net Present Value

O&G

Oil & Gas

OPEX

Operating Expenses

Plan

Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan

PXP

Plains Exploration & Production Company

SoCalGas

Southern California Gas Company

SPR

Sentinel Peak Resources LLC

WACC

Weighted Cost of Capital

WTI

West Texas Intermediate

GLOSSARY
American Petroleum Institute (API): U.S. trade association for the oil and natural gas
industry.
Annual Energy Outlook (AEO): An annual report published by the U.S. Energy
Information Administration (EIA) that provides an outlook for energy markets.
API Gravity (°API): Measurement of the density of a petroleum liquid compared to the
density of water.
Back-cast: A projection backwards in history based on trends in available data. Backcasts are prepared in cases where historical data is not readily available.
Baldwin Hills Community Standards District (CSD): The Baldwin Hills CSD was
adopted by the Los Angeles County Board of Supervisors to establish regulations
for oil and gas production operations in the unincorporated County portion of the
Inglewood Oil Field. The City of Culver City portion of the IOF is not subject to
the Baldwin Hills CSD regulations.

2

Barrel of Oil Equivalent (BOE): A measure of energy equivalent to burning one barrel
of crude oil. BOE is commonly used to compare the energy contents of differing
types of energy.
Brent Crude Oil: Crude oil produced and delivered at the Brent Complex located in the
North Sea. Brent crude is the leading global price benchmark for crude oil and is
used to set the price for two-thirds of internationally traded crude oil.
Bureau of Economic Analysis (BEA): The Bureau of Economic Analysis is a division
of the U.S. Department of Commerce.
California Geologic Energy Management Division (CalGEM): CalGEM is the
California oversight agency responsible for the regulation of the drilling,
operation, and permanent closure of energy resource (i.e., oil, natural gas and
geothermal) wells throughout the state. Formerly known as the Division of Oil,
Gas, and Geothermal Resources.
California Resources Corporation (CRC): A publicly-traded oil and natural gas
exploration and production company that develops properties exclusively in the
State of California, primarily in the San Joaquin, Los Angeles, Ventura and
Sacramento oil basins. CRC is California’s largest oil and natural gas producer.
California State Board of Equalization (SBOE): The public agency charged with tax
administration and fee collection in the State of California.
Capital Investment: Money spent by businesses to acquire assets that produce income.
Cash Equivalent Price (CEP): The sales price for a property that is measured in cash or
money. In market transactions the CEP recognizes non-cash consideration in a
transaction, such as the buyer’s assumption of long-term debt obligations or
environmental liabilities, as cash at the time of the transaction. The CEP is the
cash value of all consideration exchanged in the purchase of a property.
Chevron Corporation: One of the successor companies to the Standard Oil Company
(of California). Chevron is headquartered in San Ramon, California, and was a

3

principal operator of the Inglewood Oil Field between 1977 and 1991. Chevron’s
interests in the Inglewood Oil Field were purchased by Stocker Resources.
Citygate (SoCalGas Citygate or California Citygate): Citygate is any point at which
the mainline natural gas transmission system connects to a local transmission and
distribution system. SoCalGas Citygate or California Citygate are not physical
locations, but represent virtual trading points on the California Gas Transmission
(CGT) system that is referenced as a delivery point for natural gas. The
SoCalGas Citygate and California Citygate price assessments are often referenced
as benchmark prices for natural gas in California.
City IOF: The approximately 78-acre portion of the IOF within the boundary of the City
of Culver City.
City of Culver City: The City of Culver City is a municipal corporation within the
County of Los Angeles, California.
Corporation: A corporation is a company or group of people collection of individuals or
a that is authorized by a state government to act as a single entity (legally a
person) and recognized as such in law.
County IOF: The approximately 900-acre portion of the Inglewood Oil Field contained
within the County of Los Angeles, exclusive of the City IOF.
Crude Oil: A naturally occurring complex mixture of hydrocarbon found in geological
formations beneath the Earth’s surface. It is referred to as a crude oil because it
must be refined to produce various types of fuels and products.
Cumulative Internal Rate of Return (Cumulative IRR): The internal rate of return
generated by an asset at a specified point in time based on the cumulative net cash
flows generated from the time of investment.
Cumulative Net Present Value (Cumulative NPV): The present value of the net cash
flows for an asset at a specified point in time based on the cumulative net cash
flows generated from the time of investment.
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Decline Curve: The trend in production of oil, natural gas, and water from an operating
production well.
Deferred Replacement Value (DRV): The value to an owner of deferring capital
investment until the remaining service life of an existing asset has been
exhausted.
Discounted Cash Flow Analysis: An analysis that discounts future cashflows to present
value. A discount rate is applied to cashflows to determine present value that
represents the return of and return on capital investment.
Division of Oil, Gas, and Geothermal Resources (DOGGR): Effective January 1,
2020, DOGGR was reorganized into the California Geologic Energy Management
Division (CalGEM).
Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan (Plan):
The Baldwin Hills Community Standards District requires the Operator of the
Inglewood Oil Field to prepare and submit an annual Drilling, Redrilling, Well
Abandonment, and Well Pad Restoration Plan. The plan describes all oil field
activities that may be conducted during the upcoming calendar year. The
requirements of this Plan are set forth in Section 22.310.050.Z of the Los Angeles
County’s Code of Ordinances.
Economic Life: The amount of time an asset is able to generate income in excess of
maintenance and operating costs.
Effective Date: January 1, 2020, the cut-off date for information used in the
amortization study as the basis for representing historical oil and gas operations
and projections of future operations in the City IOF.
Fair Market Value: The value in exchange of a property between a willing buyer and a
willing seller in an arm’s length, open market transaction.
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Fair Rate of Return: The rate of return that a regulatory agency allows rate-regulated
companies to achieve on capital invested in the assets providing the regulated
service.
Freeport-McMoRan Oil & Gas LLC (FCX): A principal operator on the Inglewood
Oil Field in Los Angeles County between 2013 and 2016. FCX acquired Plains
Exploration & Production Company’s (PXP) interests in the Inglewood Oil Field
in 2013.
Henry Hub: A distribution hub for natural gas in Erath, Louisiana that is owned by
Sabine Pipe Line LLC. It serves as the delivery location for natural gas futures
traded on the New York Mercantile Exchange (NYMEX).
Idle Well: As defined by CalGEM, a production well that has not been used for two
years or more, but has not been plugged and abandoned.
Income Model: A simulation of the financial relationships between capital investment
associated with a particular asset and income generated by the asset.
Industry Return on Capital: The total return on capital characteristic of companies
operating in an industry sector.
Initial Capital Investment: Expenditures associated with creation or acquisition of an
asset. For example, costs to drill and complete a production well to produce oil
and gas is an initial capital investment.
Injection Well: A well that is used to inject water into a reservoir. Injection wells are
used in water-flood operations as a means to enhance oil recovery.
Inglewood Oil Field (IOF): The approximate 1000-acre oil field located within and
straddling the jurisdiction of the City of Culver City and the unincorporated area
of the County of Los Angeles known as Baldwin Hills. Sentinel Peak Resources
currently operates the Inglewood Oil Field.
Internal Rate of Return (IRR): The Internal Rate of Return is the rate required to
discount future cash flows to a Net Present Value of zero.
6

Limited Liability Company (LLC): A form of business structure that pays no
corporate income tax. LLC income is passed through to owners, which pay
income taxes based on individual tax situations. The LLC is provided with the
limited liability protection of a traditional corporation.
Line 63 Crude Oil: Crude oil delivered by the Plains All American Pipeline System to
Los Angeles refineries and its terminal in Long Beach. Line 63 crude oil is a
blend of crude oils produced in the San Joaquin Valley and the outer continental
shelf offshore of California to refineries.
Maintenance: The diagnosis, repair or replacement of machinery, equipment, apparatus,
structures, and facilities used in connection with oil and gas operations.
Maintenance does not include costs to drill new wells, to redrill wells, or to
rework existing wells.
Market Return on Capital: The total return on capital earned in aggregate by
companies in a particular market sector.
Mineral Rights: Property rights to exploit an area for the minerals contained within a
property beneath the Earth’s surface.
Modified Accelerated Cost Recovery System (MACRS): The Modified Accelerated
Cost Recovery System provided in the U.S. Internal Revenue Service tax code for
calculating depreciation for income tax purposes.
Netback Price: The price realized by the seller for crude oil or natural gas at its location
of production.
Net Cash Flow: The amount of cash generated after deducting operating expenses,
interest expenses, income taxes, and capital expenditures from revenues.
Net Present Value (NPV): The cumulative value of future net cash flows generated by
an asset, discounted to a specific time.
Oil: Crude oil or a petroleum liquid derived from crude oil.
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Operating Costs and Expenses: Cash expenses associated with operation of an asset or
a business. Operating costs typically include costs for labor, marketing, general,
and administrative overhead, insurance, property taxes, operating materials, and
maintenance.
Pass-Through Corporation: A pass-through corporation does not pay income taxes, but
distributes (or passes through) income to owners of the pass-through corporation,
which pay income taxes based on their particular individual tax situation.
Petroleum: A mineral deposit that naturally occurs beneath the earth’s surface.
Petroleum includes crude oil, natural gas, and natural gas liquids that may be
extracted from rock formations.
Plains Resources, Inc.: A predecessor to Plains Exploration & Production Company
(PXP). Plains Resources, Inc. acquired Stocker Resources’ interests in the
Inglewood Oil Field in 1992.
Plains Exploration & Production Company (PXP): A petroleum and natural gas
exploration and production company based in Houston, Texas. PXP was a
principal operator of the Inglewood Oil Field between 2002 and 2013. In 2013,
Freeport-McMoRan Oil & Gas LLC acquired PXP, then owner/operator of the
Inglewood Oil Field.
Plug and Abandon: The permanent plugging of a production well that includes the
removal of all equipment related to the well and restoration of the well site to
natural conditions. Plug and Abandon activities in California are regulated by
CalGEM.
Price Assessment: The price of a commodity reported by a service organization that
surveys market participants at a particular market location. Price assessments are
often used to settle contracts that require market pricing.
Produced Water: Water that is produced from oil and gas wells. The fluids from a well
typically include a mixture of crude oil, natural gas, and water, which must be
separated for treatment and disposal.
8

Rate of Return: The profit on an investment over a period of time, expressed as a
proportion of the original investment.
Remaining Life: The amount of time that an asset is expected to remain in operation
without extensive renovation or replacement, based on its age and condition.
Royalty: The portion of oil and gas resource or revenue that the owner of the mineral
rights is entitled to receive from production. Oil and gas operators enter into
leases with owners of mineral rights that gives the operator permission to extract
oil and gas and provide a monetary royalty payment to the owner.
Sensitivity Analysis: Simulation analysis in which key quantitative assumptions and
computations (such as an underlying a decision, estimate, or project) are changed
systematically to assess their effect on the final outcome.
Service Life: The amount of time an asset may physically remain in operation without
extensive renovation or replacement.
Shut-in Well: A production well where surface equipment, wellhead, or subsurface
equipment have been closed to halt the flow either into or out of the well. A shutin well may be returned to operation.
Southern California Gas Company (SoCalGas): The Southern California Gas
Company is the primary provider of natural gas to the region of Southern
California.
Sentinel Peak Resources LLC (SPR): Sentinel Peak Resources LLC, the current
operator of the Inglewood Oil Field.
Standard Oil Company of California: Considered the original developer to first
commercially produce oil from the Inglewood Oil Field and a predecessor
company of Chevron Corporation.
Stocker Resources: A principal operator of the Inglewood Oil Field between 1991 and
2002. Stocker Resources purchased Chevron Corporation’s interests in the
Inglewood Oil Field in 1991.
9

Sustaining Capital Investment: Capital investment required to maintain the productive
capacity of an asset.
Tax Loss Carry-Forward: An accounting method that allows a company to carry
forward losses from prior tax years to offset future profits, affording the firm an
opportunity to lower its future income tax obligation.
Water Cut: The fraction of production fluids from a well that is water.
Waterflood: A method used in oil and gas production where water is injected into a
reservoir to increase well pressure and displace petroleum to production wells.
Weighted Average Cost of Capital (WACC): A rate of return at which a firm is able to
finance the purchase and operation of assets. It is typically comprised of the cost
of equity capital and the cost debt capital, weighted by the relative proportions of
capital used in the business.
Well: A hole sunk into the earth for use in oil and gas operations. A production well
produces reservoir fluids including crude oil, natural gas, and water. An injection
well is used to inject water or steam into a reservoir. A disposal well is used to
dispose of waste fluids into deep rock formations. Each type of well is
specifically engineered for its intended purpose.
West Texas Intermediate (WTI): A light, sweet crude oil priced at Cushing, Oklahoma
that serves as a benchmark price for crude oil in North America.
Workover: Major renovations to an existing oil or gas well, which may include liner
replacement or renewal and replacement of completion or production hardware in
order to restore mechanical integrity and extend the life of a well.

10

EXHIBIT B

DONALD L. FLESSNER
President
CAREER HIGHLIGHTS

SERVICES
Expert Witness and Dispute Support
Asset Valuations
Technology Assessment
Engineering, Procurement, and
Construction (EPC)
Commercial Contracts
Standard of Care
Due Diligence and Advisor to
Lenders and Investors

INDUSTRIES
Petrochemical / Chemical
Oil and Gas Production
Gas Processing
Petroleum Refining
Additional Process Industries
Renewable / Alternative Energy

EXPERIENCE
Gas to Liquids
Fertilizers
Arbitration
Expert Witness/Testimony
Ad Valorem Taxes
Environmental
Intellectual Property
Toxic Tort
Offshore
LNG
Gasification
EPC-related
Industry Practice/Standard of Care
Forensic Analysis
Commercial Terms Review

EDUCATION
Cleveland State University, M.B.A.
Finance (1989)
Cleveland State University, Post
Graduate Work - Chemical
Engineering (1979)
Mount Union College, B.S.
Chemistry and Biology (1977)
Magna Cum Laude

Don Flessner is President of Baker & O’Brien, Inc., and serves on the firm’s Board of
Directors. He has more than 30 years of technical and commercial experience in
the petroleum, chemicals, and fertilizers industries. After beginning his career in
specialty chemicals, Don’s experience at Sohio and BP Oil included technical
services, capital project evaluation and management, operations management,
wholesale marketing, supply logistics, and strategic planning. Don’s responsibilities
at BP Oil included implementation of several refinery capital projects and the
preparation of capital investment strategies for its five U.S. refineries.
Since becoming a consultant in 1992, Don has completed a wide range of
assignments in the upstream oil & gas, refining and marketing, gas processing,
chemicals, and fertilizer industries. These engagements have included due
diligence on behalf of investors and financial institutions for acquisitions and
construction projects around the world. He has prepared valuations of refinery,
transportation, and chemical manufacturing assets for companies, financial
institutions, and government agencies. He has served as a consulting expert and
testifying expert in litigation involving major construction projects, commercial
matters, product quality and testing, insurance claims, and industry standards and
practices on behalf of operating companies, contractors, and insurers involved in
the hydrocarbon and chemical process industries. Don has testified as an expert
witness in depositions, public hearings, jury trials, and international arbitrations.

PREVIOUS POSITIONS
1992-1994: Purvin & Gertz, Inc.,
Associate Consultant
1979-1992: BP Oil/Standard Oil Co. of Ohio,
Technical Specialist, Refining Department
Operations Planner, Products Supply & Trading
Senior Process Engineer, Refining Department
1977-1979: Scott & Fetzer Corp.,
Plant Chemist

CHARLES G. KEMP
Vice President, Business Development Manager
CAREER HIGHLIGHTS

SERVICES
Expert Witness and Dispute Support
Asset Valuations
Strategic Consulting and Industry
Advisory Services
Merger and Acquisition Support
Property Damage and Business
Interruption Insurance Claims
Markets and Strategy
Due Diligence and Advisor to
Lenders and Investors

INDUSTRIES
Petrochemical / Chemical
Transportation and Storage
Oil and Gas Production
Petroleum Refining
Gas Processing

EXPERIENCE
Arbitration
Expert Witness/Testimony
Ad Valorem Taxes
LP/Planning Practice
Physical Asset Appraisal
Business Interruption
Offshore
Pipeline
Product Quality
Project Feasibility
Pricing
Commercial Terms Review
Crude Oil Valuation

EDUCATION
Kellogg School of Management
Executive Education, Corporate
Entrepreneurship (1996)
Oklahoma State University, B.S.
Chemical Engineering (1989)

Charles Kemp’s expertise combines experience at three major energy corporations
in natural gas/oil production, refining, petrochemicals, natural gas liquids,
economics, planning, training, human resources, and engineering.
Charles’ consulting assignments have included petroleum asset valuations, shale oil
refining/logistics, purchase price allocations, and expert testimony presented in
international arbitration, district, and federal courts regarding supply disputes,
plant operations, natural gas production, business interruption, safety, and
environmental issues. His work includes advising legal teams on costs related to
numerous business interruption claims in the Exploration & Production and related
industries. Charles has experience in fire investigation, pipeline operations,
hydrocarbon measurement, prudent operations, and safety procedures.
Prior to joining Baker & O’Brien, Charles provided leadership in strategic planning,
economic modeling, price setting mechanisms, business development, logistics
management, fuel specifications, competitive analysis, and cost reduction. In a
career of over 25 years, Charles gained significant hands-on experience in
petrochemical supply chain management, refinery linear programs, feedstock
optimization, and turnaround planning.

PREVIOUS POSITIONS
2007-2008: Valero Energy Corp.,
Director-Planning, Economics and Laboratory
1998-2007: CITGO Refining and Chemicals,
Strategic Planning Engineer
Economics Analyst
1989-1998: Koch Industries,
Director-Business Development, Koch Hydrocarbon Co.
Business Associate-Koch Capital Services
Business and Economics Consultant-Koch Corporate Development Group
Project Manager-Koch Chemical Co.
Process Engineer-Koch Refining Co.

WILLIAM D. CHEEK
Analyst
CAREER HIGHLIGHTS

EDUCATION
Southern Methodist University, Cox
School of Business, M.B.A. (2009)
Baylor University, B.A. (2002)

After graduating in 2002, William joined The Perryman Group as an Economic
Analyst. He was responsible for creating and preparing economic damage models,
impact assessments, and forecast models for a diversity of clients. William, under
the direction of Dr. Ray M. Perryman, primarily worked on economic and liquidated
damage models for antitrust litigation. In addition, William was a contributor to The
Perryman Report, which provided economic analysis of topics relating to the
economies of the United States and Texas.
In 2004, William joined Parks Associates, a market research and consulting firm
focused on digital product and service market segments. While at Parks Associates,
William conducted primary consumer survey research, authored syndicated
primary research reports, conducted company briefings, provided consulting
services for Fortune 500 companies, and presented at industry seminars and
conferences.
Since joining Baker & O'Brien in June 2005, William has completed a wide range of
assignments in the upstream, midstream, refining, and chemical industries. These
projects have included asset valuation, cost of capital calculation, business
interruption, purchase price allocations, and due diligence projects for industry and
litigation purposes. He has assisted in the preparation of valuations of upstream,
midstream, and downstream assets for companies, financial institutions, and for
government agencies. Additionally, he has co-authored expert valuation reports of
upstream, midstream, and refining assets. William has testified as an expert witness
regarding the cost of capital in property tax hearings.

PREVIOUS POSITIONS
2004 - 2005: Parks Associates,
Analyst
2002 - 2004: The Perryman Group,
Economic Analyst

Exhibit C
Reference Materials
Seq No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Title
Plains Resources to Acquire Stocker Resources
Assessor’s Handbook Section 566 Assessment of Petroleum Properties
Final Environmental Impact Report, Baldwin Hills Community Standards District
IOF Hydraulic Fracturing Report
FCX Completes Acquisition of Plains Exploration & Production Co.
MLP Primer Fifth Edition
Analysis of Oil and Gas Well Stimulation Treatments in California, EIR Section 11
Annual Energy Outlook 2016
FCX Announces Ageement to Sell Onshore California Oil & Gas Properties
SPR Announces the Acquisition of FCX Onshore California Assets for $742 Million
Sentinel Peak Resources Announces Closing of Acquistion of FCX Properties
2018 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan
Value-Driven November Corporate Presentation
Annual Energy Outlook 2019
World Bank Commodity Price Data
This Week In Petroleum
2020 Drilling, Re-drilling, Well Abandonment, and Well Pad Restoration Plan
U.S. Nominal Cost per Foot of Crude Oil Wells Drilled
History of Inglewood Oil Field
CalGem Public Portal Website: https://www.conservation.ca.gov/calgem/Pages/Index.aspx
Natural Gas City Gate Price in California
Aswath Damodaran, Ph.D., http://pages.stern.nyu.edu/~adamodar/New_Home_Page/
Platts Price Assessments
Personal Consumption Expenditures Chain-type Price Index

Baker O'Brien, Inc.
May 2020

Date
May 13, 1992
August-96
October-08
July 13, 2012
May 31, 2013
October 31, 2013
June-15
May-16
October 14, 2016
October 14, 2016
January 3, 2017
November-17
November-18
January-19
September 4, 2019
October 9, 2019
November-19
December 17, 2019
May 27, 2020

Organization
California SBOE
Halliburton
Wells Fargo Securities
EIA

SPR
CRC
EIA
World Bank
EIA
SPR
EIA
SPR
CalGem
EIA
NYU Stern School
SPG Global
US Dept. Commerce

Well status as of December 2018

Map of City IOF

Exhibit D

May 2020

Yes
Yes

Yes
Yes

API #
03700248
03700249
03707468
03707469
03707472
03707475
03707476
03707477
03707867
03707873
03707876
03707881
03708129
03709080
03709082
03709083
03709084
03709086
03709087
03709088
03709090
03709097
03709101
03709113
03709118
03709139
03709140
03709145
03709149
03720042
03720069
03720462
03722281
03722541
03723170
03725079
03725221
03725222
03725256
03725342
03725375

Lease Name
TVIC
TVIC
Block
Block
Block
Block
Block
Block
Machado
Machado
Machado
Machado
VRU
VRU
VRU
VRU
VRU
VRU
VRU
VRU
VRU
TVIC
TVIC
TVIC
TVIC
TVIC
TVIC
TVIC
TVIC
TVIC
TVIC
TVIC
TVIC
VRU
VRU
TVIC
VRU
TVIC
TVIC
TVIC
TVIC

Well #
59
63
22
23
26
29
30
31
1
3-A
5
7-A
105
111
113-A
114A
115
116
117
118
111
5
11
25
30
55
56
62
74
64
54
69
220
254
261
268
284
271
272
100
101A

Operator Name
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC
Sentinel Peak Resources California LLC

County Name
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles
Los Angeles

Field Name
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood
Inglewood

Area Name
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area
Any Area

Baker & O'Brien, Inc.

Model #
3700248
3700249
3707468
3707469
3707472
3707475
3707476
3707477
3707867
3707873
3707876
3707881
3708129
3709080
3709082
3709083
3709084
3709086
3709087
3709088
3709090
3709097
3709101
3709113
3709118
3709139
3709140
3709145
3709149
3720042
3720069
3720462
3722281
3722541
3723170
3725079
3725221
3725222
3725256
3725342
3725375

CalGEM Data

CalGEM
Docs
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Drill
Year
1966
1966
1947
1941
1953
1961
1963
1964
1941
1941
1957
1952
1954
1926
1979
1977
1977
1953
1954
1954
1925
1926
1926
1925
1953
1961
1962
1957
1966
1967
1967
1968
1980
1982
1985
1998
2000
2000
2000
2002
2002

2016
Status
Operating
Operating
Operating
Idle
Idle
Operating
Idle
Operating
Idle
Operating
Injection
Operating
Operating
Idle
Operating
Injection
Idle
Operating
Injection
Injection
Idle
Idle
Idle
Operating
Operating
Operating
Operating
Operating
Operating
Injection
Operating
Idle
Injection
Idle
Idle
Injection
Injection
Injection
Injection
Operating
Operating

Well Identification

Listing of Wells in Culver City
Well Status as of 2016
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Exhibit E

Area Code
00
00
00
00
00
00
00
00
00
00
00
00
00
0
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00
00

District #
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Section
7
7
7
7
7
7
7
7
7
7
7
7
7
7
8
8
8
8
8
7
7
7
7
7
7
7
7
7
7
7
7
7
7
8
8
7
8
7
7
7
7

Township
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S
02S

Range
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W
14W

Base Meridian
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB
SB

Latitude
34.013046374
34.013428911
34.01322237
34.013882724
34.01346482
34.013080309
34.013334161
34.013918791
34.012606179
34.011784052
34.012079452
34.013648338
34.013380198
34.012677596
34.01221268
34.012731485
34.01226998
34.012096325
34.01212473
34.01269724
34.012677596
34.011944135
34.01372627
34.012352837
34.011819565
34.013130572
34.01204947
34.012986001
34.012706729
34.013890759
34.013078006
34.012736232
34.01234122
34.012701135
34.012470902
34.012512605
34.012811
34.012608
34.01258
34.012549725
34.012577086

Longitude
-118.382934168
-118.381852035
-118.384481215
-118.385177459
-118.38544087
-118.385322593
-118.385552524
-118.385040271
-118.385484864
-118.386663436
-118.385966601
-118.387732487
-118.379281486
118.378946071
-118.376751489
-118.375792225
-118.374775336
-118.378702719
-118.3776319
-118.3792035
-118.378946071
-118.37965694
-118.383906155
-118.38285481
-118.379585629
-118.384480037
-118.380421955
-118.38327733
-118.380081407
-118.382625834
-118.380101738
-118.381038844
-118.383903094
-118.37728821
-118.378002869
-118.383956364
-118.376637
-118.383881
-118.384362
-118.383866459
-118.384146957
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Exhibit F
Oil and Gas Production History and Forecast

0

20

40

60

80

100

120

Baker O'Brien, Inc.
May 2020

Price ($/Bbl.)

Crude Oil

>>Forecast

Natural Gas

Exhibit G
Netback Price History and Forecast

Exhibit H
Industry Sector WACC as of January 1
Oil & Gas Production and Exploration
Year
2016
2017
2018
2019
2020

Cost of Equity
12.05%
10.29%
8.80%
11.34%
9.61%

Equity %
54.80%
68.03%
70.47%
64.44%
63.94%

Note 1: After-tax cost of debt.

Baker O'Brien, Inc.
May 2020

Cost of Debt 1
3.91%
3.12%
5.25%
3.42%
2.75%

Debt %
45.20%
31.97%
29.53%
35.56%
36.06%

WACC
8.37%
8.00%
7.76%
8.52%
7.14%

Exhibit I
Allocation of FCX Transaction Value
Announced Price
Transaction Value 1
Price at Closing
592,000,000
Contingent Price
2018 50,000,000 Brent >$70/B
2019 50,000,000 Brent >$70/B
2020 50,000,000 Brent >$70/B
Assumed Liabilities
Abandonment
Cash Equivalent Price

742,000,000

Crude Oil Production, B/D
FCX Properties 4
IOF 5
6
City IOF

Adjusted Price

592,000,000
2
50,000,000 Brent=71.04
2
0 Brent=64.26
3
0 Brent=58.00

100,000,000
742,000,000

28,000
5,520
211

100.00%
19.71%
0.75%

28,000
5,520
211

100.00%
19.71%
0.75%

Allocation of Cash Equivalent Price
FCX Properties 742,000,000
IOF 146,280,000
City IOF
5,591,500

100.00%
19.71%
0.75%

742,000,000
146,280,000
5,591,500

100.00%
19.71%
0.75%

Sources:
1. Freeport-McMoRan Announces Agreement to Sell Onshore California Oil & Gas
Properties for $742 Million, Including Contingent Consideration ; Oct. 14, 2016
2. Platt's price assessment for Dated Brent.
3. This Week in Petroleum , EIA, Oct. 9, 2019
4. Sentinel Peak Resources Announces the Acquisition of FreeportMcMoRan's
Onshore California Assets for $742 Million ; Oct 14, 2016
5. 2018 Drilling, Re-drilling, Well abandonment, and Well Pad Restoration Plan,
SPR, Nov 2017; pg 1
6. CalGEM

Baker O'Brien, Inc.
May 2020
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Exhibit J
IRR Test for Amortization of Capital Investment
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Exhibit K
NPV Test for Amortization of Capital Investment

Complete Amort Years
1977
1979
3
1979
1980
2
1982
None None
1985
None None
2002
2004
3
2002
2006
5

Baker O'Brien, Inc.
May 2020

Well No
3709084
3709082
3722541
3723170
3725342
3725375

2016
IRR
36.0%
52.8%
5.1%
6.4%
47.7%
30.2%

O&G
BBL
13,086
16,003
6,518
9,770
18,204
10,158

Water
BBL
105,514
241,377
309,739
395,551
211,772
266,794

Water Cut
%
89.0%
93.8%
97.9%
97.6%
92.1%
96.3%

Oil Price
$/B
25.59
31.24
23.56
15.56
38.78
38.78

First 5 yrs
Capex
Avg. $/B Oil
4.25
4.36
9.77
7.18
6.30
11.29

Exhibit L
Amortization of Capital Investment for Individual Wells

Opex
$/B Oil
7.59
9.50
11.77
11.82
13.83
17.04

Oil Price/
Capex + Opex
2.2
2.3
1.1
0.8
1.9
1.4

Simple Payback
Yr
1
1
4
19
2
3

Baker O'Brien, Inc.
May 2020

Period
Wells
1925-1949
9
1950-1976
16
1950-1959
6
1960-1976
10

Year 15
IRR
14.2%
14.2%
15.0%
11.9%

O&G
BBL
66,940
202,761
86,934
115,827

Water
BBL
472,682
3,217,333
666,545
2,550,788

Water Cut
%
87.6%
94.1%
88.5%
95.7%

First 5 yrs
Oil Price
Capex
$/B
Avg. $/B Oil
1.42
1.01
3.85
1.89
2.74
1.36
4.52
2.29

Exhibit M
Economics for Wells Drilled Prior to 1977

Opex
$/B Oil
0.66
2.12
1.47
2.61

Oil Price/
Capex + Opex
0.8
1.0
1.0
0.9

Simple Payback
Yr
5
5
5
6

37,547
19,934
3,434
3,017
11,162
24.05%

Period 2017-2026
Total Revenues, $M
Total OPEX, $M
Total CAPEX, $M
Total Taxes, $M
Total Net Cash Flow, $M
Cumulative IRR at 2026

Baker O'Brien, Inc.
May 2020

4
2020
24.05%

Years for Amortization of Capital Investment
Amortization of Capital Investment by
Maximum IRR

Model Results

7
180
2,500
375

Capital Expenditures: 2018$M
Workover Interval (Years)
Workover Cost per Event
Drilling and Completion Cost per Well
Plug & Abandonment Cost per Well

15.00%

Royalties
Royalty Percentage

8.00
0.25

0.25
(1.75)
0.00
0.172

Price Adjustments: 2018 Dollars/Bbl
Crude Oil Transportation - Inglewood to LB
Crude Oil Quality Differential
Natural Gas Quality Differential
Btu Equivalent: 5.8 MMBtu per BOE

Operating Costs: 2018$/Bbl
Oil & Gas Wells
Produced Water

8.00%
2016
4,650

Industry Return on Investment
Investment Year
Initial Capital Investment, $M

Model Assumptions

Exhibit N
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Rate of Retun, %
Net Present Value (Thousands of
Nominal Dollars)

37,547
19,934
3,434
2,811
11,368
19.92%

Period 2017-2026
Total Revenues, $M
Total OPEX, $M
Total CAPEX, $M
Total Taxes, $M
Total Net Cash Flow, $M
Cumulative IRR at 2026

Baker O'Brien, Inc.
May 2020

5
2021
19.92%

Years for Amortization of Capital Investment
Amortization of Capital Investment by
Maximum IRR

Model Results

7
180
2,500
375

Capital Expenditures: 2018$M
Workover Interval (Years)
Workover Cost per Event
Drilling and Completion Cost per Well
Plug & Abandonment Cost per Well

15.00%

Royalties
Royalty Percentage

8.00
0.25

0.25
(1.75)
0.00
0.172

Price Adjustments: 2018 Dollars/Bbl
Crude Oil Transportation - Inglewood to LB
Crude Oil Quality Differential
Natural Gas Quality Differential
Btu Equivalent: 5.8 MMBtu per BOE

Operating Costs: 2018$/Bbl
Oil & Gas Wells
Produced Water

8.00%
2016
5,340

Industry Return on Investment
Investment Year
Initial Capital Investment, $M

Model Assumptions

Exhibit O
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Sensitivity Case: SPR Acquisition Cost of $5.34 million
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Rate of Retun, %
Net Present Value (Thousands of
Nominal Dollars)

38,157
20,025
3,434
3,148
11,550
24.71%

Period 2017-2026
Total Revenues, $M
Total OPEX, $M
Total CAPEX, $M
Total Taxes, $M
Total Net Cash Flow, $M
Cumulative IRR at 2026

Baker O'Brien, Inc.
May 2020

4
2020
24.71%

Years for Amortization of Capital Investment
Amortization of Capital Investment by
Maximum IRR

Model Results

7
180
2,500
375

Capital Expenditures: 2018$M
Workover Interval (Years)
Workover Cost per Event
Drilling and Completion Cost per Well
Plug & Abandonment Cost per Well

15.00%

Royalties
Royalty Percentage

8.00
0.25

0.25
(0.50)
0.00
0.172

Price Adjustments: 2018 Dollars/Bbl
Crude Oil Transportation - Inglewood to LB
Crude Oil Quality Differential
Natural Gas Quality Differential
Btu Equivalent: 5.8 MMBtu per BOE

Operating Costs: 2018$/Bbl
Oil & Gas Wells
Produced Water

8.00%
2016
4,730

Industry Return on Investment
Investment Year
Initial Capital Investment, $M

Model Assumptions

Exhibit P
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Sensitivity Case: Crude Oil Quality Discount
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Rate of Retun, %
Net Present Value (Thousands of
Nominal Dollars)

37,547
19,934
3,434
3,130
11,049
26.81%

Period 2017-2026
Total Revenues, $M
Total OPEX, $M
Total CAPEX, $M
Total Taxes, $M
Total Net Cash Flow, $M
Cumulative IRR at 2026

Baker O'Brien, Inc.
May 2020

5
2021
26.81%

Years for Amortization of Capital Investment
Amortization of Capital Investment by
Maximum IRR

Model Results

7
180
2,500
375

Capital Expenditures: 2018$M
Workover Interval (Years)
Workover Cost per Event
Drilling and Completion Cost per Well
Plug & Abandonment Cost per Well

15.00%

Royalties
Royalty Percentage

8.00
0.25

0.25
(1.75)
0.00
0.172

Price Adjustments: 2018 Dollars/Bbl
Crude Oil Transportation - Inglewood to LB
Crude Oil Quality Differential
Natural Gas Quality Differential
Btu Equivalent: 5.8 MMBtu per BOE

Operating Costs: 2018$/Bbl
Oil & Gas Wells
Produced Water

12.00%
2016
4,270

Industry Return on Investment
Investment Year
Initial Capital Investment, $M

Model Assumptions

Exhibit Q
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Sensitivity Case: Return on Capital
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Rate of Retun, %
Net Present Value (Thousands of
Nominal Dollars)
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INTRODUCTION

INTRODUCTION

C

alifornia’s economy remains larger than all but four nations with an annual gross
domestic product (GDP) of nearly $3 trillion in 2018. The May Revision protects
the hard-won recovery and is centered on making necessary investments for a more
effective government, promoting affordability and opportunity, and supporting justice
and dignity for all Californians.
Data for 2018 reflect that the growth in California’s GDP continues to outpace the
nation as a whole. However, this growth is taking place against a backdrop of
increasing risks: the International Monetary Fund recently projected that 70 percent of
the world’s economy would see a slowing of growth in 2019 and the Federal Reserve
also projects slower U.S. growth. Federal tax reform has not resulted in increased wages
for workers. Total wages and salaries in 2018 grew at almost one-half the rate of growth
during the last period of low unemployment (2000).
The May Revision recognizes these risks and the inextricable linkage between fiscal
prudence and the state’s ability to promote affordability and economic opportunity.
Accordingly, it simultaneously expands the Governor's commitment to budget resiliency
and increases support for California's most vulnerable populations and working families.
The May Revision projects short-term revenues of $3.2 billion above the Governor's
Budget. However, most of the increased revenues are constitutionally obligated to
reserves, debt repayment, and schools. Therefore, the budget surplus remains relatively
unchanged. Despite the short-term gains, slower economic growth leads to a lower
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forecast in out-year revenues—$1.6 billion lower in 2022-23 compared to the forecast in
January.
Strong Foundation, Intensified Risks
The state has built a strong fiscal foundation by paying down debts and liabilities and
building up reserves that will help manage the effects of an economic downturn.
However, growing uncertainty related to the global political and economic climate,
federal policies, rising costs, and the length of the current economic expansion require
that the Budget be prudent.
The May Revision forecast recognizes slower growth in the economy, but does not
predict a recession. However, the state must be prepared for the possibility that even a
moderate recession could result in revenue declines of nearly $70 billion and a budget
deficit of $40 billion over three years.

Given the slowing economic forecast and the intensified risks, the May Revision
continues to save and prepare for uncertain times ahead. To maintain structural
balance in each year over the forecast period, the May Revision proposes to sunset
certain program expansions at the end of December 31, 2021. This includes programs in
which the growth of expenditures continues to outpace long-term revenue growth, and
where the Administration is committed to reforms that bend the cost curve.

2
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Building Budget Resiliency and Paying Down Unfunded Retirement Liabilities
The May Revision allocates $15 billion to building budgetary resiliency and paying down
the state's unfunded liabilities—$1.4 billion higher than proposed in January. This
includes $4.5 billion to eliminate debts and reverse deferrals, $5.7 billion to build
reserves, and $4.8 billion to pay down unfunded retirement liabilities. In the first two of
these three categories, the May Revision reflects the following changes:
• Eliminate Debts and Reverse Deferrals—The revised total now includes a portion of
the Proposition 98 settle-up that was not reflected in the Budget. This marks the first
time in over a decade that all budgetary debts are completely paid off.
• Build Reserves—An additional $1.2 billion deposit into the Rainy Day Fund brings
the reserve to $16.5 billion in 2019-20. The Rainy Day Fund is now expected to reach
its constitutional cap of 10 percent of General Fund Revenues in 2020-21—two years
earlier than predicted in January. By the end of 2022-23, the Rainy Day Fund
balance is projected to be $18.7 billion. In addition, for the first time, $389 million in
Proposition 98 funding is reserved in the Public School System Stabilization Account.
This transfer is required by Proposition 2.
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Effective Government
Building budget resiliency promotes a more effective government that can withstand
downturns in the economy, as well as natural and human-caused emergencies and
disasters.
The May Revision also includes critical investments needed to sustain and improve
California’s emergency readiness, response, and recovery capabilities. This includes
funding to protect vulnerable populations and public safety related to power
interruptions planned by utilities during the upcoming fire season.
Maintaining a balanced budget and increasing budget resiliency is non-negotiable
and a predicate for expanding programs.
Affordability and Opportunity
The Governor's Budget made major investments to address the fact that far too many
Californians simply cannot pay basic bills, afford health care, find an affordable place
to live, or provide opportunities for their children to thrive from cradle-to-career.
The May Revision maintains and expands these investments. However, based on lower
growth in out-year revenues, to maintain a structurally balanced budget, more of these
investments are now proposed to be temporary allowing for review of these
investments in the future.
The May Revision continues to expand the Earned Income Tax Credit (EITC) and
includes an additional $210 million. The Cal-EITC: A Cost-of-Living Refund will help
low-income families with young children by expanding the additional credit proposed
in January from $500 to $1,000. The May Revision also provides for monthly advanced
payments contingent on a federal waiver to ensure participants do not lose federal
benefits. This increased tax refund will help economically distressed families with the
costs of food, rent, and child care.
The Administration continues to work on several strategies to improve affordability and
access to health care, including addressing the rising cost of prescription drugs,
increasing health insurance subsidies so that more middle-class Californians can afford
health coverage through Covered California, and moving closer to universal coverage
by expanding full-scope Medi-Cal coverage eligibility to young adults ages 19 through
25 regardless of immigration status.
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The Administration continues to work with local governments and stakeholders to
address the housing crisis head-on, including identifying excess state property that can
be used for housing development. The May Revision updates the Governor’s January
housing proposal to focus on accelerating housing development and leveraging
private investment from newly formed Opportunity Funds. The May Revision also
doubles the General Fund support to legal aid resources to help renters fight back
against rent gouging and other unfair practices.
The May Revision prioritizes cradle-to-career opportunities by recognizing the crucial
investments needed to support young children and their parents. These investments
include increasing training for doctors so they can identify and treat issues related to
childhood trauma, and additional funding for expanded investments in childcare.
The Budget established the goal to expand California's Paid Family Leave program so
newborns can be cared for by a parent or close relative for the first six months of the
child’s life. The May Revision reflects a down payment towards this goal by expanding
paid family leave for each parent from six to eight weeks. This expansion adds an
additional month of paid leave for two-parent families, allowing up to a combined four
months of leave after the birth or adoption of their child.
The May Revision further expands funding for K-12 schools by providing approximately
$5,000 more per pupil than eight years ago, including greater investments to assist
students with the greatest needs. The Governor's Budget reflected a significant increase
in funding for special education and the May Revision further increases the ongoing
funding by over $300 million compared to the Governor's Budget. The May Revision
makes significant investments in the recruitment and retention of qualified teachers by
revamping teacher training and providing targeted loan repayments.
Colleges and universities remain engines of economic mobility. The May Revision
maintains funding for two free years of community college tuition for first-time full-time
students, and provides significant increases for the California State University and the
University of California to prevent tuition increases in the budget year.
Justice and Dignity
California is facing a homelessness epidemic across the state. This crisis is exacerbated
by a health care system that does not adequately serve individuals with mental illness.
The May Revision invests an additional $150 million for a total of $650 million one-time to
support local governments on the frontline combating this epidemic. The May Revision
also includes additional funding to expand the whole person care pilot projects to
additional counties and makes a major investment in workforce, education, and
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training of mental health professionals. In total, the May Revision includes $1 billion to
prevent and mitigate the homelessness epidemic.
The May Revision increases access to justice by providing funding for 25 new judgeships
and expanded language access services in the courts. The May Revision also includes
an overhaul of the substance use disorder programs in prison, including integrating
medically assisted treatment and reentry services as appropriate. The May Revision also
expands reentry beds to continue progress in closing gaps and supporting all
Californians in having access to justice and dignity.
A Strong Foundation is Fundamental to a California for All
Maintaining the fiscal health of the state is an ongoing challenge given its volatile
revenue base and limited spending flexibility. The Budget demands constant attention
to stay in balance. Vigilance is especially needed this year given the length of the
current economic expansion and federal uncertainty. The May Revision takes a careful
approach by allocating $15 billion toward building more budget resiliency through
paying off debts and deferrals, building reserves, and paying down unfunded liabilities.
It makes strategic investments, mainly one-time, to expand affordability and
opportunity, strengthen the state's readiness and emergency response, and promote
access to justice and dignity. Building a strong foundation now is the best way the state
can prepare for the future and continue to build a California for all.
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his section provides various statewide budget charts and tables.
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T

he May Revision builds on the framework adopted in the Governor's Budget to
promote a healthy start for all young children to improve their life outcomes and
immediately reduce the impacts of poverty. It also recognizes the need for California to
create a Master Plan for Early Learning and Care by investing in the building blocks
needed to expand the state's existing system and plan for an integrated and
comprehensive early learning system that will provide opportunities for the youngest
Californians for years to come.

MASTER PLAN FOR EARLY LEARNING AND CARE
The Governor's Budget included $10 million for a long-term strategic plan that will
provide a road map for a more well-aligned comprehensive early learning and care
system. The Master Plan for Early Learning and Care will build on recent work by the
Legislature and the California Department of Education. The Master Plan will
recommend next steps to achieve universal preschool, as well as improved access to
and quality of subsidized child care. It will include strategies to address facility capacity,
a trained workforce, and revenue options to support the Plan. The Plan will reflect the
principle of shared responsibility and outline the appropriate role for parents,
government, and business in meeting child care needs to ensure California has a
comprehensive plan from birth through elementary school.
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INCREASING ACCESS TO CHILD CARE
The May Revision includes several new investments to increase access to subsidized
child care for low-income families. These proposals expand the number of child care
vouchers funded by the state, provide families receiving CalWORKs subsidies with
additional continuity and stability in their access to subsidized child care, and provide
options for emergency child care for families in crisis. Specifically the May Revision
includes:
• $80.5 million Cannabis Fund to subsidize child care for school-age children from
income-eligible families. These funds are continuously appropriated.
• $40.7 million General Fund in 2019-20 and $54.2 million ongoing General Fund to
allow CalWORKs recipients to receive Stage 1 child care for up to 12 months. This will
provide CalWORKs clients consistent child care access while their work activities
stabilize.
• $12.8 million federal funds to pilot a program to allow alternative payment agencies
to offer emergency child care vouchers to families on the waiting list who are in crisis
and in need of temporary assistance.
• $2.2 million ongoing federal funds to improve child care quality through Quality
Counts California.
Additionally, the May Revision increases funding for CalWORKs Stages 2 and 3 child
care by $38.2 million ongoing General Fund, for a total of $157.5 million in additional
funding in 2019-20, reflecting an increase of almost 14,000 children in these programs
(a 13.4 percent increase). This large increase in caseload is likely associated with recent
policy changes increasing the income ceilings for program eligibility and allowing for
12-month eligibility.

UNIVERSAL PRESCHOOL
It is a priority of the Administration that all children have access to a high-quality
preschool program before they begin kindergarten. Consistent with this priority, the
Governor's Budget proposed increasing access to the existing State Preschool
program by providing 30,000 full-day, full-year State Preschool slots for all eligible
low-income four-year-olds.
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To align the release of the proposed slots with the application process required to
identify providers and to enter into contracts, the May Revision moves the release date
for the first 10,000 slots to April 1, 2020. Given lower projected revenues over the forecast
period, the May Revision postpones the release of the final 20,000 slots. Providing
universal access to preschool for all four-year-olds remains a top priority for the
Governor, and the Administration looks forward to recommendations from the
proposed Master Plan for Early Learning and Care on how to balance the costs of
increasing access to State Preschool with available state resources.

FULL-DAY KINDERGARTEN EXPANSION
The Governor’s Budget included $750 million in one-time non-Proposition 98 General
Fund to assist schools in constructing or retrofitting facilities to expand access to full-day
kindergarten programs. The May Revision adjusts the proposal to $600 million one-time
non-Proposition 98 General Fund.
The May Revision proposes several revisions to the program so funding is better targeted
at expanding access to full-day kindergarten programs. First, the May Revision makes
funding available over a three-year period, but with eligibility limited during the first two
years to schools that will convert from part-day to full-day kindergarten programs.
Additionally, to provide a greater fiscal incentive and support for districts to participate
in the program, the May Revision also increases the state share of the facility grant from
50 percent to 75 percent for schools converting from part-day to full-day kindergarten.
The program will continue to prioritize available grants toward school districts with high
rates of students receiving free and reduced price meals and enable eligible school
districts to qualify for financial hardship funding similar to the traditional K-12 facilities
program.

REDUCING CHILDHOOD POVERTY
TRAUMA AND DEVELOPMENTAL SCREENINGS
The Governor’s Budget included funding for developmental screenings and screenings
for trauma for Medi-Cal beneficiaries. The May Revision recognizes the need to train
providers who will be administering screenings for trauma for children and adults, and
proposes $25 million in 2019-20, $20 million in 2020-21, and $15 million in 2021-22
(all Proposition 56 funds) for this purpose.
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The Trauma Screening Advisory Workgroup, as required by Chapter 700, Statutes of
2017 (AB 340), has provided recommendations to the Department of Health Care
Services on the screening tools that should be offered to Medi-Cal providers for
screening children.
The May Revision also includes technical adjustments to the Governor's Budget
proposals on trauma and developmental screenings to reflect cash-based accounting
in Medi-Cal.

HOME VISITING
The May Revision includes an additional $10.7 million General Fund and federal
Temporary Assistance for Needy Families block grant funds to reflect updated
projections of CalWORKs cases eligible for home visiting services. This increase brings
total funding in 2019-20 for the program to $89.6 million, which is expected to serve
approximately 18,500 CalWORKs cases.
The May Revision also includes $34.8 million to reflect reimbursements from the
Department of Health Care Services for Medicaid-eligible activities previously not
reflected in the Governor’s Budget. Of this amount, $22.9 million will support the
California Home Visiting Program and $12 million will support the Black Infant Health
Program, including the Perinatal Equity Initiative. These funds will allow the Department
of Public Health to increase and improve participation in both programs.
The reimbursements leverage $30.5 million General Fund proposed in the
Governor's Budget to expand the California Home Visiting and Black Infant Health
Programs.

PAID FAMILY LEAVE
California’s Paid Family Leave program, a component of the State’s Disability Insurance
program, currently allows workers to take up to six weeks of paid leave annually to care
for a seriously ill family member or to bond with a newborn or newly adopted child, with
wage replacement of up to 70 percent of salary based on income level. The Paid
Family Leave program is funded through state-required employee payroll deductions.
The contribution rate is adjusted each year based on a statutory formula designed to
collect revenues sufficient to fund benefits and program administration, as well as to
maintain a reserve to accommodate fluctuations in fund revenue or disbursements.
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The Governor’s Budget committed to expanding California’s Paid Family Leave
program with the goal that all newborns and newly adopted babies could be cared for
by a parent or close family member for the first six months. Research has shown a strong
connection between providing this duration of care with positive health and
educational outcomes for children and enhanced economic security for
parents. Further, given the high cost of infant child care, making it possible for children
to be with their parents during this period of time is cost-effective for both families and
taxpayers.
As a down payment on this commitment, the Administration proposes to expand the
maximum duration of a Paid Family Leave benefit claim from six weeks to eight weeks
for all bonding and care-giving claims, effective July 1, 2020. This expansion adds an
additional month of paid leave for two-parent families—allowing up to a
combined four months of leave after the birth or adoption of their child. The proposal
will also allow claimants to take a full eight weeks to assist a family member for military
deployment, pursuant to Chapter 849, Statutes of 2018 (SB 1123), when that bill takes
effect on January 1, 2021.
To deliver this expanded benefit, the minimum reserve in the Disability Insurance Fund
will be reduced by 15 percent, which still maintains an adequate reserve. This new
reserve amount will be sufficient to absorb fluctuations in revenues due to future
economic downturns as well as increased use of benefits. The reserve rate change is
effective beginning July 1, 2019.
The Administration will soon convene a task force to consider different options to
phase-in and expand Paid Family Leave to meet the Administration’s goal that all
babies can be cared for by a parent or a close relative for up to six months. The task
force will also evaluate important policy considerations such as alignment of existing
worker protections and non-retaliation protections for employees’ use of the program,
as well as adjustments to the wage replacement rate. By November, the task force will
issue recommendations for consideration in the 2020-21 Governor’s Budget.

CHILD SAVINGS ACCOUNTS
The Governor's Budget proposed $50 million one-time General Fund for Child Savings
Account pilot programs to support and encourage families to build assets for their
children's post-secondary education. As referenced in the Higher Education Chapter,
the May Revision identifies the California Student Aid Commission, in consultation with
First 5 California, as the administrator of the pilot programs.
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C

alifornia provides instruction and support services to roughly six million students in
grades kindergarten through twelve in more than 10,000 schools throughout the
state. A system of 58 county offices of education, more than 1,000 local school districts,
and more than 1,200 charter schools provides instruction in English, mathematics,
history, science, and other core competencies.
The May Revision includes total funding of $101.8 billion ($58.9 billion General Fund and
$42.9 billion other funds) for all K-12 education programs.

PROPOSITION 98
Proposition 98 is a voter-approved constitutional amendment that guarantees minimum
funding levels for K-12 schools and community colleges. The Guarantee, which went
into effect in the 1988-89 fiscal year, determines funding levels according to multiple
factors including the level of funding in 1986-87, General Fund revenues, per capita
personal income, and school attendance growth or decline. The Local Control Funding
Formula is the primary mechanism for distributing these funds to support all students
attending K-12 public schools in California.
Total K-14 Proposition 98 funding at May Revision is $75.6 billion in 2017-18, $78.1 billion in
2018-19, and $81.1 billion in 2019-20.

MAY REVISION — 2019-20

17

K-12 EDUCATION

RcAy7kI2w8 BQ3aA

Relative to the Governor's Budget, Proposition 98 funding at May Revision is up by
$78.4 million in 2017-18, $278.8 million in 2018-19, and $389.3 million in 2019-20. This
assumes that average daily attendance continues to decline slightly. These changes
are largely due to increases in General Fund revenues over Governor's Budget
($2 billion in 2018-19 and $1.6 billion in 2019-20), an increase in the minimum guarantee
funding level in 2017-18 due to increases in prior year apportionment costs, and a
slightly slower decline in average daily attendance than projected in the Governor’s
Budget.

PUBLIC SCHOOL SYSTEM STABILIZATION ACCOUNT
Proposition 2, enacted by voters in 2014, established the Public School System
Stabilization Account, also referred to as the Proposition 98 Rainy Day Fund, within the
Proposition 98 Guarantee as a mechanism to lessen the impact of volatile state
revenues on K-14 schools. In a fiscal year when all of the following conditions are met, a
deposit is made into the Account:
• State General Fund revenues from capital gains exceed 8 percent of total revenues
• Proposition 98 “Test 1” is operative
• Proposition 98 maintenance factor obligations created prior to 2014-15 have been
paid
• The Proposition 98 required minimum funding level is not suspended
• The Proposition 98 funding level is greater than the prior year’s funding level,
adjusted for attendance growth and inflation (i.e., "Test 1" is greater than "Test 2")
Deposits made into the Account can be spent in fiscal years in which the minimum
Proposition 98 funding level is not sufficient to fund the prior year funded level adjusted
for growth and inflation.
The May Revision projects that a deposit into the Account is required per the
Constitution. Pursuant to Proposition 2, the amount deposited into the Account is the
difference between the Test 1 funding level and the prior year funding level adjusted
for growth and inflation, but not more than the amount of capital gains revenues in
excess of 8 percent of total revenues. In 2019-20, this results in a required deposit of
$389.3 million.
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Under current law, there is a cap on school district reserves in fiscal years immediately
succeeding those in which the balance in the Account is equal to or greater than
3 percent of the total K-12 share of the Proposition 98 Guarantee (approximately
$2.1 billion). Because the balance in 2019-20 is equal to the amount of the deposit
($389.3 million), school district reserve caps are not required in 2020-21.

K-12 FUNDING PRIORITIES
The May Revision proposes to use increased one-time and ongoing resources to
improve student outcomes and support the long-term fiscal stability of school districts.

SPECIAL EDUCATION
The May Revision proposes to allocate $696.2 million ongoing Proposition 98 General
Fund for special education. This is $119.2 million more than was proposed in the
Governor's Budget and is a 21-percent year-over-year increase in state funding for
services for students with disabilities. The Administration remains concerned about the
level of coordination between local general education and special education
programs, as well as program governance and accountability for special education
student outcomes.
The May Revision also includes $500,000 one-time non-Proposition 98 General Fund to
increase local educational agencies’ ability to draw down federal funds for medically
related special education services and to improve the transition of three-year-olds with
disabilities from regional centers to local educational agencies. This funding will allow
staff from the Department of Education, the Department of Health Care Services, the
Department of Developmental Services, local educational agencies, and regional
centers to coordinate and collaborate in providing services and supports for students
with disabilities.
The May Revision also includes a requirement that charter schools better integrate and
serve special education students, as described below in the Charter Schools section.

RETAINING AND SUPPORTING WELL-PREPARED EDUCATORS
The state has well-documented, long-term statewide teacher shortages in the areas of
special education, science, and math. Certain regions of the state, including rural and
high cost-of-living areas, have been more heavily impacted than others, and report
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difficulty hiring fully credentialed teachers regardless of subject matter area. When
school districts cannot find a credentialed teacher to fill a vacancy, they will often hire
teachers on temporary permits or waivers. Teachers hired on waivers or permits are
more likely to lack teacher preparation/pedagogical training and sometimes content
area expertise as well. According to data from the Commission on Teacher
Credentialing, school districts hired approximately 6,000 teachers and 8,000 teachers on
waivers or permits in fiscal years 2016-17 and 2017-18, respectively. In both 2016-17 and
2017-18, the majority of permits and waivers were issued for special education, STEM
(science, technology, engineering, and mathematics), and bilingual assignments.
As referenced in the Higher Education Chapter, to recruit and retain qualified teachers
in school districts with high rates of under‑prepared teachers, the May Revision includes
$89.8 million one-time non-Proposition 98 General Fund to provide an estimated
4,500 loan assumptions (repayments) of up to $20,000 for newly credentialed teachers
to work in high-need schools for at least four years. Funds will be prioritized for teachers
in hard-to-hire subject matter areas (special education and STEM) and school sites with
the highest rates of non‑credentialed or waiver teachers. The California Student Aid
Commission will administer the program in consultation with the Commission on Teacher
Credentialing.
Additionally, the May Revision includes $44.8 million one-time non-Proposition 98
General Fund to provide training and resources for classroom educators, including
teachers and paraprofessionals, to build capacity around inclusive practices, social
emotional learning, computer science, and restorative practices as well as subject
matter competency, including STEM. Training and resources developed will be
incorporated into the statewide system of support.
Finally, the May Revision includes $13.9 million ongoing federal funds for professional
learning opportunities for public K-12 school administrators to provide the knowledge,
skills, and competencies necessary to successfully support the diverse student
population served in California public schools. The training and resources developed as
a result of this proposal will be provided in alignment with the statewide system of
support.

COMPUTER SCIENCE
It is a priority of the Administration that all students in the K-12 public school system are
able to access computer science education to provide them with the skills they need
to succeed. In an important step toward this goal, the State Board of Education
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adopted California’s first set of Computer Science Content Standards for K-12 schools in
September 2018. It is anticipated that the Board will adopt an implementation plan for
these new standards in May 2019. The Administration will consider the
recommendations included in the implementation plan, data on student access to
technology and STEM education throughout the state, as well as input from experts.
In the year ahead, the Administration will develop a comprehensive plan to achieve
the goal of providing access to computer science education for all students for
consideration as part of next year's budget. In addition to STEM and computer science
training for teachers, the May Revision includes the following proposals as a down
payment to a more comprehensive package:
• Broadband Infrastructure—While the state has made significant investments in
school district broadband infrastructure in recent years, persistent gaps still exist in
California’s schools. Some districts still need infrastructure and updates to meet the
growing bandwidth needs of digital learning. To expedite these solutions, the May
Revision includes $15 million one-time non-Proposition 98 General Fund for
broadband infrastructure.
• California Computer Science Coordinator—To provide cohesive statewide
organization in implementing the new computer science standards and developing
a comprehensive plan to promote computer science for all California students, the
May Revision includes $1 million one-time non-Proposition 98 General Fund,
available over four years, to the State Board of Education to establish a state
Computer Science Coordinator.

CALSTRS EMPLOYER CONTRIBUTION RATE
The Governor's Budget proposed funding to reduce employer contributions to CalSTRS
from 18.13 percent to 17.1 percent in 2019-20, based on current assumptions. This
reduction was intended to provide some immediate fiscal relief to school districts for the
rising cost of teacher pensions and was part of a larger $3 billion one-time
non-Proposition 98 General Fund payment to CalSTRS to reduce long-term liabilities for
employers.
The May Revision adds $150 million one-time non-Proposition 98 General Fund to reduce
the employer contribution rate to 16.7 percent in 2019-20.
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CHARTER SCHOOLS
The Administration is committed to a system where traditional and charter schools work
together to serve the best interests of all students in a community. The May Revision
proposes statute to level the playing field for both traditional and charter schools.
Specifically, the May Revision includes the following proposals to prevent families from
being wrongfully turned away from the public school of their choice:
• Prohibits charter schools from discouraging students from enrolling in a charter
school or encouraging students to disenroll from a charter school on the basis of
academic performance or student characteristic, such as special education status.
• Prohibits charter schools from requesting a pupil’s academic records or requiring
that a pupil’s records be submitted to the charter school prior to enrollment.
• Creates a process for families of prospective and current charter school students to
report concerns to the relevant authorizer.
• Requires the Department of Education to examine the feasibility of using data from
the California Longitudinal Pupil Assessment Data System to identify charter school
enrollment disparities that may warrant inquiry and intervention by corresponding
authorizers.
These proposals build on charter school transparency legislation signed by the
Governor earlier this year and other legislation proposed in the Governor's Budget that
better aligns the governance, transparency, and accountability requirements of school
districts and charter schools.
The Governor's Budget identified growing charter school enrollment as a factor
affecting the fiscal condition of some school districts. The Governor requested that the
State Superintendent of Public Instruction convene a task force to examine the fiscal
impact of charter schools on school districts. The Charter Task Force is expected to
deliver recommendations to the Administration by July 1.

OTHER K-12 BUDGET ISSUES
Significant Adjustments:
• LCFF Adjustments—An increase of $70 million Proposition 98 General Fund in 2018-19
and a decrease of $63.9 million Proposition 98 General Fund in 2019-20 for school

22

MAY REVISION — 2019-20

K-12 EDUCATION

RcAy7kI2w8 BQ3aA

districts, charter schools, and county offices of education to reflect changes in
average daily attendance and cost-of-living (COLA only in 2019-20) that affect the
LCFF calculation.
• Classified School Employees Summer Assistance Program—An increase of $36 million
one-time Proposition 98 General Fund to provide an additional year of funding for
this program, which provides a state match for classified employee savings used to
provide income during summer months.
• AB 1840 Adjustments—An increase of $3.6 million one-time Proposition 98 General
Fund for Inglewood Unified School District and $514,000 one-time Proposition 98
General Fund for Oakland Unified School District, amounting to 75 percent of the
operating deficit of these districts, pursuant to Chapter 426, Statutes of 2018
(AB 1840).
• Local Property Tax Adjustments—An increase of $146.6 million Proposition 98 General
Fund in 2018-19 and $142.1 million Proposition 98 General Fund in 2019-20 for school
districts, special education local plan areas, and county offices of education as a
result of lower offsetting property tax revenues in both years.
• Wildfire-Related Cost Adjustments—An increase of $2 million one-time Proposition 98
General Fund to reflect adjustments in the estimate for property tax backfill for basic
aid school districts impacted by 2017 and 2018 wildfires. Additionally, an increase of
$727,000 one-time Proposition 98 General Fund to reflect adjustments to the state's
student nutrition programs resulting from wildfire-related losses.
• Categorical Program Cost-of-Living Adjustments—A decrease of $7.4 million
Proposition 98 General Fund to selected categorical programs for 2019-20 to reflect
a change in the cost-of-living factor from 3.46 percent at the Governor's Budget to
3.26 percent at the May Revision.
• Categorical Program Growth—An increase of $7.6 million Proposition 98 General
Fund for selected categorical programs, based on updated estimates of average
daily attendance.
• San Francisco Unified School District Excess Tax Correction—An increase of
$149.1 million one-time Proposition 98 General Fund to reflect a technical
adjustment to excess property taxes related to a misallocation of these funds in
2016-17. Specifically, San Francisco did not properly calculate the excess tax
allocation for the school district, which received taxes that should have been
allocated to the county and city and special districts.
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H

igher Education includes the California Community Colleges (CCC), the California
State University (CSU), the University of California (UC), the Student Aid
Commission, and several other entities. The May Revision includes total funding of
$36.6 billion ($20.6 billion General Fund and local property tax and $16 billion other
funds) for all higher education entities in 2019-20.

UNIVERSITY OF CALIFORNIA
Consisting of ten campuses, the UC is the primary institution authorized to
independently award doctoral degrees and professional degrees. The UC educates
approximately 270,000 undergraduate and graduate students and receives the highest
state subsidy per student among the state’s three public higher education segments.
In 2017-18, the UC awarded 75,000 degrees. An additional 400,000 students participate
in continuing education programs through the University extensions.
The Governor's Budget provided $240 million ongoing General Fund and $153 million
one-time General Fund investments with the expectation that the UC would not raise
resident student tuition in fiscal year 2019-20. In March, the Board of Regents
announced that it would not raise tuition; therefore, the May Revision maintains these
funding levels.
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Significant Adjustments:
• Retirement Program—The May Revision includes $25 million one-time General Fund
to support the UC Retirement Program.
• UC San Francisco Dyslexia Center Pilot Program—$3.5 million one-time General Fund
to support a pilot dyslexia screening and early intervention program operated
through the UC San Francisco Dyslexia Center. These funds will enable the Center
to deploy the Application for Readiness In Schools and Learning Evaluation, provide
curriculum support, train staff on potential educational interventions, and collect
data for a report on outcomes.
• Support for Students Experiencing Homelessness—Building upon the Governor's
Budget investment of $15 million ongoing General Fund to address student food
and housing insecurity, the May Revision proposes $3.5 million ongoing General
Fund to support rapid rehousing of homeless and housing insecure students.
• Other Programs—The May Revision updates the assumed out-year costs to support
the UC legal immigration services program from an average of $1.3 million per year
to an average of $1.7 million per year. The May Revision continues to reflect
$1 million ongoing General Fund to support the UC Davis Firearms Violence
Research Center beginning in 2021-22.

CALIFORNIA STATE UNIVERSITY
The CSU serves over 410,000 undergraduate students across 23 campuses and receives
funding from a variety of sources, including state General Fund, federal funds, lottery
funds, and student tuition and fees. The Governor's Budget provided $300 million
ongoing General Fund and $264 million one-time General Fund investments with the
expectation that the CSU would not raise resident student tuition in fiscal year
2019-20. In January, the Board of Trustees announced that it would not raise tuition;
therefore, the May Revision maintains these funding levels.
Significant Adjustments:
• Support for Students Experiencing Homelessness—Building upon the Governor's
Budget investment of $15 million one-time General Fund to address student food
and housing insecurity, the May Revision proposes $6.5 million ongoing General
Fund to support rapid rehousing of homeless and housing insecure students.
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• Project Rebound—$750,000 ongoing General Fund to increase support for Project
Rebound from $250,000 per year to $1,000,000 per year. Project Rebound is a CSU
program that provides assistance to formerly incarcerated individuals seeking to
enroll in participating CSU campuses.
• First Star Foster Youth Cohort at CSU Sacramento—$740,000 one-time General Fund
to support a First Star Foster Youth Program at CSU Sacramento. This program will
enable a cohort of foster youth to engage in a variety of activities that support
learning opportunities, such as academic courses for college credit, social and
cultural activities, service learning and other recreational activities.

CALIFORNIA COMMUNITY COLLEGES
The CCCs are the largest system of higher education in the nation, serving roughly
one-quarter of the nation’s community college students, or approximately 2.1 million
students. The CCCs provide basic skills, career education, and undergraduate transfer
education with 73 districts, 115 campuses, and 78 educational centers. In 2017-18, the
community colleges awarded more than 96,000 certificates, 160,000 degrees and
transferred about 102,000 students to four-year institutions.

ONGOING REVIEW OF THE STUDENT-CENTERED FUNDING FORMULA
The Administration remains committed to the Student-Centered Funding Formula and its
goals to increase student completion and support for low-income students.
The Governor's Budget proposed a revised implementation plan for the
Student-Centered Funding Formula to provide the CCC Chancellor's Office and the
Funding Formula Oversight Committee sufficient time to consider revisions that would
further the goals of the formula, address its long-term fiscal stability, and improve the
accuracy of the data reported by districts. The Administration plans to work with the
Chancellor’s Office and stakeholders in the coming months to explore revisions and
recommendations that meet these goals, with the intent that revisions will be
considered for inclusion as part of the development of the 2020-21 budget process.
To further align with a revised implementation and review plan, the May Revision
extends the existing hold harmless provision of the Student-Centered Funding Formula
by an additional year, ensuring that no district will receive less funding than they
received in 2017-18 with cost-of-living adjustments for each year until 2021-22.
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Significant Adjustments:
• CCC State Operations Support—An increase of $381,000 ongoing non-Proposition
98 General Fund for three new positions to support the Chancellor’s Office state
operations. These positions will support the Chancellor’s Office’s accounting office,
monitor districts’ fiscal health and provide technical assistance to districts in need.
• Apportionments Cost-of-Living Adjustment—A decrease of $18.3 million Proposition
98 General Fund to reflect a change in the cost-of-living adjustment from
3.46 percent to 3.26 percent.
• California College Promise—An increase of $5.2 million Proposition 98 General Fund
to support the existing first year and proposed second year of the California College
Promise. This estimate reflects revised estimates of eligible students for the program.
• Student Success Completion Grant—An increase of $7.5 million Proposition 98
General Fund to reflect revised estimates of participation in the financial aid
program.
• Deferred Maintenance—An increase of $39.6 million one-time Proposition 98
General Fund for deferred maintenance, instructional equipment, and specified
water conservation projects.
• Adult Education Program—A decrease of $1 million Proposition 98 General Fund to
reflect a change in the cost-of-living adjustment from 3.46 percent to 3.26 percent.
• Categorical Program Cost-of-Living Adjustment—A decrease of $860,000 Proposition
98 General Fund to reflect a change in the cost-of-living adjustment from
3.46 percent to 3.26 percent for the Disabled Student Programs and Services
program, the Extended Opportunity Programs and Services program, the
Apprenticeship program, the Student Services for CalWORKs Students program, the
Mandate Block Grant program, and the Campus Child Care Tax Bailout program.
• Foster Care Education Program—An increase of $400,000 ongoing Proposition 98
General Fund to backfill program funding for foster and relative or kinship care
education and training, due to a projected decrease of federal matching funds.
• Local Property Tax Adjustment—An increase of $76.7 million Proposition 98 General
Fund as a result of decreased offsetting local property tax revenues.
• Student Enrollment Fee Adjustment—A decrease of $15.7 million Proposition 98
General Fund as a result of increased offsetting student enrollment fees.
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CALIFORNIA STUDENT AID COMMISSION
The California Student Aid Commission administers financial aid programs, including the
Cal Grant program and the Middle Class Scholarship Program.
Significant Adjustments:
• Cal Grant Program Costs—A decrease of $14 million General Fund in 2019-20 to
account for the following:
◦ Participation Estimates—A decrease of $19.9 million in 2019-20 to reflect a
decrease in the estimated number of new recipients in 2018-19. The May Revision
also reflects decreased costs of $4.9 million in 2018-19.
◦ Temporary Assistance for Needy Families (TANF) Reimbursements—A decrease of
$5.9 million in 2019-20, which increases the amount of General Fund needed for
program costs by a like amount. Combined with reimbursements included in the
Governor’s Budget, the May Revision offsets approximately $1.1 billion in General
Fund costs for Cal Grants with TANF.
• Cal Grant Access Awards for Student Parents—A decrease of $24.9 million to reflect
revised estimates of the Governor's Budget proposal to increase or provide access
awards for students with dependent children attending the UC, CSU, or the CCCs.
• Competitive Awards—An increase of $2 million to reflect revised estimates of the
costs to increase the number of available competitive awards from 25,250 to
30,000.
• Teacher Service Credit Scholarship Program—An increase of $89.8 million one-time
General Fund for the Commission to administer loan forgiveness grants to teachers
meeting certain criteria, with priority for school sites with high percentages of
teachers with permits or waivers as their authorizations.
• Tuition Award for Students at Private Nonprofit Institutions—To provide private
nonprofit institutions with additional time to increase their offerings of Associate
Degree for Transfer (ADT) pathways and admissions of ADT students needed to
maintain the maximum Cal Grant tuition award for new students attending private
nonprofit institutions at $9,084, the May Revision proposes to shift the required annual
ADT admissions goals out one year. Under the revised schedule, private nonprofit
institutions will need to meet a goal of 2,000 ADT students admitted in 2019-20, 3,000
students admitted in 2020-21, and 3,500 students admitted in 2021-22 and
thereafter.
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• State Operations Support—An increase of $414,000 General Fund to support the
implementation of the Cal Grant Supplement for Students with Dependent Children.
• Child Savings Accounts Grant Program—Identifies the Commission as the agency
responsible for administering the $50 million one-time child savings account proposal
reflected in the Governor's Budget. The Commission is expected to consult with
First 5 California to utilize its strengths in marketing, education, and parent
engagement to encourage collaboration between grant applicants and their local
First 5 Commissions.
• Student Loan Awareness Initiative—Transfers the administration of the proposed
$5 million one-time General Fund augmentation to support an outreach initiative for
student loan borrowers from the Office of Planning and Research to the
Commission.

HASTINGS COLLEGE OF THE LAW
Hastings College of the Law (Hastings) is affiliated with the UC system, but is governed
by its own Board of Directors. Located in San Francisco, it primarily serves students
seeking a Juris Doctor degree, but also has masters programs. In 2017-18, Hastings
enrolled 934 full-time equivalent students. Of these, 815 were Juris Doctor students.
Since the end of the Great Recession, Hastings has received stable ongoing funding
increases. In turn, tuition at Hastings has been flat for eight years. This has kept a quality
legal education within reach for hundreds of Californians. The Governor's Budget
provided $1.4 million ongoing General Fund investment to support the college's
operations and $1 million one-time General Fund investment to address deferred
maintenance with the expectation that Hastings would not raise resident student tuition
in fiscal year 2019-20. In March, the Board of Directors announced that it would not raise
tuition; therefore, the May Revision maintains these funding levels.
Significant Adjustments:
• UC Path Implementation—An increase of $594,000 one-time General Fund to
support the revised implementation timeline of the UC Path payroll, accounting,
time keeping, and human resources system.
• Deferred Maintenance—Authorizes the use of the proposed $1 million one-time
General Fund to include support for both critical deferred maintenance needs, and
information technology and instructional equipment refreshes.
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CALIFORNIA STATE LIBRARY
The California State Library serves as the central reference and research library for the
Governor and Legislature. Additionally, the State Library provides critical assistance to
the 184 library jurisdictions and nearly 1,200 libraries across the state.
Significant Adjustments:
• One-Time Funding to support Early Learning and After-School Library Program
Grants—$5 million one-time General Fund to support grants for local library
jurisdictions with the lowest per capita library spending to develop and implement
early learning and after-school library programs.
• One-Time Funding to support Mobile Libraries—$3 million one-time General Fund for
the California State Library to support grants for local library jurisdictions to purchase
bookmobiles and community outreach vehicles that would be used to expand
access to books and library materials in under-resourced neighborhoods.
• Augmentation to support Digitization and Cultural Preservation Activities—
$1.7 million General Fund, approximately $1 million of which is ongoing, for the
California State Library to coordinate with state entities to identify items for digital
preservation, contract for digital preservation services, and to begin conducting or
commissioning a statewide survey to inventory cultural heritage assets.
• Statewide Lesbian, Gay, Bisexual, and Transgender Historical Preservation—$500,000
one-time General Fund to support the preservation of historical Lesbian, Gay,
Bisexual, and Transgender sites.
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T

he Health and Human Services Agency oversees departments and other state
entities that provide health and social services to California's vulnerable and at-risk
residents.
The May Revision includes $162.3 billion ($41.4 billion General Fund and $120.9 billion
other funds) for all health and human services programs, an increase of $1.1 billion
General Fund compared to the Governor's Budget.

EXPANDED SUBSIDIES TO PROMOTE AFFORDABLE COVERAGE
To improve affordability and access to health care, the Governor's Budget proposed
subsidies to help more low and middle class Californians afford health coverage
through Covered California.
The Governor’s Budget proposed to make California the first state in the nation to offer
financial assistance to qualified individuals with incomes between 400 percent and 600
percent of the federal poverty level, while also increasing subsidies for individuals with
incomes between 250 percent and 400 percent of the federal poverty level. The May
Revision expands upon this proposal by offering subsidies to individuals between 200
percent and 250 percent of the federal poverty level.
In addition to the direct assistance for consumers receiving the additional subsidies,
these subsidies will benefit all individual market consumers by encouraging younger,
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healthier consumers to enroll in coverage. Combined with the Governor's Budget
proposal to create a state individual mandate to obtain comprehensive health care
coverage, the subsidies will improve the overall risk pool in the individual market,
reducing future premium increases.
The expanded subsidies and the individual mandate penalty are proposed to begin on
January 1, 2020 to provide immediate relief to Californians and to prevent further
destabilization of the insurance market. The increased subsidies will be funded by
penalty revenues, and the program design will be adjusted in coverage years 2021 and
2022 to maintain a budget-neutral program.
The May Revision includes General Fund expenditures of $295.3 million in 2019-20,
$330.4 million in 2020-21, and $379.9 million in 2021-22 to provide these subsidies. These
proposed expenditures are aligned with individual mandate penalty revenue
projections of $317.2 million in 2020-21, $335.9 million in 2021-22, and $352.8 million in
2022-23.
To improve affordability for middle-class Californians who are ineligible for federal
assistance, approximately 75 percent of subsidy expenditures would be allocated to
qualified individuals with incomes between 400 percent and 600 percent of the federal
poverty level. Subsidies for these individuals would average around $100 per month.
Similar to the federal subsidies currently offered through Covered California, individual
subsidy amounts will vary significantly depending upon an individual’s income, family
size, age, region, and health care premium costs. Individuals with incomes between 200
percent and 400 percent of the federal poverty level would receive average state
subsides of around $10 per month, in addition to federal subsidies of hundreds of dollars
per month.
In addition to the expanded subsidies program, the May Revision also proposes
$8.2 million ongoing General Fund for the Franchise Tax Board to implement the
individual mandate and reconcile annual subsidy payments. Finally, the May Revision
proposes statutory amendments.
The expanded subsidies are proposed to sunset in three years. They provide a bridge to
the work of the Healthy California for All Commission.

HEALTH CARE WORKFORCE INITIATIVES
To address the need for additional health care professionals throughout the state, the
Governor's Budget invested in existing programs designed to bolster and expand
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workforce capacity. The supply of and demand for physicians and other health
professionals are affected by a number of factors including coverage expansions,
practice patterns, an aging workforce, and the complex needs of the patient
population. The combination of these factors has resulted in shortages of health
professionals, with shortages more pronounced in rural parts of the state and among
primary care and behavioral health providers.
In recognition of the increased demand for health care providers, the Governor's
Budget included $122 million as follows:
• $50 million one-time General Fund to increase training opportunities in existing
mental health workforce programs administered by the Office of Statewide Health
Planning and Development;
• $38.7 million Proposition 56 funds to develop residency programs at hospitals
throughout California as administered and operated by the University of California in
partnership with Physicians for a Healthy California, and;
• $33.3 million ongoing General Fund to the Song-Brown Health Care Workforce
program beginning in 2020-21.

ADDITIONAL WORKFORCE INVESTMENTS IN THE MAY REVISION
The May Revision allocates an additional $120 million Proposition 56 funds for the
Medi-Cal loan repayment program. Combined with amounts allocated in the 2018
Budget Act, the May Revision makes $340 million available for the program over the
next several years. Of this total, $290 million is for physicians and $50 million for dentists.
All awardees are required to make a five-year commitment to maintain a patient
caseload of 30 percent or more Medi-Cal beneficiaries. In the first round of loan
repayment awards, Health Care Services expects to award loan repayments to
approximately 125 physicians and 20 dentists. There will be a minimum of five rounds of
funding.
The May Revision also invests $100 million from the Mental Health Services Fund
(one-time funding available over five years) for the new 2020-25 Workforce Education
and Training (WET) Five-Year Plan. The Plan provides a framework of strategies that the
state, local governments, community partners, educational institutions, and other
stakeholders can pursue to begin to address the shortage of qualified mental health
professionals in the public mental health system.
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Combined with other recent health workforce investments, the May Revision commits
over $600 million in funding in the coming years to meet our future health care
workforce needs.

DEPARTMENT OF HEALTH CARE SERVICES
Medi-Cal, California’s Medicaid program, is administered by the Department of Health
Care Services. Medi-Cal is a public health care coverage program that provides
comprehensive health care services at no or low cost to low-income individuals.
The federal government mandates basic services be included in the program,
including: physician services; family nurse practitioner services; nursing facility services;
hospital inpatient and outpatient services; laboratory and radiology services; family
planning; and early and periodic screening, diagnosis, and treatment services for
children. In addition to these mandatory services, the state provides optional benefits
such as outpatient drugs, dental, home and community-based services, and medical
equipment. The Department also operates the California Children’s Services and the
Primary and Rural Health programs, and oversees county-operated community mental
health and substance use disorder programs.
The Medi-Cal budget is $93.5 billion ($19.7 billion General Fund) in 2018-19 and
$102.2 billion ($23.0 billion General Fund) in 2019-20. The May Revision assumes that
caseload will decrease by approximately 2.4 percent from 2017-18 to 2018-19 and
increase by 0.02 percent from 2018-19 to 2019-20. Medi-Cal is projected to cover
approximately 13 million Californians in 2019-20, including 3.8 million in the optional
expansion population.
In 2019-20, the May Revision reflects an 8.5-percent state share of cost for the optional
expansion population. The May Revision includes $19.6 billion ($2.1 billion General Fund)
in 2019-20 for this population.

PROPOSITION 56
In January, the Proposition 56 package totaled approximately $1 billion for 2019-20 for
supplemental rate increases for physicians, dentists, and various other Medi-Cal
providers, funds for Medi-Cal women’s health, trauma and developmental screenings,
and the Value-Based Payments program. The May Revision includes approximately
$263 million in additional Proposition 56 revenues due to a one-time fund reconciliation.
The May Revision includes the following additional Proposition 56 investments:
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• $120 million additional one-time funding for the loan repayment program for
physicians and dentists who commit to serving Medi-Cal beneficiaries.
• $70 million additional one-time funding for the Value-Based Payments program,
specifically for behavioral health integration. This brings the total allocation for
Value-Based Payments to $250 million available for the program over the next
several years.
• $25 million in 2019-20 ($60 million over three years) to train providers to conduct the
trauma screenings that were proposed in the Governor's Budget.
• $11.3 million to restore optician and optical lab services for adult beneficiaries in the
Medi-Cal program, effective no sooner than January 1, 2020.
Given lower projected General Fund revenues over the forecast period and ongoing
efforts to transform the state's health care system and lower costs, the package of
Proposition 56 investments sunsets December 31, 2021. These investments remain a
priority, and provide a bridge to the work of the Healthy California for All Commission.
Other Significant Adjustments:
• Current Year—The May Revision assumes decreased expenditures in the Medi-Cal
program of approximately $1 billion General Fund compared to the Governor's
Budget. Unlike most programs, Medi-Cal operates on a cash, rather than an
accrual, basis of accounting. This means that the timing of transactions can
significantly disrupt fiscal year budgetary estimates.
◦ About 70 percent of the difference is due to shifts in timing for repayments to the
federal government. These repayments are now assumed to be made in the
budget year, resulting in relatively minor net changes across the two fiscal years.
◦ Another 12 percent is attributed to increased savings for drug rebates and
retroactive managed care payments, offset by increased delinquent fees owed
from skilled nursing facilities and other one-time adjustments.
◦ The remaining variance is primarily due to changes in fee-for-service caseload.
• Year-Over-Year—The May Revision projects General Fund expenditures of $23 billion
in 2019-20, an increase of $3.3 billion compared with 2018-19. Approximately
one-third of the increase is attributable to the expiration of the managed care
organization tax. Another one-third is due to a higher average cost per eligible and
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other factors. The remaining increase results from a shift in the timing of payments
from current year to budget year and other factors.
• Full-Scope Medi-Cal Expansion for Undocumented Young Adults—The May Revision
includes $98 million ($74.3 million General Fund) to expand full-scope Medi-Cal
coverage to eligible young adults aged 19 through 25 regardless of immigration
status, starting no sooner than January 1, 2020. The assumed implementation date is
six months later than assumed in the Governor's Budget. This expansion will provide
full-scope coverage to approximately 90,000 undocumented young adults in the
first year. Nearly 75 percent of these individuals are currently in the Medi-Cal system.
• Redirection of County Realignment Savings that Result from Medi-Cal
Expansion—The May Revision maintains the Administration’s proposal to change the
redirection amounts for certain counties’ indigent care realignment revenue with
three modifications. First, the May Revision reflects Yolo County as a County Medical
Services Program county. Second, the change in redirection amounts for certain
counties is delayed six months to align with the assumed timing of the proposed
Medi-Cal eligibility expansion. Third, the May Revision proposes to withhold
realignment revenues from the County Medical Services Program Board until the
Board’s total reserves reach two years of total annual expenditures. At that point,
the Board revenues will be reflect a 75 percent redirection amount consistent with
non-formula counties.
• Pharmacy Transition to Fee-for-Service—The transition of pharmacy services from
Medi-Cal managed care to a fee-for-service benefit will help the state secure
better prices by allowing California to negotiate with pharmaceutical
manufacturers on behalf of a much larger population of Medi-Cal beneficiaries.
Savings from the transition are estimated to reach $393 million General Fund by
2022-23. While the transition is scheduled for January 1, 2021, savings will not be
realized immediately due to timing of drug rebates and the managed care rate
setting process.
• Medi-Cal Drug Rebate Fund Reserve—Drug rebates are a major source of General
Fund spending volatility in the Medi-Cal program. To reduce this volatility, the May
Revision projects a $172 million reserve in the Medi-Cal Drug Rebate Fund. In the
future, the reserve in this fund will be increased when savings exceed initial drug
rebate estimates. When savings fall short of initial estimates, the reserve will be
accessed to reduce the impact on the General Fund.
• Medi-Cal County Administration—The May Revision includes $2.1 billion ($729 million
General Fund) in 2019-20 for county eligibility determination activities, an increase of
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$15.3 million total funds compared with the Governor's Budget, based on higher
projected growth in the California Consumer Price Index (3.39 percent compared
with 2.63 percent at Governor's Budget).
• Whole Person Care Pilots—The May Revision includes one-time $20 million Mental
Health Services Fund over five years for counties that currently do not operate
Whole Person Care Pilots. This is in addition to the $100 million one-time General
Fund proposed in the Governor's Budget for counties that currently operate pilots.
With this funding, additional counties will be able to develop and implement
essential programs focused on coordinating health, behavioral health (for
individuals with a mental health and/or substance use disorder), and critical social
services, such as housing. Priority will be given to individuals with mental illness who
are also homeless, or at risk of becoming homeless.
• Peer-Run Mental Health Crisis Line—The May Revision allocates $3.6 million Mental
Health Services Fund annually for three years to the Department of Health Care
Services to provide support for a statewide peer-run mental health crisis line, a
critical resource for those on the brink of a mental health crisis. This proposal
maintains the Administration’s focus on prevention and early intervention by
providing a resource offering information, referrals, emotional support, and
non-judgmental peer support to those living with mental illness. This statewide crisis
line would also increase employment opportunities to those who have recovered
from mental health issues.
• Cannabis Allocation—The May Revision includes $21.5 million in Proposition 64 funds
for competitive grants to develop and implement new youth programs in the areas
of education, prevention, and early intervention of substance use disorders. These
funds are continuously appropriated.

DEPARTMENT OF SOCIAL SERVICES
The Department of Social Services serves, aids, and protects needy and vulnerable
children and adults in ways that strengthen and preserve families, encourage personal
responsibility, and foster independence. The Department's major programs include
CalWORKs, CalFresh, In-Home Supportive Services (IHSS), Supplemental Security
Income/State Supplementary Payment (SSI/SSP), Child Welfare Services, Community
Care Licensing, and Disability Determination.
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Caseload-Related Adjustments:
• IHSS—The overall cost for IHSS increased by $60.5 million General Fund in 2018-19
and $151.6 million General Fund in 2019-20, due primarily to a projected increase in
caseload growth, average hours per case, and average cost per case. These
increases were offset partially by decreases in IHSS provider overtime and travel
costs.
• CalWORKs—A decrease of $46.8 million General Fund and federal Temporary
Assistance for Needy Families (TANF) block grant funds in 2018-19 and $49.1 million
General Fund and federal TANF block grant funds in 2019-20 to reflect updated
caseload and average cost per case projections.
• SSI/SSP—A decrease of $5.9 million General Fund in 2018-19 and $18 million General
Fund in 2019-20 to reflect updated caseload and average cost per case
projections.
Other Significant Adjustments:
• CalWORKs Single Allocation Budgeting Methodology—An ongoing increase of
$41.4 million General Fund and federal TANF block grant funds in 2019-20 to reflect
the adoption of a revised budgeting methodology for the employment services
component of the CalWORKs Single Allocation to counties. This augmentation
represents a $165.5 million increase compared to the traditional methodology.
Because a budgeting methodology for the administration/eligibility and
employment services components have been created, the May Revision proposes
to separate the child care component from the Single Allocation.
• CalWORKs Outcomes and Accountability Review (Cal-OAR)—An increase of
$13.2 million General Fund and federal TANF block grant funds in 2019-20 for
counties to perform required Continuous Quality Improvement activities consistent
with Cal-OAR implementation.
• CalWORKs Stage One Child Care 12-Month Eligibility—An increase of $40.7 million
General Fund in 2019-20 ($54.2 million annually thereafter) to establish a 12-month
eligibility period for CalWORKs Stage One Child Care services. See the Early
Childhood Chapter for more information.
• CalWORKs Home Visiting Initiative—An increase of $10.7 million in General Fund and
federal TANF block grant funds to reflect updated projections of CalWORKs cases
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eligible for home visiting services. See the Early Childhood Chapter for more
information.
• Funding for County Administrative Costs for the Expanded CalFresh Population—A
one-time increase of $15 million General Fund in 2019-20 for county administration
efforts to process new CalFresh applicants as a result of eliminating the
Supplemental Security Income Cash-Out policy.
• IHSS Restoration of the 7-percent Across-the-Board Reduction to IHSS Service
Hours—An increase of $15.3 million General Fund to reflect the updated costs for
the restoration of the 7-percent across-the-board reduction to IHSS service hours.
The May Revision proposes to temporarily restore the 7-percent reduction through
December 31, 2021, due to lower than expected revenues over the forecast period
and ongoing efforts to contain costs.
• County IHSS Maintenance-of-Effort Adjustment—An increase of $55 million General
Fund related to the rebenching of the County IHSS Maintenance-of-Effort to reflect
revised 1991 Realignment revenue projections and revised IHSS caseload and cost
projections.
• Resource Family Approval Administration and Application Backlog—A one-time
increase of $14.4 million General Fund in 2019-20 to support county efforts in
eliminating the backlog of foster care resource family applications that are pending
review and approval.
• Foster Parent Recruitment, Retention, and Support—A one-time increase of
$21.6 million General Fund in 2019-20 for activities and services to retain, recruit, and
support foster parents, relative caregivers, and resource families.
• Foster Care Emergency Assistance—An increase of $21.7 million General Fund and
federal TANF block grant funds in 2019-20 to provide caregivers with up to four
months of emergency assistance payments pending resource family approval.
Beginning in 2020-21 and annually thereafter, the state will fund emergency
assistance payments for up to three months, as local child welfare agencies and
probation departments are anticipated to complete the resource family approval
process within three months of application receipt. The May Revision includes a
TANF reserve of $31.2 million to fund emergency assistance costs through 2020-21.
• Federal Title IV-E Administrative Costs Dependency Counsel—An ongoing increase
of $34 million federal funds to support court-appointed dependency counsel
representing children and parents at every stage of the dependency proceeding.
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• Funding for Special Olympics—A one-time increase of $2 million General Fund in
2019-20 to support the Special Olympics, which enriches the lives of children and
adults with intellectual disabilities through sports and education.
• Immigration-Related Pilot Projects—The May Revision proposes to use up to $5 million
of the $10 million General Fund proposed in 2019-20 for the provision of legal
services to unaccompanied undocumented minors and Temporary Protected
Status beneficiaries to: (1) establish a pilot to provide mental health evaluations
related to legal defense, and (2) develop a family reunification navigator pilot to
connect undocumented minors and their families with services in the community.

DEPARTMENT OF DEVELOPMENTAL SERVICES
The Department of Developmental Services funds a variety of services for individuals
with developmental disabilities that allow them to live and work independently or in
supported environments. California is the only state that provides developmental
services as an individual entitlement. The state is in the process of closing all
state-operated developmental centers, but will continue to operate the secure
treatment area at the Porterville Developmental Center and the Canyon Springs
community facility.
By the end of 2018-19, the Department estimates it will be providing community services
to approximately 333,000 individuals with developmental disabilities. In the
developmental centers, the estimated population, as of July 1, 2019, is 326 residents.
The population is expected to decrease to 297 residents by June 30, 2020, as the final
residents transition to receiving services through the Regional Centers. The Budget
includes $8.2 billion ($5 billion General Fund) for support of developmental services.
Based on recent projections, base program costs are expected to grow by
10.2 percent annually.

REGIONAL CENTER REFORMS AND PROVIDER RATES
As required by Chapter 3, Statutes of 2016, Second Extraordinary Session (ABX2 1), the
Department of Developmental Services submitted a rate study in March 2019, which
has helped inform the Administration’s targeted rates proposal.
The May Revision includes $165 million ($100 million General Fund) beginning January 1,
2020, for supplemental provider rate increases for community developmental
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services. Annual costs of these rate increases are $330 million ($200 million General
Fund).
The rate structure for community-based developmental services is complex and
contributes to making oversight of the system difficult. These funds will focus on three
specific areas to address specific service delivery elements within the Regional Center
system, including:
• Stabilizing residential capacity, with a focus on compliance with the March 2014
federal Home and Community-Based Services requirements;
• Addressing rate differences between Regional Centers and vendors; and
• Enhancing consumer safety through mandated fingerprint requirements.
In addition to the proposed rate increases, the May Revision proposes the following
reform efforts as a first step:
• Establishing and enforcing comprehensive Regional Center performance goals and
increased accountability measures;
• Developing a statewide oversight system that regularly reviews Regional Center and
provider performance and disseminates best practices and standards; and
• More frequent monitoring of Regional Center budgets.
Additional recommendations and reforms are needed for Regional Center board
governance, standardization of practices, rate methodologies and categories, as well
as the establishment of process and outcome measures necessary to increase
transparency and accountability in this program area. These reforms will promote the
provision of quality services in an efficient manner to persons with developmental
disabilities.
The May Revision also includes $7 million ($5 million General Fund) for the Department
and Regional Centers to begin implementing broad reform efforts as well as
implementing the supplemental rate increases.
Other Significant Adjustment:
• The May Revision includes $50 million ($30.1 million General Fund) to suspend the
Uniform Holiday Schedule. This change allows additional days of services to be paid.
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The supplemental rates and Uniform Holiday Schedule will sunset on December 31,
2021, due to lower-than expected revenues over the forecast period and efforts to
address the complexity of the current rate system as reviewed in the rate study
released earlier this year and other efforts to improve transparency, accountability, and
other issues in the Regional Center system.

DEPARTMENT OF PUBLIC HEALTH
The Department of Public Health is charged with protecting and promoting the health
and well-being of the people of California. Public Health expenditures in 2019-20 are
$3.3 billion ($224.3 million General Fund).
California has some of the highest preventable infectious disease rates in the nation,
and these rates have increased in the last several years. The Department is currently
implementing a "Getting to Zero" HIV and AIDS prevention and treatment plan. The May
Revision includes $40 million one-time General Fund to slow infectious disease
epidemics. The funds will be available over a four-year period through local public
health departments and tribal communities to assist in providing prevention, testing,
and treatment services.
Significant Adjustments:
• California Home Visiting and Black Infant Health Programs—The May Revision
includes additional reimbursements from the Department of Health Care Services for
Medicaid-eligible activities previously not reflected in the Governor's Budget.
See the Early Childhood Chapter for more information.
• Cannabis Surveillance and Education—The May Revision includes $12 million in
Proposition 64 funds for surveillance and education activities. These funds are
continuously appropriated.
• Emergency Preparedness, Response, and Recovery—The May Revision includes
$959,000 ($569,000 General Fund) to support health care facilities and mass care
shelters during emergencies as well as disaster preparedness, response, and
recovery efforts. See the Emergency Preparedness, Response, and Recovery
Chapter for more information.
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DEPARTMENT OF STATE HOSPITALS
The Department of State Hospitals administers the state mental health hospital system,
the Forensic Conditional Release Program, the Sex Offender Commitment Program,
and the evaluation and treatment of judicially and civilly committed patients.
The patient population is expected to reach 6,530 across the state hospitals and
contracted patient programs and 795 in the Conditional Release Program by the end
of 2019-20.
Significant Adjustments:
• Conditional Release Step Down Program—An increase of $5.7 million General Fund
in 2019-20 ($11.5 million General Fund annually thereafter) for the Department of
State Hospitals to contract for a 78-bed community step-down program to serve
Mentally Disordered Offenders and Not Guilty by Reason of Insanity commitments
who are preparing for conditional release from state hospitals within 18 to 24
months. This funding also includes increasing an existing Department of State
Hospitals’ contract by 4 beds for a total of 24 beds.
• Telepsychiatry Resources—An increase of $2.2 million General Fund in 2019-20
($3.75 million General Fund in 2020-21 and $3.5 million General Fund annually
thereafter) for the Department of State Hospitals to expand the use of telepsychiatry
to treat patients remotely via video-conferencing.
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H

omelessness is a chronic issue straining local resources and services across all of
California. Despite increased state and local investments, federal data have
shown an increase in California’s homeless population in recent years. See the table
below for more details.
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The state has addressed homelessness through providing grants and loans to construct
affordable housing for extremely low-income households. The Veterans Housing and
Homelessness Prevention Act repurposed general obligation bonds totaling $600 million
to provide supportive housing for veterans. The No Place Like Home Act dedicates $2
billion in bond funding to provide supportive multifamily housing for individuals
experiencing mental illness who are homeless or at risk of homelessness. And the
Veterans and Affordable Housing Bond Act (Chapter 365, Statutes of 2017, SB
3) provides $4 billion for various programs, of which $1.5 billion is available for the
Multifamily Housing Program that can be used for supportive housing development.
The Budget Act of 2018 provided $500 million one-time funding for short-term housing
operations through the Homeless Emergency Aid Program. Local jurisdictions have used
these dollars for emergency housing vouchers, rapid rehousing programs, and
emergency shelter construction, among other purposes.
The May Revision increases the state's support to prevent and mitigate this epidemic by
$1 billion. Specifically, it provides $650 million to local governments for homeless
emergency aid, $120 million for expanded Whole Person Care pilots, $150 million for
strategies to address the shortage of mental health professionals in the public mental
health system, $25 million for Supplemental Security Income advocacy, $40 million for
student rapid rehousing and services for University of California (UC) and California
State University (CSU) systems, and $20 million in legal for eviction prevention.
In addition, the Governor's Budget included $1.75 billion General Fund to increase
housing production and hundreds of millions to increase grants to families in the
CalWORKs program.

HOMELESS EMERGENCY AID
The Governor’s Budget included $500 million one-time General Fund for jurisdictions for
the construction and expansion of emergency shelters and Navigation Centers.
Additionally, the Governor’s Budget included $25 million ongoing General Fund for the
Housing and Disability Advocacy Program to assist homeless, disabled individuals with
applying for disability benefit programs, and $100 million one-time General Fund for
Whole Person Care Pilot programs that provide housing services.
The May Revision increases the $500 million proposal to $650 million and updates the
allocation of the grants. California’s most populous 13 cities will receive $275 million,
counties will receive $275 million, and Continuums of Care (CoCs) will receive $100
million, based on the 2019 federal point-in-time count. To continue to encourage

48

MAY REVISION — 2019-20

RcAy7kI2w8 BQ3aA

HOMELESSNESS

regional collaboration, funds are contingent on cities and counties submitting regional
plans to their CoCs. These plans must then be approved by the state.
The May Revision also expands the eligible uses for the funds to include innovative
projects for which one-time funding is well suited. This includes, but is not limited to,
hotel/motel conversions, traditional and non-traditional permanent supportive housing,
rapid rehousing, or jobs programs.

STUDENT RAPID REHOUSING
The May Revision builds upon the Governor's Budget investment of $15 million one-time
General Fund to address student food and housing insecurity at CSU and $15 million
ongoing General Fund at the UC. The May Revision proposes $6.5 million ongoing
General Fund to support rapid rehousing of homeless and housing insecure students in
the CSU and $3.5 million ongoing General Fund for students in the UC.

WHOLE PERSON CARE PILOT PROGRAMS
Building on the $100 million one-time General Fund proposed in the Governor’s Budget
for Whole Person Care Pilots, the May Revision includes a $20 million one-time
augmentation from the Mental Health Services Fund for counties that do not operate
Whole Person Care Pilots. With this funding, additional counties will be able to develop
and implement essential programs to focus on coordinating health, behavioral health
(for individuals with a mental health and/or substance use disorder), and critical social
services, such as housing. Priority will be given to individuals with mental illness who are
also homeless, or at risk of becoming homeless.

FAIRVIEW DEVELOPMENT CENTER
As described in the Statewide Issues and Various Departments Chapter, the
Department of Developmental Services is transitioning the last developmental center
clients out of the Fairview Developmental Center by the end of this calendar year.
The Department of General Services (DGS) will begin a site assessment to determine the
condition of the property for potential future uses.
The May Revision proposes that concurrent to this assessment taking place, DGS will
identify an appropriate building or set of buildings at the site that can be leased to a
local jurisdiction to be used for permanent supportive housing for up to 200 individuals
who are currently homeless or in shelters in the community.
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R

ecently released population estimates from the California Department of Finance
show the state added only a net 77,000 completed housing units in 2018. This is
down from 85,297 units in 2017, which was down from 89,457 units in 2016.
The underproduction of supply continues to define the housing crisis the state is
currently facing. California is home to ten of the least affordable major markets and six
of the fifteen most expensive large metropolitan rental markets in the country. Rising
costs continue to strain homeowners and renters statewide and negatively impact the
state’s quality of life and long-term economic prosperity.
The Administration is committed to confronting the housing cost crisis. The Governor’s
Budget introduced a comprehensive $1.75 billion proposal to spur housing production,
including planning and production grants to local governments, expansion of the
state’s housing tax credit program and loan program for mixed-income housing, and
opportunities for innovative housing projects on excess state property.
The May Revision maintains the commitment to spur housing production, but has
refocused $500 million to removing barriers to building affordable housing and adding
funding to assist California renters.
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SHORT-TERM PLANNING AND PRODUCTION GRANTS AND INVESTMENTS IN
INFRASTRUCTURE
The Governor’s Budget included $750 million one-time General Fund to partner with
local governments to increase housing production through technical assistance and
general-purpose funding. Local governments would receive grants ($250 million of the
$750 million) to support technical assistance and staffing to develop plans to reach
higher statewide housing goals, and after reaching set milestones, funding ($500 million
of the $750 million) would be available to cities and counties for general purposes.
Local jurisdictions can and must plan and zone for their fair share of housing. Local
governments report that lack of funding for infrastructure, including sidewalks, lighting,
site utilities, new sewer lines, broadband infrastructure, storm water drains, and street
construction, is a barrier to building new housing. Constructing or improving
infrastructure that supports housing projects will ultimately bring down the per-unit cost,
spur housing development, and provide more affordable units for low-income and
middle class Californians.
The May Revision adds school districts and county offices of education as jurisdictions
eligible for a portion of the $250 million in planning and technical assistance support.
In many locations across the state, teachers are priced out of the areas where they
teach. School districts and county offices of education that have surplus property will
have the ability to apply for these funds through their regions to develop plans for their
excess properties to be used as teacher housing.
The May Revision also repurposes the $500 million from the $750 million previously
dedicated to general purpose incentive payments for the Infill Infrastructure Grant
Program administered by the Department of Housing and Community Development
(HCD).
The Infill Infrastructure Grant Program provides gap funding for infrastructure that
supports higher-density affordable and mixed-income housing in locations designated
as infill. Under the augmented Infill Infrastructure Grant Program, developers and local
governments can partner to apply for infrastructure funding. At the same time, certain
areas designated as infill may also qualify as federal Opportunity Zones and provide
additional tax benefits to investors to spur development of economically distressed
communities by guiding investment toward mixed-income housing.
This investment, combined with the $300 million made available for the Infill
Infrastructure Grant Program through Chapter 365, Statutes of 2017 (SB 3) bond funds,
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provides $800 million, significantly boosting infrastructure development and ultimately
housing production. Moreover, these funds can leverage additional investment for
projects located within federal Opportunity Zones through state and federal tax
benefits, spurring more housing production.
The Administration is considering ways to streamline and improve processes at the
state’s Infrastructure and Economic Development Bank (IBank)to help fund
infrastructure including projects in Opportunity Zones.

LONG-TERM STATEWIDE HOUSING PRODUCTION STRATEGY
The Administration is committed to meeting long-term ambitious housing production
goals. The Governor’s Budget proposed revamping the Regional Housing Needs
Assessment (RHNA) process, which determines the amount and type of housing regions
and local jurisdictions must produce to meet their need. The May Revision aligns
housing production targets with forthcoming RHNA goals in the short-term. In the
long-term, HCD will continue to develop long-term regional housing production targets
through a new RHNA process by no later than 2022.
Housing and transportation are inextricably linked. Given this nexus and to support local
jurisdictions' ability to contribute to their fair share of the state’s housing supply, the
Governor’s Budget provided that local streets and roads funds from the Road Repair
and Accountability Act of 2017 (Chapter 5, Statutes of 2017) (SB 1) be distributed upon
compliance with housing element law and zoning and entitling to meet updated
housing goals. This linkage remains part of the housing proposal at the May Revision.

EXPANDED STATE HOUSING TAX CREDIT PROGRAM
The Governor’s Budget proposed to expand state tax credits up to $500 million in
2019-20, and up to $500 million annually thereafter upon an appropriation.
The additional authority included $500 million for a state tax credit program targeting
new construction of qualified residential rental developments (for households with an
average Area Median Income of 60 percent). These state credits would pair with an
underutilized 4-percent federal tax credit program. Up to $200 million of newly
authorized credits would be available to increase the development of mixed-income
housing projects serving a broader range of incomes (between 30 to 120 percent Area
Median Income) in combination with the California Housing Finance Authority’s
Mixed-Income Loan Program.
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Currently, tax credits may be used for preservation projects which seek to retain
affordable housing. Because the $500 million in tax credits proposed in the Governor’s
Budget applies only to new housing production, the May Revision proposes deeper
subsidies for specified preservation projects through the current program. This will
continue important preservation efforts of affordable housing units across the state so
that they do not fall into disrepair and further decrease the state’s aggregate available
housing.
Additionally, developers using state tax credits may sell “certificated” credits to
investors, without requiring an ownership interest in the properties being built. This has
the effect of ensuring a wider investor pool. However, this ability will end in 2020.
To maintain this expanded pool of investors, the May Revision proposes eliminating the
sunset date.
As stated in the Governor’s Budget, the expanded tax credit investment will be
coupled with a future redesign of the existing tax credit programs to promote cost
containment and increase the construction of new units. The May Revision proposes
changing the Director of the California Housing Finance Authority and the Director of
the California Department of Housing and Community Development from non-voting
members of the California Tax Credit Allocation Committee to voting members to more
directly include their expertise as the committee considers this redesign.

DEMONSTRATION PROJECTS FOR HOUSING
The Governor’s Budget proposed an innovation challenge for developers to build
demonstration projects that use creative and streamlined approaches to building
affordable and mixed-income housing on excess state property (for example, using
modular construction). In January, the Governor issued Executive Order N-06-19, which
directed state departments to create an inventory of all state-owned excess parcels,
identify the excess parcels where housing development would be economically
feasible and address regional underproduction, and issue requests for proposals for
demonstration projects offering long-term ground leases to developers.
The May Revision includes $2.5 million one-time General Fund for real estate consultants
for both HCD and DGS, and 4 positions and $780,000 ongoing General Fund for HCD to
assist with developing request for proposals, conducting site investigations, evaluating
housing developments, and monitoring projects.
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LEGAL AID FOR RENTERS AND LANDLORD-TENANT DISPUTES
The Judicial Branch's budget includes funding to provide grants to over 100 nonprofit
service organizations to provide legal assistance to low-income Californians, particularly
the indigent, homeless, disabled, elderly, and victims of domestic violence. These
services include, but are not limited to: legal technical assistance, training, advice and
consultation, and representation. Recognizing the need for stable housing among
renters, the May Revision proposes an additional $20 million one-time General Fund to
provide grants to nonprofit service organizations to assist specifically with
landlord-tenant disputes, including legal assistance for counseling, renter education
programs, and preventing evictions.
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T

he Judicial Branch consists of the Supreme Court, courts of appeal, trial courts, and
the Judicial Council. The trial courts are funded with a combination of General
Fund, county maintenance-of-effort requirements, fines, fees, and other charges. Other
levels of the Judicial Branch receive most of their funding from the General Fund.
The May Revision includes total funding of $4.2 billion ($2.2 billion General Fund and
$2.0 billion other funds) in 2019-20 for the Judicial Branch, of which $2.4 billion is
provided to support trial court operations. The Judicial Council is responsible for
managing the resources of the Judicial Branch.

JUDGESHIPS
The 2017 Budget Act included the reallocation of four vacant superior court
judgeships—two from Alameda County and two from Santa Clara County—to Riverside
and San Bernardino Counties. This reallocation shifted judgeships to the areas of the
state where workload is highest, but did not increase the overall number of judges.
The 2018 Budget Act authorized two additional judgeships in Riverside County and one
Justice in the Fourth Appellate District of the Court of Appeal in the San Bernardino/
Riverside area.
In a continued effort to address judicial workload needs and provide timely access to
justice, the May Revision includes $30.4 million General Fund in 2019-20 and $36.5 million
General Fund annually thereafter, for 25 additional superior court judgeships.
The judges will be allocated upon completion of the Judicial Council’s Judicial Needs
Assessment expected in late summer 2019.
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TRIAL COURT RESERVES
Since 2013-14, trial courts have been prohibited from carrying over more than 1 percent
in reserves from their prior year operating budget. In 2018-19, this equals approximately
$27 million statewide. This restriction has presented operational challenges for courts
and limited their flexibility to address unanticipated fiscal changes.
The May Revision includes statutory changes to increase the trial court reserve cap to 3
percent beginning June 30, 2020. This will enable courts to retain funding to cover
unanticipated mid-year changes in costs (such as for payroll) or disruptions in funding
(such as declines in fee revenue). It will also provide courts the flexibility to address
unique local needs, as no two court jurisdictions are alike.

DEPENDENCY COUNSEL
Court-appointed dependency counsel represent children and parents at every stage
of dependency proceedings. The Governor’s Budget included $20 million ongoing
General Fund, increasing the total dependency counsel funding to $156.7 million
annually beginning in 2019-20.
The recent federal Families First Prevention Services Act expanded the list of eligible Title
IV-E reimbursable activities to include court-appointed dependency counsel costs.
The May Revision includes $1.5 million ongoing General Fund for the Judicial Council to
administer these federal reimbursements, which are estimated to be $34 million
annually. These reimbursements will be used to supplement the amount provided by
the state and increase the dependency counsel budget from $156.7 million to
$190.7 million annually beginning in 2019-20.

OTHER SIGNIFICANT JUDICIAL BRANCH INVESTMENTS
The May Revision also includes the following General Fund augmentations for the
Judicial Branch:
• Legal Aid for Renters in Landlord-Tenant Disputes—The May Revision augments the
Judicial Branch’s Equal Access Fund by $20 million one-time General Fund to
provide legal aid for renters in landlord-tenant disputes. Specifically, these
additional funds will provide free legal services for landlord-tenant issues, including
legal assistance for counseling, renter education programs, and preventing
evictions as discussed in the Housing and Local Government Chapter.
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• Language Access Expansion—The May Revision includes $9.6 million ongoing
General Fund for the continuation of interpreter services for civil matters and to
cover increased costs in criminal cases. The Judicial Council adopted a
comprehensive Strategic Plan for Language Access in the California Courts in 2015,
following United States Department of Justice investigations that identified an unmet
federal Civil Rights Act requirement for interpreter services to be provided free of
charge in all court proceedings. This expansion of interpreter services and overall
increases in court interpreter costs have led to shortfalls that require ongoing
resources.
• Courts of Appeal Workload—The May Revision includes $5 million ongoing General
Fund to address general operational cost increases, workload due to more complex
litigation, new case duties related to recent law changes requiring retroactive
decisions related to criminal justice reforms, and voter approved initiatives requiring
appellate review.
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O

ver the coming year, the Administration will map out a plan to further transform
the state correctional system with a focus on public safety, increased
rehabilitation, expanded opportunities for reentry, and restorative justice. The plan
will address the long-term population trends, utilization and maintenance of facilities,
and implications of ongoing litigation. The Governor's Budget and the May Revision
make important near-term investments that will support these long-term goals. They also
reflect the Administration's commitment to sound correctional practices and recidivism
reduction that ensure the state meets its paramount obligations to protect the public,
correctional staff, and the incarcerated population.

DEPARTMENT OF CORRECTIONS AND REHABILITATION
The California Department of Corrections and Rehabilitation (CDCR) incarcerates the
most violent felons, supervises those released to parole, and provides rehabilitation
programs to help reintegration into the community. The Department provides safe and
secure detention facilities and necessary support services to inmates, including food,
clothing, academic and vocational training, as well as health care services. The May
Revision includes total funding of $12.8 billion ($12.5 billion General Fund and
$305 million other funds) for the operation of the Department in 2019-20.
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POPULATION
Compared to the Governor's Budget projections, changes in the adult inmate and
parole population have resulted in a net decrease of $4.2 million General Fund in
2018-19 and 2019-20 combined. The revised average daily population projections for
adult inmates are 127,993 in the current year and 126,705 in the budget year, a
decrease of 341 in 2018-19 and 266 in 2019-20. The revised average daily parolee
population projection is 48,535 in the current year and 50,442 in the budget year, a
decrease of 166 in the current year and an increase of 497 in the budget year.
Proposition 57, the Public Safety and Rehabilitation Act of 2016, is estimated to reduce
the average daily adult inmate population by approximately 6,500 in 2019-20, and
approximately 10,600 in 2021-22. As of May 2, 2019, the prison population was
at 134.8 percent of design capacity, which is below the federal court-ordered
population cap of 137.5 percent of design capacity.
The implementation of Proposition 57 and other actions have allowed the Department
to eliminate the use of out-of-state beds from its long-term court compliance strategy
as all inmates will be removed from Arizona by June 2019.

INMATE REHABILITATION AND REENTRY
The May Revision includes several proposals that provide offenders greater opportunity
for rehabilitation, thereby improving offender outcomes and increasing public safety.

REENTRY EXPANSION
One important component of rehabilitation programming involves the operation of
reentry facilities which provide eligible offenders a variety of services, such as substance
use disorder treatment, education, and employment counseling, in the communities in
which they will be released during the last portion of their sentences. Recognizing the
important role reentry facilities play in rehabilitation and successful reentry into the
community, the May Revision includes $8.8 million ongoing General Fund to establish
two new 60-bed female facilities in Los Angeles and Riverside, and expand an existing
male facility in Los Angeles by 10 beds. In addition, the May Revision includes
$1.5 million ongoing General Fund to provide a five-percent contract rate increase for
Male Community Reentry Program providers.
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INTEGRATED SUBSTANCE USE DISORDER TREATMENT PROGRAM
Across the country, substance use disorders (SUD) involving alcohol, opioids, and
methamphetamines are on the rise, resulting in an increasing number of
overdose-related deaths each year. Treatment of individuals suffering from substance
use disorders involves long-term medical and/or behavioral modification components.
Providing offenders who battle addiction with proper evidence-based treatment and
medication-assisted treatment can reduce the risk for further substance use, relapse,
and drug-related death, and can help prepare inmates for a successful reentry to
society.
To combat alcohol and opioid addiction-related issues within the state's incarcerated
population, the May Revision includes $71.3 million General Fund in 2019-20 and
$161.9 million ongoing General Fund beginning in 2020-21 to implement an integrated
substance use disorder treatment program throughout all 35 CDCR institutions.
The proposal includes three main components: (1) the use of medication-assisted
treatment (MAT) to treat inmates with opioid and alcohol use disorders; (2) a redesign
of the current cognitive behavioral treatment curriculum; and (3) the development and
management of inmate treatment plans and substance use disorder-specific
pre-release transition planning. This new program will target three populations:
(1) inmates who were receiving MAT prior to entering prison; (2) inmates already in
CDCR with high substance use disorder risk factors (such as a recent overdose); and
(3) inmates scheduled for release within 15 to 18 months who have been assessed as
having a high need for substance use disorder services.
Medication-Assisted Treatment—The proposal creates a statewide medication-assisted
treatment program that will offer buprenorphine, methadone, and naltrexone to
inmates with opioid use disorders in all 35 institutions and distributes naloxone (an opioid
reversal agent) to inmates slated for release who are also deemed to be at risk.
Additionally, naltrexone and acamprosate will be offered to inmates with alcohol use
disorders. Medication-assisted treatment services will be provided by new medical,
nursing, pharmacy, and custody staff. These staff will be trained to provide needed
services consistent with the medication-assisted treatment program. Medical staff will
be certified to meet the federal requirements for prescribing buprenorphine.
Cognitive Behavioral Treatment—Recognizing that medication-assisted treatment must
also be combined with behavioral education, the May Revision proposes several
changes to the Department’s current program to provide a comprehensive behavioral
modification program to all incarcerated individuals prior to release. These changes
include:
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• Streamlining the curriculum provided across institutions. This programming, which
includes substance use disorder treatment, will now be offered to all offenders within
15 to 18 months of release. The treatment will be structured to provide the offender
the opportunity to address all criminogenic needs within a structured delivery
period, removing the potential for fragmented delivery of treatment components
over several years prior to release.
• Increasing the total number of programming slots to provide treatment to all
offenders.
• Revising curricula to support offenders in the integrated substance use disorder
treatment program to meet their specific treatment needs.
• Requiring those who deliver treatment services to be certified alcohol and other
drugs counselors. A rate increase is included for counselors to increase the
experience level necessary for treatment delivery.
Treatment Plans and Pre-Release Transition Planning—Ongoing treatment is paramount
in maintaining patient health and wellness. As part of a whole person care model, the
May Revision proposes to expand nursing and licensed clinical social worker staff to
coordinate several pre-release processes. These staff will work with all 58 California
counties and the Division of Adult Parole Operations to facilitate the placement of
inmates released to Post Release Community Supervision and parole into treatment
and counseling programs in the community and minimize gaps in care.
Other Significant Adjustments:
Tattoo Removal Program—Tattoos often present an obstacle to formerly incarcerated
individuals seeking to reintegrate into society. The Governor’s Budget included a
placeholder of $2.5 million General Fund for the Department to develop a tattoo
removal program for the adult offender population. The May Revision includes a refined
estimate, reducing the costs to $1.1 million General Fund in 2019-20 and $2.1 million
ongoing General Fund beginning in 2020-21. The Department will provide tattoo
removal to approximately 3,000 offenders annually, with a focus on those who are
seeking to leave gangs or are within 1 to 2 years of release on a voluntary basis.
Sign Language Interpreter Services—The May Revision includes $1.5 million ongoing
General Fund to provide equal access to rehabilitation programs and services to
inmates for whom sign language is their primary method of communication.
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Project Rebound—The May Revision includes an additional $750,000 ongoing General
Fund to support Project Rebound, a California State University (CSU) program that
provides assistance to formerly incarcerated individuals seeking to enroll in participating
CSU campuses. This brings total ongoing funding for this program to $1 million General
Fund and is included in the CSU’s budget.

INMATE HEALTH CARE
The May Revision continues the state’s significant financial commitment to improve the
Department’s delivery of health care services to inmates. The May Revision dedicates
$3.5 billion General Fund to health care services programs which provide access to
mental health, medical and dental care that is consistent with the standards and scope
of services appropriate within a custodial environment.
Since the Governor's Budget, the court-ordered Receiver overseeing the Department's
inmate medical program, has incurred unanticipated current year costs totaling
$95.6 million General Fund related to contract medical ($61 million), pharmaceuticals
($18.8 million), clinical staffing ($12.7 million), and leased office space ($3.1 million).
The May Revision includes $114.3 million General Fund (including the Medical
Classification Model update discussed below) in 2019-20 to account for these costs on
an ongoing basis.

MEDICAL CLASSIFICATION MODEL UPDATE
The May Revision includes $27.9 million for the Receiver's Medical Classification Model
to provide increased staffing levels for health care operations throughout California’s
prison system. The Medical Classification Model, established in 2014-15, uses a
ratio-based methodology for adjusting medical staffing levels based on inmate
medical classification. Since then, the population has grown older and sicker and is
experiencing an increase in trauma-related incidents. Current staffing ratios are
insufficient to meet these needs. This proposal includes the reclassification of certain
offender populations based on medical acuity and revises staffing methodologies
based on the Receiver's update to the model.

JUVENILE JUSTICE
Over the past several decades, research on effective methods to improve juvenile
justice outcomes has expanded, providing a framework for reform, enhancements, and
refinement of current systems, highlighting the important need to distinguish between
adult corrections and juvenile strategies. This new framework recognizes that (1) the

MAY REVISION — 2019-20

65

PUBLIC SAFETY

RcAy7kI2w8 BQ3aA

brains of adolescents are fundamentally different from adults and these differences
remain up to age 25, (2) youth involved in the juvenile justice system have typically
experienced multiple traumatic events in early childhood, and (3) youth in the juvenile
justice system rely on adults who can provide critical resources and support as they
internalize information and learn from their experiences.
In recognition of these realities, the Governor’s Budget announced a plan to reorganize
the Division of Juvenile Justice (DJJ) and a new approach to operating state juvenile
justice facilities. In furtherance of this plan, the May Revision includes statutory changes
to move the DJJ from the CDCR to a new department under the California Health and
Human Services Agency (CHHS), effective July 1, 2020. The new department will be
called the Department of Youth and Community Restoration. The proposal better aligns
California’s approach with its rehabilitative mission and core values—providing
trauma-informed and developmentally appropriate services in order to support a
youth’s return to their community, preventing them from entering the adult system, and
further enhancing public safety. By moving the DJJ from the adult corrections system
into a new department under the CHHS, California will be better positioned to achieve
this mission.
The May Revision also includes $1.2 million ongoing General Fund for key staff to plan
for the transition and launch of a new independent training institute that will train all
staff on best practices so they can further the new Department of Youth and
Community Restoration’s rehabilitative mission.
In addition, the May Revision includes $1.4 million ongoing General Fund to create a
partnership between DJJ and the California Conservation Corps to develop and
implement an apprenticeship program. This program will provide skill building and job
training opportunities to participating members and support them in accessing career
pathways upon returning to their communities.

VICTIM SERVICES
Crime victims and their families bear significant physical, emotional, and financial
burdens. The May Revision includes several proposals that will both assist crime victims
recovering from such traumas and proactively make strategic investments to protect
those who face a high risk of victimization.
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CONSOLIDATION OF VICTIMS PROGRAMS
Victims and survivors need to know where to turn for services, and these services should
be easily accessible. While the state offers dozens of victims’ services programs, it
currently administers these programs through multiple state departments in a manner
that is not designed to maximize ease of access for victims. Over the coming year, the
Administration will develop a plan to consolidate the Office of Emergency Services and
Victim Compensation Board victims programs within a new state department under the
Government Operations Agency and may identify victims programs in other
departments that could also be consolidated. This will provide one central place for
victims and their families to obtain information and access services when they are most
in need. The Administration intends to submit the consolidation of victims’ services
proposal as part of the 2020-21 Budget. This timeline allows for the planning necessary
to address the significant logistical challenges of transitioning the programs without
disrupting services to victims and their families.

VICTIM IMPACT PROGRAMS
CDCR's Office of Victims and Survivor Rights and Services provides information,
restitution, outreach, training, referral and support services to individuals, as well as their
next of kin, who were victimized by offenders sentenced to state prison. The May
Revision includes an additional $2 million Inmate Welfare Fund for (1) the Office’s Victim
Offender Dialogue program, which employs restorative justice principles to provide
opportunities for offenders to understand the impacts their actions have had on victims,
and (2) the Department’s Division of Rehabilitative Programs to establish or expand
Innovative Programming Grants targeting victim impact programs. These programs are
unique to CDCR and will not be consolidated.

VIOLENCE INTERVENTION AND PREVENTION PROGRAM
The Governor’s Budget included $9 million ongoing General Fund for the California
Violence Intervention and Prevention Program. The May Revision proposes an
additional augmentation of $18 million one-time General Fund, resulting in a total of
$27 million for the program in 2019-20 for grants to eligible cities and community based
organizations. These grants provide funding to support services such as community
education, diversion programs, outreach to at-risk transitional age youth, and violence
reduction models.
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NONPROFIT SECURITY GRANT PROGRAM
The California State Nonprofit Security Grant Program, administered by the Office of
Emergency Services, provides support for target hardening and other physical security
enhancements to nonprofit organizations that are at high risk of a terrorist attack,
particularly from hate crimes based on ideology and beliefs. Continuing previous
investments to combat attacks of this sort, the May Revision includes a $15 million
one-time General Fund augmentation for the grant program, to assist nonprofit
organizations that have historically been targets of hate-motivated violence.
Organizations can use these funds to help secure potential targets, such as places of
worship.

LOCAL PUBLIC SAFETY
Standards and Training for Corrections Program—Funding for the Standards and
Training for Corrections Program, which assists local corrections agencies in improving
the professional competence of their staff, was reduced significantly in 2016-17, driven
by a decline in criminal fine and fee revenues which was the primary funding source for
this program. In 2018-19, support was shifted to the General Fund but remained at the
reduced level. The May Revision includes an additional $6.2 million ongoing General
Fund to restore to a level more consistent with historical funding. This proposal was
released in April.
Community Corrections Performance Incentive Grant—The Community Corrections
Performance Incentive Grant, Chapter 608, Statutes of 2009 (SB 678), was created to
provide incentives for counties to reduce the number of felony probationers sent to
state prison. The May Revision includes $112.8 million General Fund to continue this
successful program. This is a decrease of $548,000 from the amount estimated in the
Governor’s Budget.
Post Release Community Supervision—The May Revision includes $14.8 million General
Fund for county probation departments to supervise the temporary increase in the
average daily population of offenders on Post Release Community Supervision as a
result of the implementation of Proposition 57. This is an increase of $2.9 million over the
amount estimated in the Governor’s Budget.
Proposition 47 Savings—Voters passed Proposition 47 in November 2014, which requires
misdemeanor rather than felony sentencing for certain property and drug crimes and
permits inmates previously sentenced for these reclassified crimes to petition for
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resentencing. The Department of Finance currently estimates net savings of $78.4 million
General Fund for Proposition 47 when comparing 2018‑19 to 2013‑14, a decrease of
$23,000 from the Governor's Budget estimate for 2018‑19. These funds will be allocated
according to the formula outlined in the initiative.
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C

alifornia’s environmental protection programs promote the state's economic
vitality in an environmentally sustainable manner by reducing greenhouse gas
emissions, enhancing environmental quality, and protecting public health.

SUSTAINABLE PEST MANAGEMENT
Chlorpyrifos is an insecticide used primarily on nut trees and fruit, vegetable and grain
crops in California. Acute exposure to chlorpyrifos presents serious risks to human health
including neurological development impairments, especially in children and sensitive
populations. California has taken actions to significantly reduce the use of and
exposures to chlorpyrifos. The Department of Pesticide Regulation recently
recommended additional mitigation measures to further restrict use of the pesticide by
instituting larger buffer zones and prohibiting certain application methods, such as
aerial spraying. Additionally, the Department will commence a regulatory process to
cancel the registration of chlorpyrifos. Cancellation would ban use of this pesticide in
California.
As California initiates the cancellation process, it is important that the state proceeds in
a way that balances public health, the environment and continued agricultural
productivity.
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Significant Adjustment:
• Sustainable Pest Management Solutions—A one-time increase of $5.7 million
General Fund to assist in the transition to safer pesticide alternatives. In partnership
with growers and workers, research and development of better and safer
alternatives, including non-chemical pest management, is necessary to build a
stronger more resilient agricultural community in California. This proposal includes
$125,000 for the Department and the California Department of Food and
Agriculture to lead a newly created, cross-sector work group that will identify,
evaluate and recommend alternative pest management tools. In addition, the May
Revision includes $5.6 million for additional research and technical assistance for the
development of safer, practical, more sustainable alternatives to chlorpyrifos.
In combination, the work group and funding for the development of alternatives will
produce short-term solutions and prioritize the development of long-term solutions to
support a thriving agricultural sector and healthy communities.

DEPARTMENT OF TOXIC SUBSTANCES CONTROL
The Department of Toxic Substances Control protects California residents and the
environment from the harmful effects of toxic chemicals by restoring contaminated
sites, enforcing hazardous waste laws, and compelling the development of safer
products.
The Department's two main special funds, the Toxic Substances Control Account and
Hazardous Waste Control Account, have structural deficits with ongoing expenditures
exceeding revenues. At the time of the Governor’s Budget, the Department had not
completed the reconciliation of its past year accounting records. As a result, the
magnitude of the Department’s funding shortfall was unknown. The Governor’s Budget
reflected several temporary and placeholder funding shifts from other special funds,
including the Lead-Acid Battery Cleanup Fund, to support the Department’s current
funding level. In February, the Department was able to reconcile its accounting records
through the 2017-18 fiscal year.
In order to maintain current operations, the May Revision includes one-time $37.5 million
General Fund. This funding is necessary on a temporary basis as the Administration
considers reforms necessary to improve accountability and transparency to impacted
communities and regulated entities and develops a fee package to generate sufficient
revenue to support the Department’s mission. Additionally, the Office of State Audits
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and Evaluations is currently conducting a performance audit of the Department’s
accounting functions, including whether its procedures are in compliance with the
state's accounting principles and practices, laws, and regulations. It is anticipated that
the audit will be completed in the fall of 2019.

SAFE DRINKING WATER
Since 2010, the state has provided over $3 billion, primarily bond funds and federal
funds, in assistance to address safe and affordable drinking water needs, such as the
repair, replacement, and improvement of aging infrastructure and new treatment
systems for over 600 projects to comply with the federal Safe Drinking Water Act.
Despite these efforts, many local water systems in the state, particularly those serving
small disadvantaged communities, will continue to fail to provide safe drinking water to
their customers. Currently, approximately 1 million Californians lack access to safe
drinking water. The most significant remaining challenge is the lack of a stable funding
source for long-term operation and maintenance of drinking water systems.
In recognition of the continued safe drinking water issues, the Governor’s Budget
proposed an additional $168 million Proposition 68 to support capital water projects
across the state. The Governor’s Budget also included $4.9 million General Fund to
support initial steps towards implementation of the Safe and Affordable Drinking Water
Program and statutory changes to establish ongoing sustainable funding to assist
disadvantaged communities in paying for the costs of obtaining access to safe and
affordable drinking water.
Chapter 1, Statutes of 2019 (AB 72) appropriated $20 million General Fund in the current
year to accelerate support for safe drinking water emergencies in disadvantaged
communities.
The Administration remains committed to working in collaboration with the Legislature
and stakeholders on a comprehensive package that includes a sustainable and
reliable source of funding to support safe and affordable drinking water for all
Californians.

ACHIEVING A CARBON-NEUTRAL ECONOMY
California is committed to achieving a carbon-neutral economy, including the
long-term transition away from fossil fuels. The May Revision invests in this transition by
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providing additional funds for transit-oriented communities; bus, truck, freight and
tractor engine upgrades to reduce diesel use; methane reductions in agriculture; and
providing apprenticeships and job training in careers that will build a future green
economy. The May Revision also recognizes the need for careful study and planning to
decrease demand and supply of fossil fuels, while managing the decline in a way that is
economically responsible and sustainable.
The Cap and Trade Program is one important element of California's greenhouse gas
emissions reduction strategy. It is a market-based mechanism that establishes a
statewide declining cap on greenhouse gas emissions and a state-run auction of
emissions allowances. Under the program, major carbon emitters must acquire
allowances to represent their emissions and turn them in to the state each year. This
establishes a price signal necessary to drive long-term investment in cleaner electricity
and fuels, as well as more efficient energy use. The system also provides entities
covered by the program the flexibility to reduce emissions in a cost-effective manner.
The Governor’s Budget included a $1 billion Cap and Trade Expenditure Plan to support
programs that reduce or sequester greenhouse gases, including programs that benefit
disadvantaged and low-income communities.
In recognition of the continued strength of recent Cap and Trade auctions, the May
Revision proposes an additional $251.5 million that promotes affordable housing,
sustainability and resiliency priorities (see 2019-20 Cap and Trade Expenditure Plan
chart).
• Transformative Climate Communities—A one-time increase of $92 million to support
integrated, community-scale housing, transit-oriented development, and
neighborhood projects that reduce emissions in some of the state's most
disadvantaged areas.
• Low Carbon Transportation—A one-time increase of $130 million for programs that
will reduce emissions from the transportation sector, with a focus on diesel pollution,
including: (1) $65 million to replace and upgrade diesel engines and equipment in
the agricultural sector, and (2) $50 million to provide incentives for zero-emission
trucks, transit buses, and freight equipment. In addition, $15 million is proposed to
help individuals replace old, highly polluting vehicles with newer, more efficient cars
and trucks.
• Climate Smart Agriculture—A one-time increase of $20 million, including:
(1) $10 million for the Healthy Soils program that increases carbon sequestration and
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keeps our leading agricultural industry productive and growing far into the future,
and (2) $10 million for methane reduction programs that will support the state’s
short-lived climate pollutant goals.
• Preparing Workers for a Carbon-Neutral Economy—An ongoing increase of
$8 million to increase job training and workforce development as the state
transitions to a carbon-neutral economy. When combined with the funding
proposed in the Governor’s Budget, this proposal invests $35 million annually for five
years in two key areas: (1) targeted pre-apprenticeship and apprenticeship
programs for the fast-growing construction industry, which is necessary to build the
infrastructure needed for climate resiliency and a carbon-neutral economy; and
(2) a new High Road Training Partnership program to foster connections between
employers, workers, and communities with an emphasis on regions and industries
that have been traditionally dependent on fossil fuels, including Kern County, as
California transitions to a carbon-neutral economy.
• Transition to a Carbon-Neutral Economy—A one-time increase of $1.5 million for a
study laying out the key actions the state must take to transition toward a
carbon-neutral economy. The study will emphasize environmental and economic
programs and policies to dramatically reduce fossil fuel demand by 2050, in line with
the state’s overall climate goals. The study will inform the California Air Resources
Board's Scoping Plan, which lays the foundation for achieving California's ambitious
goals, including achieving carbon-neutrality by 2045 and reducing greenhouse gas
emissions to 80 percent below 1990 levels by 2050.
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C

alifornia is experiencing unprecedented wildfire activity with increases in the
number and severity of wildfires. Fifteen of the twenty most destructive wildfires in
the state’s history have occurred since 2000; ten of the most destructive fires have
occurred since 2015. The fire season is getting longer each year with many parts of the
state experiencing nearly year-round fire danger. Climate change has led to historic
periods of drought, which has created critically dangerous fuel conditions and resulted
in over 147 million dead or dying trees.
Additionally, growth in the wildland urban interface has put more Californians at risk
than ever before. More than 25 million acres of the state’s wildlands are classified as
under very high or extreme fire threat. The catastrophic wildfire activity in 2018,
including the Camp, Woolsey, and Hill fires, underscores the serious dangers that
current conditions pose to individuals and communities in high-risk areas of the state.
In its first 100 days, the Administration has taken decisive action to identify and
implement recommendations and solutions to reduce wildfire risk; bolster the state’s
emergency preparedness, response, and recovery capacity; and protect vulnerable
communities. The May Revision builds on these efforts.
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BUILDING ON GOVERNOR’S BUDGET INVESTMENTS
The Governor’s Budget proposed $769.6 million ($521.6 million General Fund) in
additional funding to enhance the state’s preparedness, increase capacity to respond
to emergency incidents, and increase public safety. Significant investments included:
• $172.3 million ($171.3 million General Fund) for California Office of Emergency
Services (Cal OES) to improve the state’s emergency communication and warning
systems, support the Mutual Aid system and resource pre-positioning, and fund relief
efforts after disasters occur.
• $204.6 million ($202.2 million General Fund) for California Department of Forestry and
Fire Protection (CAL FIRE) and the California Conservation Corps (Corps) to enhance
the state’s fire protection capabilities by adding 13 new year‑round fire engines, 5
new CAL FIRE/Corps fire crews, and other key fire suppression resources; supporting
the operation of firefighting aircraft with increased tactical effectiveness; and
improving the use of technology and situational awareness capacity.
• $235 million ($8.4 million General Fund) for various departments to implement the
recently-enacted Wildfire Prevention and Recovery Legislative Package and
increase the pace and scale of forest health and fire prevention activities.
• $126.4 million ($108.4 million General Fund) to update and improve public safety
radio communication.
• $31.3 million General Fund to backfill wildfire-related property tax revenue loss for
cities, counties, and special districts as well as funding to waive the local share of
debris removal costs.

COMMUNITY WILDFIRE PREVENTION AND MITIGATION REPORT
In recognition of dangerous fire conditions, the Administration issued Executive Order
N-05-19 on January 8, 2019. The Executive Order directed CAL FIRE to collaborate with
other state agencies and departments to recommend a series of actions and
administrative, policy, and regulatory changes needed to prevent destructive
wildfires. The Executive Order further emphasized the need for these actions to be
targeted to protect the populations at the greatest risk from wildfires.
On March 5, 2019, CAL FIRE released the Community Wildfire Prevention and Mitigation
Report with 19 recommendations for immediate, medium-term, and long-term actions
to help the state decrease the risks associated with catastrophic wildfires. The report
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applies risk-based factors so that implementation of the recommended activities will
support the protection of the most vulnerable communities across the state.
One of the report’s central recommendations is to accelerate completion of 35 priority
fuel reduction projects identified through CAL FIRE’s risk-based assessment. Completion
of these projects will reduce fire risk and increase resiliency for over 200 communities
across the state. Additionally, the report recommends that the state deploy National
Guard crews and other emergency response resources to complete fire prevention
projects, consistent with recent action taken by the Administration to make National
Guard personnel available to CAL FIRE for this purpose.

WILDFIRES AND CLIMATE CHANGE: CALIFORNIA’S ENERGY FUTURE
In early January, the Governor's strike force was created to coordinate the state's efforts
to provide for the safety, reliability, and affordability of energy as well as to continue
progress toward achieving the state's climate commitments. The Administration
directed the strike force, within 60 days, to develop a comprehensive strategy to
address the impacts of catastrophic wildfires and climate change and their
destabilizing effect on the energy sector. Accordingly, the strike force’s report, Wildfires
and Climate Change: California’s Energy Future, was released on April 12, 2019 and
makes a series of recommendations to accomplish the following objectives:
• Reduce the frequency and severity of wildfires, strengthen emergency response,
and build community resiliency.
• Mitigate climate change through clean energy policies.
• Provide a fair and equitable allocation of wildfire costs and damages.
• Make necessary changes to stabilize utilities to meet the energy needs of customers
and the economy.
The report provides a roadmap for the state to meet the daunting challenges ahead
and increase the safety and security of all Californians while providing continued
access to safe and affordable energy.

CURRENT YEAR ACTIONS
The Administration and Legislature have already taken swift action to address urgent
needs associated with disaster preparedness and response as well as state and local
recovery from recent catastrophic wildfire events. This includes:
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• Accelerating implementation of the 35 priority fuel reduction projects identified in
the Community Wildfire Prevention and Mitigation Report to protect over 200 at-risk
communities across the state using existing forest health and fire prevention funding.
The recently issued State of Emergency Proclamation will support these efforts by
providing waivers to suspend state administrative and regulatory requirements
to enable projects to be completed more quickly.
• Redirecting up to 100 National Guard personnel to create fuel reduction and fire
suppression crews that are available to CAL FIRE to undertake priority projects, as
authorized through General Order 2019-01.
• Launching the California for All Emergency Preparedness Campaign, a joint
initiative between Cal Volunteers and Cal OES, to connect vulnerable populations
with culturally and linguistically competent support and bolster resiliency. The
$50 million campaign will support dispatching of expert disaster teams to key
regions and the development of targeted public awareness and outreach
campaigns.
• Providing funding from the California Disaster Assistance Act and Disaster
Response-Emergency Operations Account within the Special Fund for Economic
Uncertainties to support critical disaster relief and recovery activities, including
debris removal, shelter support, and remediation activities.
The May Revision builds upon these investments and the Administration’s
accomplishments over its first 100 days to further strengthen the state’s emergency
response capacity, reduce the threat of catastrophic wildfires, and protect
communities at risk.

DISASTER PREPAREDNESS, RESPONSE, AND RECOVERY
Based on lessons learned and because of the increased magnitude, frequency, and
complexity of recent disasters, the May Revision includes $39.9 million ($38.6 million
General Fund) and 159.5 positions for various departments to enhance the state’s
disaster preparedness, response, and recovery capabilities; support the continuity of
state government during disasters; and increase technical proficiency to best position
the state to maximize appropriate federal reimbursements of billions of dollars. This
includes resources for departments to: enhance disaster contingency planning and
preparedness, provide funding to support Cal OES mission tasking, and facilitate the
development of a Statewide Disaster Reserve Corps for surge capacity during disasters.
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DISASTER CONTINGENCY PLANNING AND PREPAREDNESS
The May Revision proposes the following resources to support disaster contingency
planning and preparedness:
• Office of Emergency Services—$5.9 million in ongoing funds ($5.1 million General
Fund) and 76 positions to enhance Cal OES disaster preparedness and response
capacity for future state disasters. Without the appropriate tracking and
coordination of disaster costs, California would be at risk of losing federal funding.
• Department of Housing and Community Development—$2 million General Fund
(with $740,000 in ongoing resources) and four positions to create a permanent
Disaster Response and Recovery Unit that will provide housing expertise in
coordination with statewide disaster recovery efforts and to hire a consultant that
will conduct local needs assessments related to the 2018 Camp and Woolsey fires as
well as create local long-term recovery plan frameworks.
• State Water Resources Control Board—$1 million ongoing General Fund and six
positions to improve emergency response capabilities between the State Water
Board, regional boards, and other state entities during emergencies. These
resources will enable the Water Board to lessen the impacts of disasters on
vulnerable populations by addressing a wide range of issues in the periods following
and between emergencies, including addressing engineering and operation issues
facing drinking water systems and waste water utilities, and preventing or minimizing
impacts to water quality, water supply security, and safety.
• Department of Resources Recycling and Recovery—$2.8 million ongoing General
Fund and 21.5 positions for the Department to continue its significant role in
emergency response mission tasking responsibilities. These resources will establish a
dedicated team to help facilitate timely, safe, and effective debris removal
operations as well as to assist local governments in the preparation of debris
removal plans for future incidents.
• Emergency Medical Services Authority—$979,000 ongoing General Fund and two
positions to increase disaster medical services capacity, including coordination of
medical assets during emergency response efforts and one-time purchases of
medical treatment and communications equipment.
• Department of Public Health—$959,000 in ongoing funds ($569,000 General Fund)
and six positions to support health care facilities and mass care shelters during
emergencies as well as disaster preparedness, response, and recovery efforts.
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Activities will include deployment of infection control teams and continuous
updates to an existing health facility mapping application used during disasters.
• Department of State Hospitals—$996,000 ongoing General Fund and six positions to
improve emergency coordination and preparedness, and business continuity
planning at five state hospitals and the Department of State Hospitals headquarters.
The additional resources will enhance the Department’s ability and capacity to
more effectively care for patients and coordinate staff in the event of a disaster.
• Department of Social Services—$2.9 million ongoing General Fund and 20 positions
to support the Department of Social Services’ mandated disaster planning,
coordination, and training activities. The Department is responsible for statewide
mass care and shelter responsibilities, as designated by Cal OES.

EMERGENCY CONTINGENCY FUNDING
The May Revision includes $20 million one-time General Fund for a state mission tasking
appropriation within the Cal OES budget. In addition, $1.5 million and 12 positions are
proposed for Cal OES to coordinate with all state agency responders as a part
of effectively managing and monitoring this appropriation given it will be responsible for
the distribution of these funds. When state entities are mission tasked, some staffing
costs associated with those activities are not absorbable within existing budgets, nor
are these costs eligible for the California Disaster Assistance Act or Disaster
Response-Emergency Operations Act funding. This proposed state mission tasking
appropriation provides a resource to fund state entities for costs incurred when mission
tasked, and to fund surge capacity needs of the Statewide Disaster Reserve Corps
described below.

STATEWIDE DISASTER RESERVE CORPS
The May Revision includes $711,000 ongoing General Fund and 6 positions to initiate
development of a statewide Disaster Reserve Corps resource pool for surge capacity
needs. This resource pool will be able to backfill departments for steady-state activities,
assist with continuity planning, and identify pre‑screened qualified candidates to be
part of needed incident support teams to assist in state preparedness and readiness.

PUBLIC SAFETY POWER SHUTDOWN
The May Revision includes a one-time investment of $75 million General Fund to
improve resiliency of the state’s critical infrastructure in response to investor-owned
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utility-led Public Safety Power Shutdown (PSPS) actions, and to provide assistance to
communities, where appropriate, as specific urgent needs are identified.
Investor-owned utilities (IOUs) have signaled their intent to significantly increase the use
of PSPS on their energized power lines to prevent wildfires during high wind or other
severe weather events. As a result, affected areas may be without power for several
hours, days, and in some cases, over a week. Given the configuration of power grids
and limited weather-monitoring capacities, at times, IOUs may be unable to implement
PSPS in targeted areas, which could result in larger regional areas being impacted.
This proposal will provide a flexible source of funding to facilitate immediate response to
utility initiated power shutdowns. In addition, planning grants to improve local
preparedness for IOU-driven PSPS events would be available to the state’s Operational
Areas’ (Counties) Offices of Emergency Management to convene regional
stakeholders to discuss PSPS preparedness efforts, update emergency plans for PSPS
events, and hold trainings, discussions, and exercises to reinforce planning assumptions.
The May Revision also includes $41 million Public Utilities Commission Utilities
Reimbursement Account to fund inspections and improve review of both utility wildfire
mitigation plans and PSPS reports. Specifically, this includes $38 million for
one-time contract resources over three years to investigate and verify utility
compliance with wildfire mitigation plans and to improve the California Public Utilities
Commission’s (PUC) oversight and evaluation of wildfire mitigation plans. It also includes
funding to support 16 positions to oversee these contracts, facilitate these efforts, and
streamline PUC regulatory processes.

PROPERTY TAX BACKFILLS
The May Revision includes one-time $518,000 General Fund to reimburse cities, counties
and special districts for 2018-19 property tax losses resulting from the 2018 wildfires. This
augments the $31.3 million proposed in the 2019-20 Governor's Budget, and
subsequently added to the 2018 Budget Act by Chapter 1, Statutes of 2019 (AB 72).
The additional $518,000 is for the local agencies in Los Angeles, Mendocino, Napa,
Orange, San Diego, Solano, Tuolumne, and Ventura counties that suffered property tax
losses due to the 2018 wildfires but had not been able to calculate these totals timely to
be included in the Governor's Budget. They are now included in the May Revision.
The corresponding property tax loss for K-14 schools is $530,000. This will be backfilled
under the Proposition 98 school funding mechanism.
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CAMP FIRE RECOVERY
On November 8, 2018, a state of emergency was declared for Butte County due to the
effects of the Camp Fire—the deadliest and most destructive wildfire in California
history. The Camp Fire destroyed more than 18,000 structures and 90 percent of the
Town of Paradise, which was home to almost 27,000 residents. The May Revision
includes $10 million one-time General Fund to support local communities in their
recovery from the unprecedented devastation of the Camp Fire.

DEPARTMENT OF FORESTRY AND FIRE PROTECTION
The May Revision includes $15.7 million one-time General Fund to build on the
investments proposed in the Governor’s Budget to enhance CAL FIRE’s fire protection
capabilities and increase the pace and scale of forest health and fire prevention
activities. The funding proposed in the May Revision aligns with key recommendations
from the Community Wildfire Prevention and Mitigation Report as well as the strike
force's report.
• California Vegetation Treatment Program Environmental Impact Report—A
one-time increase of $730,000 General Fund to support the Board of Forestry and
Fire Protection in certifying the Programmatic Environmental Impact Report (EIR) for
the California Vegetation Treatment Program. The EIR will help CAL FIRE and other
partner agencies increase the pace and scale of fire prevention activities and work
toward achieving the statewide goal of increasing forest management treatments
from 250,000 to 500,000 acres per year on non-federal forest lands, as
recommended in the Forest Carbon Plan.
• Innovation Procurement Sprint—A one-time increase of $15 million General Fund to
enable CAL FIRE to procure innovative solutions to combat the state’s wildfire crisis
consistent with Executive Order N-04-19. The Executive Order directs CAL FIRE to
engage in a modified procurement process, referred to as the Innovation
Procurement Sprint, developed by the California Department of Technology and
Department of General Services. Through this process, CAL FIRE will work
collaboratively with vendors to identify and develop new and innovative solutions
through the proof of concept phase and ultimately procure and deploy approved
solutions to help the state address challenges associated with increased wildfire
activity.
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CATASTROPHIC LIVESTOCK DISEASE PREVENTION AND
EMERGENCY RESPONSE
On May 16, 2018, virulent Newcastle Disease, a fatal viral disease affecting birds and
poultry, was detected in Los Angeles County. While the California Department of Food
and Agriculture (CDFA) engaged in efforts to contain and eradicate the disease, the
virus spread into new areas of Los Angeles, San Bernardino, Riverside, Ventura and
Alameda Counties, as well as to Utah and Arizona. As a result, over 1.2 million birds
have been euthanized.
Although Newcastle Disease does not have significant human health impacts, if it
spreads to the Central Valley, it would be devastating to poultry health, impact the
supply of poultry to the West Coast, and may result in significant economic loss. This
disease is one of several foreign livestock diseases that require a well-coordinated state
response. An immediate and sustained response is needed to minimize the impacts
before widespread infection occurs.
These disease outbreaks and recent disasters illustrate the need for enhanced
prevention and response infrastructure. The May Revision includes $3.3 million ongoing
General Fund and 23 positions to:
• Perform emergency response activities during catastrophic livestock or poultry
disease outbreaks,
• Coordinate assistance for animal needs during disasters,
• Support community preparedness and volunteer mobilization for pet and livestock
evacuation, housing, and treatment during disasters,
• Develop or update prevention and response plans that utilize current best practices,
• Train CDFA staff and other federal and local responders, maximally leveraging
emergency response discipline specialists, and
• Enhance disease prevention programs in the highest risk areas of the state.
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STATEWIDE ISSUES AND VARIOUS
DEPARTMENTS

T

his Chapter describes items in the Budget that are statewide issues or related to
various departments.

CANNABIS TAX FUND ALLOCATIONS
The Medical Marijuana Regulation and Safety Act enacted in 2015 created a
regulatory framework for medical cannabis in California, and distributed the
responsibility for state licensing between three state entities—the Bureau of Cannabis
Control, the Department of Food and Agriculture, and the Department of Public Health.
In November 2016, voters approved Proposition 64, the Adult-Use of Marijuana Act,
which legalized the recreational sale and use of cannabis to people over the age of 21
and levied new excise taxes on the cultivation and retail sale of all state-regulated
cannabis. Chapter 27, Statutes of 2017 (SB 94), integrated medicinal and adult-use
regulations to create the Medicinal and Adult-Use Cannabis Regulation and Safety Act,
establishing a single regulatory system to govern the commercial cannabis industry in
California.
As approved in Proposition 64, effective January 1, 2018, excise taxes are levied on the
cultivation and retail sale of both adult-use and medicinal cannabis with tax revenues
being deposited into the Cannabis Tax Fund. The cannabis excise tax is forecast to
generate $288 million in 2018-19 and $359 million in 2019-20, a reduction of $67 million
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and $156 million, respectively, from the Governor’s Budget forecast. The forecast
assumes continued growth of more than 15 percent annually as new businesses
continue to enter the marketplace and local jurisdictions adjust to the state’s legal
framework. It is important to note that for the near term, revenue estimates will be
subject to significant uncertainty because the market has only recently been
established.
Proposition 64 specified the allocation of resources in the Cannabis Tax Fund, which are
continuously appropriated. Pursuant to Proposition 64, expenditures are prioritized for
regulatory and administrative workload necessary to implement, administer and
enforce the Cannabis Act, followed by research and activities related to the
legalization of cannabis, and the past effects of its criminalization. Once those priorities
have been met, the remaining funds are allocated to youth education, prevention,
early intervention, and treatment; environmental restoration; and public-safety related
activities. The May Revision estimates $198.8 million will be available for these purposes,
and allocates them for the first time in 2019-20 as identified below.
Education, prevention, and treatment of youth substance use disorders and school
retention—60 percent ($119.3 million):
• $12 million to the Department of Public Health for cannabis surveillance and
education activities.
• Remaining 75 percent ($80.5 million) to the Department of Education to subsidize
child care for school-aged children of income-eligible families to keep these
children occupied and engaged in a safe environment, thus discouraging potential
use of cannabis.
• Remaining 20 percent ($21.5 million) to the Department of Health Care Services for
competitive grants to develop and implement new youth programs in the areas of
education, prevention and treatment of substance use disorders along with
preventing harm from substance use.
• Remaining 5 percent ($5.3 million) to California Natural Resources Agency to
support youth community access grants. These grants will fund programs to
support youth access to natural or cultural resources, with a focus on low-income
and disadvantaged communities. This includes but is not limited to community
education and recreational amenities to support youth substance use prevention
and early intervention efforts.
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Clean-up, remediation, and enforcement of environmental impacts created by illegal
cannabis cultivation—20 percent ($39.8 million):
• Sixty percent ($23.9 million) to the Department of Fish and Wildlife, of which
$13.8 million will support clean-up, remediation, and restoration of damage in
watersheds affected by illegal cannabis cultivation and $10.1 million to support
enforcement activities aimed at preventing further environmental degradation of
public lands.
• Forty percent ($15.9 million) to the Department of Parks and Recreation, of which
$7.1 million will be used to survey the impacts and identify unknown areas of
cannabis cultivation to assist with prioritizing resources for effective enforcement,
$5.6 million for remediation and restoration of illegal cultivation activities on state
park land, and $3.2 million to make roads and trails accessible for peace officer
patrol and program assessment and development.
Public safety-related activities—20 percent ($39.8 million):
• $2.6 million to the California Highway Patrol for training, research, and policy
development related to impaired driving and for administrative support.
• Remaining 30 percent ($11.2 million) to the California Highway Patrol’s impaired
driving and traffic safety grant program for non-profits and local governments
authorized in Proposition 64.
• Remaining 70 percent ($26.0 million) to the Board of State and Community
Corrections for a competitive grant program for local governments that have not
banned cannabis cultivation or retail activities that will prioritize various public
health and safety programs, including, but not limited to, local partnerships focused
on prevention and intervention programs for youth and to support collaborative
enforcement efforts aimed at combating illegal cannabis cultivation and sales.
The dollar amounts above are subject to change and will be affected by actual
cannabis tax receipts for the final two quarters of 2018-19.
The May Revision also includes $15 million Cannabis Tax Fund to provide grants to local
governments to assist in the creation and administration of equity programs, and to
support equitable access to the regulated market for individuals through financial and
technical assistance. The Governor’s Office of Business and Economic Development will
administer the grant program on behalf of the Bureau of Cannabis Control.
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The May Revision includes statutory language to address technical, clean-up issues
related to the California Cannabis Appeals Panel statute, streamline provisional
licenses, enhance the equity grant program established in Chapter 794, Statutes of
2018 (SB 1294), strengthen administrative penalties for unlicensed cannabis activity, and
extend the existing CEQA exemption.

FARM ANIMAL CONFINEMENT (PROPOSITION 12)
On November 6, 2018, California voters approved Proposition 12, which expanded
current animal housing requirements and established new, more stringent minimum
space standards on housing for calves raised for veal, breeding pigs and egg-laying
hens. These requirements will be implemented through a phased approach over the
next three years. The ballot measure also makes it illegal for businesses in California to
knowingly sell eggs or uncooked pork or veal that came from animals housed in a
manner that does not comply with the new confinement requirements, including
products from animals raised and maintained at facilities located in California and
out-of-state.
Proposition 12 mandates enforcement of its provisions by the California Department of
Food and Agriculture (CDFA) and the California Department of Public Health.
The May Revision includes $4.5 million General Fund and 14 positions to perform the
initial first-year program development and implementation activities associated with
enforcing the new Proposition 12 mandates. CDFA is currently in the process of
developing regulations to further define its role in meeting the requirements of
Proposition 12 and a future comprehensive proposal is anticipated once regulations are
complete and the ongoing workload needs are identified.

COUNTY VOTING SYSTEMS
The 2018 Budget Act provided one-time funding of $134 million General Fund for the
replacement of voting systems and technology in all 58 counties. The funding provided
reimbursement to counties by matching county funds spent on voting system
replacement activities on a dollar-for-dollar basis, up to the maximum amount of funds
allocated for this purpose.
To support counties in their effort to replace voting systems and strengthen the security
of California’s election infrastructure, the May Revision includes an additional one-time
General Fund investment of $87.3 million to replace and upgrade county voting
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systems. This will provide an additional 25 percent of the estimated vote center model
costs for counties with over 50 precincts ($65.7 million), which brings the state’s
investment to 75 percent of total estimated costs; full funding of the estimated polling
place model costs for counties with 50 or fewer precincts ($3.6 million); and $18 million
for county election management system replacements.

CALIFORNIA ARTS COUNCIL
The California Arts Council’s mission is advancing California through the arts and
creativity. The Council administers grants to support the state’s arts and cultural
communities through the development of partnerships with the public and private
sectors to enhance the cultural, educational, social, and economic growth of
California. The grant programs support arts education in school and community
settings; system-engaged youth; recently incarcerated individuals; local and
community economic development; recent immigrants and refugee communities;
native communities; veterans and their families; and various arts service organizations,
and are designed to serve populations and communities who are underrepresented in
the arts and have reduced access to arts programs. The Governor’s Budget
included $10 million ongoing General Fund to expand grant programs that offer
support for public access to the arts, arts education, and the state’s cultural
infrastructure.
The May Revision includes $5 million one-time General Fund to the Arts Council for the
Los Angeles Museum of the Holocaust. The museum is the oldest survivor-founded
museum in the United States and houses a large collection of artifacts donated by
Holocaust survivors. The museum is expanding in Pan Pacific Park and the $5 million will
assist with this effort.
The May Revision also includes $5 million one-time General Fund to the Arts Council for
the Armenian American Museum. The Armenian American Museum and Cultural
Center of California is a developing project that will be located in Glendale, California.
The Museum’s mission is to promote understanding and appreciation of America’s
ethnic and cultural diversity by sharing the Armenian American experience.
The Governor’s Budget included $1 million one-time General Fund to the Natural
Resources Agency for the Armenian American Museum, which is being transferred to
the Arts Council in the May Revision. Including the additional investment in the May
Revision, the state has provided $8 million since 2016 for the Armenian American
Museum.
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FAIRVIEW DEVELOPMENTAL CENTER
The May Revision includes one-time $2.2 million General Fund to complete a site
evaluation of disposition options for the Fairview Developmental Center.
The Department of Developmental Services anticipates it will continue serving clients at
the Fairview facility through the end of 2019. To facilitate the timely disposition of the
property after the Department of Developmental Services ceases operation of the
facility, the Department of General Services will hire a consultant to assist with the
evaluation of appropriate reuse options. In January, the Governor issued Executive
Order N-06-19, which directed state departments to prioritize development of housing
on excess state properties, working in partnership with local government. Accordingly,
the Fairview evaluation will include identifying constraints and opportunities, working
with the City of Costa Mesa and Orange County to identify local stakeholder interest in
the reuse of the property, particularly related to meeting housing and homelessness
needs, and identifying options that will generate the greatest benefit to the state.
Concurrently, the Department of General Services will explore options to immediately
enter into a long-term lease with a local jurisdiction to provide housing and supportive
services for up to 200 individuals with cognitive disabilities who are currently homeless.

STATE RETIREMENT CONTRIBUTIONS
The May Revision includes the following adjustments for retirement contributions:
• State contributions to the California Public Employees’ Retirement System (CalPERS)
have increased by a net total of $3.5 million ($8.8 million General Fund increase and
a $5.3 million Other Fund decrease) relative to the Governor’s Budget. The increase
is a result of CalPERS’ adjustment to the state’s contribution rates, which is due
primarily to the normal progression of the existing amortization and smoothing
policy, a reduction in the discount rate from 7.25 percent to 7.00 percent, and
increases in payroll.
• State contributions to the California State Teachers’ Retirement System (CalSTRS)
increased by $5.6 million General Fund, relative to the Governor’s Budget, due to a
revision in reported compensation for K-12 and community college teachers.
• Relative to the Governor’s Budget, state contributions to the Judges’ Retirement
System (JRS) I increased by $5.7 million General Fund, and state contributions to JRS
II increased by $6.4 million General Fund. These increases are attributed to an
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increase in the JRS II employer contribution rate, changes in the number of JRS I and
II active and retired members, and an increase in member salaries.
The State Retirement and Health Care Contributions figure provides an historical
overview of contributions to CalPERS, CalSTRS, the Judges’ Retirement System (JRS), JRS
II, and the Legislators’ Retirement System (LRS) for pension and health care benefits.
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EMPLOYEE COMPENSATION AND COLLECTIVE BARGAINING
The May Revision decreases employee compensation by $1.8 million to reflect updated
estimates to the dental and vision premium rates, natural changes to enrollment in
health and dental plans, and updated employment information for salary increases
and other post-employment benefit contributions.
In addition, the Administration will continue collective bargaining negotiations with
Highway Patrol Officers, whose contract expired early July 2018, and will begin or
continue collective bargaining negotiations with the additional five bargaining units,
representing Attorney’s and Administrative Law Judges, Correctional Officers, Public
Safety, Stationary Engineers, and Psychiatric Technicians, whose contracts will expire in
late June or early July 2019.

STATE APPROPRIATIONS LIMIT CALCULATION
Pursuant to Article XIIIB of the California Constitution, the 2019-20 limit is estimated to be
$112.1 billion. The revised limit is the result of applying the growth factor of 4.18 percent
to the prior year limit. The revised 2019-20 limit is $1.5 billion below the $113.6 billion
estimated in January. This decrease is primarily due to changes in the following factors:
• Per Capita Personal Income
◦ January Percentage Growth: 5.07%
◦ May Revision Percentage Growth: 3.85%
• State Civilian Population
◦ January Percentage Growth: 0.75%
◦ May Revision Percentage Growth: 0.55%
• K-14 Average Daily Attendance
◦ January Percentage Growth: -0.05%
◦ May Revision Percentage Growth: -0.07%
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E

conomic growth in the U.S. and California is expected to slow over the forecast,
with continued growth dependent on consumers doing better and spending more.
California remained the 5th largest economy in the world in 2018, with close to $3 trillion
in Gross Domestic Product (GDP). The main risks to the outlook remain a stock market
correction, federal policy, a global slowdown, or a recession. There are also structural
vulnerabilities such as large federal deficits, increased risks from natural disasters, an
aging population, and increasing consumer debt levels that may hamper a response to
shocks. While forecast assumes the economy will continue growing, the risks to the
outlook are increasing.

THE NATION – UNEQUAL GROWTH
As projected, U.S. real GDP growth was 2.9 percent in 2018, due largely to one-time
factors such as increased federal spending, tax cuts that marginally increased
consumption and investment, and accelerated exports to avoid increased tariffs (see
figure with Contributions to U.S. Real GDP Growth). In contrast to federal projections, the
tax cuts did not lead to increased wages for workers, with total wages and salaries rising
only 4.5 percent—even at a near-record-low unemployment rate of 3.9 percent in 2018
(see figure with U.S. and California Unemployment Rates). In 2000, when the
unemployment rate was 4 percent, total wages and salaries increased by 8.3 percent.
The increased purchasing power from higher wages would have likely given rise to
more profitable investments. Instead, many companies used the one-time gains from
tax cuts to buy back their own stocks. In 2019 and on, average wages are expected to
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increase, and GDP growth will once again be largely dependent on consumption and
investment.

U.S. inflation was 2.4 percent in 2018, and is expected to remain around the 2-percent
target level for the Federal Reserve. Due to lower inflation expectations and the slowing
growth, the Federal Reserve announced in February that it would leave the benchmark
interest rate in the range of 2.25-2.5 percent for the foreseeable future. The Governor’s
Budget forecast assumed that interest rates would be increased to around 3.5 percent
by 2020, while the May Revision assumes one more interest rate hike to 2.5-2.75 percent
by the end of 2019. In previous economic cycles, interest rates would frequently rise to
around 5 percent.

CALIFORNIA – UNEVEN GROWTH
California’s unemployment rate fell to a new record low of 4.1 percent in July 2018 and
remained there until gradually increasing to 4.3 percent in March 2019 (see figure with
U.S. and California Unemployment Rates). The forecast assumes the state remains
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around this level for the next few years, despite limited durations of full employment
episodes in the past. However, much like the U.S., total wages and salaries grew by
5.3 percent in 2018 compared to the 12.9 percent growth in 2000 when unemployment
was 4.9 percent. With California inflation averaging 3.7 percent in 2018, and civilian
employment increasing by 1.6 percent in 2018, many workers likely earned less in real
terms.
The forecast assumes that as job growth and total wages growth slow, moderate
inflation of around 3 percent gives consumers more purchasing power. Housing inflation
in California often exceeds 5 percent, and has largely been to blame for higher overall
inflation relative to the nation as a whole (see figure with Contributions to Inflation).
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To allow for continued growth in jobs, housing must be built closer to where hiring
occurs, and must replace the housing units lost in fires. In 2017, for example, almost
7,000 units were destroyed by fire, while almost 15,000 units were lost from the Camp Fire
in 2018. Housing permits are expected to increase to around 165,000 by 2022 from
114,000 in 2018 (see the Contributions to California Housing Unit Growth figure).
Construction jobs are likewise expected to increase from 860,000 in 2018 to over
1 million in 2022.
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For more information about the U.S. and California forecasts, see the table of Selected
Economic Indicators.
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RISKS ARE INCREASING
The main risks to the California economic outlook have intensified, including a stock
market correction, federal policy, slower global growth, and an eventual U.S. recession.
Structural vulnerabilities such as large federal deficits, increased risks from natural
disasters, an aging population, and increasing consumer debt levels may hamper a
response to shocks.
The Standard & Poor's 500 index remains near record highs. Despite volatility at the end
of 2018, the index remains high as corporations use their additional cash on share
buybacks (see figure with S&P 500 Index). In the 2007-2009 economic downturn, the
S&P 500 index decreased by more than 50 percent. Much of the increase since then
has been due to technology companies headquartered in California, and a sudden
correction would hit the state particularly hard.

California and the federal government continue to pursue different policy objectives,
especially with respect to environmental protection, health care access, and openness
to global markets. The state chose to expand health care access through the federal
Medicaid program, as well as other policy choices that are partially paid for by the
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federal government. The state is a globally significant producer of multiple agricultural
goods, and technology and other industries are globally competitive. Attempts by the
federal government to change policy in this area could reverse progress or harm
California's economy.
The risks of a global slowdown and a U.S. recession also remain. The International
Monetary Fund has reduced the global growth forecast for 2019 to 3.3 percent—the
slowest rate since 2009. Both the U.S. and California are at near record unemployment
rate lows, but history shows that these episodes do not last forever. In past recessions,
interest rates have been lowered 5 percentage points or more, but are still under
3 percent. The Federal Reserve may also be constrained by a balance sheet with
around $3.9 trillion in quantitative easing purchases from the last recession. In recessions,
federal spending also typically increases, which can turn surpluses at the end of an
expansion to deficits. With additional federal spending in recent years and revenue
losses from tax cuts, deficits already exceed $1 trillion a year (see figure with U.S. Federal
Deficits and Real GDP Growth).
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The gains from the expansion have also been uneven, leading to some structural
vulnerabilities if a recession begins. Homeownership rates in the U.S. fell from
67.2 percent in 2007 to 64.9 percent in 2017, and in California from 58 percent in 2007 to
54.8 percent in 2017. California in particular saw homeownership rates among 35-44
year-olds decline from 54.4 percent in 2007 to 44.6 percent in 2017, while rates among
45-54 year-olds declined from 64.8 percent to 58.3 percent. Not being tied to a
mortgage can mean it is easier to move for a job, but renters may have fewer
resources during unemployment. Delays in buying a home could also be related to
increased student loan burdens. In 2009, the stock of student loans rose above the
stock of motor vehicle loans for the first time, with the gap continuing to widen. Student
loan balances in the U.S. totaled $1.57 trillion at the end of 2018, with motor vehicle
loans totaling $1.15 trillion. Notably, while vehicle and mortgage loans are secured by
the underlying asset and can be discharged in bankruptcy, student loans cannot.
The increasing frequency of natural disasters such as hurricanes, flooding, and fires can
be enormously disruptive to people, both renters and homeowners, but can be
especially difficult for the elderly. The proportion of people in California age 55 and
above has been increasing (see figure with Labor Force and Working Age Population).
More workers are staying in the labor force, but finding a job during recessions for older
workers can be discouraging, or lead to earlier retirements. However, most growth in
the adult population has been in the 55+ age range. Workers aged 25-54 tend to keep
searching for longer, but long periods of unemployment make it difficult to pay down
debts, buy a home, or save for retirement. Younger workers have tended to put off
entering the labor force, delaying their ability to save for the future.
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W

hile high-income individuals and corporate profits outperformed expectations
from Governor’s Budget, the boost is expected to be temporary and revenues
will be lower beyond the forecast window. From 2017-18 through 2019-20, the May
Revision revenues have increased by approximately $3.2 billion before accounting for
transfers. The changes in the three largest tax sources are:
• Personal income tax revenues are revised upwards almost $1.9 billion due to the
strong stock market in 2019, which results in substantially higher capital gains in 2019
and 2020. In addition, personal income tax withholding was increased by $500
million in 2019 due to the expected number of Initial Public Offerings (IPOs) of stock
in large California-based companies.
• Sales tax receipts are down by $360 million due mainly to a downgrade in the
forecast for investment by businesses, as the expected boost from the federal tax
cut did not materialize.
• Corporation tax revenues are up over $1.7 billion based on corporate tax receipts
received through April. The stronger receipts are a result of shifting of income from
2017 to 2018 and other one-time payments such as revenues from repatriation of
foreign earnings associated with the federal tax changes in late 2017.

After accounting for transfers, which includes loan repayments as well as automatic
and discretionary transfers to the Rainy Day Fund, General Fund revenues at the May
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Revision forecast are higher than the Governor’s Budget by over $1.1 billion in 2018-19
and almost $1.2 billion in 2019-20.
The General Fund Revenue Forecast table compares the revenue forecasts by source
in the Governor’s Budget to the May Revision. Total May Revision revenues, including
transfers, is projected to be $138 billion in 2018-19 and $143.8 billion in 2019-20.
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LONG-TERM FORECAST
The May Revision economic forecast reflects slower U.S. real gross domestic product
growth of 2.3 percent in 2019 and 2.1 percent in 2020, down from 2.9 percent in 2018.
The projected average growth rate starting in 2021 then continues to fall below 2
percent, with more of the growth accruing to lower-wage workers who pay less in
taxes. While the forecast does not project a recession, the risks to the outlook are now
higher, as discussed in the Economic Outlook Chapter.
The Long-Term Revenue Forecast table below shows the forecast for the largest three
sources of General Fund revenues from 2017-18 through 2022-23. Total General Fund
revenues from these sources is expected to grow from $131.1 billion in 2017-18 to
$151.8 billion in 2022-23. The average year-over-year growth rate over this period
is 3 percent.

EARNED INCOME TAX CREDIT
The 2015 Budget enacted the state’s first-ever Earned Income Tax Credit to help the
poorest working families in California. The EITC was expanded as part of the 2017 and
2018 Budgets, and is expected to provide $400 million of credits to around 2 million
households in 2018.
The May Revision proposes to rename the credit the California EITC, a cost-of-living
refund, and to significantly expand the credit. The newly expanded credit will be
available to roughly 3 million households in total, and will approximately triple the
amount of credits provided from $400 million to about $1.2 billion. The expansion will:

MAY REVISION — 2019-20

107

REVENUE ESTIMATES

RcAy7kI2w8 BQ3aA

• Provide a $1,000 credit for every family that otherwise qualifies for the credit and has
at least one child under the age of 6.
• Increase the maximum eligible earned income to $30,000 so that those working up
to full-time at the 2022 minimum wage of $15 per hour will be eligible for the credit.
• Change the structure of the credit so that it phases out more gradually, providing a
more substantial credit for many eligible families.
The May Revision includes $18.7 million in 2019-20 for the Franchise Tax Board to develop
and administer a program to give California EITC recipients the option to receive a
portion of their EITC as monthly advance payments rather than as a lump sum at the
end of the year when they file their taxes. The program is targeted to begin in 2021 and
is contingent upon a Department of Finance determination that the monthly advance
EITC payments will not affect taxpayer’s eligibility for any income-based federal or state
programs.
To pay for the entire California EITC program, the May Revision proposes conforming to
a number of federal tax provisions mainly impacting business income. The provisions
included are those that would constitute good tax policy or that would confer a
significant administrative benefit to California taxpayers or the Franchise Tax Board.
These provisions include small business accounting simplicity, limitations on employer
deductibility of some fringe benefits, and limitations on the amount of non-corporate
business losses that can be used to offset non-business income. The May Revision also
proposes to partially conform to the federal provisions on deferred and reduced capital
gains for investments in the California Opportunity Zones designated in 2018. Eligible
investments include green technology and affordable housing, with criteria chosen to
allow incentives to be layered with Infill Infrastructure Grants to incentivize housing.
These conformity provisions are expected to generate $200 million in 2018-19, $1.7 billion
in 2019-20, and then about $1.4 billion annually on an ongoing basis. The revenue
estimates for these conformity provisions are subject to a high level of uncertainty as it is
difficult to anticipate taxpayer behavior in response to changes such as these.

SMALL BUSINESS TAX CODE STREAMLINING
In addition to conforming to federal tax provision on accounting rules, the May
Revision includes statutory changes to help businesses and individuals by expediting
certain tax appeals.
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Current law requires the Office of Tax Appeals to decide appeals using panels of three
Administrative Law judges. The proposed statutory changes allow tax appeals to be
decided by one judge, if the appellants opt-in. The appeals must involve franchise
income tax matters of less than $5,000, or business tax matters of less than $50,000.
The business tax appellant must also have less than $20 million in gross annual sales.

PERSONAL INCOME TAX
Compared to the Governor’s Budget forecast, the personal income tax forecast is
lower by $495 million in 2017-18, and higher by $584 million in 2018-19 and $1.8 billion in
2019-20. Over the three-year period, the personal income tax forecast reflects a total
increase of $1.9 billion.
Despite the stock market plunge in December 2018 that saw the S&P 500 index decline
by 20 percent to 2,351 from its high of 2,930 in September, stock market values fully
recovered, with the S&P 500 back above 2,900 and well above the Governor’s Budget
forecast. The forecast assumes the S&P 500 will be at 2,905 in the second quarter of
2019, up from 2,677 at the Governor’s Budget, and then grow at 0.5 percent annually
for the following years. This improved market forecast leads to an increase in the
forecast for capital gains realizations from $138 billion to $156 billion in 2019 (see figure
with Capital Gains Realizations), and from $131 billion to $147 billion in 2020. Capital
gains realizations in 2018 were revised higher from $153 billion to $159 billion. Capital
gains realizations for 2017 were revised higher from $142 billion to $143 billion, based on
new Franchise Tax Board taxpayer data for 2017. Capital gains realizations are forecast
to return to a normal level of 4.5 percent of personal income by 2022, one year later
than the assumption in the Governor’s Budget.
Forecasting revenues associated with capital gains is subject to significant uncertainty
because realizations are heavily dependent upon stock market performance and
when taxpayers choose to buy or sell stock. Any sustained decline in the stock market
below the May Revision forecast is likely to reduce capital gains realizations below the
forecast.
The personal income tax forecast includes Propositions 30 and 55 revenues, which are
estimated at $8.9 billion in 2018-19 and $8.9 billion in 2019-20. These estimates are higher
than the Governor’s Budget by $175 million and $278 million, respectively, due to higher
capital gains realizations.
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New tax return data for 2017 reflected a distribution of income that was less skewed
toward the upper income levels than expected at the Governor’s Budget, leading to a
lower effective tax rate and offsetting some of the revenue gain from higher capital
gains realizations. For example, the effective tax rate on capital gains realizations for
Proposition 2 was calculated at 0.4 percentage point lower in 2017 compared to the
Governor’s Budget. Still, the highest-income Californians continue to pay a very large
share of the state’s personal income tax. For the 2017 tax year, the top one percent of
income earners paid over 47 percent of personal income taxes. This percentage has
been greater than 40 percent for 13 of the last 14 years. The top 0.1 percent of income
earners — approximately 17,000— paid around 27 percent of personal income
taxes—$22 billion.

SALES AND USE TAX
The sales tax forecast is lower by $144 million in 2018-19 and $184 million in 2019-20, due
primarily to the expected growth for taxable capital investments in the state being
revised down from 6.3 percent to 5.1 percent in 2019, and from 4.4 percent to
3.5 percent in 2020. Taxable sales are expected to grow at 4.9 percent in 2018-19 and
4.4 percent in 2019-20, which is below the Governor’s Budget by 0.6 percentage point
in 2018-19 and by 0.3 percentage point in 2019-20. Lower sales of cannabis reduced the
forecast from the Governor’s Budget by $70 million through 2019-20 and higher use of
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the manufacturing exemption reduced the forecast from the Governor’s Budget by $58
million through fiscal year 2019-20.
The U.S. Supreme Court’s ruling in Wayfair v. South Dakota in June 2018 gives states
more authority to require out-of-state sellers to collect use tax. Chapter 5, Statutes of
2019 (AB 147) clarified the economic nexus thresholds that California will use to
determine if out-of-state retailers are required to remit use tax to California, effective
April 1, 2019. Additionally, AB 147 requires marketplace facilitators to collect and remit
sales and use tax on behalf of their marketplace sellers, effective October 1, 2019. The
Wayfair decision and AB 147 are expected to increase sales and use tax revenues by
$174 million in 2018-19 and $616 million in 2019-20, a decrease of $45 million in 2018-19
and an increase of $62 million in 2019-20 from the Governor’s Budget. The decrease in
2018-19 is due to a lower estimate of compliance among marketplace sellers due to
the Wayfair decision prior to the October 1, 2019 effective date in AB 147 that requires
marketplace facilitators to collect and remit sales and use tax for their marketplace
sellers. The May Revision proposes that CDTFA limit the look-back to 3 years of back
taxes, and this is consistent with the revenue forecast. This will be codified with statutory
amendments.

MENSTRUAL PRODUCTS AND DIAPERS SALES TAX EXEMPTION
The May Revision proposes to exempt menstrual products and children’s diapers from
sales taxation beginning January 1, 2020. This exemption reduces General Fund
revenues by $17.5 million in 2019-20 and $35 million each year thereafter. Total state
and local revenue losses are $38 million 2019-20 and $76 million for the following full
years. This tax exemption sunsets on December 31, 2021.

CORPORATION TAX
The corporation tax forecast is higher by $156 million in 2017-18, $1.4 billion in 2018-19,
and $108 million in 2019-20. Tax return data for 2017 indicated that corporations left an
additional $900 million on account with FTB rather than taking a refund, resulting in a
large one-time gain to the forecast. While tax return data for the 2017 tax year also
reflected lower liability than forecast at the Governor’s Budget, tax payments related to
2018 liability were unusually strong. April final return payments and extension payments
in 2019 were up more than 58 percent over 2018 levels. As a result, the forecast assumes
that corporations shifted a larger share of their income—5 percent versus
1 percent—from 2017 to 2018 in response to the federal tax law change that reduced
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corporate tax rates in 2018. In addition, some of the unusual strength in 2018 tax year
payments was assumed to be due to one-time payments such as the expected
repatriation of overseas profits due to tax law changes.

INSURANCE TAX
The insurance tax forecast is higher by $37 million in 2018-19 and $39 million in 2019-20
due to moderately higher forecast for insurance tax liabilities.

LOAN REPAYMENTS TO SPECIAL FUNDS
The May Revision reflects the repayment of loans to special funds of $171 million and
$942 million in 2018-19 and 2019-20, respectively, which eliminates all outstanding loans
from special funds.

PROPERTY TAX
The property tax is a local revenue source; however, the amount of property tax
generated each year has a substantial impact on the state budget because local
property tax revenues allocated to K-14 schools generally offset General Fund
expenditures.
Preliminary data show statewide property tax revenues increased 6.1 percent in
2018-19, which is slightly higher than the 6-percent growth rate anticipated at the
Governor’s Budget. Property tax revenues are expected to grow 6.5 percent in 2019-20.
Approximately 42 percent ($31 billion) of 2019-20 property tax revenues will go to K-14
schools. While this amount includes $2.1 billion that schools are expected to receive in
2019-20 due to the dissolution of redevelopment agencies, it excludes the $9.1 billion
shifted from schools to cities and counties to replace Vehicle License Fee (VLF) revenue
losses stemming from the reduced VLF rate of 0.65 percent.
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C

alifornia’s economy remains larger than all but four nations with an annual gross
domestic product (GDP) of nearly $3 trillion in 2018. The May Revision protects
the hard-won recovery and is centered on making necessary investments for a more
effective government, promoting affordability and opportunity, and supporting justice
and dignity for all Californians.
Data for 2018 reflect that the growth in California’s GDP continues to outpace the
nation as a whole. However, this growth is taking place against a backdrop of
increasing risks: the International Monetary Fund recently projected that 70 percent of
the world’s economy would see a slowing of growth in 2019 and the Federal Reserve
also projects slower U.S. growth. Federal tax reform has not resulted in increased wages
for workers. Total wages and salaries in 2018 grew at almost one-half the rate of growth
during the last period of low unemployment (2000).
The May Revision recognizes these risks and the inextricable linkage between fiscal
prudence and the state’s ability to promote affordability and economic opportunity.
Accordingly, it simultaneously expands the Governor's commitment to budget resiliency
and increases support for California's most vulnerable populations and working families.
The May Revision projects short-term revenues of $3.2 billion above the Governor's
Budget. However, most of the increased revenues are constitutionally obligated to
reserves, debt repayment, and schools. Therefore, the budget surplus remains relatively
unchanged. Despite the short-term gains, slower economic growth leads to a lower
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forecast in out-year revenues—$1.6 billion lower in 2022-23 compared to the forecast in
January.
Strong Foundation, Intensified Risks
The state has built a strong fiscal foundation by paying down debts and liabilities and
building up reserves that will help manage the effects of an economic downturn.
However, growing uncertainty related to the global political and economic climate,
federal policies, rising costs, and the length of the current economic expansion require
that the Budget be prudent.
The May Revision forecast recognizes slower growth in the economy, but does not
predict a recession. However, the state must be prepared for the possibility that even a
moderate recession could result in revenue declines of nearly $70 billion and a budget
deficit of $40 billion over three years.

Given the slowing economic forecast and the intensified risks, the May Revision
continues to save and prepare for uncertain times ahead. To maintain structural
balance in each year over the forecast period, the May Revision proposes to sunset
certain program expansions at the end of December 31, 2021. This includes programs in
which the growth of expenditures continues to outpace long-term revenue growth, and
where the Administration is committed to reforms that bend the cost curve.

2
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Building Budget Resiliency and Paying Down Unfunded Retirement Liabilities
The May Revision allocates $15 billion to building budgetary resiliency and paying down
the state's unfunded liabilities—$1.4 billion higher than proposed in January. This
includes $4.5 billion to eliminate debts and reverse deferrals, $5.7 billion to build
reserves, and $4.8 billion to pay down unfunded retirement liabilities. In the first two of
these three categories, the May Revision reflects the following changes:
• Eliminate Debts and Reverse Deferrals—The revised total now includes a portion of
the Proposition 98 settle-up that was not reflected in the Budget. This marks the first
time in over a decade that all budgetary debts are completely paid off.
• Build Reserves—An additional $1.2 billion deposit into the Rainy Day Fund brings
the reserve to $16.5 billion in 2019-20. The Rainy Day Fund is now expected to reach
its constitutional cap of 10 percent of General Fund Revenues in 2020-21—two years
earlier than predicted in January. By the end of 2022-23, the Rainy Day Fund
balance is projected to be $18.7 billion. In addition, for the first time, $389 million in
Proposition 98 funding is reserved in the Public School System Stabilization Account.
This transfer is required by Proposition 2.
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Effective Government
Building budget resiliency promotes a more effective government that can withstand
downturns in the economy, as well as natural and human-caused emergencies and
disasters.
The May Revision also includes critical investments needed to sustain and improve
California’s emergency readiness, response, and recovery capabilities. This includes
funding to protect vulnerable populations and public safety related to power
interruptions planned by utilities during the upcoming fire season.
Maintaining a balanced budget and increasing budget resiliency is non-negotiable
and a predicate for expanding programs.
Affordability and Opportunity
The Governor's Budget made major investments to address the fact that far too many
Californians simply cannot pay basic bills, afford health care, find an affordable place
to live, or provide opportunities for their children to thrive from cradle-to-career.
The May Revision maintains and expands these investments. However, based on lower
growth in out-year revenues, to maintain a structurally balanced budget, more of these
investments are now proposed to be temporary allowing for review of these
investments in the future.
The May Revision continues to expand the Earned Income Tax Credit (EITC) and
includes an additional $210 million. The Cal-EITC: A Cost-of-Living Refund will help
low-income families with young children by expanding the additional credit proposed
in January from $500 to $1,000. The May Revision also provides for monthly advanced
payments contingent on a federal waiver to ensure participants do not lose federal
benefits. This increased tax refund will help economically distressed families with the
costs of food, rent, and child care.
The Administration continues to work on several strategies to improve affordability and
access to health care, including addressing the rising cost of prescription drugs,
increasing health insurance subsidies so that more middle-class Californians can afford
health coverage through Covered California, and moving closer to universal coverage
by expanding full-scope Medi-Cal coverage eligibility to young adults ages 19 through
25 regardless of immigration status.
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The Administration continues to work with local governments and stakeholders to
address the housing crisis head-on, including identifying excess state property that can
be used for housing development. The May Revision updates the Governor’s January
housing proposal to focus on accelerating housing development and leveraging
private investment from newly formed Opportunity Funds. The May Revision also
doubles the General Fund support to legal aid resources to help renters fight back
against rent gouging and other unfair practices.
The May Revision prioritizes cradle-to-career opportunities by recognizing the crucial
investments needed to support young children and their parents. These investments
include increasing training for doctors so they can identify and treat issues related to
childhood trauma, and additional funding for expanded investments in childcare.
The Budget established the goal to expand California's Paid Family Leave program so
newborns can be cared for by a parent or close relative for the first six months of the
child’s life. The May Revision reflects a down payment towards this goal by expanding
paid family leave for each parent from six to eight weeks. This expansion adds an
additional month of paid leave for two-parent families, allowing up to a combined four
months of leave after the birth or adoption of their child.
The May Revision further expands funding for K-12 schools by providing approximately
$5,000 more per pupil than eight years ago, including greater investments to assist
students with the greatest needs. The Governor's Budget reflected a significant increase
in funding for special education and the May Revision further increases the ongoing
funding by over $300 million compared to the Governor's Budget. The May Revision
makes significant investments in the recruitment and retention of qualified teachers by
revamping teacher training and providing targeted loan repayments.
Colleges and universities remain engines of economic mobility. The May Revision
maintains funding for two free years of community college tuition for first-time full-time
students, and provides significant increases for the California State University and the
University of California to prevent tuition increases in the budget year.
Justice and Dignity
California is facing a homelessness epidemic across the state. This crisis is exacerbated
by a health care system that does not adequately serve individuals with mental illness.
The May Revision invests an additional $150 million for a total of $650 million one-time to
support local governments on the frontline combating this epidemic. The May Revision
also includes additional funding to expand the whole person care pilot projects to
additional counties and makes a major investment in workforce, education, and
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training of mental health professionals. In total, the May Revision includes $1 billion to
prevent and mitigate the homelessness epidemic.
The May Revision increases access to justice by providing funding for 25 new judgeships
and expanded language access services in the courts. The May Revision also includes
an overhaul of the substance use disorder programs in prison, including integrating
medically assisted treatment and reentry services as appropriate. The May Revision also
expands reentry beds to continue progress in closing gaps and supporting all
Californians in having access to justice and dignity.
A Strong Foundation is Fundamental to a California for All
Maintaining the fiscal health of the state is an ongoing challenge given its volatile
revenue base and limited spending flexibility. The Budget demands constant attention
to stay in balance. Vigilance is especially needed this year given the length of the
current economic expansion and federal uncertainty. The May Revision takes a careful
approach by allocating $15 billion toward building more budget resiliency through
paying off debts and deferrals, building reserves, and paying down unfunded liabilities.
It makes strategic investments, mainly one-time, to expand affordability and
opportunity, strengthen the state's readiness and emergency response, and promote
access to justice and dignity. Building a strong foundation now is the best way the state
can prepare for the future and continue to build a California for all.
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his section provides various statewide budget charts and tables.
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T

he May Revision builds on the framework adopted in the Governor's Budget to
promote a healthy start for all young children to improve their life outcomes and
immediately reduce the impacts of poverty. It also recognizes the need for California to
create a Master Plan for Early Learning and Care by investing in the building blocks
needed to expand the state's existing system and plan for an integrated and
comprehensive early learning system that will provide opportunities for the youngest
Californians for years to come.

MASTER PLAN FOR EARLY LEARNING AND CARE
The Governor's Budget included $10 million for a long-term strategic plan that will
provide a road map for a more well-aligned comprehensive early learning and care
system. The Master Plan for Early Learning and Care will build on recent work by the
Legislature and the California Department of Education. The Master Plan will
recommend next steps to achieve universal preschool, as well as improved access to
and quality of subsidized child care. It will include strategies to address facility capacity,
a trained workforce, and revenue options to support the Plan. The Plan will reflect the
principle of shared responsibility and outline the appropriate role for parents,
government, and business in meeting child care needs to ensure California has a
comprehensive plan from birth through elementary school.
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INCREASING ACCESS TO CHILD CARE
The May Revision includes several new investments to increase access to subsidized
child care for low-income families. These proposals expand the number of child care
vouchers funded by the state, provide families receiving CalWORKs subsidies with
additional continuity and stability in their access to subsidized child care, and provide
options for emergency child care for families in crisis. Specifically the May Revision
includes:
• $80.5 million Cannabis Fund to subsidize child care for school-age children from
income-eligible families. These funds are continuously appropriated.
• $40.7 million General Fund in 2019-20 and $54.2 million ongoing General Fund to
allow CalWORKs recipients to receive Stage 1 child care for up to 12 months. This will
provide CalWORKs clients consistent child care access while their work activities
stabilize.
• $12.8 million federal funds to pilot a program to allow alternative payment agencies
to offer emergency child care vouchers to families on the waiting list who are in crisis
and in need of temporary assistance.
• $2.2 million ongoing federal funds to improve child care quality through Quality
Counts California.
Additionally, the May Revision increases funding for CalWORKs Stages 2 and 3 child
care by $38.2 million ongoing General Fund, for a total of $157.5 million in additional
funding in 2019-20, reflecting an increase of almost 14,000 children in these programs
(a 13.4 percent increase). This large increase in caseload is likely associated with recent
policy changes increasing the income ceilings for program eligibility and allowing for
12-month eligibility.

UNIVERSAL PRESCHOOL
It is a priority of the Administration that all children have access to a high-quality
preschool program before they begin kindergarten. Consistent with this priority, the
Governor's Budget proposed increasing access to the existing State Preschool
program by providing 30,000 full-day, full-year State Preschool slots for all eligible
low-income four-year-olds.
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To align the release of the proposed slots with the application process required to
identify providers and to enter into contracts, the May Revision moves the release date
for the first 10,000 slots to April 1, 2020. Given lower projected revenues over the forecast
period, the May Revision postpones the release of the final 20,000 slots. Providing
universal access to preschool for all four-year-olds remains a top priority for the
Governor, and the Administration looks forward to recommendations from the
proposed Master Plan for Early Learning and Care on how to balance the costs of
increasing access to State Preschool with available state resources.

FULL-DAY KINDERGARTEN EXPANSION
The Governor’s Budget included $750 million in one-time non-Proposition 98 General
Fund to assist schools in constructing or retrofitting facilities to expand access to full-day
kindergarten programs. The May Revision adjusts the proposal to $600 million one-time
non-Proposition 98 General Fund.
The May Revision proposes several revisions to the program so funding is better targeted
at expanding access to full-day kindergarten programs. First, the May Revision makes
funding available over a three-year period, but with eligibility limited during the first two
years to schools that will convert from part-day to full-day kindergarten programs.
Additionally, to provide a greater fiscal incentive and support for districts to participate
in the program, the May Revision also increases the state share of the facility grant from
50 percent to 75 percent for schools converting from part-day to full-day kindergarten.
The program will continue to prioritize available grants toward school districts with high
rates of students receiving free and reduced price meals and enable eligible school
districts to qualify for financial hardship funding similar to the traditional K-12 facilities
program.

REDUCING CHILDHOOD POVERTY
TRAUMA AND DEVELOPMENTAL SCREENINGS
The Governor’s Budget included funding for developmental screenings and screenings
for trauma for Medi-Cal beneficiaries. The May Revision recognizes the need to train
providers who will be administering screenings for trauma for children and adults, and
proposes $25 million in 2019-20, $20 million in 2020-21, and $15 million in 2021-22
(all Proposition 56 funds) for this purpose.
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The Trauma Screening Advisory Workgroup, as required by Chapter 700, Statutes of
2017 (AB 340), has provided recommendations to the Department of Health Care
Services on the screening tools that should be offered to Medi-Cal providers for
screening children.
The May Revision also includes technical adjustments to the Governor's Budget
proposals on trauma and developmental screenings to reflect cash-based accounting
in Medi-Cal.

HOME VISITING
The May Revision includes an additional $10.7 million General Fund and federal
Temporary Assistance for Needy Families block grant funds to reflect updated
projections of CalWORKs cases eligible for home visiting services. This increase brings
total funding in 2019-20 for the program to $89.6 million, which is expected to serve
approximately 18,500 CalWORKs cases.
The May Revision also includes $34.8 million to reflect reimbursements from the
Department of Health Care Services for Medicaid-eligible activities previously not
reflected in the Governor’s Budget. Of this amount, $22.9 million will support the
California Home Visiting Program and $12 million will support the Black Infant Health
Program, including the Perinatal Equity Initiative. These funds will allow the Department
of Public Health to increase and improve participation in both programs.
The reimbursements leverage $30.5 million General Fund proposed in the
Governor's Budget to expand the California Home Visiting and Black Infant Health
Programs.

PAID FAMILY LEAVE
California’s Paid Family Leave program, a component of the State’s Disability Insurance
program, currently allows workers to take up to six weeks of paid leave annually to care
for a seriously ill family member or to bond with a newborn or newly adopted child, with
wage replacement of up to 70 percent of salary based on income level. The Paid
Family Leave program is funded through state-required employee payroll deductions.
The contribution rate is adjusted each year based on a statutory formula designed to
collect revenues sufficient to fund benefits and program administration, as well as to
maintain a reserve to accommodate fluctuations in fund revenue or disbursements.
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The Governor’s Budget committed to expanding California’s Paid Family Leave
program with the goal that all newborns and newly adopted babies could be cared for
by a parent or close family member for the first six months. Research has shown a strong
connection between providing this duration of care with positive health and
educational outcomes for children and enhanced economic security for
parents. Further, given the high cost of infant child care, making it possible for children
to be with their parents during this period of time is cost-effective for both families and
taxpayers.
As a down payment on this commitment, the Administration proposes to expand the
maximum duration of a Paid Family Leave benefit claim from six weeks to eight weeks
for all bonding and care-giving claims, effective July 1, 2020. This expansion adds an
additional month of paid leave for two-parent families—allowing up to a
combined four months of leave after the birth or adoption of their child. The proposal
will also allow claimants to take a full eight weeks to assist a family member for military
deployment, pursuant to Chapter 849, Statutes of 2018 (SB 1123), when that bill takes
effect on January 1, 2021.
To deliver this expanded benefit, the minimum reserve in the Disability Insurance Fund
will be reduced by 15 percent, which still maintains an adequate reserve. This new
reserve amount will be sufficient to absorb fluctuations in revenues due to future
economic downturns as well as increased use of benefits. The reserve rate change is
effective beginning July 1, 2019.
The Administration will soon convene a task force to consider different options to
phase-in and expand Paid Family Leave to meet the Administration’s goal that all
babies can be cared for by a parent or a close relative for up to six months. The task
force will also evaluate important policy considerations such as alignment of existing
worker protections and non-retaliation protections for employees’ use of the program,
as well as adjustments to the wage replacement rate. By November, the task force will
issue recommendations for consideration in the 2020-21 Governor’s Budget.

CHILD SAVINGS ACCOUNTS
The Governor's Budget proposed $50 million one-time General Fund for Child Savings
Account pilot programs to support and encourage families to build assets for their
children's post-secondary education. As referenced in the Higher Education Chapter,
the May Revision identifies the California Student Aid Commission, in consultation with
First 5 California, as the administrator of the pilot programs.
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C

alifornia provides instruction and support services to roughly six million students in
grades kindergarten through twelve in more than 10,000 schools throughout the
state. A system of 58 county offices of education, more than 1,000 local school districts,
and more than 1,200 charter schools provides instruction in English, mathematics,
history, science, and other core competencies.
The May Revision includes total funding of $101.8 billion ($58.9 billion General Fund and
$42.9 billion other funds) for all K-12 education programs.

PROPOSITION 98
Proposition 98 is a voter-approved constitutional amendment that guarantees minimum
funding levels for K-12 schools and community colleges. The Guarantee, which went
into effect in the 1988-89 fiscal year, determines funding levels according to multiple
factors including the level of funding in 1986-87, General Fund revenues, per capita
personal income, and school attendance growth or decline. The Local Control Funding
Formula is the primary mechanism for distributing these funds to support all students
attending K-12 public schools in California.
Total K-14 Proposition 98 funding at May Revision is $75.6 billion in 2017-18, $78.1 billion in
2018-19, and $81.1 billion in 2019-20.
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Relative to the Governor's Budget, Proposition 98 funding at May Revision is up by
$78.4 million in 2017-18, $278.8 million in 2018-19, and $389.3 million in 2019-20. This
assumes that average daily attendance continues to decline slightly. These changes
are largely due to increases in General Fund revenues over Governor's Budget
($2 billion in 2018-19 and $1.6 billion in 2019-20), an increase in the minimum guarantee
funding level in 2017-18 due to increases in prior year apportionment costs, and a
slightly slower decline in average daily attendance than projected in the Governor’s
Budget.

PUBLIC SCHOOL SYSTEM STABILIZATION ACCOUNT
Proposition 2, enacted by voters in 2014, established the Public School System
Stabilization Account, also referred to as the Proposition 98 Rainy Day Fund, within the
Proposition 98 Guarantee as a mechanism to lessen the impact of volatile state
revenues on K-14 schools. In a fiscal year when all of the following conditions are met, a
deposit is made into the Account:
• State General Fund revenues from capital gains exceed 8 percent of total revenues
• Proposition 98 “Test 1” is operative
• Proposition 98 maintenance factor obligations created prior to 2014-15 have been
paid
• The Proposition 98 required minimum funding level is not suspended
• The Proposition 98 funding level is greater than the prior year’s funding level,
adjusted for attendance growth and inflation (i.e., "Test 1" is greater than "Test 2")
Deposits made into the Account can be spent in fiscal years in which the minimum
Proposition 98 funding level is not sufficient to fund the prior year funded level adjusted
for growth and inflation.
The May Revision projects that a deposit into the Account is required per the
Constitution. Pursuant to Proposition 2, the amount deposited into the Account is the
difference between the Test 1 funding level and the prior year funding level adjusted
for growth and inflation, but not more than the amount of capital gains revenues in
excess of 8 percent of total revenues. In 2019-20, this results in a required deposit of
$389.3 million.
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Under current law, there is a cap on school district reserves in fiscal years immediately
succeeding those in which the balance in the Account is equal to or greater than
3 percent of the total K-12 share of the Proposition 98 Guarantee (approximately
$2.1 billion). Because the balance in 2019-20 is equal to the amount of the deposit
($389.3 million), school district reserve caps are not required in 2020-21.

K-12 FUNDING PRIORITIES
The May Revision proposes to use increased one-time and ongoing resources to
improve student outcomes and support the long-term fiscal stability of school districts.

SPECIAL EDUCATION
The May Revision proposes to allocate $696.2 million ongoing Proposition 98 General
Fund for special education. This is $119.2 million more than was proposed in the
Governor's Budget and is a 21-percent year-over-year increase in state funding for
services for students with disabilities. The Administration remains concerned about the
level of coordination between local general education and special education
programs, as well as program governance and accountability for special education
student outcomes.
The May Revision also includes $500,000 one-time non-Proposition 98 General Fund to
increase local educational agencies’ ability to draw down federal funds for medically
related special education services and to improve the transition of three-year-olds with
disabilities from regional centers to local educational agencies. This funding will allow
staff from the Department of Education, the Department of Health Care Services, the
Department of Developmental Services, local educational agencies, and regional
centers to coordinate and collaborate in providing services and supports for students
with disabilities.
The May Revision also includes a requirement that charter schools better integrate and
serve special education students, as described below in the Charter Schools section.

RETAINING AND SUPPORTING WELL-PREPARED EDUCATORS
The state has well-documented, long-term statewide teacher shortages in the areas of
special education, science, and math. Certain regions of the state, including rural and
high cost-of-living areas, have been more heavily impacted than others, and report
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difficulty hiring fully credentialed teachers regardless of subject matter area. When
school districts cannot find a credentialed teacher to fill a vacancy, they will often hire
teachers on temporary permits or waivers. Teachers hired on waivers or permits are
more likely to lack teacher preparation/pedagogical training and sometimes content
area expertise as well. According to data from the Commission on Teacher
Credentialing, school districts hired approximately 6,000 teachers and 8,000 teachers on
waivers or permits in fiscal years 2016-17 and 2017-18, respectively. In both 2016-17 and
2017-18, the majority of permits and waivers were issued for special education, STEM
(science, technology, engineering, and mathematics), and bilingual assignments.
As referenced in the Higher Education Chapter, to recruit and retain qualified teachers
in school districts with high rates of under‑prepared teachers, the May Revision includes
$89.8 million one-time non-Proposition 98 General Fund to provide an estimated
4,500 loan assumptions (repayments) of up to $20,000 for newly credentialed teachers
to work in high-need schools for at least four years. Funds will be prioritized for teachers
in hard-to-hire subject matter areas (special education and STEM) and school sites with
the highest rates of non‑credentialed or waiver teachers. The California Student Aid
Commission will administer the program in consultation with the Commission on Teacher
Credentialing.
Additionally, the May Revision includes $44.8 million one-time non-Proposition 98
General Fund to provide training and resources for classroom educators, including
teachers and paraprofessionals, to build capacity around inclusive practices, social
emotional learning, computer science, and restorative practices as well as subject
matter competency, including STEM. Training and resources developed will be
incorporated into the statewide system of support.
Finally, the May Revision includes $13.9 million ongoing federal funds for professional
learning opportunities for public K-12 school administrators to provide the knowledge,
skills, and competencies necessary to successfully support the diverse student
population served in California public schools. The training and resources developed as
a result of this proposal will be provided in alignment with the statewide system of
support.

COMPUTER SCIENCE
It is a priority of the Administration that all students in the K-12 public school system are
able to access computer science education to provide them with the skills they need
to succeed. In an important step toward this goal, the State Board of Education
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adopted California’s first set of Computer Science Content Standards for K-12 schools in
September 2018. It is anticipated that the Board will adopt an implementation plan for
these new standards in May 2019. The Administration will consider the
recommendations included in the implementation plan, data on student access to
technology and STEM education throughout the state, as well as input from experts.
In the year ahead, the Administration will develop a comprehensive plan to achieve
the goal of providing access to computer science education for all students for
consideration as part of next year's budget. In addition to STEM and computer science
training for teachers, the May Revision includes the following proposals as a down
payment to a more comprehensive package:
• Broadband Infrastructure—While the state has made significant investments in
school district broadband infrastructure in recent years, persistent gaps still exist in
California’s schools. Some districts still need infrastructure and updates to meet the
growing bandwidth needs of digital learning. To expedite these solutions, the May
Revision includes $15 million one-time non-Proposition 98 General Fund for
broadband infrastructure.
• California Computer Science Coordinator—To provide cohesive statewide
organization in implementing the new computer science standards and developing
a comprehensive plan to promote computer science for all California students, the
May Revision includes $1 million one-time non-Proposition 98 General Fund,
available over four years, to the State Board of Education to establish a state
Computer Science Coordinator.

CALSTRS EMPLOYER CONTRIBUTION RATE
The Governor's Budget proposed funding to reduce employer contributions to CalSTRS
from 18.13 percent to 17.1 percent in 2019-20, based on current assumptions. This
reduction was intended to provide some immediate fiscal relief to school districts for the
rising cost of teacher pensions and was part of a larger $3 billion one-time
non-Proposition 98 General Fund payment to CalSTRS to reduce long-term liabilities for
employers.
The May Revision adds $150 million one-time non-Proposition 98 General Fund to reduce
the employer contribution rate to 16.7 percent in 2019-20.
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CHARTER SCHOOLS
The Administration is committed to a system where traditional and charter schools work
together to serve the best interests of all students in a community. The May Revision
proposes statute to level the playing field for both traditional and charter schools.
Specifically, the May Revision includes the following proposals to prevent families from
being wrongfully turned away from the public school of their choice:
• Prohibits charter schools from discouraging students from enrolling in a charter
school or encouraging students to disenroll from a charter school on the basis of
academic performance or student characteristic, such as special education status.
• Prohibits charter schools from requesting a pupil’s academic records or requiring
that a pupil’s records be submitted to the charter school prior to enrollment.
• Creates a process for families of prospective and current charter school students to
report concerns to the relevant authorizer.
• Requires the Department of Education to examine the feasibility of using data from
the California Longitudinal Pupil Assessment Data System to identify charter school
enrollment disparities that may warrant inquiry and intervention by corresponding
authorizers.
These proposals build on charter school transparency legislation signed by the
Governor earlier this year and other legislation proposed in the Governor's Budget that
better aligns the governance, transparency, and accountability requirements of school
districts and charter schools.
The Governor's Budget identified growing charter school enrollment as a factor
affecting the fiscal condition of some school districts. The Governor requested that the
State Superintendent of Public Instruction convene a task force to examine the fiscal
impact of charter schools on school districts. The Charter Task Force is expected to
deliver recommendations to the Administration by July 1.

OTHER K-12 BUDGET ISSUES
Significant Adjustments:
• LCFF Adjustments—An increase of $70 million Proposition 98 General Fund in 2018-19
and a decrease of $63.9 million Proposition 98 General Fund in 2019-20 for school
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districts, charter schools, and county offices of education to reflect changes in
average daily attendance and cost-of-living (COLA only in 2019-20) that affect the
LCFF calculation.
• Classified School Employees Summer Assistance Program—An increase of $36 million
one-time Proposition 98 General Fund to provide an additional year of funding for
this program, which provides a state match for classified employee savings used to
provide income during summer months.
• AB 1840 Adjustments—An increase of $3.6 million one-time Proposition 98 General
Fund for Inglewood Unified School District and $514,000 one-time Proposition 98
General Fund for Oakland Unified School District, amounting to 75 percent of the
operating deficit of these districts, pursuant to Chapter 426, Statutes of 2018
(AB 1840).
• Local Property Tax Adjustments—An increase of $146.6 million Proposition 98 General
Fund in 2018-19 and $142.1 million Proposition 98 General Fund in 2019-20 for school
districts, special education local plan areas, and county offices of education as a
result of lower offsetting property tax revenues in both years.
• Wildfire-Related Cost Adjustments—An increase of $2 million one-time Proposition 98
General Fund to reflect adjustments in the estimate for property tax backfill for basic
aid school districts impacted by 2017 and 2018 wildfires. Additionally, an increase of
$727,000 one-time Proposition 98 General Fund to reflect adjustments to the state's
student nutrition programs resulting from wildfire-related losses.
• Categorical Program Cost-of-Living Adjustments—A decrease of $7.4 million
Proposition 98 General Fund to selected categorical programs for 2019-20 to reflect
a change in the cost-of-living factor from 3.46 percent at the Governor's Budget to
3.26 percent at the May Revision.
• Categorical Program Growth—An increase of $7.6 million Proposition 98 General
Fund for selected categorical programs, based on updated estimates of average
daily attendance.
• San Francisco Unified School District Excess Tax Correction—An increase of
$149.1 million one-time Proposition 98 General Fund to reflect a technical
adjustment to excess property taxes related to a misallocation of these funds in
2016-17. Specifically, San Francisco did not properly calculate the excess tax
allocation for the school district, which received taxes that should have been
allocated to the county and city and special districts.
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H

igher Education includes the California Community Colleges (CCC), the California
State University (CSU), the University of California (UC), the Student Aid
Commission, and several other entities. The May Revision includes total funding of
$36.6 billion ($20.6 billion General Fund and local property tax and $16 billion other
funds) for all higher education entities in 2019-20.

UNIVERSITY OF CALIFORNIA
Consisting of ten campuses, the UC is the primary institution authorized to
independently award doctoral degrees and professional degrees. The UC educates
approximately 270,000 undergraduate and graduate students and receives the highest
state subsidy per student among the state’s three public higher education segments.
In 2017-18, the UC awarded 75,000 degrees. An additional 400,000 students participate
in continuing education programs through the University extensions.
The Governor's Budget provided $240 million ongoing General Fund and $153 million
one-time General Fund investments with the expectation that the UC would not raise
resident student tuition in fiscal year 2019-20. In March, the Board of Regents
announced that it would not raise tuition; therefore, the May Revision maintains these
funding levels.
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Significant Adjustments:
• Retirement Program—The May Revision includes $25 million one-time General Fund
to support the UC Retirement Program.
• UC San Francisco Dyslexia Center Pilot Program—$3.5 million one-time General Fund
to support a pilot dyslexia screening and early intervention program operated
through the UC San Francisco Dyslexia Center. These funds will enable the Center
to deploy the Application for Readiness In Schools and Learning Evaluation, provide
curriculum support, train staff on potential educational interventions, and collect
data for a report on outcomes.
• Support for Students Experiencing Homelessness—Building upon the Governor's
Budget investment of $15 million ongoing General Fund to address student food
and housing insecurity, the May Revision proposes $3.5 million ongoing General
Fund to support rapid rehousing of homeless and housing insecure students.
• Other Programs—The May Revision updates the assumed out-year costs to support
the UC legal immigration services program from an average of $1.3 million per year
to an average of $1.7 million per year. The May Revision continues to reflect
$1 million ongoing General Fund to support the UC Davis Firearms Violence
Research Center beginning in 2021-22.

CALIFORNIA STATE UNIVERSITY
The CSU serves over 410,000 undergraduate students across 23 campuses and receives
funding from a variety of sources, including state General Fund, federal funds, lottery
funds, and student tuition and fees. The Governor's Budget provided $300 million
ongoing General Fund and $264 million one-time General Fund investments with the
expectation that the CSU would not raise resident student tuition in fiscal year
2019-20. In January, the Board of Trustees announced that it would not raise tuition;
therefore, the May Revision maintains these funding levels.
Significant Adjustments:
• Support for Students Experiencing Homelessness—Building upon the Governor's
Budget investment of $15 million one-time General Fund to address student food
and housing insecurity, the May Revision proposes $6.5 million ongoing General
Fund to support rapid rehousing of homeless and housing insecure students.
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• Project Rebound—$750,000 ongoing General Fund to increase support for Project
Rebound from $250,000 per year to $1,000,000 per year. Project Rebound is a CSU
program that provides assistance to formerly incarcerated individuals seeking to
enroll in participating CSU campuses.
• First Star Foster Youth Cohort at CSU Sacramento—$740,000 one-time General Fund
to support a First Star Foster Youth Program at CSU Sacramento. This program will
enable a cohort of foster youth to engage in a variety of activities that support
learning opportunities, such as academic courses for college credit, social and
cultural activities, service learning and other recreational activities.

CALIFORNIA COMMUNITY COLLEGES
The CCCs are the largest system of higher education in the nation, serving roughly
one-quarter of the nation’s community college students, or approximately 2.1 million
students. The CCCs provide basic skills, career education, and undergraduate transfer
education with 73 districts, 115 campuses, and 78 educational centers. In 2017-18, the
community colleges awarded more than 96,000 certificates, 160,000 degrees and
transferred about 102,000 students to four-year institutions.

ONGOING REVIEW OF THE STUDENT-CENTERED FUNDING FORMULA
The Administration remains committed to the Student-Centered Funding Formula and its
goals to increase student completion and support for low-income students.
The Governor's Budget proposed a revised implementation plan for the
Student-Centered Funding Formula to provide the CCC Chancellor's Office and the
Funding Formula Oversight Committee sufficient time to consider revisions that would
further the goals of the formula, address its long-term fiscal stability, and improve the
accuracy of the data reported by districts. The Administration plans to work with the
Chancellor’s Office and stakeholders in the coming months to explore revisions and
recommendations that meet these goals, with the intent that revisions will be
considered for inclusion as part of the development of the 2020-21 budget process.
To further align with a revised implementation and review plan, the May Revision
extends the existing hold harmless provision of the Student-Centered Funding Formula
by an additional year, ensuring that no district will receive less funding than they
received in 2017-18 with cost-of-living adjustments for each year until 2021-22.
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Significant Adjustments:
• CCC State Operations Support—An increase of $381,000 ongoing non-Proposition
98 General Fund for three new positions to support the Chancellor’s Office state
operations. These positions will support the Chancellor’s Office’s accounting office,
monitor districts’ fiscal health and provide technical assistance to districts in need.
• Apportionments Cost-of-Living Adjustment—A decrease of $18.3 million Proposition
98 General Fund to reflect a change in the cost-of-living adjustment from
3.46 percent to 3.26 percent.
• California College Promise—An increase of $5.2 million Proposition 98 General Fund
to support the existing first year and proposed second year of the California College
Promise. This estimate reflects revised estimates of eligible students for the program.
• Student Success Completion Grant—An increase of $7.5 million Proposition 98
General Fund to reflect revised estimates of participation in the financial aid
program.
• Deferred Maintenance—An increase of $39.6 million one-time Proposition 98
General Fund for deferred maintenance, instructional equipment, and specified
water conservation projects.
• Adult Education Program—A decrease of $1 million Proposition 98 General Fund to
reflect a change in the cost-of-living adjustment from 3.46 percent to 3.26 percent.
• Categorical Program Cost-of-Living Adjustment—A decrease of $860,000 Proposition
98 General Fund to reflect a change in the cost-of-living adjustment from
3.46 percent to 3.26 percent for the Disabled Student Programs and Services
program, the Extended Opportunity Programs and Services program, the
Apprenticeship program, the Student Services for CalWORKs Students program, the
Mandate Block Grant program, and the Campus Child Care Tax Bailout program.
• Foster Care Education Program—An increase of $400,000 ongoing Proposition 98
General Fund to backfill program funding for foster and relative or kinship care
education and training, due to a projected decrease of federal matching funds.
• Local Property Tax Adjustment—An increase of $76.7 million Proposition 98 General
Fund as a result of decreased offsetting local property tax revenues.
• Student Enrollment Fee Adjustment—A decrease of $15.7 million Proposition 98
General Fund as a result of increased offsetting student enrollment fees.
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CALIFORNIA STUDENT AID COMMISSION
The California Student Aid Commission administers financial aid programs, including the
Cal Grant program and the Middle Class Scholarship Program.
Significant Adjustments:
• Cal Grant Program Costs—A decrease of $14 million General Fund in 2019-20 to
account for the following:
◦ Participation Estimates—A decrease of $19.9 million in 2019-20 to reflect a
decrease in the estimated number of new recipients in 2018-19. The May Revision
also reflects decreased costs of $4.9 million in 2018-19.
◦ Temporary Assistance for Needy Families (TANF) Reimbursements—A decrease of
$5.9 million in 2019-20, which increases the amount of General Fund needed for
program costs by a like amount. Combined with reimbursements included in the
Governor’s Budget, the May Revision offsets approximately $1.1 billion in General
Fund costs for Cal Grants with TANF.
• Cal Grant Access Awards for Student Parents—A decrease of $24.9 million to reflect
revised estimates of the Governor's Budget proposal to increase or provide access
awards for students with dependent children attending the UC, CSU, or the CCCs.
• Competitive Awards—An increase of $2 million to reflect revised estimates of the
costs to increase the number of available competitive awards from 25,250 to
30,000.
• Teacher Service Credit Scholarship Program—An increase of $89.8 million one-time
General Fund for the Commission to administer loan forgiveness grants to teachers
meeting certain criteria, with priority for school sites with high percentages of
teachers with permits or waivers as their authorizations.
• Tuition Award for Students at Private Nonprofit Institutions—To provide private
nonprofit institutions with additional time to increase their offerings of Associate
Degree for Transfer (ADT) pathways and admissions of ADT students needed to
maintain the maximum Cal Grant tuition award for new students attending private
nonprofit institutions at $9,084, the May Revision proposes to shift the required annual
ADT admissions goals out one year. Under the revised schedule, private nonprofit
institutions will need to meet a goal of 2,000 ADT students admitted in 2019-20, 3,000
students admitted in 2020-21, and 3,500 students admitted in 2021-22 and
thereafter.
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• State Operations Support—An increase of $414,000 General Fund to support the
implementation of the Cal Grant Supplement for Students with Dependent Children.
• Child Savings Accounts Grant Program—Identifies the Commission as the agency
responsible for administering the $50 million one-time child savings account proposal
reflected in the Governor's Budget. The Commission is expected to consult with
First 5 California to utilize its strengths in marketing, education, and parent
engagement to encourage collaboration between grant applicants and their local
First 5 Commissions.
• Student Loan Awareness Initiative—Transfers the administration of the proposed
$5 million one-time General Fund augmentation to support an outreach initiative for
student loan borrowers from the Office of Planning and Research to the
Commission.

HASTINGS COLLEGE OF THE LAW
Hastings College of the Law (Hastings) is affiliated with the UC system, but is governed
by its own Board of Directors. Located in San Francisco, it primarily serves students
seeking a Juris Doctor degree, but also has masters programs. In 2017-18, Hastings
enrolled 934 full-time equivalent students. Of these, 815 were Juris Doctor students.
Since the end of the Great Recession, Hastings has received stable ongoing funding
increases. In turn, tuition at Hastings has been flat for eight years. This has kept a quality
legal education within reach for hundreds of Californians. The Governor's Budget
provided $1.4 million ongoing General Fund investment to support the college's
operations and $1 million one-time General Fund investment to address deferred
maintenance with the expectation that Hastings would not raise resident student tuition
in fiscal year 2019-20. In March, the Board of Directors announced that it would not raise
tuition; therefore, the May Revision maintains these funding levels.
Significant Adjustments:
• UC Path Implementation—An increase of $594,000 one-time General Fund to
support the revised implementation timeline of the UC Path payroll, accounting,
time keeping, and human resources system.
• Deferred Maintenance—Authorizes the use of the proposed $1 million one-time
General Fund to include support for both critical deferred maintenance needs, and
information technology and instructional equipment refreshes.
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CALIFORNIA STATE LIBRARY
The California State Library serves as the central reference and research library for the
Governor and Legislature. Additionally, the State Library provides critical assistance to
the 184 library jurisdictions and nearly 1,200 libraries across the state.
Significant Adjustments:
• One-Time Funding to support Early Learning and After-School Library Program
Grants—$5 million one-time General Fund to support grants for local library
jurisdictions with the lowest per capita library spending to develop and implement
early learning and after-school library programs.
• One-Time Funding to support Mobile Libraries—$3 million one-time General Fund for
the California State Library to support grants for local library jurisdictions to purchase
bookmobiles and community outreach vehicles that would be used to expand
access to books and library materials in under-resourced neighborhoods.
• Augmentation to support Digitization and Cultural Preservation Activities—
$1.7 million General Fund, approximately $1 million of which is ongoing, for the
California State Library to coordinate with state entities to identify items for digital
preservation, contract for digital preservation services, and to begin conducting or
commissioning a statewide survey to inventory cultural heritage assets.
• Statewide Lesbian, Gay, Bisexual, and Transgender Historical Preservation—$500,000
one-time General Fund to support the preservation of historical Lesbian, Gay,
Bisexual, and Transgender sites.
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T

he Health and Human Services Agency oversees departments and other state
entities that provide health and social services to California's vulnerable and at-risk
residents.
The May Revision includes $162.3 billion ($41.4 billion General Fund and $120.9 billion
other funds) for all health and human services programs, an increase of $1.1 billion
General Fund compared to the Governor's Budget.

EXPANDED SUBSIDIES TO PROMOTE AFFORDABLE COVERAGE
To improve affordability and access to health care, the Governor's Budget proposed
subsidies to help more low and middle class Californians afford health coverage
through Covered California.
The Governor’s Budget proposed to make California the first state in the nation to offer
financial assistance to qualified individuals with incomes between 400 percent and 600
percent of the federal poverty level, while also increasing subsidies for individuals with
incomes between 250 percent and 400 percent of the federal poverty level. The May
Revision expands upon this proposal by offering subsidies to individuals between 200
percent and 250 percent of the federal poverty level.
In addition to the direct assistance for consumers receiving the additional subsidies,
these subsidies will benefit all individual market consumers by encouraging younger,
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healthier consumers to enroll in coverage. Combined with the Governor's Budget
proposal to create a state individual mandate to obtain comprehensive health care
coverage, the subsidies will improve the overall risk pool in the individual market,
reducing future premium increases.
The expanded subsidies and the individual mandate penalty are proposed to begin on
January 1, 2020 to provide immediate relief to Californians and to prevent further
destabilization of the insurance market. The increased subsidies will be funded by
penalty revenues, and the program design will be adjusted in coverage years 2021 and
2022 to maintain a budget-neutral program.
The May Revision includes General Fund expenditures of $295.3 million in 2019-20,
$330.4 million in 2020-21, and $379.9 million in 2021-22 to provide these subsidies. These
proposed expenditures are aligned with individual mandate penalty revenue
projections of $317.2 million in 2020-21, $335.9 million in 2021-22, and $352.8 million in
2022-23.
To improve affordability for middle-class Californians who are ineligible for federal
assistance, approximately 75 percent of subsidy expenditures would be allocated to
qualified individuals with incomes between 400 percent and 600 percent of the federal
poverty level. Subsidies for these individuals would average around $100 per month.
Similar to the federal subsidies currently offered through Covered California, individual
subsidy amounts will vary significantly depending upon an individual’s income, family
size, age, region, and health care premium costs. Individuals with incomes between 200
percent and 400 percent of the federal poverty level would receive average state
subsides of around $10 per month, in addition to federal subsidies of hundreds of dollars
per month.
In addition to the expanded subsidies program, the May Revision also proposes
$8.2 million ongoing General Fund for the Franchise Tax Board to implement the
individual mandate and reconcile annual subsidy payments. Finally, the May Revision
proposes statutory amendments.
The expanded subsidies are proposed to sunset in three years. They provide a bridge to
the work of the Healthy California for All Commission.

HEALTH CARE WORKFORCE INITIATIVES
To address the need for additional health care professionals throughout the state, the
Governor's Budget invested in existing programs designed to bolster and expand
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workforce capacity. The supply of and demand for physicians and other health
professionals are affected by a number of factors including coverage expansions,
practice patterns, an aging workforce, and the complex needs of the patient
population. The combination of these factors has resulted in shortages of health
professionals, with shortages more pronounced in rural parts of the state and among
primary care and behavioral health providers.
In recognition of the increased demand for health care providers, the Governor's
Budget included $122 million as follows:
• $50 million one-time General Fund to increase training opportunities in existing
mental health workforce programs administered by the Office of Statewide Health
Planning and Development;
• $38.7 million Proposition 56 funds to develop residency programs at hospitals
throughout California as administered and operated by the University of California in
partnership with Physicians for a Healthy California, and;
• $33.3 million ongoing General Fund to the Song-Brown Health Care Workforce
program beginning in 2020-21.

ADDITIONAL WORKFORCE INVESTMENTS IN THE MAY REVISION
The May Revision allocates an additional $120 million Proposition 56 funds for the
Medi-Cal loan repayment program. Combined with amounts allocated in the 2018
Budget Act, the May Revision makes $340 million available for the program over the
next several years. Of this total, $290 million is for physicians and $50 million for dentists.
All awardees are required to make a five-year commitment to maintain a patient
caseload of 30 percent or more Medi-Cal beneficiaries. In the first round of loan
repayment awards, Health Care Services expects to award loan repayments to
approximately 125 physicians and 20 dentists. There will be a minimum of five rounds of
funding.
The May Revision also invests $100 million from the Mental Health Services Fund
(one-time funding available over five years) for the new 2020-25 Workforce Education
and Training (WET) Five-Year Plan. The Plan provides a framework of strategies that the
state, local governments, community partners, educational institutions, and other
stakeholders can pursue to begin to address the shortage of qualified mental health
professionals in the public mental health system.
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Combined with other recent health workforce investments, the May Revision commits
over $600 million in funding in the coming years to meet our future health care
workforce needs.

DEPARTMENT OF HEALTH CARE SERVICES
Medi-Cal, California’s Medicaid program, is administered by the Department of Health
Care Services. Medi-Cal is a public health care coverage program that provides
comprehensive health care services at no or low cost to low-income individuals.
The federal government mandates basic services be included in the program,
including: physician services; family nurse practitioner services; nursing facility services;
hospital inpatient and outpatient services; laboratory and radiology services; family
planning; and early and periodic screening, diagnosis, and treatment services for
children. In addition to these mandatory services, the state provides optional benefits
such as outpatient drugs, dental, home and community-based services, and medical
equipment. The Department also operates the California Children’s Services and the
Primary and Rural Health programs, and oversees county-operated community mental
health and substance use disorder programs.
The Medi-Cal budget is $93.5 billion ($19.7 billion General Fund) in 2018-19 and
$102.2 billion ($23.0 billion General Fund) in 2019-20. The May Revision assumes that
caseload will decrease by approximately 2.4 percent from 2017-18 to 2018-19 and
increase by 0.02 percent from 2018-19 to 2019-20. Medi-Cal is projected to cover
approximately 13 million Californians in 2019-20, including 3.8 million in the optional
expansion population.
In 2019-20, the May Revision reflects an 8.5-percent state share of cost for the optional
expansion population. The May Revision includes $19.6 billion ($2.1 billion General Fund)
in 2019-20 for this population.

PROPOSITION 56
In January, the Proposition 56 package totaled approximately $1 billion for 2019-20 for
supplemental rate increases for physicians, dentists, and various other Medi-Cal
providers, funds for Medi-Cal women’s health, trauma and developmental screenings,
and the Value-Based Payments program. The May Revision includes approximately
$263 million in additional Proposition 56 revenues due to a one-time fund reconciliation.
The May Revision includes the following additional Proposition 56 investments:
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• $120 million additional one-time funding for the loan repayment program for
physicians and dentists who commit to serving Medi-Cal beneficiaries.
• $70 million additional one-time funding for the Value-Based Payments program,
specifically for behavioral health integration. This brings the total allocation for
Value-Based Payments to $250 million available for the program over the next
several years.
• $25 million in 2019-20 ($60 million over three years) to train providers to conduct the
trauma screenings that were proposed in the Governor's Budget.
• $11.3 million to restore optician and optical lab services for adult beneficiaries in the
Medi-Cal program, effective no sooner than January 1, 2020.
Given lower projected General Fund revenues over the forecast period and ongoing
efforts to transform the state's health care system and lower costs, the package of
Proposition 56 investments sunsets December 31, 2021. These investments remain a
priority, and provide a bridge to the work of the Healthy California for All Commission.
Other Significant Adjustments:
• Current Year—The May Revision assumes decreased expenditures in the Medi-Cal
program of approximately $1 billion General Fund compared to the Governor's
Budget. Unlike most programs, Medi-Cal operates on a cash, rather than an
accrual, basis of accounting. This means that the timing of transactions can
significantly disrupt fiscal year budgetary estimates.
◦ About 70 percent of the difference is due to shifts in timing for repayments to the
federal government. These repayments are now assumed to be made in the
budget year, resulting in relatively minor net changes across the two fiscal years.
◦ Another 12 percent is attributed to increased savings for drug rebates and
retroactive managed care payments, offset by increased delinquent fees owed
from skilled nursing facilities and other one-time adjustments.
◦ The remaining variance is primarily due to changes in fee-for-service caseload.
• Year-Over-Year—The May Revision projects General Fund expenditures of $23 billion
in 2019-20, an increase of $3.3 billion compared with 2018-19. Approximately
one-third of the increase is attributable to the expiration of the managed care
organization tax. Another one-third is due to a higher average cost per eligible and

MAY REVISION — 2019-20

37

HEALTH AND HUMAN SERVICES

RcAy7kI2w8 BQ3aA

other factors. The remaining increase results from a shift in the timing of payments
from current year to budget year and other factors.
• Full-Scope Medi-Cal Expansion for Undocumented Young Adults—The May Revision
includes $98 million ($74.3 million General Fund) to expand full-scope Medi-Cal
coverage to eligible young adults aged 19 through 25 regardless of immigration
status, starting no sooner than January 1, 2020. The assumed implementation date is
six months later than assumed in the Governor's Budget. This expansion will provide
full-scope coverage to approximately 90,000 undocumented young adults in the
first year. Nearly 75 percent of these individuals are currently in the Medi-Cal system.
• Redirection of County Realignment Savings that Result from Medi-Cal
Expansion—The May Revision maintains the Administration’s proposal to change the
redirection amounts for certain counties’ indigent care realignment revenue with
three modifications. First, the May Revision reflects Yolo County as a County Medical
Services Program county. Second, the change in redirection amounts for certain
counties is delayed six months to align with the assumed timing of the proposed
Medi-Cal eligibility expansion. Third, the May Revision proposes to withhold
realignment revenues from the County Medical Services Program Board until the
Board’s total reserves reach two years of total annual expenditures. At that point,
the Board revenues will be reflect a 75 percent redirection amount consistent with
non-formula counties.
• Pharmacy Transition to Fee-for-Service—The transition of pharmacy services from
Medi-Cal managed care to a fee-for-service benefit will help the state secure
better prices by allowing California to negotiate with pharmaceutical
manufacturers on behalf of a much larger population of Medi-Cal beneficiaries.
Savings from the transition are estimated to reach $393 million General Fund by
2022-23. While the transition is scheduled for January 1, 2021, savings will not be
realized immediately due to timing of drug rebates and the managed care rate
setting process.
• Medi-Cal Drug Rebate Fund Reserve—Drug rebates are a major source of General
Fund spending volatility in the Medi-Cal program. To reduce this volatility, the May
Revision projects a $172 million reserve in the Medi-Cal Drug Rebate Fund. In the
future, the reserve in this fund will be increased when savings exceed initial drug
rebate estimates. When savings fall short of initial estimates, the reserve will be
accessed to reduce the impact on the General Fund.
• Medi-Cal County Administration—The May Revision includes $2.1 billion ($729 million
General Fund) in 2019-20 for county eligibility determination activities, an increase of
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$15.3 million total funds compared with the Governor's Budget, based on higher
projected growth in the California Consumer Price Index (3.39 percent compared
with 2.63 percent at Governor's Budget).
• Whole Person Care Pilots—The May Revision includes one-time $20 million Mental
Health Services Fund over five years for counties that currently do not operate
Whole Person Care Pilots. This is in addition to the $100 million one-time General
Fund proposed in the Governor's Budget for counties that currently operate pilots.
With this funding, additional counties will be able to develop and implement
essential programs focused on coordinating health, behavioral health (for
individuals with a mental health and/or substance use disorder), and critical social
services, such as housing. Priority will be given to individuals with mental illness who
are also homeless, or at risk of becoming homeless.
• Peer-Run Mental Health Crisis Line—The May Revision allocates $3.6 million Mental
Health Services Fund annually for three years to the Department of Health Care
Services to provide support for a statewide peer-run mental health crisis line, a
critical resource for those on the brink of a mental health crisis. This proposal
maintains the Administration’s focus on prevention and early intervention by
providing a resource offering information, referrals, emotional support, and
non-judgmental peer support to those living with mental illness. This statewide crisis
line would also increase employment opportunities to those who have recovered
from mental health issues.
• Cannabis Allocation—The May Revision includes $21.5 million in Proposition 64 funds
for competitive grants to develop and implement new youth programs in the areas
of education, prevention, and early intervention of substance use disorders. These
funds are continuously appropriated.

DEPARTMENT OF SOCIAL SERVICES
The Department of Social Services serves, aids, and protects needy and vulnerable
children and adults in ways that strengthen and preserve families, encourage personal
responsibility, and foster independence. The Department's major programs include
CalWORKs, CalFresh, In-Home Supportive Services (IHSS), Supplemental Security
Income/State Supplementary Payment (SSI/SSP), Child Welfare Services, Community
Care Licensing, and Disability Determination.
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Caseload-Related Adjustments:
• IHSS—The overall cost for IHSS increased by $60.5 million General Fund in 2018-19
and $151.6 million General Fund in 2019-20, due primarily to a projected increase in
caseload growth, average hours per case, and average cost per case. These
increases were offset partially by decreases in IHSS provider overtime and travel
costs.
• CalWORKs—A decrease of $46.8 million General Fund and federal Temporary
Assistance for Needy Families (TANF) block grant funds in 2018-19 and $49.1 million
General Fund and federal TANF block grant funds in 2019-20 to reflect updated
caseload and average cost per case projections.
• SSI/SSP—A decrease of $5.9 million General Fund in 2018-19 and $18 million General
Fund in 2019-20 to reflect updated caseload and average cost per case
projections.
Other Significant Adjustments:
• CalWORKs Single Allocation Budgeting Methodology—An ongoing increase of
$41.4 million General Fund and federal TANF block grant funds in 2019-20 to reflect
the adoption of a revised budgeting methodology for the employment services
component of the CalWORKs Single Allocation to counties. This augmentation
represents a $165.5 million increase compared to the traditional methodology.
Because a budgeting methodology for the administration/eligibility and
employment services components have been created, the May Revision proposes
to separate the child care component from the Single Allocation.
• CalWORKs Outcomes and Accountability Review (Cal-OAR)—An increase of
$13.2 million General Fund and federal TANF block grant funds in 2019-20 for
counties to perform required Continuous Quality Improvement activities consistent
with Cal-OAR implementation.
• CalWORKs Stage One Child Care 12-Month Eligibility—An increase of $40.7 million
General Fund in 2019-20 ($54.2 million annually thereafter) to establish a 12-month
eligibility period for CalWORKs Stage One Child Care services. See the Early
Childhood Chapter for more information.
• CalWORKs Home Visiting Initiative—An increase of $10.7 million in General Fund and
federal TANF block grant funds to reflect updated projections of CalWORKs cases
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eligible for home visiting services. See the Early Childhood Chapter for more
information.
• Funding for County Administrative Costs for the Expanded CalFresh Population—A
one-time increase of $15 million General Fund in 2019-20 for county administration
efforts to process new CalFresh applicants as a result of eliminating the
Supplemental Security Income Cash-Out policy.
• IHSS Restoration of the 7-percent Across-the-Board Reduction to IHSS Service
Hours—An increase of $15.3 million General Fund to reflect the updated costs for
the restoration of the 7-percent across-the-board reduction to IHSS service hours.
The May Revision proposes to temporarily restore the 7-percent reduction through
December 31, 2021, due to lower than expected revenues over the forecast period
and ongoing efforts to contain costs.
• County IHSS Maintenance-of-Effort Adjustment—An increase of $55 million General
Fund related to the rebenching of the County IHSS Maintenance-of-Effort to reflect
revised 1991 Realignment revenue projections and revised IHSS caseload and cost
projections.
• Resource Family Approval Administration and Application Backlog—A one-time
increase of $14.4 million General Fund in 2019-20 to support county efforts in
eliminating the backlog of foster care resource family applications that are pending
review and approval.
• Foster Parent Recruitment, Retention, and Support—A one-time increase of
$21.6 million General Fund in 2019-20 for activities and services to retain, recruit, and
support foster parents, relative caregivers, and resource families.
• Foster Care Emergency Assistance—An increase of $21.7 million General Fund and
federal TANF block grant funds in 2019-20 to provide caregivers with up to four
months of emergency assistance payments pending resource family approval.
Beginning in 2020-21 and annually thereafter, the state will fund emergency
assistance payments for up to three months, as local child welfare agencies and
probation departments are anticipated to complete the resource family approval
process within three months of application receipt. The May Revision includes a
TANF reserve of $31.2 million to fund emergency assistance costs through 2020-21.
• Federal Title IV-E Administrative Costs Dependency Counsel—An ongoing increase
of $34 million federal funds to support court-appointed dependency counsel
representing children and parents at every stage of the dependency proceeding.
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• Funding for Special Olympics—A one-time increase of $2 million General Fund in
2019-20 to support the Special Olympics, which enriches the lives of children and
adults with intellectual disabilities through sports and education.
• Immigration-Related Pilot Projects—The May Revision proposes to use up to $5 million
of the $10 million General Fund proposed in 2019-20 for the provision of legal
services to unaccompanied undocumented minors and Temporary Protected
Status beneficiaries to: (1) establish a pilot to provide mental health evaluations
related to legal defense, and (2) develop a family reunification navigator pilot to
connect undocumented minors and their families with services in the community.

DEPARTMENT OF DEVELOPMENTAL SERVICES
The Department of Developmental Services funds a variety of services for individuals
with developmental disabilities that allow them to live and work independently or in
supported environments. California is the only state that provides developmental
services as an individual entitlement. The state is in the process of closing all
state-operated developmental centers, but will continue to operate the secure
treatment area at the Porterville Developmental Center and the Canyon Springs
community facility.
By the end of 2018-19, the Department estimates it will be providing community services
to approximately 333,000 individuals with developmental disabilities. In the
developmental centers, the estimated population, as of July 1, 2019, is 326 residents.
The population is expected to decrease to 297 residents by June 30, 2020, as the final
residents transition to receiving services through the Regional Centers. The Budget
includes $8.2 billion ($5 billion General Fund) for support of developmental services.
Based on recent projections, base program costs are expected to grow by
10.2 percent annually.

REGIONAL CENTER REFORMS AND PROVIDER RATES
As required by Chapter 3, Statutes of 2016, Second Extraordinary Session (ABX2 1), the
Department of Developmental Services submitted a rate study in March 2019, which
has helped inform the Administration’s targeted rates proposal.
The May Revision includes $165 million ($100 million General Fund) beginning January 1,
2020, for supplemental provider rate increases for community developmental
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services. Annual costs of these rate increases are $330 million ($200 million General
Fund).
The rate structure for community-based developmental services is complex and
contributes to making oversight of the system difficult. These funds will focus on three
specific areas to address specific service delivery elements within the Regional Center
system, including:
• Stabilizing residential capacity, with a focus on compliance with the March 2014
federal Home and Community-Based Services requirements;
• Addressing rate differences between Regional Centers and vendors; and
• Enhancing consumer safety through mandated fingerprint requirements.
In addition to the proposed rate increases, the May Revision proposes the following
reform efforts as a first step:
• Establishing and enforcing comprehensive Regional Center performance goals and
increased accountability measures;
• Developing a statewide oversight system that regularly reviews Regional Center and
provider performance and disseminates best practices and standards; and
• More frequent monitoring of Regional Center budgets.
Additional recommendations and reforms are needed for Regional Center board
governance, standardization of practices, rate methodologies and categories, as well
as the establishment of process and outcome measures necessary to increase
transparency and accountability in this program area. These reforms will promote the
provision of quality services in an efficient manner to persons with developmental
disabilities.
The May Revision also includes $7 million ($5 million General Fund) for the Department
and Regional Centers to begin implementing broad reform efforts as well as
implementing the supplemental rate increases.
Other Significant Adjustment:
• The May Revision includes $50 million ($30.1 million General Fund) to suspend the
Uniform Holiday Schedule. This change allows additional days of services to be paid.
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The supplemental rates and Uniform Holiday Schedule will sunset on December 31,
2021, due to lower-than expected revenues over the forecast period and efforts to
address the complexity of the current rate system as reviewed in the rate study
released earlier this year and other efforts to improve transparency, accountability, and
other issues in the Regional Center system.

DEPARTMENT OF PUBLIC HEALTH
The Department of Public Health is charged with protecting and promoting the health
and well-being of the people of California. Public Health expenditures in 2019-20 are
$3.3 billion ($224.3 million General Fund).
California has some of the highest preventable infectious disease rates in the nation,
and these rates have increased in the last several years. The Department is currently
implementing a "Getting to Zero" HIV and AIDS prevention and treatment plan. The May
Revision includes $40 million one-time General Fund to slow infectious disease
epidemics. The funds will be available over a four-year period through local public
health departments and tribal communities to assist in providing prevention, testing,
and treatment services.
Significant Adjustments:
• California Home Visiting and Black Infant Health Programs—The May Revision
includes additional reimbursements from the Department of Health Care Services for
Medicaid-eligible activities previously not reflected in the Governor's Budget.
See the Early Childhood Chapter for more information.
• Cannabis Surveillance and Education—The May Revision includes $12 million in
Proposition 64 funds for surveillance and education activities. These funds are
continuously appropriated.
• Emergency Preparedness, Response, and Recovery—The May Revision includes
$959,000 ($569,000 General Fund) to support health care facilities and mass care
shelters during emergencies as well as disaster preparedness, response, and
recovery efforts. See the Emergency Preparedness, Response, and Recovery
Chapter for more information.
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DEPARTMENT OF STATE HOSPITALS
The Department of State Hospitals administers the state mental health hospital system,
the Forensic Conditional Release Program, the Sex Offender Commitment Program,
and the evaluation and treatment of judicially and civilly committed patients.
The patient population is expected to reach 6,530 across the state hospitals and
contracted patient programs and 795 in the Conditional Release Program by the end
of 2019-20.
Significant Adjustments:
• Conditional Release Step Down Program—An increase of $5.7 million General Fund
in 2019-20 ($11.5 million General Fund annually thereafter) for the Department of
State Hospitals to contract for a 78-bed community step-down program to serve
Mentally Disordered Offenders and Not Guilty by Reason of Insanity commitments
who are preparing for conditional release from state hospitals within 18 to 24
months. This funding also includes increasing an existing Department of State
Hospitals’ contract by 4 beds for a total of 24 beds.
• Telepsychiatry Resources—An increase of $2.2 million General Fund in 2019-20
($3.75 million General Fund in 2020-21 and $3.5 million General Fund annually
thereafter) for the Department of State Hospitals to expand the use of telepsychiatry
to treat patients remotely via video-conferencing.
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H

omelessness is a chronic issue straining local resources and services across all of
California. Despite increased state and local investments, federal data have
shown an increase in California’s homeless population in recent years. See the table
below for more details.
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The state has addressed homelessness through providing grants and loans to construct
affordable housing for extremely low-income households. The Veterans Housing and
Homelessness Prevention Act repurposed general obligation bonds totaling $600 million
to provide supportive housing for veterans. The No Place Like Home Act dedicates $2
billion in bond funding to provide supportive multifamily housing for individuals
experiencing mental illness who are homeless or at risk of homelessness. And the
Veterans and Affordable Housing Bond Act (Chapter 365, Statutes of 2017, SB
3) provides $4 billion for various programs, of which $1.5 billion is available for the
Multifamily Housing Program that can be used for supportive housing development.
The Budget Act of 2018 provided $500 million one-time funding for short-term housing
operations through the Homeless Emergency Aid Program. Local jurisdictions have used
these dollars for emergency housing vouchers, rapid rehousing programs, and
emergency shelter construction, among other purposes.
The May Revision increases the state's support to prevent and mitigate this epidemic by
$1 billion. Specifically, it provides $650 million to local governments for homeless
emergency aid, $120 million for expanded Whole Person Care pilots, $150 million for
strategies to address the shortage of mental health professionals in the public mental
health system, $25 million for Supplemental Security Income advocacy, $40 million for
student rapid rehousing and services for University of California (UC) and California
State University (CSU) systems, and $20 million in legal for eviction prevention.
In addition, the Governor's Budget included $1.75 billion General Fund to increase
housing production and hundreds of millions to increase grants to families in the
CalWORKs program.

HOMELESS EMERGENCY AID
The Governor’s Budget included $500 million one-time General Fund for jurisdictions for
the construction and expansion of emergency shelters and Navigation Centers.
Additionally, the Governor’s Budget included $25 million ongoing General Fund for the
Housing and Disability Advocacy Program to assist homeless, disabled individuals with
applying for disability benefit programs, and $100 million one-time General Fund for
Whole Person Care Pilot programs that provide housing services.
The May Revision increases the $500 million proposal to $650 million and updates the
allocation of the grants. California’s most populous 13 cities will receive $275 million,
counties will receive $275 million, and Continuums of Care (CoCs) will receive $100
million, based on the 2019 federal point-in-time count. To continue to encourage
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regional collaboration, funds are contingent on cities and counties submitting regional
plans to their CoCs. These plans must then be approved by the state.
The May Revision also expands the eligible uses for the funds to include innovative
projects for which one-time funding is well suited. This includes, but is not limited to,
hotel/motel conversions, traditional and non-traditional permanent supportive housing,
rapid rehousing, or jobs programs.

STUDENT RAPID REHOUSING
The May Revision builds upon the Governor's Budget investment of $15 million one-time
General Fund to address student food and housing insecurity at CSU and $15 million
ongoing General Fund at the UC. The May Revision proposes $6.5 million ongoing
General Fund to support rapid rehousing of homeless and housing insecure students in
the CSU and $3.5 million ongoing General Fund for students in the UC.

WHOLE PERSON CARE PILOT PROGRAMS
Building on the $100 million one-time General Fund proposed in the Governor’s Budget
for Whole Person Care Pilots, the May Revision includes a $20 million one-time
augmentation from the Mental Health Services Fund for counties that do not operate
Whole Person Care Pilots. With this funding, additional counties will be able to develop
and implement essential programs to focus on coordinating health, behavioral health
(for individuals with a mental health and/or substance use disorder), and critical social
services, such as housing. Priority will be given to individuals with mental illness who are
also homeless, or at risk of becoming homeless.

FAIRVIEW DEVELOPMENT CENTER
As described in the Statewide Issues and Various Departments Chapter, the
Department of Developmental Services is transitioning the last developmental center
clients out of the Fairview Developmental Center by the end of this calendar year.
The Department of General Services (DGS) will begin a site assessment to determine the
condition of the property for potential future uses.
The May Revision proposes that concurrent to this assessment taking place, DGS will
identify an appropriate building or set of buildings at the site that can be leased to a
local jurisdiction to be used for permanent supportive housing for up to 200 individuals
who are currently homeless or in shelters in the community.
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R

ecently released population estimates from the California Department of Finance
show the state added only a net 77,000 completed housing units in 2018. This is
down from 85,297 units in 2017, which was down from 89,457 units in 2016.
The underproduction of supply continues to define the housing crisis the state is
currently facing. California is home to ten of the least affordable major markets and six
of the fifteen most expensive large metropolitan rental markets in the country. Rising
costs continue to strain homeowners and renters statewide and negatively impact the
state’s quality of life and long-term economic prosperity.
The Administration is committed to confronting the housing cost crisis. The Governor’s
Budget introduced a comprehensive $1.75 billion proposal to spur housing production,
including planning and production grants to local governments, expansion of the
state’s housing tax credit program and loan program for mixed-income housing, and
opportunities for innovative housing projects on excess state property.
The May Revision maintains the commitment to spur housing production, but has
refocused $500 million to removing barriers to building affordable housing and adding
funding to assist California renters.
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SHORT-TERM PLANNING AND PRODUCTION GRANTS AND INVESTMENTS IN
INFRASTRUCTURE
The Governor’s Budget included $750 million one-time General Fund to partner with
local governments to increase housing production through technical assistance and
general-purpose funding. Local governments would receive grants ($250 million of the
$750 million) to support technical assistance and staffing to develop plans to reach
higher statewide housing goals, and after reaching set milestones, funding ($500 million
of the $750 million) would be available to cities and counties for general purposes.
Local jurisdictions can and must plan and zone for their fair share of housing. Local
governments report that lack of funding for infrastructure, including sidewalks, lighting,
site utilities, new sewer lines, broadband infrastructure, storm water drains, and street
construction, is a barrier to building new housing. Constructing or improving
infrastructure that supports housing projects will ultimately bring down the per-unit cost,
spur housing development, and provide more affordable units for low-income and
middle class Californians.
The May Revision adds school districts and county offices of education as jurisdictions
eligible for a portion of the $250 million in planning and technical assistance support.
In many locations across the state, teachers are priced out of the areas where they
teach. School districts and county offices of education that have surplus property will
have the ability to apply for these funds through their regions to develop plans for their
excess properties to be used as teacher housing.
The May Revision also repurposes the $500 million from the $750 million previously
dedicated to general purpose incentive payments for the Infill Infrastructure Grant
Program administered by the Department of Housing and Community Development
(HCD).
The Infill Infrastructure Grant Program provides gap funding for infrastructure that
supports higher-density affordable and mixed-income housing in locations designated
as infill. Under the augmented Infill Infrastructure Grant Program, developers and local
governments can partner to apply for infrastructure funding. At the same time, certain
areas designated as infill may also qualify as federal Opportunity Zones and provide
additional tax benefits to investors to spur development of economically distressed
communities by guiding investment toward mixed-income housing.
This investment, combined with the $300 million made available for the Infill
Infrastructure Grant Program through Chapter 365, Statutes of 2017 (SB 3) bond funds,
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provides $800 million, significantly boosting infrastructure development and ultimately
housing production. Moreover, these funds can leverage additional investment for
projects located within federal Opportunity Zones through state and federal tax
benefits, spurring more housing production.
The Administration is considering ways to streamline and improve processes at the
state’s Infrastructure and Economic Development Bank (IBank)to help fund
infrastructure including projects in Opportunity Zones.

LONG-TERM STATEWIDE HOUSING PRODUCTION STRATEGY
The Administration is committed to meeting long-term ambitious housing production
goals. The Governor’s Budget proposed revamping the Regional Housing Needs
Assessment (RHNA) process, which determines the amount and type of housing regions
and local jurisdictions must produce to meet their need. The May Revision aligns
housing production targets with forthcoming RHNA goals in the short-term. In the
long-term, HCD will continue to develop long-term regional housing production targets
through a new RHNA process by no later than 2022.
Housing and transportation are inextricably linked. Given this nexus and to support local
jurisdictions' ability to contribute to their fair share of the state’s housing supply, the
Governor’s Budget provided that local streets and roads funds from the Road Repair
and Accountability Act of 2017 (Chapter 5, Statutes of 2017) (SB 1) be distributed upon
compliance with housing element law and zoning and entitling to meet updated
housing goals. This linkage remains part of the housing proposal at the May Revision.

EXPANDED STATE HOUSING TAX CREDIT PROGRAM
The Governor’s Budget proposed to expand state tax credits up to $500 million in
2019-20, and up to $500 million annually thereafter upon an appropriation.
The additional authority included $500 million for a state tax credit program targeting
new construction of qualified residential rental developments (for households with an
average Area Median Income of 60 percent). These state credits would pair with an
underutilized 4-percent federal tax credit program. Up to $200 million of newly
authorized credits would be available to increase the development of mixed-income
housing projects serving a broader range of incomes (between 30 to 120 percent Area
Median Income) in combination with the California Housing Finance Authority’s
Mixed-Income Loan Program.
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Currently, tax credits may be used for preservation projects which seek to retain
affordable housing. Because the $500 million in tax credits proposed in the Governor’s
Budget applies only to new housing production, the May Revision proposes deeper
subsidies for specified preservation projects through the current program. This will
continue important preservation efforts of affordable housing units across the state so
that they do not fall into disrepair and further decrease the state’s aggregate available
housing.
Additionally, developers using state tax credits may sell “certificated” credits to
investors, without requiring an ownership interest in the properties being built. This has
the effect of ensuring a wider investor pool. However, this ability will end in 2020.
To maintain this expanded pool of investors, the May Revision proposes eliminating the
sunset date.
As stated in the Governor’s Budget, the expanded tax credit investment will be
coupled with a future redesign of the existing tax credit programs to promote cost
containment and increase the construction of new units. The May Revision proposes
changing the Director of the California Housing Finance Authority and the Director of
the California Department of Housing and Community Development from non-voting
members of the California Tax Credit Allocation Committee to voting members to more
directly include their expertise as the committee considers this redesign.

DEMONSTRATION PROJECTS FOR HOUSING
The Governor’s Budget proposed an innovation challenge for developers to build
demonstration projects that use creative and streamlined approaches to building
affordable and mixed-income housing on excess state property (for example, using
modular construction). In January, the Governor issued Executive Order N-06-19, which
directed state departments to create an inventory of all state-owned excess parcels,
identify the excess parcels where housing development would be economically
feasible and address regional underproduction, and issue requests for proposals for
demonstration projects offering long-term ground leases to developers.
The May Revision includes $2.5 million one-time General Fund for real estate consultants
for both HCD and DGS, and 4 positions and $780,000 ongoing General Fund for HCD to
assist with developing request for proposals, conducting site investigations, evaluating
housing developments, and monitoring projects.
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LEGAL AID FOR RENTERS AND LANDLORD-TENANT DISPUTES
The Judicial Branch's budget includes funding to provide grants to over 100 nonprofit
service organizations to provide legal assistance to low-income Californians, particularly
the indigent, homeless, disabled, elderly, and victims of domestic violence. These
services include, but are not limited to: legal technical assistance, training, advice and
consultation, and representation. Recognizing the need for stable housing among
renters, the May Revision proposes an additional $20 million one-time General Fund to
provide grants to nonprofit service organizations to assist specifically with
landlord-tenant disputes, including legal assistance for counseling, renter education
programs, and preventing evictions.
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T

he Judicial Branch consists of the Supreme Court, courts of appeal, trial courts, and
the Judicial Council. The trial courts are funded with a combination of General
Fund, county maintenance-of-effort requirements, fines, fees, and other charges. Other
levels of the Judicial Branch receive most of their funding from the General Fund.
The May Revision includes total funding of $4.2 billion ($2.2 billion General Fund and
$2.0 billion other funds) in 2019-20 for the Judicial Branch, of which $2.4 billion is
provided to support trial court operations. The Judicial Council is responsible for
managing the resources of the Judicial Branch.

JUDGESHIPS
The 2017 Budget Act included the reallocation of four vacant superior court
judgeships—two from Alameda County and two from Santa Clara County—to Riverside
and San Bernardino Counties. This reallocation shifted judgeships to the areas of the
state where workload is highest, but did not increase the overall number of judges.
The 2018 Budget Act authorized two additional judgeships in Riverside County and one
Justice in the Fourth Appellate District of the Court of Appeal in the San Bernardino/
Riverside area.
In a continued effort to address judicial workload needs and provide timely access to
justice, the May Revision includes $30.4 million General Fund in 2019-20 and $36.5 million
General Fund annually thereafter, for 25 additional superior court judgeships.
The judges will be allocated upon completion of the Judicial Council’s Judicial Needs
Assessment expected in late summer 2019.
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TRIAL COURT RESERVES
Since 2013-14, trial courts have been prohibited from carrying over more than 1 percent
in reserves from their prior year operating budget. In 2018-19, this equals approximately
$27 million statewide. This restriction has presented operational challenges for courts
and limited their flexibility to address unanticipated fiscal changes.
The May Revision includes statutory changes to increase the trial court reserve cap to 3
percent beginning June 30, 2020. This will enable courts to retain funding to cover
unanticipated mid-year changes in costs (such as for payroll) or disruptions in funding
(such as declines in fee revenue). It will also provide courts the flexibility to address
unique local needs, as no two court jurisdictions are alike.

DEPENDENCY COUNSEL
Court-appointed dependency counsel represent children and parents at every stage
of dependency proceedings. The Governor’s Budget included $20 million ongoing
General Fund, increasing the total dependency counsel funding to $156.7 million
annually beginning in 2019-20.
The recent federal Families First Prevention Services Act expanded the list of eligible Title
IV-E reimbursable activities to include court-appointed dependency counsel costs.
The May Revision includes $1.5 million ongoing General Fund for the Judicial Council to
administer these federal reimbursements, which are estimated to be $34 million
annually. These reimbursements will be used to supplement the amount provided by
the state and increase the dependency counsel budget from $156.7 million to
$190.7 million annually beginning in 2019-20.

OTHER SIGNIFICANT JUDICIAL BRANCH INVESTMENTS
The May Revision also includes the following General Fund augmentations for the
Judicial Branch:
• Legal Aid for Renters in Landlord-Tenant Disputes—The May Revision augments the
Judicial Branch’s Equal Access Fund by $20 million one-time General Fund to
provide legal aid for renters in landlord-tenant disputes. Specifically, these
additional funds will provide free legal services for landlord-tenant issues, including
legal assistance for counseling, renter education programs, and preventing
evictions as discussed in the Housing and Local Government Chapter.
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• Language Access Expansion—The May Revision includes $9.6 million ongoing
General Fund for the continuation of interpreter services for civil matters and to
cover increased costs in criminal cases. The Judicial Council adopted a
comprehensive Strategic Plan for Language Access in the California Courts in 2015,
following United States Department of Justice investigations that identified an unmet
federal Civil Rights Act requirement for interpreter services to be provided free of
charge in all court proceedings. This expansion of interpreter services and overall
increases in court interpreter costs have led to shortfalls that require ongoing
resources.
• Courts of Appeal Workload—The May Revision includes $5 million ongoing General
Fund to address general operational cost increases, workload due to more complex
litigation, new case duties related to recent law changes requiring retroactive
decisions related to criminal justice reforms, and voter approved initiatives requiring
appellate review.
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O

ver the coming year, the Administration will map out a plan to further transform
the state correctional system with a focus on public safety, increased
rehabilitation, expanded opportunities for reentry, and restorative justice. The plan
will address the long-term population trends, utilization and maintenance of facilities,
and implications of ongoing litigation. The Governor's Budget and the May Revision
make important near-term investments that will support these long-term goals. They also
reflect the Administration's commitment to sound correctional practices and recidivism
reduction that ensure the state meets its paramount obligations to protect the public,
correctional staff, and the incarcerated population.

DEPARTMENT OF CORRECTIONS AND REHABILITATION
The California Department of Corrections and Rehabilitation (CDCR) incarcerates the
most violent felons, supervises those released to parole, and provides rehabilitation
programs to help reintegration into the community. The Department provides safe and
secure detention facilities and necessary support services to inmates, including food,
clothing, academic and vocational training, as well as health care services. The May
Revision includes total funding of $12.8 billion ($12.5 billion General Fund and
$305 million other funds) for the operation of the Department in 2019-20.
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POPULATION
Compared to the Governor's Budget projections, changes in the adult inmate and
parole population have resulted in a net decrease of $4.2 million General Fund in
2018-19 and 2019-20 combined. The revised average daily population projections for
adult inmates are 127,993 in the current year and 126,705 in the budget year, a
decrease of 341 in 2018-19 and 266 in 2019-20. The revised average daily parolee
population projection is 48,535 in the current year and 50,442 in the budget year, a
decrease of 166 in the current year and an increase of 497 in the budget year.
Proposition 57, the Public Safety and Rehabilitation Act of 2016, is estimated to reduce
the average daily adult inmate population by approximately 6,500 in 2019-20, and
approximately 10,600 in 2021-22. As of May 2, 2019, the prison population was
at 134.8 percent of design capacity, which is below the federal court-ordered
population cap of 137.5 percent of design capacity.
The implementation of Proposition 57 and other actions have allowed the Department
to eliminate the use of out-of-state beds from its long-term court compliance strategy
as all inmates will be removed from Arizona by June 2019.

INMATE REHABILITATION AND REENTRY
The May Revision includes several proposals that provide offenders greater opportunity
for rehabilitation, thereby improving offender outcomes and increasing public safety.

REENTRY EXPANSION
One important component of rehabilitation programming involves the operation of
reentry facilities which provide eligible offenders a variety of services, such as substance
use disorder treatment, education, and employment counseling, in the communities in
which they will be released during the last portion of their sentences. Recognizing the
important role reentry facilities play in rehabilitation and successful reentry into the
community, the May Revision includes $8.8 million ongoing General Fund to establish
two new 60-bed female facilities in Los Angeles and Riverside, and expand an existing
male facility in Los Angeles by 10 beds. In addition, the May Revision includes
$1.5 million ongoing General Fund to provide a five-percent contract rate increase for
Male Community Reentry Program providers.
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INTEGRATED SUBSTANCE USE DISORDER TREATMENT PROGRAM
Across the country, substance use disorders (SUD) involving alcohol, opioids, and
methamphetamines are on the rise, resulting in an increasing number of
overdose-related deaths each year. Treatment of individuals suffering from substance
use disorders involves long-term medical and/or behavioral modification components.
Providing offenders who battle addiction with proper evidence-based treatment and
medication-assisted treatment can reduce the risk for further substance use, relapse,
and drug-related death, and can help prepare inmates for a successful reentry to
society.
To combat alcohol and opioid addiction-related issues within the state's incarcerated
population, the May Revision includes $71.3 million General Fund in 2019-20 and
$161.9 million ongoing General Fund beginning in 2020-21 to implement an integrated
substance use disorder treatment program throughout all 35 CDCR institutions.
The proposal includes three main components: (1) the use of medication-assisted
treatment (MAT) to treat inmates with opioid and alcohol use disorders; (2) a redesign
of the current cognitive behavioral treatment curriculum; and (3) the development and
management of inmate treatment plans and substance use disorder-specific
pre-release transition planning. This new program will target three populations:
(1) inmates who were receiving MAT prior to entering prison; (2) inmates already in
CDCR with high substance use disorder risk factors (such as a recent overdose); and
(3) inmates scheduled for release within 15 to 18 months who have been assessed as
having a high need for substance use disorder services.
Medication-Assisted Treatment—The proposal creates a statewide medication-assisted
treatment program that will offer buprenorphine, methadone, and naltrexone to
inmates with opioid use disorders in all 35 institutions and distributes naloxone (an opioid
reversal agent) to inmates slated for release who are also deemed to be at risk.
Additionally, naltrexone and acamprosate will be offered to inmates with alcohol use
disorders. Medication-assisted treatment services will be provided by new medical,
nursing, pharmacy, and custody staff. These staff will be trained to provide needed
services consistent with the medication-assisted treatment program. Medical staff will
be certified to meet the federal requirements for prescribing buprenorphine.
Cognitive Behavioral Treatment—Recognizing that medication-assisted treatment must
also be combined with behavioral education, the May Revision proposes several
changes to the Department’s current program to provide a comprehensive behavioral
modification program to all incarcerated individuals prior to release. These changes
include:
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• Streamlining the curriculum provided across institutions. This programming, which
includes substance use disorder treatment, will now be offered to all offenders within
15 to 18 months of release. The treatment will be structured to provide the offender
the opportunity to address all criminogenic needs within a structured delivery
period, removing the potential for fragmented delivery of treatment components
over several years prior to release.
• Increasing the total number of programming slots to provide treatment to all
offenders.
• Revising curricula to support offenders in the integrated substance use disorder
treatment program to meet their specific treatment needs.
• Requiring those who deliver treatment services to be certified alcohol and other
drugs counselors. A rate increase is included for counselors to increase the
experience level necessary for treatment delivery.
Treatment Plans and Pre-Release Transition Planning—Ongoing treatment is paramount
in maintaining patient health and wellness. As part of a whole person care model, the
May Revision proposes to expand nursing and licensed clinical social worker staff to
coordinate several pre-release processes. These staff will work with all 58 California
counties and the Division of Adult Parole Operations to facilitate the placement of
inmates released to Post Release Community Supervision and parole into treatment
and counseling programs in the community and minimize gaps in care.
Other Significant Adjustments:
Tattoo Removal Program—Tattoos often present an obstacle to formerly incarcerated
individuals seeking to reintegrate into society. The Governor’s Budget included a
placeholder of $2.5 million General Fund for the Department to develop a tattoo
removal program for the adult offender population. The May Revision includes a refined
estimate, reducing the costs to $1.1 million General Fund in 2019-20 and $2.1 million
ongoing General Fund beginning in 2020-21. The Department will provide tattoo
removal to approximately 3,000 offenders annually, with a focus on those who are
seeking to leave gangs or are within 1 to 2 years of release on a voluntary basis.
Sign Language Interpreter Services—The May Revision includes $1.5 million ongoing
General Fund to provide equal access to rehabilitation programs and services to
inmates for whom sign language is their primary method of communication.
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Project Rebound—The May Revision includes an additional $750,000 ongoing General
Fund to support Project Rebound, a California State University (CSU) program that
provides assistance to formerly incarcerated individuals seeking to enroll in participating
CSU campuses. This brings total ongoing funding for this program to $1 million General
Fund and is included in the CSU’s budget.

INMATE HEALTH CARE
The May Revision continues the state’s significant financial commitment to improve the
Department’s delivery of health care services to inmates. The May Revision dedicates
$3.5 billion General Fund to health care services programs which provide access to
mental health, medical and dental care that is consistent with the standards and scope
of services appropriate within a custodial environment.
Since the Governor's Budget, the court-ordered Receiver overseeing the Department's
inmate medical program, has incurred unanticipated current year costs totaling
$95.6 million General Fund related to contract medical ($61 million), pharmaceuticals
($18.8 million), clinical staffing ($12.7 million), and leased office space ($3.1 million).
The May Revision includes $114.3 million General Fund (including the Medical
Classification Model update discussed below) in 2019-20 to account for these costs on
an ongoing basis.

MEDICAL CLASSIFICATION MODEL UPDATE
The May Revision includes $27.9 million for the Receiver's Medical Classification Model
to provide increased staffing levels for health care operations throughout California’s
prison system. The Medical Classification Model, established in 2014-15, uses a
ratio-based methodology for adjusting medical staffing levels based on inmate
medical classification. Since then, the population has grown older and sicker and is
experiencing an increase in trauma-related incidents. Current staffing ratios are
insufficient to meet these needs. This proposal includes the reclassification of certain
offender populations based on medical acuity and revises staffing methodologies
based on the Receiver's update to the model.

JUVENILE JUSTICE
Over the past several decades, research on effective methods to improve juvenile
justice outcomes has expanded, providing a framework for reform, enhancements, and
refinement of current systems, highlighting the important need to distinguish between
adult corrections and juvenile strategies. This new framework recognizes that (1) the
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brains of adolescents are fundamentally different from adults and these differences
remain up to age 25, (2) youth involved in the juvenile justice system have typically
experienced multiple traumatic events in early childhood, and (3) youth in the juvenile
justice system rely on adults who can provide critical resources and support as they
internalize information and learn from their experiences.
In recognition of these realities, the Governor’s Budget announced a plan to reorganize
the Division of Juvenile Justice (DJJ) and a new approach to operating state juvenile
justice facilities. In furtherance of this plan, the May Revision includes statutory changes
to move the DJJ from the CDCR to a new department under the California Health and
Human Services Agency (CHHS), effective July 1, 2020. The new department will be
called the Department of Youth and Community Restoration. The proposal better aligns
California’s approach with its rehabilitative mission and core values—providing
trauma-informed and developmentally appropriate services in order to support a
youth’s return to their community, preventing them from entering the adult system, and
further enhancing public safety. By moving the DJJ from the adult corrections system
into a new department under the CHHS, California will be better positioned to achieve
this mission.
The May Revision also includes $1.2 million ongoing General Fund for key staff to plan
for the transition and launch of a new independent training institute that will train all
staff on best practices so they can further the new Department of Youth and
Community Restoration’s rehabilitative mission.
In addition, the May Revision includes $1.4 million ongoing General Fund to create a
partnership between DJJ and the California Conservation Corps to develop and
implement an apprenticeship program. This program will provide skill building and job
training opportunities to participating members and support them in accessing career
pathways upon returning to their communities.

VICTIM SERVICES
Crime victims and their families bear significant physical, emotional, and financial
burdens. The May Revision includes several proposals that will both assist crime victims
recovering from such traumas and proactively make strategic investments to protect
those who face a high risk of victimization.
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CONSOLIDATION OF VICTIMS PROGRAMS
Victims and survivors need to know where to turn for services, and these services should
be easily accessible. While the state offers dozens of victims’ services programs, it
currently administers these programs through multiple state departments in a manner
that is not designed to maximize ease of access for victims. Over the coming year, the
Administration will develop a plan to consolidate the Office of Emergency Services and
Victim Compensation Board victims programs within a new state department under the
Government Operations Agency and may identify victims programs in other
departments that could also be consolidated. This will provide one central place for
victims and their families to obtain information and access services when they are most
in need. The Administration intends to submit the consolidation of victims’ services
proposal as part of the 2020-21 Budget. This timeline allows for the planning necessary
to address the significant logistical challenges of transitioning the programs without
disrupting services to victims and their families.

VICTIM IMPACT PROGRAMS
CDCR's Office of Victims and Survivor Rights and Services provides information,
restitution, outreach, training, referral and support services to individuals, as well as their
next of kin, who were victimized by offenders sentenced to state prison. The May
Revision includes an additional $2 million Inmate Welfare Fund for (1) the Office’s Victim
Offender Dialogue program, which employs restorative justice principles to provide
opportunities for offenders to understand the impacts their actions have had on victims,
and (2) the Department’s Division of Rehabilitative Programs to establish or expand
Innovative Programming Grants targeting victim impact programs. These programs are
unique to CDCR and will not be consolidated.

VIOLENCE INTERVENTION AND PREVENTION PROGRAM
The Governor’s Budget included $9 million ongoing General Fund for the California
Violence Intervention and Prevention Program. The May Revision proposes an
additional augmentation of $18 million one-time General Fund, resulting in a total of
$27 million for the program in 2019-20 for grants to eligible cities and community based
organizations. These grants provide funding to support services such as community
education, diversion programs, outreach to at-risk transitional age youth, and violence
reduction models.
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NONPROFIT SECURITY GRANT PROGRAM
The California State Nonprofit Security Grant Program, administered by the Office of
Emergency Services, provides support for target hardening and other physical security
enhancements to nonprofit organizations that are at high risk of a terrorist attack,
particularly from hate crimes based on ideology and beliefs. Continuing previous
investments to combat attacks of this sort, the May Revision includes a $15 million
one-time General Fund augmentation for the grant program, to assist nonprofit
organizations that have historically been targets of hate-motivated violence.
Organizations can use these funds to help secure potential targets, such as places of
worship.

LOCAL PUBLIC SAFETY
Standards and Training for Corrections Program—Funding for the Standards and
Training for Corrections Program, which assists local corrections agencies in improving
the professional competence of their staff, was reduced significantly in 2016-17, driven
by a decline in criminal fine and fee revenues which was the primary funding source for
this program. In 2018-19, support was shifted to the General Fund but remained at the
reduced level. The May Revision includes an additional $6.2 million ongoing General
Fund to restore to a level more consistent with historical funding. This proposal was
released in April.
Community Corrections Performance Incentive Grant—The Community Corrections
Performance Incentive Grant, Chapter 608, Statutes of 2009 (SB 678), was created to
provide incentives for counties to reduce the number of felony probationers sent to
state prison. The May Revision includes $112.8 million General Fund to continue this
successful program. This is a decrease of $548,000 from the amount estimated in the
Governor’s Budget.
Post Release Community Supervision—The May Revision includes $14.8 million General
Fund for county probation departments to supervise the temporary increase in the
average daily population of offenders on Post Release Community Supervision as a
result of the implementation of Proposition 57. This is an increase of $2.9 million over the
amount estimated in the Governor’s Budget.
Proposition 47 Savings—Voters passed Proposition 47 in November 2014, which requires
misdemeanor rather than felony sentencing for certain property and drug crimes and
permits inmates previously sentenced for these reclassified crimes to petition for
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resentencing. The Department of Finance currently estimates net savings of $78.4 million
General Fund for Proposition 47 when comparing 2018‑19 to 2013‑14, a decrease of
$23,000 from the Governor's Budget estimate for 2018‑19. These funds will be allocated
according to the formula outlined in the initiative.
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C

alifornia’s environmental protection programs promote the state's economic
vitality in an environmentally sustainable manner by reducing greenhouse gas
emissions, enhancing environmental quality, and protecting public health.

SUSTAINABLE PEST MANAGEMENT
Chlorpyrifos is an insecticide used primarily on nut trees and fruit, vegetable and grain
crops in California. Acute exposure to chlorpyrifos presents serious risks to human health
including neurological development impairments, especially in children and sensitive
populations. California has taken actions to significantly reduce the use of and
exposures to chlorpyrifos. The Department of Pesticide Regulation recently
recommended additional mitigation measures to further restrict use of the pesticide by
instituting larger buffer zones and prohibiting certain application methods, such as
aerial spraying. Additionally, the Department will commence a regulatory process to
cancel the registration of chlorpyrifos. Cancellation would ban use of this pesticide in
California.
As California initiates the cancellation process, it is important that the state proceeds in
a way that balances public health, the environment and continued agricultural
productivity.
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Significant Adjustment:
• Sustainable Pest Management Solutions—A one-time increase of $5.7 million
General Fund to assist in the transition to safer pesticide alternatives. In partnership
with growers and workers, research and development of better and safer
alternatives, including non-chemical pest management, is necessary to build a
stronger more resilient agricultural community in California. This proposal includes
$125,000 for the Department and the California Department of Food and
Agriculture to lead a newly created, cross-sector work group that will identify,
evaluate and recommend alternative pest management tools. In addition, the May
Revision includes $5.6 million for additional research and technical assistance for the
development of safer, practical, more sustainable alternatives to chlorpyrifos.
In combination, the work group and funding for the development of alternatives will
produce short-term solutions and prioritize the development of long-term solutions to
support a thriving agricultural sector and healthy communities.

DEPARTMENT OF TOXIC SUBSTANCES CONTROL
The Department of Toxic Substances Control protects California residents and the
environment from the harmful effects of toxic chemicals by restoring contaminated
sites, enforcing hazardous waste laws, and compelling the development of safer
products.
The Department's two main special funds, the Toxic Substances Control Account and
Hazardous Waste Control Account, have structural deficits with ongoing expenditures
exceeding revenues. At the time of the Governor’s Budget, the Department had not
completed the reconciliation of its past year accounting records. As a result, the
magnitude of the Department’s funding shortfall was unknown. The Governor’s Budget
reflected several temporary and placeholder funding shifts from other special funds,
including the Lead-Acid Battery Cleanup Fund, to support the Department’s current
funding level. In February, the Department was able to reconcile its accounting records
through the 2017-18 fiscal year.
In order to maintain current operations, the May Revision includes one-time $37.5 million
General Fund. This funding is necessary on a temporary basis as the Administration
considers reforms necessary to improve accountability and transparency to impacted
communities and regulated entities and develops a fee package to generate sufficient
revenue to support the Department’s mission. Additionally, the Office of State Audits
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and Evaluations is currently conducting a performance audit of the Department’s
accounting functions, including whether its procedures are in compliance with the
state's accounting principles and practices, laws, and regulations. It is anticipated that
the audit will be completed in the fall of 2019.

SAFE DRINKING WATER
Since 2010, the state has provided over $3 billion, primarily bond funds and federal
funds, in assistance to address safe and affordable drinking water needs, such as the
repair, replacement, and improvement of aging infrastructure and new treatment
systems for over 600 projects to comply with the federal Safe Drinking Water Act.
Despite these efforts, many local water systems in the state, particularly those serving
small disadvantaged communities, will continue to fail to provide safe drinking water to
their customers. Currently, approximately 1 million Californians lack access to safe
drinking water. The most significant remaining challenge is the lack of a stable funding
source for long-term operation and maintenance of drinking water systems.
In recognition of the continued safe drinking water issues, the Governor’s Budget
proposed an additional $168 million Proposition 68 to support capital water projects
across the state. The Governor’s Budget also included $4.9 million General Fund to
support initial steps towards implementation of the Safe and Affordable Drinking Water
Program and statutory changes to establish ongoing sustainable funding to assist
disadvantaged communities in paying for the costs of obtaining access to safe and
affordable drinking water.
Chapter 1, Statutes of 2019 (AB 72) appropriated $20 million General Fund in the current
year to accelerate support for safe drinking water emergencies in disadvantaged
communities.
The Administration remains committed to working in collaboration with the Legislature
and stakeholders on a comprehensive package that includes a sustainable and
reliable source of funding to support safe and affordable drinking water for all
Californians.

ACHIEVING A CARBON-NEUTRAL ECONOMY
California is committed to achieving a carbon-neutral economy, including the
long-term transition away from fossil fuels. The May Revision invests in this transition by
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providing additional funds for transit-oriented communities; bus, truck, freight and
tractor engine upgrades to reduce diesel use; methane reductions in agriculture; and
providing apprenticeships and job training in careers that will build a future green
economy. The May Revision also recognizes the need for careful study and planning to
decrease demand and supply of fossil fuels, while managing the decline in a way that is
economically responsible and sustainable.
The Cap and Trade Program is one important element of California's greenhouse gas
emissions reduction strategy. It is a market-based mechanism that establishes a
statewide declining cap on greenhouse gas emissions and a state-run auction of
emissions allowances. Under the program, major carbon emitters must acquire
allowances to represent their emissions and turn them in to the state each year. This
establishes a price signal necessary to drive long-term investment in cleaner electricity
and fuels, as well as more efficient energy use. The system also provides entities
covered by the program the flexibility to reduce emissions in a cost-effective manner.
The Governor’s Budget included a $1 billion Cap and Trade Expenditure Plan to support
programs that reduce or sequester greenhouse gases, including programs that benefit
disadvantaged and low-income communities.
In recognition of the continued strength of recent Cap and Trade auctions, the May
Revision proposes an additional $251.5 million that promotes affordable housing,
sustainability and resiliency priorities (see 2019-20 Cap and Trade Expenditure Plan
chart).
• Transformative Climate Communities—A one-time increase of $92 million to support
integrated, community-scale housing, transit-oriented development, and
neighborhood projects that reduce emissions in some of the state's most
disadvantaged areas.
• Low Carbon Transportation—A one-time increase of $130 million for programs that
will reduce emissions from the transportation sector, with a focus on diesel pollution,
including: (1) $65 million to replace and upgrade diesel engines and equipment in
the agricultural sector, and (2) $50 million to provide incentives for zero-emission
trucks, transit buses, and freight equipment. In addition, $15 million is proposed to
help individuals replace old, highly polluting vehicles with newer, more efficient cars
and trucks.
• Climate Smart Agriculture—A one-time increase of $20 million, including:
(1) $10 million for the Healthy Soils program that increases carbon sequestration and
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keeps our leading agricultural industry productive and growing far into the future,
and (2) $10 million for methane reduction programs that will support the state’s
short-lived climate pollutant goals.
• Preparing Workers for a Carbon-Neutral Economy—An ongoing increase of
$8 million to increase job training and workforce development as the state
transitions to a carbon-neutral economy. When combined with the funding
proposed in the Governor’s Budget, this proposal invests $35 million annually for five
years in two key areas: (1) targeted pre-apprenticeship and apprenticeship
programs for the fast-growing construction industry, which is necessary to build the
infrastructure needed for climate resiliency and a carbon-neutral economy; and
(2) a new High Road Training Partnership program to foster connections between
employers, workers, and communities with an emphasis on regions and industries
that have been traditionally dependent on fossil fuels, including Kern County, as
California transitions to a carbon-neutral economy.
• Transition to a Carbon-Neutral Economy—A one-time increase of $1.5 million for a
study laying out the key actions the state must take to transition toward a
carbon-neutral economy. The study will emphasize environmental and economic
programs and policies to dramatically reduce fossil fuel demand by 2050, in line with
the state’s overall climate goals. The study will inform the California Air Resources
Board's Scoping Plan, which lays the foundation for achieving California's ambitious
goals, including achieving carbon-neutrality by 2045 and reducing greenhouse gas
emissions to 80 percent below 1990 levels by 2050.
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C

alifornia is experiencing unprecedented wildfire activity with increases in the
number and severity of wildfires. Fifteen of the twenty most destructive wildfires in
the state’s history have occurred since 2000; ten of the most destructive fires have
occurred since 2015. The fire season is getting longer each year with many parts of the
state experiencing nearly year-round fire danger. Climate change has led to historic
periods of drought, which has created critically dangerous fuel conditions and resulted
in over 147 million dead or dying trees.
Additionally, growth in the wildland urban interface has put more Californians at risk
than ever before. More than 25 million acres of the state’s wildlands are classified as
under very high or extreme fire threat. The catastrophic wildfire activity in 2018,
including the Camp, Woolsey, and Hill fires, underscores the serious dangers that
current conditions pose to individuals and communities in high-risk areas of the state.
In its first 100 days, the Administration has taken decisive action to identify and
implement recommendations and solutions to reduce wildfire risk; bolster the state’s
emergency preparedness, response, and recovery capacity; and protect vulnerable
communities. The May Revision builds on these efforts.
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BUILDING ON GOVERNOR’S BUDGET INVESTMENTS
The Governor’s Budget proposed $769.6 million ($521.6 million General Fund) in
additional funding to enhance the state’s preparedness, increase capacity to respond
to emergency incidents, and increase public safety. Significant investments included:
• $172.3 million ($171.3 million General Fund) for California Office of Emergency
Services (Cal OES) to improve the state’s emergency communication and warning
systems, support the Mutual Aid system and resource pre-positioning, and fund relief
efforts after disasters occur.
• $204.6 million ($202.2 million General Fund) for California Department of Forestry and
Fire Protection (CAL FIRE) and the California Conservation Corps (Corps) to enhance
the state’s fire protection capabilities by adding 13 new year‑round fire engines, 5
new CAL FIRE/Corps fire crews, and other key fire suppression resources; supporting
the operation of firefighting aircraft with increased tactical effectiveness; and
improving the use of technology and situational awareness capacity.
• $235 million ($8.4 million General Fund) for various departments to implement the
recently-enacted Wildfire Prevention and Recovery Legislative Package and
increase the pace and scale of forest health and fire prevention activities.
• $126.4 million ($108.4 million General Fund) to update and improve public safety
radio communication.
• $31.3 million General Fund to backfill wildfire-related property tax revenue loss for
cities, counties, and special districts as well as funding to waive the local share of
debris removal costs.

COMMUNITY WILDFIRE PREVENTION AND MITIGATION REPORT
In recognition of dangerous fire conditions, the Administration issued Executive Order
N-05-19 on January 8, 2019. The Executive Order directed CAL FIRE to collaborate with
other state agencies and departments to recommend a series of actions and
administrative, policy, and regulatory changes needed to prevent destructive
wildfires. The Executive Order further emphasized the need for these actions to be
targeted to protect the populations at the greatest risk from wildfires.
On March 5, 2019, CAL FIRE released the Community Wildfire Prevention and Mitigation
Report with 19 recommendations for immediate, medium-term, and long-term actions
to help the state decrease the risks associated with catastrophic wildfires. The report
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applies risk-based factors so that implementation of the recommended activities will
support the protection of the most vulnerable communities across the state.
One of the report’s central recommendations is to accelerate completion of 35 priority
fuel reduction projects identified through CAL FIRE’s risk-based assessment. Completion
of these projects will reduce fire risk and increase resiliency for over 200 communities
across the state. Additionally, the report recommends that the state deploy National
Guard crews and other emergency response resources to complete fire prevention
projects, consistent with recent action taken by the Administration to make National
Guard personnel available to CAL FIRE for this purpose.

WILDFIRES AND CLIMATE CHANGE: CALIFORNIA’S ENERGY FUTURE
In early January, the Governor's strike force was created to coordinate the state's efforts
to provide for the safety, reliability, and affordability of energy as well as to continue
progress toward achieving the state's climate commitments. The Administration
directed the strike force, within 60 days, to develop a comprehensive strategy to
address the impacts of catastrophic wildfires and climate change and their
destabilizing effect on the energy sector. Accordingly, the strike force’s report, Wildfires
and Climate Change: California’s Energy Future, was released on April 12, 2019 and
makes a series of recommendations to accomplish the following objectives:
• Reduce the frequency and severity of wildfires, strengthen emergency response,
and build community resiliency.
• Mitigate climate change through clean energy policies.
• Provide a fair and equitable allocation of wildfire costs and damages.
• Make necessary changes to stabilize utilities to meet the energy needs of customers
and the economy.
The report provides a roadmap for the state to meet the daunting challenges ahead
and increase the safety and security of all Californians while providing continued
access to safe and affordable energy.

CURRENT YEAR ACTIONS
The Administration and Legislature have already taken swift action to address urgent
needs associated with disaster preparedness and response as well as state and local
recovery from recent catastrophic wildfire events. This includes:
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• Accelerating implementation of the 35 priority fuel reduction projects identified in
the Community Wildfire Prevention and Mitigation Report to protect over 200 at-risk
communities across the state using existing forest health and fire prevention funding.
The recently issued State of Emergency Proclamation will support these efforts by
providing waivers to suspend state administrative and regulatory requirements
to enable projects to be completed more quickly.
• Redirecting up to 100 National Guard personnel to create fuel reduction and fire
suppression crews that are available to CAL FIRE to undertake priority projects, as
authorized through General Order 2019-01.
• Launching the California for All Emergency Preparedness Campaign, a joint
initiative between Cal Volunteers and Cal OES, to connect vulnerable populations
with culturally and linguistically competent support and bolster resiliency. The
$50 million campaign will support dispatching of expert disaster teams to key
regions and the development of targeted public awareness and outreach
campaigns.
• Providing funding from the California Disaster Assistance Act and Disaster
Response-Emergency Operations Account within the Special Fund for Economic
Uncertainties to support critical disaster relief and recovery activities, including
debris removal, shelter support, and remediation activities.
The May Revision builds upon these investments and the Administration’s
accomplishments over its first 100 days to further strengthen the state’s emergency
response capacity, reduce the threat of catastrophic wildfires, and protect
communities at risk.

DISASTER PREPAREDNESS, RESPONSE, AND RECOVERY
Based on lessons learned and because of the increased magnitude, frequency, and
complexity of recent disasters, the May Revision includes $39.9 million ($38.6 million
General Fund) and 159.5 positions for various departments to enhance the state’s
disaster preparedness, response, and recovery capabilities; support the continuity of
state government during disasters; and increase technical proficiency to best position
the state to maximize appropriate federal reimbursements of billions of dollars. This
includes resources for departments to: enhance disaster contingency planning and
preparedness, provide funding to support Cal OES mission tasking, and facilitate the
development of a Statewide Disaster Reserve Corps for surge capacity during disasters.
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DISASTER CONTINGENCY PLANNING AND PREPAREDNESS
The May Revision proposes the following resources to support disaster contingency
planning and preparedness:
• Office of Emergency Services—$5.9 million in ongoing funds ($5.1 million General
Fund) and 76 positions to enhance Cal OES disaster preparedness and response
capacity for future state disasters. Without the appropriate tracking and
coordination of disaster costs, California would be at risk of losing federal funding.
• Department of Housing and Community Development—$2 million General Fund
(with $740,000 in ongoing resources) and four positions to create a permanent
Disaster Response and Recovery Unit that will provide housing expertise in
coordination with statewide disaster recovery efforts and to hire a consultant that
will conduct local needs assessments related to the 2018 Camp and Woolsey fires as
well as create local long-term recovery plan frameworks.
• State Water Resources Control Board—$1 million ongoing General Fund and six
positions to improve emergency response capabilities between the State Water
Board, regional boards, and other state entities during emergencies. These
resources will enable the Water Board to lessen the impacts of disasters on
vulnerable populations by addressing a wide range of issues in the periods following
and between emergencies, including addressing engineering and operation issues
facing drinking water systems and waste water utilities, and preventing or minimizing
impacts to water quality, water supply security, and safety.
• Department of Resources Recycling and Recovery—$2.8 million ongoing General
Fund and 21.5 positions for the Department to continue its significant role in
emergency response mission tasking responsibilities. These resources will establish a
dedicated team to help facilitate timely, safe, and effective debris removal
operations as well as to assist local governments in the preparation of debris
removal plans for future incidents.
• Emergency Medical Services Authority—$979,000 ongoing General Fund and two
positions to increase disaster medical services capacity, including coordination of
medical assets during emergency response efforts and one-time purchases of
medical treatment and communications equipment.
• Department of Public Health—$959,000 in ongoing funds ($569,000 General Fund)
and six positions to support health care facilities and mass care shelters during
emergencies as well as disaster preparedness, response, and recovery efforts.
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Activities will include deployment of infection control teams and continuous
updates to an existing health facility mapping application used during disasters.
• Department of State Hospitals—$996,000 ongoing General Fund and six positions to
improve emergency coordination and preparedness, and business continuity
planning at five state hospitals and the Department of State Hospitals headquarters.
The additional resources will enhance the Department’s ability and capacity to
more effectively care for patients and coordinate staff in the event of a disaster.
• Department of Social Services—$2.9 million ongoing General Fund and 20 positions
to support the Department of Social Services’ mandated disaster planning,
coordination, and training activities. The Department is responsible for statewide
mass care and shelter responsibilities, as designated by Cal OES.

EMERGENCY CONTINGENCY FUNDING
The May Revision includes $20 million one-time General Fund for a state mission tasking
appropriation within the Cal OES budget. In addition, $1.5 million and 12 positions are
proposed for Cal OES to coordinate with all state agency responders as a part
of effectively managing and monitoring this appropriation given it will be responsible for
the distribution of these funds. When state entities are mission tasked, some staffing
costs associated with those activities are not absorbable within existing budgets, nor
are these costs eligible for the California Disaster Assistance Act or Disaster
Response-Emergency Operations Act funding. This proposed state mission tasking
appropriation provides a resource to fund state entities for costs incurred when mission
tasked, and to fund surge capacity needs of the Statewide Disaster Reserve Corps
described below.

STATEWIDE DISASTER RESERVE CORPS
The May Revision includes $711,000 ongoing General Fund and 6 positions to initiate
development of a statewide Disaster Reserve Corps resource pool for surge capacity
needs. This resource pool will be able to backfill departments for steady-state activities,
assist with continuity planning, and identify pre‑screened qualified candidates to be
part of needed incident support teams to assist in state preparedness and readiness.

PUBLIC SAFETY POWER SHUTDOWN
The May Revision includes a one-time investment of $75 million General Fund to
improve resiliency of the state’s critical infrastructure in response to investor-owned
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utility-led Public Safety Power Shutdown (PSPS) actions, and to provide assistance to
communities, where appropriate, as specific urgent needs are identified.
Investor-owned utilities (IOUs) have signaled their intent to significantly increase the use
of PSPS on their energized power lines to prevent wildfires during high wind or other
severe weather events. As a result, affected areas may be without power for several
hours, days, and in some cases, over a week. Given the configuration of power grids
and limited weather-monitoring capacities, at times, IOUs may be unable to implement
PSPS in targeted areas, which could result in larger regional areas being impacted.
This proposal will provide a flexible source of funding to facilitate immediate response to
utility initiated power shutdowns. In addition, planning grants to improve local
preparedness for IOU-driven PSPS events would be available to the state’s Operational
Areas’ (Counties) Offices of Emergency Management to convene regional
stakeholders to discuss PSPS preparedness efforts, update emergency plans for PSPS
events, and hold trainings, discussions, and exercises to reinforce planning assumptions.
The May Revision also includes $41 million Public Utilities Commission Utilities
Reimbursement Account to fund inspections and improve review of both utility wildfire
mitigation plans and PSPS reports. Specifically, this includes $38 million for
one-time contract resources over three years to investigate and verify utility
compliance with wildfire mitigation plans and to improve the California Public Utilities
Commission’s (PUC) oversight and evaluation of wildfire mitigation plans. It also includes
funding to support 16 positions to oversee these contracts, facilitate these efforts, and
streamline PUC regulatory processes.

PROPERTY TAX BACKFILLS
The May Revision includes one-time $518,000 General Fund to reimburse cities, counties
and special districts for 2018-19 property tax losses resulting from the 2018 wildfires. This
augments the $31.3 million proposed in the 2019-20 Governor's Budget, and
subsequently added to the 2018 Budget Act by Chapter 1, Statutes of 2019 (AB 72).
The additional $518,000 is for the local agencies in Los Angeles, Mendocino, Napa,
Orange, San Diego, Solano, Tuolumne, and Ventura counties that suffered property tax
losses due to the 2018 wildfires but had not been able to calculate these totals timely to
be included in the Governor's Budget. They are now included in the May Revision.
The corresponding property tax loss for K-14 schools is $530,000. This will be backfilled
under the Proposition 98 school funding mechanism.
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CAMP FIRE RECOVERY
On November 8, 2018, a state of emergency was declared for Butte County due to the
effects of the Camp Fire—the deadliest and most destructive wildfire in California
history. The Camp Fire destroyed more than 18,000 structures and 90 percent of the
Town of Paradise, which was home to almost 27,000 residents. The May Revision
includes $10 million one-time General Fund to support local communities in their
recovery from the unprecedented devastation of the Camp Fire.

DEPARTMENT OF FORESTRY AND FIRE PROTECTION
The May Revision includes $15.7 million one-time General Fund to build on the
investments proposed in the Governor’s Budget to enhance CAL FIRE’s fire protection
capabilities and increase the pace and scale of forest health and fire prevention
activities. The funding proposed in the May Revision aligns with key recommendations
from the Community Wildfire Prevention and Mitigation Report as well as the strike
force's report.
• California Vegetation Treatment Program Environmental Impact Report—A
one-time increase of $730,000 General Fund to support the Board of Forestry and
Fire Protection in certifying the Programmatic Environmental Impact Report (EIR) for
the California Vegetation Treatment Program. The EIR will help CAL FIRE and other
partner agencies increase the pace and scale of fire prevention activities and work
toward achieving the statewide goal of increasing forest management treatments
from 250,000 to 500,000 acres per year on non-federal forest lands, as
recommended in the Forest Carbon Plan.
• Innovation Procurement Sprint—A one-time increase of $15 million General Fund to
enable CAL FIRE to procure innovative solutions to combat the state’s wildfire crisis
consistent with Executive Order N-04-19. The Executive Order directs CAL FIRE to
engage in a modified procurement process, referred to as the Innovation
Procurement Sprint, developed by the California Department of Technology and
Department of General Services. Through this process, CAL FIRE will work
collaboratively with vendors to identify and develop new and innovative solutions
through the proof of concept phase and ultimately procure and deploy approved
solutions to help the state address challenges associated with increased wildfire
activity.
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CATASTROPHIC LIVESTOCK DISEASE PREVENTION AND
EMERGENCY RESPONSE
On May 16, 2018, virulent Newcastle Disease, a fatal viral disease affecting birds and
poultry, was detected in Los Angeles County. While the California Department of Food
and Agriculture (CDFA) engaged in efforts to contain and eradicate the disease, the
virus spread into new areas of Los Angeles, San Bernardino, Riverside, Ventura and
Alameda Counties, as well as to Utah and Arizona. As a result, over 1.2 million birds
have been euthanized.
Although Newcastle Disease does not have significant human health impacts, if it
spreads to the Central Valley, it would be devastating to poultry health, impact the
supply of poultry to the West Coast, and may result in significant economic loss. This
disease is one of several foreign livestock diseases that require a well-coordinated state
response. An immediate and sustained response is needed to minimize the impacts
before widespread infection occurs.
These disease outbreaks and recent disasters illustrate the need for enhanced
prevention and response infrastructure. The May Revision includes $3.3 million ongoing
General Fund and 23 positions to:
• Perform emergency response activities during catastrophic livestock or poultry
disease outbreaks,
• Coordinate assistance for animal needs during disasters,
• Support community preparedness and volunteer mobilization for pet and livestock
evacuation, housing, and treatment during disasters,
• Develop or update prevention and response plans that utilize current best practices,
• Train CDFA staff and other federal and local responders, maximally leveraging
emergency response discipline specialists, and
• Enhance disease prevention programs in the highest risk areas of the state.
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STATEWIDE ISSUES AND VARIOUS
DEPARTMENTS

T

his Chapter describes items in the Budget that are statewide issues or related to
various departments.

CANNABIS TAX FUND ALLOCATIONS
The Medical Marijuana Regulation and Safety Act enacted in 2015 created a
regulatory framework for medical cannabis in California, and distributed the
responsibility for state licensing between three state entities—the Bureau of Cannabis
Control, the Department of Food and Agriculture, and the Department of Public Health.
In November 2016, voters approved Proposition 64, the Adult-Use of Marijuana Act,
which legalized the recreational sale and use of cannabis to people over the age of 21
and levied new excise taxes on the cultivation and retail sale of all state-regulated
cannabis. Chapter 27, Statutes of 2017 (SB 94), integrated medicinal and adult-use
regulations to create the Medicinal and Adult-Use Cannabis Regulation and Safety Act,
establishing a single regulatory system to govern the commercial cannabis industry in
California.
As approved in Proposition 64, effective January 1, 2018, excise taxes are levied on the
cultivation and retail sale of both adult-use and medicinal cannabis with tax revenues
being deposited into the Cannabis Tax Fund. The cannabis excise tax is forecast to
generate $288 million in 2018-19 and $359 million in 2019-20, a reduction of $67 million
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and $156 million, respectively, from the Governor’s Budget forecast. The forecast
assumes continued growth of more than 15 percent annually as new businesses
continue to enter the marketplace and local jurisdictions adjust to the state’s legal
framework. It is important to note that for the near term, revenue estimates will be
subject to significant uncertainty because the market has only recently been
established.
Proposition 64 specified the allocation of resources in the Cannabis Tax Fund, which are
continuously appropriated. Pursuant to Proposition 64, expenditures are prioritized for
regulatory and administrative workload necessary to implement, administer and
enforce the Cannabis Act, followed by research and activities related to the
legalization of cannabis, and the past effects of its criminalization. Once those priorities
have been met, the remaining funds are allocated to youth education, prevention,
early intervention, and treatment; environmental restoration; and public-safety related
activities. The May Revision estimates $198.8 million will be available for these purposes,
and allocates them for the first time in 2019-20 as identified below.
Education, prevention, and treatment of youth substance use disorders and school
retention—60 percent ($119.3 million):
• $12 million to the Department of Public Health for cannabis surveillance and
education activities.
• Remaining 75 percent ($80.5 million) to the Department of Education to subsidize
child care for school-aged children of income-eligible families to keep these
children occupied and engaged in a safe environment, thus discouraging potential
use of cannabis.
• Remaining 20 percent ($21.5 million) to the Department of Health Care Services for
competitive grants to develop and implement new youth programs in the areas of
education, prevention and treatment of substance use disorders along with
preventing harm from substance use.
• Remaining 5 percent ($5.3 million) to California Natural Resources Agency to
support youth community access grants. These grants will fund programs to
support youth access to natural or cultural resources, with a focus on low-income
and disadvantaged communities. This includes but is not limited to community
education and recreational amenities to support youth substance use prevention
and early intervention efforts.
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Clean-up, remediation, and enforcement of environmental impacts created by illegal
cannabis cultivation—20 percent ($39.8 million):
• Sixty percent ($23.9 million) to the Department of Fish and Wildlife, of which
$13.8 million will support clean-up, remediation, and restoration of damage in
watersheds affected by illegal cannabis cultivation and $10.1 million to support
enforcement activities aimed at preventing further environmental degradation of
public lands.
• Forty percent ($15.9 million) to the Department of Parks and Recreation, of which
$7.1 million will be used to survey the impacts and identify unknown areas of
cannabis cultivation to assist with prioritizing resources for effective enforcement,
$5.6 million for remediation and restoration of illegal cultivation activities on state
park land, and $3.2 million to make roads and trails accessible for peace officer
patrol and program assessment and development.
Public safety-related activities—20 percent ($39.8 million):
• $2.6 million to the California Highway Patrol for training, research, and policy
development related to impaired driving and for administrative support.
• Remaining 30 percent ($11.2 million) to the California Highway Patrol’s impaired
driving and traffic safety grant program for non-profits and local governments
authorized in Proposition 64.
• Remaining 70 percent ($26.0 million) to the Board of State and Community
Corrections for a competitive grant program for local governments that have not
banned cannabis cultivation or retail activities that will prioritize various public
health and safety programs, including, but not limited to, local partnerships focused
on prevention and intervention programs for youth and to support collaborative
enforcement efforts aimed at combating illegal cannabis cultivation and sales.
The dollar amounts above are subject to change and will be affected by actual
cannabis tax receipts for the final two quarters of 2018-19.
The May Revision also includes $15 million Cannabis Tax Fund to provide grants to local
governments to assist in the creation and administration of equity programs, and to
support equitable access to the regulated market for individuals through financial and
technical assistance. The Governor’s Office of Business and Economic Development will
administer the grant program on behalf of the Bureau of Cannabis Control.
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The May Revision includes statutory language to address technical, clean-up issues
related to the California Cannabis Appeals Panel statute, streamline provisional
licenses, enhance the equity grant program established in Chapter 794, Statutes of
2018 (SB 1294), strengthen administrative penalties for unlicensed cannabis activity, and
extend the existing CEQA exemption.

FARM ANIMAL CONFINEMENT (PROPOSITION 12)
On November 6, 2018, California voters approved Proposition 12, which expanded
current animal housing requirements and established new, more stringent minimum
space standards on housing for calves raised for veal, breeding pigs and egg-laying
hens. These requirements will be implemented through a phased approach over the
next three years. The ballot measure also makes it illegal for businesses in California to
knowingly sell eggs or uncooked pork or veal that came from animals housed in a
manner that does not comply with the new confinement requirements, including
products from animals raised and maintained at facilities located in California and
out-of-state.
Proposition 12 mandates enforcement of its provisions by the California Department of
Food and Agriculture (CDFA) and the California Department of Public Health.
The May Revision includes $4.5 million General Fund and 14 positions to perform the
initial first-year program development and implementation activities associated with
enforcing the new Proposition 12 mandates. CDFA is currently in the process of
developing regulations to further define its role in meeting the requirements of
Proposition 12 and a future comprehensive proposal is anticipated once regulations are
complete and the ongoing workload needs are identified.

COUNTY VOTING SYSTEMS
The 2018 Budget Act provided one-time funding of $134 million General Fund for the
replacement of voting systems and technology in all 58 counties. The funding provided
reimbursement to counties by matching county funds spent on voting system
replacement activities on a dollar-for-dollar basis, up to the maximum amount of funds
allocated for this purpose.
To support counties in their effort to replace voting systems and strengthen the security
of California’s election infrastructure, the May Revision includes an additional one-time
General Fund investment of $87.3 million to replace and upgrade county voting
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systems. This will provide an additional 25 percent of the estimated vote center model
costs for counties with over 50 precincts ($65.7 million), which brings the state’s
investment to 75 percent of total estimated costs; full funding of the estimated polling
place model costs for counties with 50 or fewer precincts ($3.6 million); and $18 million
for county election management system replacements.

CALIFORNIA ARTS COUNCIL
The California Arts Council’s mission is advancing California through the arts and
creativity. The Council administers grants to support the state’s arts and cultural
communities through the development of partnerships with the public and private
sectors to enhance the cultural, educational, social, and economic growth of
California. The grant programs support arts education in school and community
settings; system-engaged youth; recently incarcerated individuals; local and
community economic development; recent immigrants and refugee communities;
native communities; veterans and their families; and various arts service organizations,
and are designed to serve populations and communities who are underrepresented in
the arts and have reduced access to arts programs. The Governor’s Budget
included $10 million ongoing General Fund to expand grant programs that offer
support for public access to the arts, arts education, and the state’s cultural
infrastructure.
The May Revision includes $5 million one-time General Fund to the Arts Council for the
Los Angeles Museum of the Holocaust. The museum is the oldest survivor-founded
museum in the United States and houses a large collection of artifacts donated by
Holocaust survivors. The museum is expanding in Pan Pacific Park and the $5 million will
assist with this effort.
The May Revision also includes $5 million one-time General Fund to the Arts Council for
the Armenian American Museum. The Armenian American Museum and Cultural
Center of California is a developing project that will be located in Glendale, California.
The Museum’s mission is to promote understanding and appreciation of America’s
ethnic and cultural diversity by sharing the Armenian American experience.
The Governor’s Budget included $1 million one-time General Fund to the Natural
Resources Agency for the Armenian American Museum, which is being transferred to
the Arts Council in the May Revision. Including the additional investment in the May
Revision, the state has provided $8 million since 2016 for the Armenian American
Museum.
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FAIRVIEW DEVELOPMENTAL CENTER
The May Revision includes one-time $2.2 million General Fund to complete a site
evaluation of disposition options for the Fairview Developmental Center.
The Department of Developmental Services anticipates it will continue serving clients at
the Fairview facility through the end of 2019. To facilitate the timely disposition of the
property after the Department of Developmental Services ceases operation of the
facility, the Department of General Services will hire a consultant to assist with the
evaluation of appropriate reuse options. In January, the Governor issued Executive
Order N-06-19, which directed state departments to prioritize development of housing
on excess state properties, working in partnership with local government. Accordingly,
the Fairview evaluation will include identifying constraints and opportunities, working
with the City of Costa Mesa and Orange County to identify local stakeholder interest in
the reuse of the property, particularly related to meeting housing and homelessness
needs, and identifying options that will generate the greatest benefit to the state.
Concurrently, the Department of General Services will explore options to immediately
enter into a long-term lease with a local jurisdiction to provide housing and supportive
services for up to 200 individuals with cognitive disabilities who are currently homeless.

STATE RETIREMENT CONTRIBUTIONS
The May Revision includes the following adjustments for retirement contributions:
• State contributions to the California Public Employees’ Retirement System (CalPERS)
have increased by a net total of $3.5 million ($8.8 million General Fund increase and
a $5.3 million Other Fund decrease) relative to the Governor’s Budget. The increase
is a result of CalPERS’ adjustment to the state’s contribution rates, which is due
primarily to the normal progression of the existing amortization and smoothing
policy, a reduction in the discount rate from 7.25 percent to 7.00 percent, and
increases in payroll.
• State contributions to the California State Teachers’ Retirement System (CalSTRS)
increased by $5.6 million General Fund, relative to the Governor’s Budget, due to a
revision in reported compensation for K-12 and community college teachers.
• Relative to the Governor’s Budget, state contributions to the Judges’ Retirement
System (JRS) I increased by $5.7 million General Fund, and state contributions to JRS
II increased by $6.4 million General Fund. These increases are attributed to an
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increase in the JRS II employer contribution rate, changes in the number of JRS I and
II active and retired members, and an increase in member salaries.
The State Retirement and Health Care Contributions figure provides an historical
overview of contributions to CalPERS, CalSTRS, the Judges’ Retirement System (JRS), JRS
II, and the Legislators’ Retirement System (LRS) for pension and health care benefits.
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EMPLOYEE COMPENSATION AND COLLECTIVE BARGAINING
The May Revision decreases employee compensation by $1.8 million to reflect updated
estimates to the dental and vision premium rates, natural changes to enrollment in
health and dental plans, and updated employment information for salary increases
and other post-employment benefit contributions.
In addition, the Administration will continue collective bargaining negotiations with
Highway Patrol Officers, whose contract expired early July 2018, and will begin or
continue collective bargaining negotiations with the additional five bargaining units,
representing Attorney’s and Administrative Law Judges, Correctional Officers, Public
Safety, Stationary Engineers, and Psychiatric Technicians, whose contracts will expire in
late June or early July 2019.

STATE APPROPRIATIONS LIMIT CALCULATION
Pursuant to Article XIIIB of the California Constitution, the 2019-20 limit is estimated to be
$112.1 billion. The revised limit is the result of applying the growth factor of 4.18 percent
to the prior year limit. The revised 2019-20 limit is $1.5 billion below the $113.6 billion
estimated in January. This decrease is primarily due to changes in the following factors:
• Per Capita Personal Income
◦ January Percentage Growth: 5.07%
◦ May Revision Percentage Growth: 3.85%
• State Civilian Population
◦ January Percentage Growth: 0.75%
◦ May Revision Percentage Growth: 0.55%
• K-14 Average Daily Attendance
◦ January Percentage Growth: -0.05%
◦ May Revision Percentage Growth: -0.07%
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E

conomic growth in the U.S. and California is expected to slow over the forecast,
with continued growth dependent on consumers doing better and spending more.
California remained the 5th largest economy in the world in 2018, with close to $3 trillion
in Gross Domestic Product (GDP). The main risks to the outlook remain a stock market
correction, federal policy, a global slowdown, or a recession. There are also structural
vulnerabilities such as large federal deficits, increased risks from natural disasters, an
aging population, and increasing consumer debt levels that may hamper a response to
shocks. While forecast assumes the economy will continue growing, the risks to the
outlook are increasing.

THE NATION – UNEQUAL GROWTH
As projected, U.S. real GDP growth was 2.9 percent in 2018, due largely to one-time
factors such as increased federal spending, tax cuts that marginally increased
consumption and investment, and accelerated exports to avoid increased tariffs (see
figure with Contributions to U.S. Real GDP Growth). In contrast to federal projections, the
tax cuts did not lead to increased wages for workers, with total wages and salaries rising
only 4.5 percent—even at a near-record-low unemployment rate of 3.9 percent in 2018
(see figure with U.S. and California Unemployment Rates). In 2000, when the
unemployment rate was 4 percent, total wages and salaries increased by 8.3 percent.
The increased purchasing power from higher wages would have likely given rise to
more profitable investments. Instead, many companies used the one-time gains from
tax cuts to buy back their own stocks. In 2019 and on, average wages are expected to
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increase, and GDP growth will once again be largely dependent on consumption and
investment.

U.S. inflation was 2.4 percent in 2018, and is expected to remain around the 2-percent
target level for the Federal Reserve. Due to lower inflation expectations and the slowing
growth, the Federal Reserve announced in February that it would leave the benchmark
interest rate in the range of 2.25-2.5 percent for the foreseeable future. The Governor’s
Budget forecast assumed that interest rates would be increased to around 3.5 percent
by 2020, while the May Revision assumes one more interest rate hike to 2.5-2.75 percent
by the end of 2019. In previous economic cycles, interest rates would frequently rise to
around 5 percent.

CALIFORNIA – UNEVEN GROWTH
California’s unemployment rate fell to a new record low of 4.1 percent in July 2018 and
remained there until gradually increasing to 4.3 percent in March 2019 (see figure with
U.S. and California Unemployment Rates). The forecast assumes the state remains
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around this level for the next few years, despite limited durations of full employment
episodes in the past. However, much like the U.S., total wages and salaries grew by
5.3 percent in 2018 compared to the 12.9 percent growth in 2000 when unemployment
was 4.9 percent. With California inflation averaging 3.7 percent in 2018, and civilian
employment increasing by 1.6 percent in 2018, many workers likely earned less in real
terms.
The forecast assumes that as job growth and total wages growth slow, moderate
inflation of around 3 percent gives consumers more purchasing power. Housing inflation
in California often exceeds 5 percent, and has largely been to blame for higher overall
inflation relative to the nation as a whole (see figure with Contributions to Inflation).
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To allow for continued growth in jobs, housing must be built closer to where hiring
occurs, and must replace the housing units lost in fires. In 2017, for example, almost
7,000 units were destroyed by fire, while almost 15,000 units were lost from the Camp Fire
in 2018. Housing permits are expected to increase to around 165,000 by 2022 from
114,000 in 2018 (see the Contributions to California Housing Unit Growth figure).
Construction jobs are likewise expected to increase from 860,000 in 2018 to over
1 million in 2022.
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For more information about the U.S. and California forecasts, see the table of Selected
Economic Indicators.

100

MAY REVISION — 2019-20

RcAy7kI2w8 BQ3aA

ECONOMIC OUTLOOK

RISKS ARE INCREASING
The main risks to the California economic outlook have intensified, including a stock
market correction, federal policy, slower global growth, and an eventual U.S. recession.
Structural vulnerabilities such as large federal deficits, increased risks from natural
disasters, an aging population, and increasing consumer debt levels may hamper a
response to shocks.
The Standard & Poor's 500 index remains near record highs. Despite volatility at the end
of 2018, the index remains high as corporations use their additional cash on share
buybacks (see figure with S&P 500 Index). In the 2007-2009 economic downturn, the
S&P 500 index decreased by more than 50 percent. Much of the increase since then
has been due to technology companies headquartered in California, and a sudden
correction would hit the state particularly hard.

California and the federal government continue to pursue different policy objectives,
especially with respect to environmental protection, health care access, and openness
to global markets. The state chose to expand health care access through the federal
Medicaid program, as well as other policy choices that are partially paid for by the
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federal government. The state is a globally significant producer of multiple agricultural
goods, and technology and other industries are globally competitive. Attempts by the
federal government to change policy in this area could reverse progress or harm
California's economy.
The risks of a global slowdown and a U.S. recession also remain. The International
Monetary Fund has reduced the global growth forecast for 2019 to 3.3 percent—the
slowest rate since 2009. Both the U.S. and California are at near record unemployment
rate lows, but history shows that these episodes do not last forever. In past recessions,
interest rates have been lowered 5 percentage points or more, but are still under
3 percent. The Federal Reserve may also be constrained by a balance sheet with
around $3.9 trillion in quantitative easing purchases from the last recession. In recessions,
federal spending also typically increases, which can turn surpluses at the end of an
expansion to deficits. With additional federal spending in recent years and revenue
losses from tax cuts, deficits already exceed $1 trillion a year (see figure with U.S. Federal
Deficits and Real GDP Growth).
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The gains from the expansion have also been uneven, leading to some structural
vulnerabilities if a recession begins. Homeownership rates in the U.S. fell from
67.2 percent in 2007 to 64.9 percent in 2017, and in California from 58 percent in 2007 to
54.8 percent in 2017. California in particular saw homeownership rates among 35-44
year-olds decline from 54.4 percent in 2007 to 44.6 percent in 2017, while rates among
45-54 year-olds declined from 64.8 percent to 58.3 percent. Not being tied to a
mortgage can mean it is easier to move for a job, but renters may have fewer
resources during unemployment. Delays in buying a home could also be related to
increased student loan burdens. In 2009, the stock of student loans rose above the
stock of motor vehicle loans for the first time, with the gap continuing to widen. Student
loan balances in the U.S. totaled $1.57 trillion at the end of 2018, with motor vehicle
loans totaling $1.15 trillion. Notably, while vehicle and mortgage loans are secured by
the underlying asset and can be discharged in bankruptcy, student loans cannot.
The increasing frequency of natural disasters such as hurricanes, flooding, and fires can
be enormously disruptive to people, both renters and homeowners, but can be
especially difficult for the elderly. The proportion of people in California age 55 and
above has been increasing (see figure with Labor Force and Working Age Population).
More workers are staying in the labor force, but finding a job during recessions for older
workers can be discouraging, or lead to earlier retirements. However, most growth in
the adult population has been in the 55+ age range. Workers aged 25-54 tend to keep
searching for longer, but long periods of unemployment make it difficult to pay down
debts, buy a home, or save for retirement. Younger workers have tended to put off
entering the labor force, delaying their ability to save for the future.

MAY REVISION — 2019-20

103

ECONOMIC OUTLOOK

104

RcAy7kI2w8 BQ3aA

MAY REVISION — 2019-20

RcAy7kI2w8 BQ3aA

REVENUE ESTIMATES

REVENUE ESTIMATES

W

hile high-income individuals and corporate profits outperformed expectations
from Governor’s Budget, the boost is expected to be temporary and revenues
will be lower beyond the forecast window. From 2017-18 through 2019-20, the May
Revision revenues have increased by approximately $3.2 billion before accounting for
transfers. The changes in the three largest tax sources are:
• Personal income tax revenues are revised upwards almost $1.9 billion due to the
strong stock market in 2019, which results in substantially higher capital gains in 2019
and 2020. In addition, personal income tax withholding was increased by $500
million in 2019 due to the expected number of Initial Public Offerings (IPOs) of stock
in large California-based companies.
• Sales tax receipts are down by $360 million due mainly to a downgrade in the
forecast for investment by businesses, as the expected boost from the federal tax
cut did not materialize.
• Corporation tax revenues are up over $1.7 billion based on corporate tax receipts
received through April. The stronger receipts are a result of shifting of income from
2017 to 2018 and other one-time payments such as revenues from repatriation of
foreign earnings associated with the federal tax changes in late 2017.

After accounting for transfers, which includes loan repayments as well as automatic
and discretionary transfers to the Rainy Day Fund, General Fund revenues at the May
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Revision forecast are higher than the Governor’s Budget by over $1.1 billion in 2018-19
and almost $1.2 billion in 2019-20.
The General Fund Revenue Forecast table compares the revenue forecasts by source
in the Governor’s Budget to the May Revision. Total May Revision revenues, including
transfers, is projected to be $138 billion in 2018-19 and $143.8 billion in 2019-20.
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LONG-TERM FORECAST
The May Revision economic forecast reflects slower U.S. real gross domestic product
growth of 2.3 percent in 2019 and 2.1 percent in 2020, down from 2.9 percent in 2018.
The projected average growth rate starting in 2021 then continues to fall below 2
percent, with more of the growth accruing to lower-wage workers who pay less in
taxes. While the forecast does not project a recession, the risks to the outlook are now
higher, as discussed in the Economic Outlook Chapter.
The Long-Term Revenue Forecast table below shows the forecast for the largest three
sources of General Fund revenues from 2017-18 through 2022-23. Total General Fund
revenues from these sources is expected to grow from $131.1 billion in 2017-18 to
$151.8 billion in 2022-23. The average year-over-year growth rate over this period
is 3 percent.

EARNED INCOME TAX CREDIT
The 2015 Budget enacted the state’s first-ever Earned Income Tax Credit to help the
poorest working families in California. The EITC was expanded as part of the 2017 and
2018 Budgets, and is expected to provide $400 million of credits to around 2 million
households in 2018.
The May Revision proposes to rename the credit the California EITC, a cost-of-living
refund, and to significantly expand the credit. The newly expanded credit will be
available to roughly 3 million households in total, and will approximately triple the
amount of credits provided from $400 million to about $1.2 billion. The expansion will:
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• Provide a $1,000 credit for every family that otherwise qualifies for the credit and has
at least one child under the age of 6.
• Increase the maximum eligible earned income to $30,000 so that those working up
to full-time at the 2022 minimum wage of $15 per hour will be eligible for the credit.
• Change the structure of the credit so that it phases out more gradually, providing a
more substantial credit for many eligible families.
The May Revision includes $18.7 million in 2019-20 for the Franchise Tax Board to develop
and administer a program to give California EITC recipients the option to receive a
portion of their EITC as monthly advance payments rather than as a lump sum at the
end of the year when they file their taxes. The program is targeted to begin in 2021 and
is contingent upon a Department of Finance determination that the monthly advance
EITC payments will not affect taxpayer’s eligibility for any income-based federal or state
programs.
To pay for the entire California EITC program, the May Revision proposes conforming to
a number of federal tax provisions mainly impacting business income. The provisions
included are those that would constitute good tax policy or that would confer a
significant administrative benefit to California taxpayers or the Franchise Tax Board.
These provisions include small business accounting simplicity, limitations on employer
deductibility of some fringe benefits, and limitations on the amount of non-corporate
business losses that can be used to offset non-business income. The May Revision also
proposes to partially conform to the federal provisions on deferred and reduced capital
gains for investments in the California Opportunity Zones designated in 2018. Eligible
investments include green technology and affordable housing, with criteria chosen to
allow incentives to be layered with Infill Infrastructure Grants to incentivize housing.
These conformity provisions are expected to generate $200 million in 2018-19, $1.7 billion
in 2019-20, and then about $1.4 billion annually on an ongoing basis. The revenue
estimates for these conformity provisions are subject to a high level of uncertainty as it is
difficult to anticipate taxpayer behavior in response to changes such as these.

SMALL BUSINESS TAX CODE STREAMLINING
In addition to conforming to federal tax provision on accounting rules, the May
Revision includes statutory changes to help businesses and individuals by expediting
certain tax appeals.
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Current law requires the Office of Tax Appeals to decide appeals using panels of three
Administrative Law judges. The proposed statutory changes allow tax appeals to be
decided by one judge, if the appellants opt-in. The appeals must involve franchise
income tax matters of less than $5,000, or business tax matters of less than $50,000.
The business tax appellant must also have less than $20 million in gross annual sales.

PERSONAL INCOME TAX
Compared to the Governor’s Budget forecast, the personal income tax forecast is
lower by $495 million in 2017-18, and higher by $584 million in 2018-19 and $1.8 billion in
2019-20. Over the three-year period, the personal income tax forecast reflects a total
increase of $1.9 billion.
Despite the stock market plunge in December 2018 that saw the S&P 500 index decline
by 20 percent to 2,351 from its high of 2,930 in September, stock market values fully
recovered, with the S&P 500 back above 2,900 and well above the Governor’s Budget
forecast. The forecast assumes the S&P 500 will be at 2,905 in the second quarter of
2019, up from 2,677 at the Governor’s Budget, and then grow at 0.5 percent annually
for the following years. This improved market forecast leads to an increase in the
forecast for capital gains realizations from $138 billion to $156 billion in 2019 (see figure
with Capital Gains Realizations), and from $131 billion to $147 billion in 2020. Capital
gains realizations in 2018 were revised higher from $153 billion to $159 billion. Capital
gains realizations for 2017 were revised higher from $142 billion to $143 billion, based on
new Franchise Tax Board taxpayer data for 2017. Capital gains realizations are forecast
to return to a normal level of 4.5 percent of personal income by 2022, one year later
than the assumption in the Governor’s Budget.
Forecasting revenues associated with capital gains is subject to significant uncertainty
because realizations are heavily dependent upon stock market performance and
when taxpayers choose to buy or sell stock. Any sustained decline in the stock market
below the May Revision forecast is likely to reduce capital gains realizations below the
forecast.
The personal income tax forecast includes Propositions 30 and 55 revenues, which are
estimated at $8.9 billion in 2018-19 and $8.9 billion in 2019-20. These estimates are higher
than the Governor’s Budget by $175 million and $278 million, respectively, due to higher
capital gains realizations.
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New tax return data for 2017 reflected a distribution of income that was less skewed
toward the upper income levels than expected at the Governor’s Budget, leading to a
lower effective tax rate and offsetting some of the revenue gain from higher capital
gains realizations. For example, the effective tax rate on capital gains realizations for
Proposition 2 was calculated at 0.4 percentage point lower in 2017 compared to the
Governor’s Budget. Still, the highest-income Californians continue to pay a very large
share of the state’s personal income tax. For the 2017 tax year, the top one percent of
income earners paid over 47 percent of personal income taxes. This percentage has
been greater than 40 percent for 13 of the last 14 years. The top 0.1 percent of income
earners — approximately 17,000— paid around 27 percent of personal income
taxes—$22 billion.

SALES AND USE TAX
The sales tax forecast is lower by $144 million in 2018-19 and $184 million in 2019-20, due
primarily to the expected growth for taxable capital investments in the state being
revised down from 6.3 percent to 5.1 percent in 2019, and from 4.4 percent to
3.5 percent in 2020. Taxable sales are expected to grow at 4.9 percent in 2018-19 and
4.4 percent in 2019-20, which is below the Governor’s Budget by 0.6 percentage point
in 2018-19 and by 0.3 percentage point in 2019-20. Lower sales of cannabis reduced the
forecast from the Governor’s Budget by $70 million through 2019-20 and higher use of
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the manufacturing exemption reduced the forecast from the Governor’s Budget by $58
million through fiscal year 2019-20.
The U.S. Supreme Court’s ruling in Wayfair v. South Dakota in June 2018 gives states
more authority to require out-of-state sellers to collect use tax. Chapter 5, Statutes of
2019 (AB 147) clarified the economic nexus thresholds that California will use to
determine if out-of-state retailers are required to remit use tax to California, effective
April 1, 2019. Additionally, AB 147 requires marketplace facilitators to collect and remit
sales and use tax on behalf of their marketplace sellers, effective October 1, 2019. The
Wayfair decision and AB 147 are expected to increase sales and use tax revenues by
$174 million in 2018-19 and $616 million in 2019-20, a decrease of $45 million in 2018-19
and an increase of $62 million in 2019-20 from the Governor’s Budget. The decrease in
2018-19 is due to a lower estimate of compliance among marketplace sellers due to
the Wayfair decision prior to the October 1, 2019 effective date in AB 147 that requires
marketplace facilitators to collect and remit sales and use tax for their marketplace
sellers. The May Revision proposes that CDTFA limit the look-back to 3 years of back
taxes, and this is consistent with the revenue forecast. This will be codified with statutory
amendments.

MENSTRUAL PRODUCTS AND DIAPERS SALES TAX EXEMPTION
The May Revision proposes to exempt menstrual products and children’s diapers from
sales taxation beginning January 1, 2020. This exemption reduces General Fund
revenues by $17.5 million in 2019-20 and $35 million each year thereafter. Total state
and local revenue losses are $38 million 2019-20 and $76 million for the following full
years. This tax exemption sunsets on December 31, 2021.

CORPORATION TAX
The corporation tax forecast is higher by $156 million in 2017-18, $1.4 billion in 2018-19,
and $108 million in 2019-20. Tax return data for 2017 indicated that corporations left an
additional $900 million on account with FTB rather than taking a refund, resulting in a
large one-time gain to the forecast. While tax return data for the 2017 tax year also
reflected lower liability than forecast at the Governor’s Budget, tax payments related to
2018 liability were unusually strong. April final return payments and extension payments
in 2019 were up more than 58 percent over 2018 levels. As a result, the forecast assumes
that corporations shifted a larger share of their income—5 percent versus
1 percent—from 2017 to 2018 in response to the federal tax law change that reduced
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corporate tax rates in 2018. In addition, some of the unusual strength in 2018 tax year
payments was assumed to be due to one-time payments such as the expected
repatriation of overseas profits due to tax law changes.

INSURANCE TAX
The insurance tax forecast is higher by $37 million in 2018-19 and $39 million in 2019-20
due to moderately higher forecast for insurance tax liabilities.

LOAN REPAYMENTS TO SPECIAL FUNDS
The May Revision reflects the repayment of loans to special funds of $171 million and
$942 million in 2018-19 and 2019-20, respectively, which eliminates all outstanding loans
from special funds.

PROPERTY TAX
The property tax is a local revenue source; however, the amount of property tax
generated each year has a substantial impact on the state budget because local
property tax revenues allocated to K-14 schools generally offset General Fund
expenditures.
Preliminary data show statewide property tax revenues increased 6.1 percent in
2018-19, which is slightly higher than the 6-percent growth rate anticipated at the
Governor’s Budget. Property tax revenues are expected to grow 6.5 percent in 2019-20.
Approximately 42 percent ($31 billion) of 2019-20 property tax revenues will go to K-14
schools. While this amount includes $2.1 billion that schools are expected to receive in
2019-20 due to the dissolution of redevelopment agencies, it excludes the $9.1 billion
shifted from schools to cities and counties to replace Vehicle License Fee (VLF) revenue
losses stemming from the reduced VLF rate of 0.65 percent.
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Executive Office
Keely Bosler

Director of Finance
(916) 445-4141
Vivek Viswanathan
Chief Deputy Director, Budget		
(916) 445-9862

Gayle Miller
Chief Deputy Director, Policy
(916) 445-8582

Richard Gillihan
Chief Operating Officer		
(916) 445-4923

Kari Krogseng
Chief Counsel
(916) 322-0971

H.D. Palmer
Deputy Director, External Affairs		
(916) 323-0648

Jolie Onodera
Legislative Director
(916) 445-8610

Budget Program Areas

Program Budget Managers

Budget Planning and Preparation,
Cash Management, Statewide Issues,
CALSTARS, FSCU, and FI$CAL Project Support

Thomas Todd..................... (916) 445-5332
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1.1. Background
In 2013, the California Legislature passed Senate Bill 4 (SB 4), setting the framework for
regulation of well stimulation technologies in California, including hydraulic fracturing.
SB 4 also requires the California Natural Resources Agency to conduct an independent
scientific study of well stimulation technologies in California. SB 4 stipulates that the
independent study assess current and potential future well stimulation practices, including
the likelihood that these technologies could enable extensive new petroleum production
in the state; evaluate the impacts of well stimulation technologies and the gaps in data
that preclude this understanding; identify potential risks associated with current practices;
and identify alternative practices that might limit these risks. (See Box 1.1-1 for a short
history of oil and gas production in California.) This scientific assessment addresses well
stimulation used in oil and gas production both on land and offshore in California.
This study is issued in three volumes. Volume I, issued in January 2015, describes how
well stimulation technologies work, how and where operators deploy these technologies
for oil and gas production in California, and where they might enable production in
the future. Volume II, the present volume, discusses how well stimulation could affect
water, atmosphere, seismic activity, wildlife and vegetation, and human health. Volume
II reviews available data, and identifies knowledge gaps and alternative practices that
could avoid or mitigate these possible impacts. Volume III, also issued in July 2015,
presents case studies that assess environmental issues and qualitative risks for specific
geographic regions. A final Summary Report summarizes key findings, conclusions and
recommendations of all three volumes.
Well stimulation enhances oil and gas production by making the reservoir rocks more
permeable, thus allowing more oil or gas to flow to the well. The reports discuss three
types of well stimulation as defined in SB 4 (Table 1.1-1 and Volume I, Chapter 2). The
first type is “hydraulic fracturing.” To create a hydraulic fracture, an operator increases
the pressure of an injected fluid in an isolated section of a well until the surrounding
rock breaks, or “fractures.” Sand injected into these fractures props them open after the
pressure is released. The second type is “acid fracturing,” in which a high-pressure acidic
fluid fractures the rock and etches the walls of the fractures, so they remain permeable
1
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after the pressure is released. The third type, “matrix acidizing,” does not fracture the
rock; instead, acid pumped into the well at relatively low pressure dissolves some of the
rock and makes it more permeable.
Table 1.1-1. Well stimulation technologies included in Senate Bill (SB 4).
Hydraulic Fracturing Stimulation
Common feature:
All treatments create sufficient pressure in the well to induce fractures in the reservoir.
Proppant Fracturing:
Uses proppant to retain fracture permeability
Traditional Fracturing:
Creates long, narrower hydraulic fractures
deep into the formation for stimulating
flow through lower-permeability reservoirs;
proppant injected into fractures to retain
fracture permeability

Acid Fracturing:
Uses acid instead of proppant
Frac-Pack:
Creates short, wider hydraulic fractures near
wells within higher-permeability reservoirs;
objectives are bypassing regions near-the
wellbore damaged by drilling and preventing
sand from the reservoir entering the well

Similar to traditional fracturing, but
uses acid instead of proppant to retain
fracture permeability by etching, or
“roughening” the fracture walls; only
used in carbonate reservoirs

Acidizing Stimulation
Common feature: All treatments use acid to dissolve materials impeding flow
Matrix Acidizing:
Dissolves material in the near-well region to make the reservoir rocks more permeable; typically only used for reservoirs that are
already permeable enough to not require traditional or acid fracturing
Sandstone Acidizing:
Uses hydrofluoric acid in combination with other acids to dissolve
minerals (silicates) that plug the pores of the reservoir; only used
in reservoirs composed of sandstone or other siliceous rocks

Carbonate Acidizing:
Uses hydrochloric acid (or acetic or formic acids) to dissolve
carbonate minerals, such as those comprising limestone, and
bypass rock near the wellbore damaged by drilling; only used
in carbonate reservoirs

Box 1.1-1. The History of Oil and
Gas Production in California
California has some highest concentrations of oil in the world and oil and gas production
remains a major California industry. For example, Long Beach oil field, in the Los Angeles
Basin, once contained about ~ 5 billion m3 (3 billion barrels) of oil within an area of
less than 7 km2 (2,000 acres). Four of the ten largest conventional U.S. oil fields are in
California: Midway-Sunset, Kern River, and South Belridge in the San Joaquin Basin and
Wilmington-Belmont in the Los Angeles Basin. According to the Division of Oil, Gas, and
Geothermal Resources (DOGGR) there are 52 giant oil fields in the state, each with more
than 16 million m3 (100 million barrels) of known recoverable oil, and many other fields
of various sizes. California’s oil production ranks third in the nation, behind Texas and
North Dakota and provides about 20,000 jobs.

Oil has been exploited since prehistoric times, first by Native Americans and later
by Spanish colonists and Mexican residents, who routinely collected “brea” from
the numerous natural oil seeps. Commercial production started in the middle of the
nineteenth century from hand-dug pits and shallow wells. Exploratory drilling began in
the 1860s and 1870s and boomed in the first half of the Twentieth Century. In 1929, at
the peak of oil development in the Los Angeles Basin, California accounted for more than
22% of total world oil production (American Petroleum Institute, 1993). California’s oil
production reached an all-time high of almost 64 million m3 (400 million barrels) in 1985
and has generally declined since then. By 1940 all but four of the giant onshore fields
had been discovered. San Ardo, South Cuyama, and Round Mountain were discovered in
the 1940s, and the last, Yowlumne field, was discovered in1974. Today California is the
third highest producing state, with about 6% of US production but less than 1% of global
production. In 1960, almost as much oil was produced in California as was consumed,
but by 2012 Californians produced only 32% of the oil they used (31.5 million m3, or
198 million barrels produced in the state out of a total of about 98.7 million m3, or 621
million barrels consumed). Californian’s mainly made up the shortfall of about 67.3
million m3 (423 million barrels) mainly with oil delivered by tanker from Alaska, Saudi
Arabia, Ecuador, Iraq, Colombia, and other countries.
Over the years, water flooding, gas injection, thermal recovery, hydraulic fracturing, and
other techniques have been used to enhance oil and gas production as California fields
mature. Water flooding involves injecting water into a reservoir, causing additional oil to
flow to production wells. Water flooding was first used in the Los Angeles Basin in 1956 at
Wilmington-Belmont field to mitigate subsidence, with the incidental benefit of increased
oil recovery. By the 1960s the method had been widely deployed in many fields around
the state as an effective means of augmenting production.
California has substantial heavy oil that must be liquefied with heat to make it flow to
a well. Steam injection (steam flooding and soak), the most commonly used “thermal
recovery” method, involves injecting steam into wells interspersed among production
wells. Nearly all production at Kern River field and much of the production from Midway
Sunset and many other California fields is heavy oil produced by thermal recovery. Since
1989, when DOGGR first reported oil recovered by water flooding and steam injection,
over 70% of production can be attributed to these energy-intensive techniques (DOGGR,
1990; DOGGR, 2010).
The diatomite reservoirs in the western San Joaquin Valley contain billions of barrels
of oil in rocks that are not very permeable, and can only be produced with hydraulic
fracturing—now accounting for about 20% of California oil and gas production (see
Volume I, Chapter 3).
The first offshore oil production in the United States began in 1897 on piers in Santa
Barbara County. The first Federal Outer Continental Shelf (OCS) lease sale was held in
1966 and production began from a platform in 1969. That same year a well failure on
Union Oil Platform A in Dos Cuadras field, not far from the Santa Barbara Coast, spilled

15,899 m3 (100,000 barrels) in ten days and made a deep negative impression on public
opinion that has constrained offshore development ever since. In 1984 a moratorium on
development in the Federal OCS went into effect. Billions of barrels of recoverable oil
probably remain in the federal offshore, but with no new leases, OCS production has been
steadily declining since 1996.
California’s oil production reached an all-time high of almost 64 million m3 (400 million
barrels) in 1985 and has generally declined since then. In 1960, almost as much oil
was produced in California as was consumed, but by 2012 Californians used about
67.3 million m3 (423 million barrels) more than they produced (Figure 1.1-1) with the
shortfall mainly delivered by tanker from Alaska, Saudi Arabia, Ecuador, Iraq, Colombia
and other countries.
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Figure 1.1-1. Total oil production (blue line) and consumption (grey line) from all sources in
California from 1960 to 2012 (Data: US EIA, 2014a and b).

Natural gas is much less abundant than oil in California and most of the state’s natural gas
production is a co-product of oil development, referred to as “associated” gas production.
Only the Sacramento Basin has significant non-associated natural gas production, but
about three quarters of the gas production in the state is not from dry gas wells, but from
wells that primarily produce oil, mostly in the San Joaquin Valley.
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1.1.1. California Council on Science and Technology (CCST) Committee Process
The California Council on Science and Technology (CCST) organized and led the study
reported on here. Members of the CCST steering committee were appointed based on
technical expertise and a balance of technical viewpoints. (Volume II, Appendix B provides
information about CCST’s Steering Committee.) Under the guidance of the Steering
Committee, Lawrence Berkeley National Laboratory (LBNL) and subcontractors (the
science team) developed the findings based on the literature review and original technical
data analyses. Volume II, Appendix C provides information about the LBNL science team
and subcontractors who authored Volumes I, II, and III of this report. The science team
reviewed relevant literature and conducted original technical data analyses.
The science team studied each of the issues required by SB 4, and the science team and
the steering committee collaborated to develop a series of conclusions and recommendations
that are provided in this summary report. Both science team and steering committee
members proposed draft conclusions and recommendations. These were modified based
on discussion within the steering committee along with continued consultation with the
science team. Final responsibility for the conclusions and recommendations in this report
lies with the steering committee. All steering committee members have agreed with these
conclusions and recommendations. Any steering committee member could have written a
dissenting opinion, but no one requested to do so.
SB 4 also required the participation of the California Environmental Protection Agency’s
Office of Environmental Health Hazard Assessment (OEHHA) in this study. OEHHA
provided toxicity and other risk assessment information on many of the chemicals used
in hydraulic fracturing, offered informal technical advice during the course of the study,
and provided comments on drafts of Volumes II and III. OEHHA also organized a February
3, 2015 public workshop in Bakersfield in which representatives of CCST, LBNL, and
subcontractors heard comments from attendees on the topics covered in the report.
This report has undergone extensive peer review. (Peer reviewers are listed in Volume II,
Appendix F: “California Council on Science and Technology Study Process”). Seventeen
reviewers were chosen for their relevant technical expertise. More than 1,500 anonymous
review comments were provided to the authors. The authors revised the report in response
to peer review comments. In cases where the authors disagreed with the reviewer,
the response to review included their reasons for disagreement. Report monitors then
reviewed the response to review and when satisfied, approved the report.
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1.1.2. Data and Literature Used in the Report
This assessment reviews and analyzes both existing data and scientific literature, with
preference given to findings in the peer-reviewed scientific literature. The study included
both voluntary and mandatory reporting of stimulation data, as well as non-peer reviewed
reports and documents if they were topically relevant and determined to be scientifically
credible by the authors and reviewers of this volume. Finally, the California Council on
Science and Technology solicited and reviewed nominations of literature from the public,
employing specific criteria for material as described in Volume I, Appendix E, “Review of
Information Sources.” The science team did not collect any new data, but did do original
analysis of available data.
Volumes I, II and III of this report address issues that have very different amounts of
available information and cover a wide range of topics and associated disciplines, which
have well established but differing protocols for inquiry. In Volume I, available data and
methods of statistics, engineering and geology allowed the authors to present the factual
basis of well stimulation in California. With a few exceptions, the existing data was sufficient
to identify the technologies used, where and how often they are used, and where they are
likely to be used in the future (see Volume I Chapter 3). This volume, Volume II, faces the
challenge of presenting the impacts of well stimulation. Since many impacts have never
been thoroughly investigated, the authors drew on literature describing conditions and
outcomes in other places, circumstantial evidence and expert judgment to catalog a complete
list of potential impacts. Volume II also identifies a set of concerning situations – “risk
factors” (summarized in Appendix D of the Summary Report and Table 6.2-1 of this
volume)-- that warrant a closer look and perhaps regulatory attention. We believe this flexible
and appropriate use of different (but well established) methods of inquiry under highly
variable conditions of data availability and potential impacts serves useful to California.
The SB 4 completion reports provide reliable data to assess certain potential
environmental and health impacts such as the use of fresh water for hydraulic fracturing.
For most potential impacts, however, only incomplete information and data exist. Few
scientific studies of the health and environmental impacts of well stimulation have been
conducted to date, and the ones that have been done focus on other parts of the country,
where practices differ significantly from present-day practices in California. Generally,
environmental baseline data has not been collected in the vicinity of stimulation sites
before stimulation. The lack of baseline data makes it difficult to know if the process of
stimulation has changed groundwater chemistry or habitat, or how likely any potential
impacts might be. No records of contamination of protected water by hydraulic fracturing
fluids in California exist, but few targeted studies have been conducted to look for such
contamination. Data describing the quality of groundwater near hydraulic fracturing
sites is not universally available. The requirement for groundwater monitoring in SB
4 addresses this issue by requiring groundwater monitoring when protected water is
present. Applications for hydraulic fracturing operations in locations that have no nearby
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protected groundwater have been exempted from groundwater monitoring. Consequently
information is now being gathered about the quality of water near proposed hydraulic
fracturing sites, but the SB 4 requirements have only been in place since 2013.
A complete analysis of the risks posed by well stimulation (primarily hydraulic fracturing)
to water contamination, air pollution, earthquakes, wildlife, plants, and human health
requires much more data than that available. However, the study authors were able to
draw on their technical knowledge, data from other places, and consideration of the
specific conditions in California to identify conditions in California that deserve more
attention and make recommendations for additional data collection, increased regulation,
or other mitigating measures.
1.2. Assessing Impacts of Hydraulic Fracturing in California
This scientific assessment of hydraulic fracturing and acid stimulation impacts covers the
application of hydraulic fracturing and acid stimulation technology and resulting oil and
gas production activities. The report considers impacts and potential impacts resulting
from the development of a well pad and support infrastructure required to drill the well,
hydraulic fracturing or acid stimulation and completion, production of oil and/or natural
gas, and disposal or reuse of produced water. Figure 1.2-1 shows the parts of the oil and
gas system included in this assessment and examples of impacts for each.
This report excludes other stages in the development, production, refining, and use life
cycle of oil and gas, including impacts of manufacturing of materials or equipment used
in stimulation, impacts of transport of produced oil and gas to refineries or providers,
impacts of refining, or impacts of combustion of hydrocarbons as fuel.
Existing California regulations, including the state’s new well stimulation regulations
effective July 1, cover many of the areas of potential concern or risk raised in this study,
2015. This study does not address the effectiveness of the current regulatory framework
in mitigating any potential risks associated with well stimulation technologies, but
recommends that the state conduct such assessments in the future.

7

Chapter 1: Introduction

The
Stimulation
Life-Cycle

Activity

Typical
Duration

Examples of
Possible
Impacts

Site Prep, Drilling
and Completion

Hydraulic Fracturing
or Acid Stimulation

Fluid Recovery

Production

Build access roads,
construct and install
well pads, prepare site
for drilling
Drill and complete wells
with steel and cement
casings

Improve the reservoir
through hydraulic
fracturing or acid
treatment

Capture, store, treat and
dispose of returned well
cleanout and stimulation
fluids

Pump, store and transport
oil and gas

Weeks

Hours

Days

Disruption to wildlife and
vegetation

Stimulation chemicals
toxicity and risk profile

Water contamination from
leaks, spills and inappropriate
disposal of fluid recovery fluids

Use of produced water
containing stimulation
chemicals for irrigation

Air pollution from fluid
recovery that contains volatile
petroleum chemicals from the
reservoir

Groundwater contamination
from inappropriate disposal

Water supply required to
create hydraulic fractures
Water contamination from
leaks and spills of
stimulation fluids
Air pollution from machines
used in stimulation

Re-inject, reuse or dispose of
produced water which could
contain stimulation
chemicals

Years

Induced seismicity from
disposal of produced water
Toxic air pollution from
production that could affect
human health

Induced seismicity from
hydraulic fractures
Occupational health

Figure 1.2-1. The sequential parts of the well stimulation system considered in this report.

1.2.1. Direct and Indirect Impacts of Hydraulic Fracturing and Acid Stimulation.
Hydraulic fracturing or acid stimulation can cause direct impacts. Potential direct impacts
might include a hydraulic fracture extending into protected groundwater, accidental
spills of fluids containing hydraulic fracturing chemicals or acid, or inappropriate
disposal or reuse of produced water containing hydraulic fracturing chemicals. These
direct impacts do not occur in oil and gas production unless hydraulic fracturing or acid
stimulation has occurred. This study covers potential direct impacts of hydraulic fracturing
or acid stimulation.
Hydraulic fracturing or acid stimulation can also incur indirect impacts, i.e., those not
directly attributable to the activity itself. Some reservoirs require hydraulic fracturing
for economic production. All activities associated with oil and gas production enabled by
hydraulic fracturing or acid stimulation can bring about indirect impacts. Indirect impacts
of hydraulic-fracturing-enabled oil and gas development usually occur in all oil and gas
development, whether or not the wells are stimulated.
In some cases, we cannot separate direct and indirect impacts. For example, the inventory
of emissions of hazardous air pollutants is for all oil and gas production and does not
differentiate between hydraulically fractured and unfractured wells, so the data do not
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support differentiating direct and indirect impacts. However, as illustrated in the following
examples, differentiating direct and indirect impacts can be important for framing
investigations and policy.
An indirect impact common to all production, not just production enabled by hydraulic
fracturing, means the impacts incurred by just the hydraulically fractured wells represent
a small subset of the problem. For example, disposal of produced water through
underground injection may carry the risk of inducing an earthquake. If this produced
water comes from a hydraulically fractured reservoir, this potential impact would be an
indirect impact. In California, about 20% of all produced waters come from stimulated
reservoirs. Understanding induced seismicity requires looking at all the wastewater
injections, not just those generated by hydraulically fractured wells. In this case, the
indirect impact attributed to hydraulically fractured wells represents a small part of a
larger problem.
As another example, studies show elevated health risks near hydraulically fractured
reservoirs attributable to benzene (Volume II, Chapter 6). But benzene use has been
phased out in hydraulic fracturing fluids. These health risks probably occur due to
processes associated with oil production, because oil contains benzene naturally. In this
case, the health impacts do not occur because of hydraulic fracturing itself; they are
indirect impacts that occur because of production. So the same health impacts could occur
near any production, whether the wells have been fractured or not. Research that focuses
only on benzene impacts near hydraulically fractured wells will likely result in a very poor
understanding of both the extent of this problem and the possible mitigation measures.
Concern about hydraulic fracturing might lead to studying health effects near fractured
wells, but concern about the health effects from benzene should lead to study of all types
of oil and gas production, not just hydraulically fractured wells.
As a final example, the activities associated with hydraulic fracturing or acid stimulation
can add some new direct occupational hazards to a business that already has substantial
occupational hazards. The drilling, completion, and production phases common to all
oil and gas production incur significant risk of exposure to many toxic substances and
accidents. In general, oil and gas production has significant occupational health issues,
but these impacts are not directly attributable to well stimulation activity. In hydraulic
fracturing, silica sand used for the proppant in hydraulic fracturing presents an additional
occupational health hazard for serious lung disease (silicosis). Potential exposure to silica
is a direct impact of hydraulic fracturing and a relatively small part of the total hazard
profile for oil and gas development.
While this project was not tasked with a full assessment of the impacts of all oil and gas
development in California, we have described indirect impacts in the context of all oil and
gas production where the issue and associated data either allows or requires this. This
report does include some recommendations for assessment of certain impacts for all oil
and gas development in the future.

9

Chapter 1: Introduction

Table 1.2-1 describes the potential direct impacts of hydraulic fracturing and acid stimulation,
plus potential indirect impacts of hydraulic-fracturing-enabled oil and gas development
covered in this report.1 The table includes issues of concern named in the SB 4 legislation
or issues that have been raised by the public in the various forums around California and
the U.S. regarding well stimulation or were identified by expert judgment. A long list of
features, events, and processes related to well stimulation and production could possibly
lead to harmful impacts, but these are not all likely or equally likely. A long list of plausible
hazards have been described in Volume II, but the reader is cautioned to treat these as
a “checklist” of possible impacts, not at all a list of impacts that are generally occurring.
Existing regulations prevent or mitigate many of these risks; however, an evaluation of the
effectiveness of this regulatory framework was beyond the scope of this study.
Out of the possible plausible hazards, some emerge as especially relevant potential
risk factors worthy of further attention through additional data collection or increased
scrutiny. Chapter 6 presents a table of these risk issues, which are also the basis of the
conclusions and recommendations in this chapter.

1. We do not include indirect impacts of acid stimulation because based on existing data, we did not find reservoirs that
required acid stimulation for production.
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Table 1.2-1. Examples of direct and indirect impacts considered in this study.
Issue

Possible Direct Impact

Possible Indirect Impact of Hydraulic-FracturingEnabled Oil and Gas Development

Stimulation Chemicals

Chemicals used in stimulation create the
potential for introduction of hazardous
materials into the environment.

N/A

Water Use

Stimulation uses California fresh water supply.

Freshwater is sometimes used to produce oil in a
previously stimulated reservoir, e.g., enhanced oil
recovery via injection of water or steam.

Water Supply

Stimulation chemicals could enter produced
water that is otherwise of sufficient quality
for beneficial uses, such as irrigation, making
treatment more complicated.

Additional production enabled by hydraulic fracturing
can lead to additional produced water, which, with
appropriate treatment, may be of sufficient quality for
beneficial uses.

Water Contamination

Intentional or accidental releases of stimulation
chemicals and their reaction products could
lead to contamination of fresh water supply.
Risk of hydraulic fractures acting as conduit for
accidental releases of fluids; and risk of highpressure injection affecting integrity of existing
wells.

N/A

Air pollution

Equipment used in stimulation emits pollutants
and greenhouse gases (GHGs). Retention
ponds and tanks used to store stimulation
fluids could contain off-gassing volatile organic
compounds (VOC).

Oil and gas development activities cause emissions
including VOC emissions from produced water.

Induced Seismicity

Hydraulic fracturing could cause earthquakes.

Disposal of wastewater from hydraulic fracture-enabled
production in disposal wells classified by the EPA’s
Underground Injection Control (UIC) program as “Class
II”1 could cause earthquakes.

Human Health

Releases of stimulation chemicals that pollute
water and air, as well as noise and light
pollution from the stimulation operation could
affect public health.

Proximity to any oil production, including stimulationenabled production, could result in hazardous emissions
to air and water, and noise and light pollution that could
affect public health.

Wildlife and
Vegetation

Introduction of invasive species; contamination
of habitat or food web by stimulation
chemicals; and water use for stimulation fluids
could impact wildlife and vegetation.

Habitat loss and fragmentation, introduction of invasive
species, and water use for enabled enhanced oil
recovery could impact wildlife and vegetation.

1. Class II wells are underground injection wells that inject fluids associated with oil and natural gas production.
There are three types of Class II wells: enhanced recovery, wastewater disposal, and hydrocarbon storage. For more
information, see http://water.epa.gov/type/groundwater/uic/class2/index.cfm.
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1.2.2. Impacts Covered in this Volume
The chapters of this volume assess, to the extent possible, the potential impacts of well
stimulation on water, air, seismicity, habitat and human health.
Chapter 2 analyzes the hazards and potential impacts of well stimulation on California’s
water resources including water use in well stimulation, the volumes, chemical
compositions, and potential hazards of stimulation fluids, and the characteristics of
wastewater including production, management, and the potential release mechanisms
and transport pathways by which well stimulation chemicals enter the water environment.
The chapter addresses the following questions and for each evaluates the available data,
identifies data gaps and ways to mitigate or avoid potential impacts:
• What are the volumes of fresh water used for well stimulation in California, and
what are the sources of these supplies (e.g., domestic water supplies, private
groundwater wells, irrigation sources)? How does water use for well stimulation
compare with other uses in California and in the regions where well stimulation
is occurring?
• What are the volumes and chemical compositions—including types of chemicals
and quantities—of stimulation fluids? What are the physical, chemical, and
toxicological properties of the stimulation chemicals used? To what extent does
this chemical use create hazards for and potential impacts on water resources
in California?
• What volumes of recovered fluids and produced water are generated from
stimulated wells and what are the chemical compositions of those waters?
Are volumes of produced water generated from stimulated wells and nonstimulated wells different? Does the chemical composition of produced water
from stimulated wells differ from that of non-stimulated wells? What techniques
are used to recover fluids and manage produced water (e.g., deep well injection,
unlined sumps)? Could existing treatment technologies remove well stimulation
chemicals that are being used in California?
• What are the release mechanisms and transport pathways by which well
stimulation chemicals could enter surface water and groundwater aquifers? Could
the introduction of stimulation chemicals into the environment affect ecosystems
and human health (through contamination of aquifers, spills, inappropriate uses
of wastewater, etc.)?
Chapter 3 assesses the potential of well stimulation to emit greenhouse gases (GHGs),
volatile organic compounds (VOCs), oxides of nitrogen (NOx), toxic air contaminants
(TACs), and particulate matter (PM). Because oil and gas development in general can also
have these impacts, the purpose of this chapter is to evaluate what is known about the
contribution of well stimulation to general impacts from oil and gas development.
12
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Well stimulation could impact air quality via emission of a large variety of chemical
species. These species can have local, regional, or global impacts, mediated by the regional
atmospheric transport mechanisms and the natural removal mechanisms relevant for that
species. For clarity, this report groups species into four categories of interest, each with
unique potential impacts.
1. Greenhouse gases (GHGs);
2. Reactive organic gases (ROGs), and oxides of nitrogen (NOx) that cause
photochemical smog generation;
3. Toxic air contaminants (TACs, a California-specific designation similar to federal
designation of hazardous air pollutants (HAPs); and
4. Particulate matter (PM), including dust.
The chapter describes methods of classifying well-stimulation-related air impacts, and
the major sources and types of emissions from oil and gas activities. The chapter also
describes the treatment of well-stimulation-related emissions in current California
emissions inventories. Then, the chapter evaluates the California regions likely to be
affected by the use of well-stimulation technology, current best practices for managing
air quality impacts of well stimulation, and gaps in data and scientific understanding
surrounding well-stimulation-related air impacts.
Chapter 4 assesses the potential for induced seismicity in California caused by injection of
fluids into the subsurface. The vast majority of earthquakes induced by fluid injection are
too small to be felt at the ground surface. However, induced seismicity can produce felt
or, in rare cases, damaging ground motions. Large volumes of water injected over long
time periods (i.e. months to years) into zones in or near potentially active earthquake
sources can induce earthquakes. This chapter reviews the current state of knowledge
about induced seismicity, and the data and research required to determine the potential
for induced seismicity in California, including along the San Andreas Fault. The chapter
also discusses how existing protocols could be improved to lower the risk from induced
seismicity in California.
Chapter 5 evaluates the potential impact of well stimulation on wildlife and vegetation,
and how these impacts depend on the density of oil and gas wells and other human land
uses in the area. The chapter describes how the impacts of oil and gas production to
native wildlife and vegetation depend on the prevailing land use. In some regions, well
stimulation takes place in areas where wild habitat has already been displaced by nearcontinuous well pads or agricultural and urban development. However, in oil fields with
little other development and a relatively low density of oil wells, oil and gas development
could more directly impact valuable native habitat. Because habitat loss and fragmentation
is likely to have the greatest impact on wildlife and vegetation, the chapter explores
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this topic in greater depth by quantifying habitat loss and fragmentation attributable to
well-stimulation-enabled hydrocarbon production. Other potential impacts, such as the
introduction of invasive species, releases of harmful fluids to the environment, diversion
of water from waterways, noise and light pollution, vehicle collisions, ingestion of litter by
wildlife, and the possible release of well stimulation chemicals into the environment are
described. Then the chapter reviews regulation of the oil and gas industry with respect to
impacts on wildlife and vegetation. The chapter describes measures to mitigate oil field
impacts on terrestrial species and their habitats, and major data gaps and ways to remedy
the gaps.
Chapter 6 addresses health hazards associated with community and occupational
environmental exposures directly attributable to well stimulation and indirect exposures
due to oil and gas development that were facilitated by stimulation in California. The
chapter evaluates hazards directly attributable to well stimulation stemming from
the chemicals used in stimulation that might contact humans through contaminated
water (described in Chapter 2) and air pollution hazards associated with oil and gas
development described in Chapter 3 for human health.
1.3. Conclusions and Recommendations
The following conclusions and recommendations are numbered to correspond to the full
set of conclusions and recommendations as given in the Summary Report, but only those
conclusions and recommendations that derive from this volume are given below. This
is the reason that the conclusions and recommendations are not numbered sequentially
starting with number 1. For the sake of consistency, some conclusions include information
from other volumes as noted.
1.3.1. Direct and Indirect Impacts of Hydraulic Fracturing and Acid Stimulation
Conclusion 3.1. Direct impacts of hydraulic fracturing appear small but have not
been investigated.
Available evidence indicates that impacts caused directly by hydraulic fracturing or acid
stimulation or by activities directly supporting these operations appear smaller than the
indirect impacts associated with hydraulic-fracturing-enabled oil and gas development,
or limited data precludes adequate assessment of these impacts. Good management
and mitigation measures can address the vast majority of potential direct impacts of
well stimulation.
Hydraulic fracturing in California lasts a relatively short amount of time near the
beginning of production—less than a day—and requires relatively small fluid volumes.
In contrast, the subsequent oil and gas production phase lasts for years and involves very
large volumes of fluid, with potential for long-term perturbations of the environment.
Consequently, the production phase following well stimulation can have a much larger
impact than the stimulation phase.
14
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This study identifies a number of possible pathways for direct impacts from hydraulic
fracturing and acid stimulation, such as accidental spills or leaks of hydraulic fracturing or
acid fluids or emissions of volatile organic compounds (VOCs) from hydraulic fracturing
fluids. Many, if not all, of these potential direct impacts can be addressed with good
management practices or mitigation measures. These are described in Volumes II and III.
The recommendations below provide specific measures that could eliminate, avoid, or
ameliorate direct impacts. These measures include limiting the use of toxic chemicals,
avoiding inappropriate disposal, managing beneficial use of produced water containing
stimulation chemicals, providing extra due diligence for shallow fracturing near protected
groundwater, and using “green completions” to control emissions in oil and gas wells.
In California, existing or pending regulation already addresses many of these direct
impacts. The state’s new well stimulation regulations, going into effect on July 1, 2015,
will likely avoid or reduce many, but not all, of the impacts described in this report. The
scope of this study did not include judging the adequacy of existing regulation, but this
would make sense at some later time when significant experience can be assessed.
Recommendation 3.1. Assess adequacy of regulations to control direct
impacts of hydraulic fracturing and acid stimulations.
Over the next several years, relevant agencies should assess the adequacy and
effectiveness of existing and pending regulations to mitigate direct impacts of
hydraulic fracturing and acid stimulations, such as to: (1) reduce the use of highly
toxic or harmful chemicals, or those with unknown environmental profiles in
hydraulic fracturing and acid fluids; (2) devise adequate treatment and testing
for any produced waters intended for beneficial reuse that may include hydraulic
fracturing and acid fluids or disallow this practice; (3) prevent shallow hydraulic
fractures from intersecting protected groundwater (Volume II); (4) dispose of
produced waters that contain stimulation chemicals appropriately; and (5) control
emissions, leaks and spills.
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Conclusion 3.2. Operators have unrestricted use of many hazardous and
uncharacterized chemicals in hydraulic fracturing.
The California oil and gas industry uses a large number of hazardous chemicals during
hydraulic fracturing and acid treatments. The use of these chemicals underlies all significant
potential direct impacts of well stimulation in California. This assessment did not find
recorded negative impacts from hydraulic fracturing chemical use in California, but no
agency has systematically investigated possible impacts. A few classes of chemicals used in
hydraulic fracturing (e.g., biocides, quaternary ammonium compounds, etc.) present larger
hazards because of their relatively high toxicity, frequent use, or use in large amounts. The
environmental characteristics of many chemicals remain unknown. We lack information to
determine if these chemicals would present a threat to human health or the environment
if released to groundwater or other environmental media. Application of green chemistry
principles, including reduction of hazardous chemical use and substitution of less hazardous
chemicals, would reduce potential risk to the environment or human health.
Operators have few, if any, restrictions on the chemicals used for hydraulic fracturing
and acid treatments. The state’s regulations address hazards from chemical use and
eliminate or minimize many, but not necessarily all risks. Some of the chemicals used
present hazards in the workplace or locally, such as silica dust or hydrofluoric acid. Other
chemicals present potential hazards for the environment, such as biocides and surfactants
that, if released, can harm fish and other wildlife. Many of the chemicals used can harm
human health. If well stimulation did not use hazardous chemicals, hydraulic fracturing
would pose a much smaller risk to humans and the environment. Even so, hazardous
chemicals only present a risk to humans or the environment if they are released in
hazardous concentrations or amounts, persist in the environment, and actually reach and
affect a human, animal or plant. Even a very toxic or otherwise harmful chemical presents
no risk if no person, animal or plant receives a dose of the chemical. Characterization of
the risk posed by chemical use requires information on both the hazards posed by the
chemicals and information about exposure to the chemicals (in other words, risk = hazard
x exposure).
We have established a list of chemicals used in California based on voluntary disclosures
by industry. In California, oil and gas production operators have voluntarily reported
the use of over 300 chemical additives. New state regulations under SB 4 will eventually
reveal all chemical use. However, knowledge of the hazards and risks associated with
all the chemicals remains incomplete for almost two-thirds of the chemicals (Table 1.31). The toxicity and biodegradability of more than half the chemicals used in hydraulic
fracturing remains uninvestigated, unmeasured, and unknown. Basic information about
how these chemicals would move through the environment does not exist. Although
the probability of human and environmental exposure is estimated to be low, no direct
studies of environmental or health impacts from hydraulic fracturing and acid stimulation
chemicals have been completed in California. To the extent that any hydraulic fracturing
and acid stimulation fluids can get into the environment, reduction or elimination of the
use of the most hazardous chemicals will reduce risk.
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Table 1.3-1. Availability of information for characterizing the hazard of stimulation
chemicals used in hydraulic fracturing. The Chemical Abstracts Service Registry

Number (CASRN) is a unique numerical identifier assigned to chemical substances.
Operators do not provide CASRN numbers for proprietary chemicals.

Number of
chemicals

Proportion of
all chemicals

Identified by unique
CASRN

Impact or toxicity

Quantity of use or
emissions

172

55%

Available

Available

Available

17

5%

Available

Available

Unavailable

6

2%

Available

Unavailable

Available

121

38%

Unavailable

Unavailable

Available

For this study, we sorted the extensive list of chemicals reported in California to identify
those of most concern or interest and created tables identifying selected chemicals for
each category contributing to hazard (see Summary Report, Appendix H, and Volume
II, Chapters 2 and 6). Chemicals used most frequently or in high concentrations rise to
a higher level of concern, as do chemicals known to be acutely toxic to aquatic life or
mammals. The assessment included chemicals used in hydraulic fracturing that can be
found on the Toxic Air Contaminant Identification List, the Proposition 65 list of chemicals
known to the State of California to cause cancer and reproductive harm, and the OEHHA
list of chemicals with published reference exposure limits. Additional hazards considered
include, flammability, corrosivity, and reactivity. These various criteria allow identification
of priority chemicals to consider when reducing potential hazards from chemical use
during well stimulation.
Strong acids, strong bases, silica, biocides, quaternary ammonium compounds, nonionic
surfactants, and a variety of solvents are used frequently and in high concentrations in
hydraulic fracturing and acid stimulation. Strong acids, strong bases, silica, and many
solvents present potential exposure hazards to humans, particularly during handling,
and of are of particular concern to workers and nearby residents. Use of appropriate
procedures minimizes the risk of exposure and few incidences of the release of these
materials during oil and gas development have been reported in California.
Biocides, quaternary ammonium compounds, nonionic surfactants, and some solvents
present a significant hazard to aquatic species and other wildlife, particularly when
released into surface water. The study found no releases of hazardous hydraulic fracturing
chemicals to surface waters in California and no direct impacts to fish or wildlife.
However, there is concern that well stimulation chemicals might have been released and
potentially contaminated groundwater through a variety of mechanisms (see Conclusions
4.1, 4.3, 4.4, 5.1, 5.2 below). Many of the chemicals used in well stimulation, such as
surfactants, are more harmful to the environment than to human health, but all of these
chemicals are undesirable in drinking water. Determining whether chemicals that have
been released pose an actual risk to human health or the environment requires further
study, including a better understanding of the amounts of chemicals released and
persistence of those chemicals in the environment.
17

Chapter 1: Introduction

Green Chemistry principles attempt to maintain an equivalent function while using less
toxic chemicals and smaller amounts of toxic chemicals. It may be possible to forego
or reduce the use of the most hazardous chemicals without losing much in the way of
functionality. Chemical substitutions can present complications and can also introduce
a new set of hazards and require a careful adaptive approach. For example, the use of
guar in hydraulic fracturing fluids introduces food to bacteria in the reservoir, and this
increases the need for biocides to prevent the buildup of toxic gases generated by bacterial
growth. Operators moving to a less toxic but less effective biocide might also need to
move away from guar to a less-digestible substitute. Then this choice could introduce
new hazards instead of old hazards. For these reasons, the American Chemical Society
currently sponsors a Green Chemistry Roundtable on the topic of hydraulic fracturing.
The state could also limit the chemicals used in hydraulic fracturing by disallowing certain
chemicals or limiting chemicals to those on an approved list where approval depends on
the chemical having an acceptable environmental profile. The latter approach reverses
the usual practice, whereby an industry is permitted to use a chemical until a regulatory
body proves that the chemical is harmful. Oil and gas production in the environmentally
sensitive North Sea uses this pre-approval approach and might provide a model for
limiting chemical risk in California. The EPA Designed for the Environment (DFE) list
of chemicals may also be useful. Of course, any of these approaches requires that the
operators report the unique identifier (CASRN number) of all chemicals.
Recommendation 3.2. Limit the use of hazardous and poorly understood
chemicals.
Operators should report the unique CASRN identification for all chemicals used in
hydraulic fracturing and acid stimulation, and the use of chemicals with unknown
environmental profiles should be disallowed. The overall number of different
chemicals should be reduced, and the use of more hazardous chemicals and chemicals
with poor environmental profiles should be reduced, avoided, or disallowed. The
chemicals used in hydraulic fracturing could be limited to those on an approved list
that would consist only of those chemicals with known and acceptable environmental
hazard profiles. Operators should apply Green Chemistry principles to the
formulation of hydraulic fracturing fluids, particularly for biocides, surfactants,
and quaternary ammonium compounds, which have widely differing potential for
environmental harm. Relevant state agencies, including DOGGR, should as soon
as practical engage in discussion of technical issues involved in restricting chemical
use with a group representing environmental and health scientists and industry
practitioners, either through existing roundtable discussions or independently
(Volume II, Chapters 2 and 6).
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Conclusion 3.3. The majority of impacts associated with hydraulic fracturing are
caused by the indirect impacts of oil and gas production enabled by the hydraulic
fracturing.
Impacts caused by additional oil and gas development enabled by well stimulation (i.e.
indirect impacts) account for the majority of environmental impacts associated with hydraulic
fracturing. A corollary of this conclusion is that all oil and gas development causes similar
impacts whether the oil is produced with well stimulation or not. If indirect impacts caused
by additional oil and gas development enabled by hydraulic fracturing cause concern, these
concerns in most cases extend to any oil and gas development. As hydraulic fracturing enables
only 20% of production in California, only about 20% of any given indirect impact is likely
attributable to hydraulically fractured reservoirs.
Without hydraulic fracturing, oil and gas production from certain reservoirs would
not be possible. If this oil and gas development did not occur, then the impacts of this
development would not occur. Well stimulation is a relatively brief operation done after
a well is installed, but oil and gas development goes on for years, involving construction
of infrastructure and disruption of the landscape. Operators build roads, ponds, and well
pads, and install pumps, field separators, tanks, and treatment systems in reservoirs that
are stimulated and in those that are not. Surface spills and subsurface leakage may lead to
impacts on groundwater quality as an impact of production. The life of a production well
involves production of many millions of gallons of water that must be treated or disposed
of properly. Production with or without stimulation can cause emission of pollutants
over many years, often in proximity to places where people live, work, and go to school.
Whereas the short-term injection of fluids for the purpose of hydraulic fracturing is
unlikely to cause a felt or damaging earthquake (a direct impact), the subsurface disposal
of millions of gallons of water produced along with oil over the life of a well can present a
seismic hazard. The inappropriate disposal of produced water can contaminate protected
groundwater, whether this water contains stimulation chemicals or not. All oil and gas
development potentially incurs impacts similar to the indirect impacts of hydraulic fracturing.
Recommendation 3.3. Evaluate impacts of production for all oil and gas
development, rather than just the portion of production enabled by well
stimulation.
Concern about hydraulic fracturing might cause focus on impacts associated with
production from fractured wells, but concern about these indirect impacts should
lead to study of all types of oil and gas production, not just production enabled by
hydraulic fracturing. Agencies with jurisdiction should evaluate impacts of concern
for all oil and gas development, rather than just the portion of development enabled
by well stimulation. As appropriate, many of the rules and regulations aimed at
mitigating indirect impacts of hydraulic fracturing and acid stimulation should also
be applied to all oil and gas wells (Volume II, Chapter 6).
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Conclusion 3.4. Oil and gas development causes habitat loss and fragmentation.
Any oil and gas development, including that enabled by hydraulic fracturing, can cause
habitat loss and fragmentation. The location of hydraulic fracturing-enabled development
coincides with ecologically sensitive areas in Kern and Ventura Counties.
The impact to habitat for native wildlife and vegetation caused by increases in well density
depends on the background land use. Some California oil and gas fields are already so
densely filled with well pads that other human land uses and native species habitat cannot
coexist. Other oil and gas fields have relatively sparse infrastructure interspersed with
cities, farms, and natural habitat. The impact caused by increases in well density depends
on the background land use. Oil wells installed into agricultural land (such as Rose and
Shafter oil fields), or urban areas such as Los Angeles, create only minor impacts to native
species. Increases in well density and habitat disturbance from well pads, roads, and
facilities cause substantial loss and fragmentation of valuable habitat in those oil and gas
fields inhabited by native wildlife and vegetation.
Elk Hills, Mt. Poso, Buena Vista, and Lost Hills fields in Kern County and the Sespe, Ojai,
and Ventura fields in Ventura County host substantial amounts of hydraulic fracturingenabled development as well as rare habitat types and associated endangered species.
Portions of oil fields in Kern County are essential to support resident populations of rare
species and serve as corridors for maintaining connectivity between remaining areas
of natural habitat (including protected areas), and these are vulnerable to expanded
production (Figure 1.3-1).
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Figure 1.3-1. Maps of (a) Kern and (b) Ventura Counties showing the increase in well density

attributable to hydraulic fracturing-enabled development and land use/land cover between 1977
and 2014. We compared two scenarios for well density in California: actual well density, with all

wells present; and a theoretical well density, without hydraulically fractured wells. Foreground

colors show areas that have a higher well density with hydraulic fracturing-enabled production.
Background shading shows land use/land cover. Kern and Ventura Counties each had oil fields
where a substantial proportion of wells were enabled by hydraulic fracturing and where the

underlying land use was undeveloped, open land (figure modified from Volume II, Chapter 5).

Ecologically sensitive areas require the conservation of habitat to compensate for new oil
and gas development. Currently, no regional planning strategy exists to coordinate habitat
conservation efforts in a manner that would ensure continued viable populations of rare
species. While possible to compensate only for habitat loss caused by hydraulic fracturingenabled development, a more logical approach would account for habitat loss from oil
and gas production as a whole. Maintaining habitat connectivity in the southwestern San
Joaquin will likely require slowing or halting increases in well pad density in dispersal
corridors. This type of planning, such as the Kern County Valley Floor Habitat Restoration
Plan, has not succeeded in the past, but a renewed effort would safeguard the survival of
threatened and endangered species.
Recommendation 3.4. Minimize habitat loss and fragmentation in oil and gas
producing regions.
Enact regional plans to conserve essential habitat and dispersal corridors for native
species in Kern and Ventura Counties. The plans should identify top-priority habitat
and restrict development of those areas. The plan should also define and require those
practices, such as clustering multiple wells on a pad and using centralized networks
of roads and pipes, which will minimize future surface disturbances. A program to
set aside compensatory habitat in reserve areas when oil and gas development causes
habitat loss and fragmentation should be developed and implemented (Volume II,
Chapter 5; Volume III, Chapter 5 [San Joaquin Basin Case Study]).
1.3.2. Management of Produced Water from Hydraulically Fractured or Acid
Stimulated Wells
Large volumes of water of various salinities and qualities get produced along with the
oil. Oil reservoirs tend to yield increasing quantities of water over time, and most of
California’s oil reservoirs have been in production for several decades to over a century.
For 2013, more than .48 billion m3 (3 billion barrels) of water came along with some
.032 billion m3 (0.2 billion barrels) of oil in California. Operators re-inject some produced
water back into the oil and gas reservoirs to help recover more petroleum and mitigate
land subsidence. In other cases, farmers use this water for irrigation; often blending
treated produced water with higher-quality water to reduce salinity. Disposal or reuse of
produced water without proper precautions can cause contamination of groundwater and
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more so, if this water contains chemicals from hydraulic fracturing and acid stimulation.
Underground injection of produced water can cause earthquakes.
Conclusion 4.1. Produced water disposed of in percolation pits could contain
hydraulic fracturing chemicals.
Based on publicly available data, operators disposed of some produced water from stimulated
wells in Kern County in percolation pits. The effluent has not been tested to determine if
there is a measureable concentration of hydraulic fracturing chemical constituents. If these
chemicals were present, the potential impacts to groundwater, human health, wildlife,
and vegetation would be extremely difficult to predict, because there are so many possible
chemicals, and the environmental profiles of many of them are unmeasured.
A commonly reported disposal method for produced water from stimulated wells in
California is by evaporation and percolation in percolation surface impoundments,
also referred to as percolation pits, as shown in Figure 1.3-2. Information from 2011
to 2014 indicates that operators dispose of some 40-60% of the produced water from
hydraulically fractured wells in percolation pits during the first full month of production
after stimulation. The range in estimated proportion stems from uncertainties about which
wells were stimulated prior to mandatory reporting. Produced water from these wells may
contain hazardous chemicals from hydraulic fracturing treatments, as well as reaction
byproducts of those chemicals. We do not know how long hydraulic fracturing chemicals
persist in produced water or at what concentrations or how these change in time, which
means that hazardous levels of contaminants in produced water disposed into pits cannot
be ruled out.

Figure 1.3-2. Percolation pits in Kern County used for produced water disposal (figure modified
from Volume II, Chapter 1). Image courtesy of Google Earth.
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The primary intent of percolation pits is to percolate water into the ground. This
practice provides a potential direct pathway to transport produced water constituents,
including returned hydraulic fracturing fluids, into groundwater aquifers. Groundwater
contaminated in this way could subsequently intercept rivers, streams, and surface water
resources. Contaminated water used by plants (including food crops), humans, fish,
and wildlife could introduce contaminants into the food chain. Some states, including
Kentucky, Texas and Ohio, have phased out the use of percolation pits for produced water
disposal, because their use has demonstrably contaminated groundwater.
Operators have reported disposal of produced water in percolation pits in several
California counties (e.g., Fresno, Monterey, and Tulare counties). However, records from
2011 to mid-2014 show that percolation pits received produced water from hydraulically
fractured wells only in Kern County. Specifically, wells in the Elk Hills, South Belridge,
North Belridge, Lost Hills, and Buena Vista fields were hydraulically fractured, and these
fields disposed of produced water to percolation pits in the region under the jurisdiction of
the CVRWQCB. An estimated 36% of percolation pits in the Central Valley operate without
necessary permits from the CVRWQCB.
The data reported to DOGGR may contain errors on disposition of produced water. For example,
DOGGR’s production database shows that, during the past few years, one operator discharged
produced water to percolation pits at Lost Hills, yet Central Valley Regional Water Quality
Control Board (CVRWQCB) ordered the closure of percolation pits at Lost Hills in 2009.2
Data collected pursuant to the recent Senate Bill 1281 (SB 1281) will shed light on the
disposition of produced water and locations of percolation pits statewide. With the data
available as of the writing of this report, we cannot rule out that some produced water
from hydraulically fractured wells at other fields went to percolation pits and that this
water might have contained chemicals used in hydraulic fracturing. Figure 1.3-3 shows
that many of these pits overlie protected groundwater. The pending well stimulation
regulations, effective July 1, 2015, disallow fluid produced from a stimulated well from
being placed in percolation pits.3

2. Order R5-2013-0056, Waste Discharge Requirements for Chevron USA, Inc., Central Valley Regional Water Quality
Control Board.
3. Title 14 California Code of Regulations, Section 1786(a)(4)
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Figure 1.3-3. Location of percolation pits in the Central Valley and Central Coast used for

produced water disposal and the location of groundwater of varying quality showing that many
percolation pits are located in regions that have potentially protected groundwater shown in
color (figure from Volume II, Chapter 2).

Recommendation 4.1. Ensure safe disposal of produced water in percolation
pits with appropriate testing and treatment or phase out this practice.
Agencies with jurisdiction should promptly ensure through appropriate testing that
the water discharged into percolation pits does not contain hazardous amounts
of chemicals related to hydraulic fracturing as well as other phases of oil and gas
development. If the presence of hazardous concentrations of chemicals cannot
be ruled out, they should phase out the practice of discharging produced water
into percolation pits. Agencies should investigate any legacy effects of discharging
produced waters into percolation pits including the potential effects of stimulation
fluids (Volume II, Chapter 2; Volume III, Chapters 4 and 5 [Los Angeles Basin and
San Joaquin Basin Case Studies]).

25

Chapter 1: Introduction

Conclusion 4.2. The chemistry of produced water from hydraulically fractured or
acid stimulated wells has not been measured.
Chemicals used in each hydraulic fracturing operation can react with each other and react
with the rocks and fluids of the oil and gas reservoirs. When a well is stimulated with acid,
the reaction of the acid with the rock minerals, petroleum, and other injected chemicals can
release contaminants of concern in the oil reservoirs, such as metals or fluoride ions that have
not been characterized or quantified. These contaminants may be present in recovered and
produced water.
An average of about 25 different chemicals are used in each hydraulic fracturing
operation. As discussed in Conclusion 3.2, some of these can be quite hazardous alone
and chemical reactions can results in new constituents. Acids used in well treatments
quickly react with rock minerals and become neutralized. But acids can dissolve and
mobilize naturally occurring heavy metals and other pollutants in the oil-bearing
formation. Neutralized hydrofluoric acid can release toxic fluoride ions into groundwater.
Assessment of the environmental risks posed by hydraulic fracturing and acid use along
with commonly associated chemicals, such as corrosion inhibitors, requires more complete
disclosure of chemical use and a better understanding of the chemistry of treatment
fluids and produced water returning to the surface. We found no characterization of
the chemistry of produced water from wells that have been hydraulically fractured or
stimulated with acid.
Recommendation 4.2. Evaluate and report produced water chemistry from
hydraulically fractured or acid stimulated wells.
Evaluate the chemistry of produced water from hydraulically fractured and
acid stimulated wells, and the potential consequences of that chemistry for the
environment. Determine how this chemistry changes over time. Require reporting of
all significant chemical use, including acids, for oil and gas development (Volume II,
Chapters 2 and 6).
Conclusion 4.3. Required testing and treatment of produced water destined for reuse
may not detect or remove chemicals associated with hydraulic fracturing and acid
stimulation.
Produced water from oil and gas production has potential for beneficial reuse, such as for
irrigation or for groundwater recharge. In fields that have applied hydraulic fracturing or
acid stimulations, produced water may contain hazardous chemicals and chemical byproducts
from well stimulation fluids. Practice in California does not always rule out the beneficial
reuse of produced water from wells that have been hydraulically fractured or stimulated with
acid. The required testing may not detect these chemicals, and the treatment required prior to
reuse necessarily may not remove hydraulic fracturing chemicals.
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Growing pressure on water resources in the state means more interest in using produced
water for a range of beneficial purposes, such as groundwater recharge, wildlife habitat,
surface waterways, irrigation, etc. Produced water could become a significant resource
for California.
However, produced water from wells that have been hydraulically fractured may contain
hazardous chemicals and chemical by-products. Our study found only one oil field where
both hydraulic fracturing occured and farmers use the produced water for irrigation. In
the Kern River field in the San Joaquin Basin, hydraulic fracturing operations occasionally
occured, and a fraction of the produced water goes to irrigation (for example, Figure 1.34). But we did not find policies or procedures that would necessarily exclude produced
water from hydraulically fractured wells from use in irrigation.

Figure 1.3-4. Produced water used for irrigation in Cawelo water district. Photo credit: Lauren
Sommer/KQED (figure from Volume II, Chapter 1).

The regional water quality control boards require testing and treatment of produced
water prior to use for irrigation, but the testing does not include hydraulic fracturing
chemicals, and required treatment would not necessarily remove hazardous stimulation
fluid constituents if they were present. Regional water-quality control boards have also
established monitoring requirements for each instance where produced water is applied to
irrigated lands; however, these requirements do not include monitoring for constituents
specific to, or indicative of, hydraulic fracturing.
Safe reuse of produced water that may contain stimulation chemicals requires appropriate
testing and treatment protocols. These protocols should match the level of testing and
treatment to the water-quality objectives of the beneficial reuse. However, designing the
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appropriate testing and treatment protocols to ensure safe reuse of waters contaminated
with stimulation chemicals presents significant challenges, because so many different
chemicals could be present, and the safe concentration limits for many of them have
not been established. Hydraulic fracturing chemicals may be present in extremely small
concentrations that present negligible risk, but this has not been confirmed.
Limiting hazardous chemical use as described in Recommendation 3.2 would also help
to limit issues with reuse. Disallowing the reuse of produced water from hydraulically
fractured wells would also solve this problem, especially in the first years of production.
This water could be tested over time to determine if hazardous levels of hydraulic
fracturing chemicals remain before transitioning this waste stream to beneficial use.
Recommendation 4.3. Protect irrigation water from contamination by
hydraulic fracturing chemicals and stimulation reaction products.
Agencies of jurisdiction should clarify that produced water from hydraulically
fractured wells cannot be reused for purposes such as irrigation that could negatively
impact the environment, human health, wildlife and vegetation. This ban should
continue until or unless testing the produced water specifically for hydraulic
fracturing chemicals and breakdown products shows non-hazardous concentrations,
or required water treatment reduces concentrations to non-hazardous levels (Volume
II, Chapter 2; Volume III, Chapter 5 [San Joaquin Basin Case Study]).
Conclusion 4.4. Injection wells currently under review for inappropriate disposal
into protected aquifers may have received water containing chemicals from
hydraulic fracturing.
DOGGR is currently reviewing injection wells in the San Joaquin Valley for inappropriate
disposal of oil and gas wastewaters into protected groundwater. The wastewaters injected
into some of these wells likely included stimulation chemicals because hydraulic fracturing
occurs nearby.
In 2014, DOGGR began to evaluate injection wells in California used to dispose of oil
field wastewater. DOGGR found that some wells inappropriately allowed injection of
wastewater into protected groundwater and subsequently shut them down. DOGGR’s
ongoing investigation will review many more wells to determine if they are injecting into
aquifers that should be protected.
Figure 1.3-5 is a map of the Elks Hills field in the San Joaquin Basin showing one example
where hydraulically fractured wells exist near active water disposal wells. The DOGGR
review includes almost every disposal well in this field for possible inappropriate injection
into protected water. Some of the produced water likely came from nearby production
wells that were hydraulically fractured. Consequently, the injected wastewater possibly
contained stimulation chemicals at some unknown concentration.
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Figure 1.3-5. A map of the Elk Hills field in the San Joaquin Basin showing the location of wells

that have probably been hydraulically fractured (black dots). Blue dots are the location of active
water disposal wells, and blue dots with a red center are the location of disposal wells under

review for possibly injecting into groundwater that should be protected (figure from Volume II,
Chapter 1).

Recommendation 4.4. In the ongoing investigation of inappropriate disposal
of wastewater into protected aquifers, recognize that hydraulic fracturing
chemicals may have been present in the wastewater.
In the ongoing process of reviewing, analyzing, and remediating the potential impacts
of wastewater injection into protected groundwater, agencies of jurisdiction should
include the possibility that hydraulic fracturing chemicals may have been present in
these wastewaters (Volume II, Chapter 2; Volume III, Chapter 5 [San Joaquin Basin
Case Study]).
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Conclusion 4.5. Disposal of wastewater by underground injection has caused
earthquakes elsewhere.
Fluid injected in the process of hydraulic fracturing will not likely cause earthquakes of
concern. In contrast, disposal of produced water by underground injection could cause felt
or damaging earthquakes. To date, there have been no reported cases of induced seismicity
associated with produced water injection in California. However, it can be very difficult to
distinguish California’s frequent natural earthquakes from those possibly caused by water
injection into the subsurface.
Hydraulic fracturing causes a pressure increase for a short amount of time and affects
relatively small volumes of rock. For this reason, hydraulic fracturing has a small
likelihood of producing felt (i.e., sensed), let alone damaging, earthquakes. In California,
only one small earthquake (which occurred in 1991) has been linked to hydraulic
fracturing to date (Volume II, Chapter 4).
Disposal into deep injection wells of water produced from oil and gas operations has
caused felt seismic events in several states, but there have been no reported cases of
induced seismicity associated with wastewater injection in California. The volume of
produced water destined for underground injection could increase for a number of
reasons, and disposal of increased volumes by injection underground could increase
seismic hazards.
California has frequent naturally occurring earthquakes—so many that seismologists
have a hard time determining if any of these earthquakes were actually induced by
fluid injection. In areas like Kansas that do not have frequent earthquakes, it is much
easier to find correlations between an earthquake and human activity. In the future, the
amount of fluid requiring underground injection in California could increase locally due
to expanded production or a change in disposal practice. Such change in practice might
incur an unacceptable seismic risk, but understanding this possible risk requires a better
understanding of the current correlation between injection and earthquakes, if any.
California also has many geologic faults. Figure 1.3-6 shows a map of California
earthquake epicenters, the location of wastewater disposal wells active since 1981 and
faults in the United States Geological Survey (USGS) database in central and southern
California. Across all six oil-producing basins, over 1,000 wells are located within 2.5 km
(1.5 miles) of a mapped active fault, and more than 150 within 200 m (650 ft).
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Figure 1.3-6. High-precision locations for earthquakes M≥3 in central and southern California
during the period 1981-2011, and active and previously active water disposal wells from
DOGGR (figure from Volume II, Chapter 4).

31

Chapter 1: Introduction

A systematic regional-scale analysis of earthquake occurrence in relation to water injection
would help identify if induced seismicity exists in California. This study should include
statistical characterizations and geomechanical analysis for induced seismicity and will
require more detailed data than that currently reported by industry on injection depth,
variations in fluid injection rate, and pressure over time. Currently, operators report the
volume of injected water and wellhead pressures only as monthly averages. Analysts will
need to know more about exactly when, how, how much, where injection occurred to
identify a potential relationship between earthquakes and injection patterns. A systematic
study will also require geophysical characterization of oil field test sites, detailed seismic
monitoring, and modeling of the subsurface pressure changes produced by injection in the
vicinity of the well.
The state could likely manage and mitigate potential induced seismicity, by adopting
protocols to modify an injection operation when and if seismic activity is detected. The
protocol could require reductions in injection flow rate and pressure, and shutting down
the well altogether if the risk of an earthquake rises above some threshold. Currently,
ad hoc protocols exist for this purpose. Better protocols would require monitoring the
reservoir and local seismic activity, and formal calculation of the probability of inducing
earthquakes of concern.
Recommendation 4.5. Determine if there is a relationship between
wastewater injection and earthquakes in California.
Conduct a comprehensive multi-year study to determine if there is a relationship
between oil and gas-related fluid injection and any of California’s numerous
earthquakes. In parallel, develop and apply protocols for monitoring, analyzing,
and managing produced water injection operations to mitigate the risk of induced
seismicity. Investigate whether future changes in disposal volumes or injection depth
could affect potential for induced seismicity (Volume II, Chapter 4).
Conclusion 4.6. Changing the method of wastewater disposal will incur tradeoffs in
potential impacts.
Based on publicly available data, operators dispose of much of the produced water from
stimulated wells in percolation pits (evaporation-percolation ponds), about a quarter by
underground injection (in Class II wells), and less than one percent to surface bodies of water.
Changing the method of produced water disposal could decrease some potential impacts while
increasing others.
Figure 1.3-7 shows the results of an analysis of disposal methods of produced water from
known stimulated wells in the first full month after stimulation during the period from 2011
to 2014. As much as 60% of the water was sent to percolation pits, also known as
evaporation-percolation ponds, as discussed in Conclusion 4.1 Second to this, produced
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water from stimulated wells was injected into Class II wells for disposal or enhanced oil
recovery. With proper regulation, siting, construction, and maintenance, subsurface injection
is less likely to result in groundwater contamination than disposal in percolation pits.
However, increasing injection volumes could increase the risk of induced seismicity,
discussed in Conclusion 4.5. Also, concerns have recently emerged about whether
California’s Class II underground injection control (UIC) program provides adequate
protection for underground sources of drinking water (USDWs), as discussed in
Conclusion 4.4, USDWs are defined as groundwater aquifers that currently or could
one day supply water for human consumption. The least common method of dealing
with wastewater, disposal to surface bodies of water, can, for example, augment stream
flows, but requires careful testing and treatment to ensure the water is safe, especially if
stimulation chemicals could be present.
The DOGGR monthly production data either do not specify the disposal method or report
as “other” for 17% of the produced water from known stimulated wells. This reporting
category could include subsurface injection, disposal to a surface body of water, sewer
disposal, or water not disposed of but reused for irrigation or another beneficial purpose,
as described in Conclusion 4.3.

Figure 1.3-7. Disposal method for produced water from hydraulically fractured wells during the
first full month after stimulation for the time period 2011-2014 based on data from DOGGR
monthly production database. Note: Subsurface injection includes any injection into Class II

wells, which include disposal wells as well as enhanced recovery wells used for water flooding
and steam flooding (figure from Volume II, Chapter 2).
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Changing the method of produced water disposal or reuse will incur tradeoffs. Any
attempt to reduce one disposal method must consider the likely outcome that other
disposal methods will increase. For example, eliminating disposal in evaporation–
percolation pits can lead to an increase in other disposal methods to make up the
difference. In particular, closure of percolation pits or injection wells found to be
contaminating protected aquifers would increase the use of other disposal methods, and
this will require careful planning and management on a regional basis.
Recommendation 4.6. Evaluate tradeoffs in wastewater disposal practices.
As California moves to change disposal practices, for example by phasing out
percolation pits or stopping injection into protected aquifers, agencies with
jurisdiction should assess the consequences of modifying or increasing disposal via
other methods (Volume II, Chapter 2; Volume II, Chapter 4).
1.3.3. Protections to Avoid Groundwater Contamination by Hydraulic Fracturing
Hydraulic fracturing operations could contaminate groundwater through a variety of
pathways. We found no documented instances of hydraulic fracturing or acid stimulations
directly causing groundwater contamination in California. However, we did find that
fracturing in California tends to be in shallow wells and in mature reservoirs that have
many existing boreholes. These practices warrant more attention to ensure that they have
not and will not cause contamination.
Conclusion 5.1. Shallow fracturing raises concerns about potential groundwater
contamination.
In California, about three quarters of all hydraulic fracturing operations take place in shallow
wells less than 600 m (2,000 ft) deep. In a few places, protected aquifers exist above such
shallow fracturing operations, and this presents an inherent risk that hydraulic fractures
could accidentally connect to the drinking water aquifers and contaminate them or provide
a pathway for water to enter the oil reservoir. Groundwater monitoring alone may not
necessarily detect groundwater contamination from hydraulic fractures. Shallow hydraulic
fracturing conducted near protected groundwater resources warrants special requirements and
plans for design control, monitoring, reporting, and corrective action.
Hydraulic fractures produced in deep formations far beneath protected groundwater are
very unlikely to propagate far enough upwards to intersect an aquifer. Studies performed
for high-volume hydraulic fracturing elsewhere in the country have shown that hydraulic
fractures have propagated no further than 600 m (2,000 ft) vertically, so hydraulic
fracturing conducted many thousands of feet below an aquifer is not expected to reach a
protected aquifer far above. In California, however, and particularly in the San Joaquin
Basin, most hydraulic fracturing occurs in relatively shallow reservoirs, where protected
groundwater might be found within a few hundred meters (Figure 1.3-8). A few instances
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of shallow fracturing have also been reported in the Los Angeles Basin (Figure 1.3-9), but
overall much less than the San Joaquin Basin. No cases of contamination have yet been
reported, but there has been little to no systematic monitoring of aquifers in the vicinity of
oil production sites.
Shallow hydraulic fracturing presents a higher risk of groundwater contamination, which
groundwater monitoring may not detect. This situation warrants additional scrutiny.
Operations with shallow fracturing near protected groundwater could be disallowed or be
subject to additional requirements regarding design, control, monitoring, reporting, and
corrective action, including: (1) pre-project monitoring to establish a base-line of chemical
concentrations, (2) detailed prediction of expected fracturing characteristics prior to
starting the operation, (3) definition of isolation between expected fractures and protected
groundwater, providing a sufficient safety margin with proper weighting of subsurface
uncertainties, (4) targeted monitoring of the fracturing operation to watch for and react to
evidence (e.g., anomalous pressure transients, microseismic signals) indicative of fractures
growing beyond their designed extent, (5) monitoring groundwater to detect leaks, (6)
timely reporting of the measured or inferred fracture characteristics confirming whether or
not the fractures have actually intersected or come close to intersecting groundwater, (7)
preparing corrective action and mitigation plans in case anomalous behavior is observed
or contamination is detected, and (8) adaption of groundwater monitoring plans to
improve the monitoring system and specifically look for contamination in close proximity
to possible fracture extensions into groundwater.
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Figure 1.3-8. Shallow fracturing locations and groundwater quality in the San Joaquin and Los

Angeles Basins. Some high quality water exists in fields that have shallow fractured wells (figure
from Volume II, Chapter 2).
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Figure 1.3-9. Depths of groundwater total dissolved solids (TDS) in mg/L in five oil fields in the

Los Angeles Basin. The numbers indicate specific TDS data and the colors represent approximate

interpolation. The depth of 3,000 mg/L TDS is labeled on all five fields. Blue (<3,000 mg/L) and
aqua (between 3,000 mg/L and 10,000 mg/L) colors represent protected groundwater. Depth

of 10,000 mg/L TDS is uncertain, but it is estimated to fall in the range where aqua transitions
to brown. The heavy black horizontal line indicates the shallowest hydraulically fractured well

interval in each field. (Asterisks denote the fields of most concern for the proximity of hydraulic

fracturing to groundwater with less than 10,000 mg/L TDS.) (figure from Volume III, Chapter 4
[Los Angeles Basin Case Study]).

The potential for shallow hydraulic fractures to intercept protected groundwater
requires both knowing the location and quality of nearby groundwater and accurate
information about the extent of the hydraulic fractures. Maps of the vertical depth of
protected groundwater with less than 10,000 mg/L TDS for California oil producing
regions do not yet exist. Analysis and field verification could identify typical hydraulic
fracture geometries; this would help determine the probability of fractures extending
into groundwater aquifers. Finally, detection of potential contamination and planning
of mitigation measures requires integrated site-specific and regional groundwater
monitoring programs.

37

Depth (ft)

Inglewood*

Depth of groundwater with 10,000
mg/L TDS relatively unconstrainted

0

Chapter 1: Introduction

The pending SB 4 well stimulation regulations, effective July 1, 2015, require operators to
design fracturing operations so that the fractures avoid protected water, and to implement
appropriate characterization and groundwater monitoring near hydraulic fracturing
operations. However, groundwater monitoring alone does not ensure protection of
water, nor will it necessarily detect contamination should it occur. The path followed by
contamination underground can be hard to predict, and may bypass a monitoring well.
Groundwater monitoring can give false negative results in these cases,4 and does nothing
to stop contamination from occurring in any case.
Recommendation 5.1. Protect groundwater from shallow hydraulic fracturing
operations.
Agencies with jurisdiction should act promptly to locate and catalog the quality
of groundwater throughout the oil-producing regions. Operators proposing to use
hydraulic fracturing operation near protected groundwater resources should be
required to provide adequate assurance that the expected fractures will not extend
into these aquifers and cause contamination. If the operator cannot demonstrate the
safety of the operation with reasonable assurance, agencies with jurisdiction should
either deny the permit, or develop protocols for increased monitoring, operational
control, reporting, and preparedness (Volume I, Chapter 3; Volume II, Chapter 2;
Volume III, Chapter 5 [San Joaquin Basin Case Study]).
Conclusion 5.2. Leakage of hydraulic fracturing chemicals could occur through
existing wells.
California operators use hydraulic fracturing mainly in reservoirs that have been in
production for a long time. Consequently, these reservoirs have a high density of existing
wells that could form leakage paths away from the fracture zone to protected groundwater or
the ground surface. The pending SB 4 regulations going into effect July 1, 2015 do address
concerns about existing wells in the vicinity of well stimulation operations; however, it
remains to demonstrate the effectiveness of these regulations in protecting groundwater.
In California, most hydraulic fracturing occurs in old reservoirs where oil and gas has been
produced for a long time. Usually this means many other wells (called “offset wells”) have
previously been drilled in the vicinity of the operation. Wells constructed to less stringent
regulations in the past or degraded since installation may not withstand the high pressures

4. Chemical tracers (non-reactive chemicals that can be detected in small concentrations) can be added to hydraulic
fracturing fluids and, if groundwater samples contain these tracers, it is evidence that the stimulation fluid has migrated
out of the designed zone. However, the use of tracers does not guarantee that leaks to groundwater will be detected.
Groundwater flow can be highly channelized and it can be difficult to place a monitoring well in the right place to
intersect a possible plume of contaminant. The use of tracers is good practice, but does not “solve” the problem of
detecting contamination.
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used in hydraulic fracturing. Thus, in California, as well as in other parts of the country,
existing oil and gas wells can provide subsurface conduits for oil-field contamination to
reach protected groundwater. Old wells present a risk for any oil and gas development,
but the high pressures involved in hydraulic fracturing can increase this risk significantly.
California has no recorded incidents of groundwater contamination due to stimulation.
But neither have there been attempts to detect such contamination with targeted
monitoring, nor studies to determine the extent of compromised wellbore integrity.
Historically, California has required placement of well casings and cement seals to protect
groundwater with a salinity less than 3,000 mg/L total dissolved solids (TDS). Now, SB
4 requires more stringent monitoring and protection from degradation of non-exempt
groundwater with less than 10,000 mg/L TDS. Consequently, existing wells may not
have been built to protect groundwater between 3,000 mg/L and 10,000 mg/L TDS. For
instance, there may be no cement seal in place to isolate the zones containing water that
is between 3,000 and 10,000 mg/L TDS from deeper zones with water that is higher than
10,000 mg/L TDS.
The new well stimulation regulations going into effect in July 1, 2015 require operators
to locate and review any existing well within a zone that is twice as large as the expected
fractures. Operators need to design the planned hydraulic fracturing operation to confine
hydraulic fracturing fluids and hydrocarbons within the hydrocarbon formation. The
pressure buildup at offset wells caused by neighboring hydraulic fracturing operations
must remain below a threshold value defined by the regulations.
The new regulations for existing wells are appropriate in concept, but the effectiveness
of these requirements will depend on implementation practice. For example: How
will operators estimate the extent of the fractures, and how will regulators ensure the
reliability of these calculations? Is the safety factor provided by limiting concern to an area
equal to twice the extent of the designed fractures adequate? How will regulators assess
the integrity of existing wells when information about these wells is incomplete? How will
regulators determine the maximum allowed pressure experienced at existing wells? Will
the regulators validate the theoretical calculations to predict fracture extent and maximum
pressure with field observations?
Recommendation 5.2. Evaluate the effectiveness of hydraulic fracturing
regulations designed to protect groundwater from leakage along existing wells.
Within a few years of the new regulations going into effect, DOGGR should conduct
or commission an assessment of the regulatory requirements for existing wells near
stimulation operations and their effectiveness in protecting groundwater with less
than 10,000 TDS from well leakage. This assessment should include comparisons of
field observations from hydraulic fracturing sites with the theoretical calculations for
stimulation area or well pressure required in the regulations (Volume II, Chapter 2;
Volume III, Chapters 4 and 5 [Los Angeles Basin and San Joaquin Basin Case Studies]).
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1.3.4. Emissions and their Impact on Environmental and Human Health
Gaseous emissions and particulates associated with hydraulic fracturing can arise from
the use of fossil fuel in engines, outgassing from fluids, leaks, or proppant, which have
potential environmental or health impacts.
Conclusion 6.1. Oil and gas production from hydraulically fractured reservoirs emits
less greenhouse gas per barrel of oil than other forms of oil production in California.
Burning fossil fuel to run vehicles, make electricity, and provide heat accounts for the
vast majority of California’s greenhouse gas emissions. In comparison, publicly available
California state emission inventories indicate that oil and gas production operations emit
about 4% of California total greenhouse gas emissions. Oil and gas production from
hydraulically fractured reservoirs emits less greenhouse gas per barrel of oil than production
using steam injection. Oil produced in California using hydraulic fracturing also emits less
greenhouse gas per barrel than the average barrel imported to California. If the oil and gas
derived from stimulated reservoirs were no longer available, and demand for oil remained
constant, the replacement fuel could have larger greenhouse emissions.
Most oil-related greenhouse gas (GHG) emissions in the state come from the consumption
of fossil fuels such as gasoline and diesel, not the extraction of oil. According to state
emission inventories, GHG emissions from oil and gas production processes equal about
four percent of total GHG emissions in California, although some studies conclude these
emission inventories may underestimate true emissions. Fields with lighter oil result in
low emissions per barrel of crude produced, while fields with heavier oil have higher
emissions because of the need for steam injection during production as well as more
intensive refining needed to produce useful fuels such as gasoline. Well stimulation
generally applies to reservoirs with lighter oil and consequently smaller greenhouse gas
burdens per unit of oil. Oil and gas from San Joaquin Basin reservoirs using hydraulic
fracturing have a relatively smaller carbon footprint than oil and gas from reservoirs such
as those in the Kern River field that use steam flooding (Figure 1.3-10).
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Figure 1.3-10. Distribution of crude oil greenhouse gas intensity for fields containing wellstimulation-enabled pools (left), those that are not stimulated (middle) and all California
oilfields (right) (figure from Volume II, Chapter 3).

If well stimulation were disallowed and consumption of oil and gas in California did not
decline, more oil and gas would be required from non-stimulated California fields or
regions outside of California, possibly with higher emissions per barrel. Consequently,
overall greenhouse gas emissions due to production could increase if well stimulation
were stopped in California. The net greenhouse gas change associated with the use of
hydraulic fracturing requires knowing the carbon footprint of both in-state and out-ofstate production, and understanding the scale of impact requires a market-informed life
cycle analysis.
Recommendation 6.1. Assess and compare greenhouse gas signatures of
different types of oil and gas production in California.
Conduct rigorous market-informed life-cycle analyses of emissions impacts of different
oil and gas production to better understand GHG impacts of well stimulation
(Volume II, Chapter 3).
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Conclusion 6.2. Air pollutants and toxic air emissions5 from hydraulic fracturing
are mostly a small part of total emissions, but pollutants can be concentrated near
production wells.
According to publicly available California state emission inventories, oil and gas production
in the San Joaquin Valley air district likely accounts for significant emissions of sulfur oxides
(SOx), volatile organic compounds (VOC), and some air toxics, notably hydrogen sulfide
(H2S). In other oil and gas production regions, production as a whole accounts for a small
proportion of total emissions. Hydraulic fracturing facilitates about 20% of California
production, and so emissions associated with this production also represent about 20% of
all emissions from the oil and gas production in California. Even where the proportion of
air pollutants and toxic emissions caused directly or indirectly by well simulation is small,
atmospheric concentrations of pollutants near production sites can be much larger than basin
or regional averages, and could potentially cause health impacts.
In the San Joaquin Valley oil and gas production as a whole accounts for about 30% of
sulfur oxides and 8% of anthropogenic volatile organic compound (VOC) emissions. VOCs
in turn react with nitrogen oxides (NOx) to create ozone. Eliminating emissions from oil
and gas production would reduce, but not eliminate the difficult air pollution problems
in the San Joaquin Valley. Oil and gas facilities also emit significant air toxics in the San
Joaquin Valley. They are responsible for a large fraction (>70%) of total hydrogen sulfide
emissions and small fractions (2-6%) of total benzene, xylene, hexane, and formaldehyde
emissions (Figure 1.3-11). Dust (PM2.5 and PM10) is a major air quality concern in the San
Joaquin Valley, and agriculture is the dominant source of dust in the region. The amount
of dust generated by oil and gas activities (including hydraulic fracturing) is comparatively
very small.

5. Toxic air pollutants, also known as hazardous air pollutants, are those pollutants that are known or suspected to
cause cancer or other serious health effects, such as reproductive effects or birth defects, or adverse environmental
effects. Criteria air contaminants (CAC), or criteria pollutants, are a set of air pollutants that cause smog, acid rain, and
other health hazards.
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Figure 1.3-11. Summed facility-level toxic air contaminant (TAC) emissions in San Joaquin
Valley air district). Facility-level emissions derived from a California Air Resources Board

(CARB) facility emissions tool. Total emissions are emissions from all oil and gas facilities in the
air district, including gasoline fueling stations (Volume II, Chapter 3) (figure from Volume II,
Chapter 3).

In the South Coast Air District (including all of Orange County, the non-desert regions
of Los Angeles and Los Angeles County, San Bernardino County, and Riverside County),
upstream oil and gas sources represent small proportions (<1%) of criteria air pollutant
and toxic air contaminant emissions due to large quantities of emissions from other
sources in a highly urbanized area.
Produced gas can be emitted during recovery of hydraulic fracturing
liquids and therefore be a possible source of direct air emissions from well
stimulation. Regulation and control technologies can address these emissions
with proper implementation and enforcement. Federal regulations already
control emissions during fluid recovery from new gas wells using “green
completions,” and California is developing similar regulations for oil wells.
Public data sources provide information about the emissions from all upstream oil and
gas production, but do not include information that would allow separating out the
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contribution of emissions from hydraulically fractured wells. Because well stimulation
facilitates or enables about 20% of California’s oil recovery, indirect air impacts from well
stimulation are likely on the order of one-fifth of total upstream oil and gas air impacts.
Even if upstream oil and gas operations are not a large part of basin-wide air pollution
load, at the scale of counties, cities or neighborhoods, oil and gas development can have
larger proportional impacts. Even in regions where well stimulation-related emissions
represent a small part of overall emissions, local air toxic concentrations near drilling and
production sites may be elevated. This could result in health impacts in densely populated
areas such as Los Angeles, where production wells are in close proximity to homes,
schools, and businesses. Public datasets do not provide specific enough temporal and
spatial data on air toxics emissions that would allow any realistic assessment of these impacts.
Recommendation 6.2. Control toxic air emissions from oil and gas
production wells and measure their concentrations near productions wells.
Apply reduced-air-emission completion technologies to production wells, including
stimulated wells, to limit direct emissions of air pollutants, as planned. Reassess
opportunities for emission controls in general oil and gas operations to limit
emissions. Improve specificity of inventories to allow better understanding of oil
and gas emissions sources. Conduct studies to improve our understanding of toxics
concentrations near stimulated and un-stimulated wells (Volume II, Chapter 3;
Volume III, Chapter 4 [Los Angeles Basin Case Study]).
Conclusion 6.3. Emissions concentrated near all oil and gas production could present
health hazards to nearby communities in California.
Many of the constituents used in and emitted by oil and gas development can damage health,
and place disproportionate risks on sensitive populations, including children, pregnant
women, the elderly, and those with pre-existing respiratory and cardiovascular conditions.
Health risks near oil and gas wells may be independent of whether wells in production have
undergone hydraulic fracturing or not. Consequently, a full understanding of health risks
caused by proximity to production wells will require studying all types of productions wells,
not just those that have undergone hydraulic fracturing. Oil and gas development poses more
elevated health risks when conducted in areas of high population density, such as the Los
Angeles Basin, because it results in larger population exposures to toxic air contaminants.
California has large developed oil reserves located in densely populated areas. For
example, the Los Angeles Basin reservoirs, which have the highest concentrations of oil in
the world, exist within the global megacity of Los Angeles. Approximately half a million
people live, and large numbers of schools, elderly facilities, and daycare facilities exist,
within one mile of a stimulated well, and many more live near oil and gas development
of all types (Figure 1.3-12). The closer citizens are to these industrial facilities, the higher
their potential exposure to toxic air emissions and higher risk of associated health effects.
Production enabled by well stimulation accounts for a fraction of these emissions.
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Figure 1.3-12. Population density within 2,000 m (6,562 ft) of currently active oil production
wells and currently active wells that have been stimulated (figure from Volume III, Chapter 4
[Los Angeles Basin Case Study]).

Studies from outside of California indicate that, from a public health perspective, the most
significant exposures to toxic air contaminants such as benzene, aliphatic hydrocarbons
and hydrogen sulfide occur within 800 m (one-half mile) from active oil and gas development.
These risks depend on local conditions and the type of petroleum being produced.
California impacts may be significantly different, but have not been measured.
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Recommendation 6.3. Assess public health near oil and gas production.
Conduct studies in California to assess public health as a function of proximity to
all oil and gas development, not just stimulated wells, and develop policies such as
science-based surface setbacks, to limit exposures (Volume II, Chapter 6; Volume III,
Chapters 4 and 5 [Los Angeles Basin and San Joaquin Basin Case Studies]).
Conclusion 6.4. Hydraulic fracturing and acid stimulation operations add some
occupational hazards to an already hazardous industry.
Studies done outside of California found workers in hydraulic fracturing operations were
exposed to respirable silica and VOCs, especially benzene, above recommended occupational
levels. The oil and gas industry commonly uses acid along with other toxic substances for both
routine maintenance and well stimulation. Well-established procedures exist for safe handling
of dangerous acids.
Occupational hazards for workers who are involved in oil and gas operations include
exposure to chemical and physical hazards, some of which are specific to well stimulation
activities and many of which are general to the industry. Our review identified studies
confirming occupational hazards directly related to well stimulation in states outside
of California. The National Institute for Occupational Safety and Health (NIOSH) has
conducted two peer-reviewed studies of occupational exposures attributable to hydraulic
fracturing across multiple states (not including California) and times of year. One of the
studies found that respirable silica (silica sand is used as a proppant to hold open fractures
formed in hydraulic fracturing) was in concentrations well in excess of occupational
health and safety standards (in this case permissible exposure limits or PELs) by factors
of as much as ten. Exposures exceeded PELs even when workers reported use of personal
protective equipment. The second study found exposure to VOCs, especially benzene,
above recommended occupational levels. The NIOSH studies are relevant for identifying
hazards that could be significant for California workers, but no study to date has
addressed occupational hazards associated with hydraulic fracturing and other forms of
well stimulation in California.
While both hydrochloric acid and hydrofluoric acid are highly corrosive, hydrofluoric acid
can be a greater health risk than hydrochloric acid in some exposure pathways because of
its higher rate of absorption. State and federal agencies regulate spills of acids and other
hazardous chemicals, and existing industry standards dictate safety protocols for handling
acids. The Office of Emergency Services (OES) reported nine spills of acid that can be
attributed to oil and gas development between January 2009 and December 2014. Reports
also indicate that the spills did not involve any injuries or deaths. These acid spill reports
represent less than 1% of all reported spills of any kind attributed to the oil and gas
development sector in the same period, and suggest that spills of acid associated
with oil and gas development are infrequent, and industry protocols for handling acids
protect workers.
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Employers in the oil and gas industry must comply with existing California occupational
safety and health regulations, and follow best practices to reduce and eliminate illness
and injury risk to their employees. Employers can and often do implement comprehensive
worker protection programs that substantially reduce worker exposure and likelihood of
illness and injury. However, the effectiveness of these programs in California has not been
evaluated. Engineering controls that reduce emissions could protect workers involved in
well stimulation operations from chemical exposures and potentially reduce the likelihood
of chemical exposure to the surrounding community.
Recommendation 6.4. Assess occupational health hazards from proppant use
and emission of volatile organic compounds.
Conduct California-based studies focused on silica and volatile organic compounds
exposures to workers engaged in hydraulic-fracturing-enabled oil and gas development
processes based on the NIOSH occupational health findings and protocols.
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2.1. Abstract
We have analyzed the hazards and potential impacts of well stimulation on California’s
water resources. Our analysis addresses: (1) the characteristics of water use for well
stimulation; (2) the volumes, chemical compositions, and potential hazards of stimulation
fluids; (3) the characteristics of wastewater production and management; (4) the
potential release mechanisms and transport pathways by which well stimulation chemicals
enter the water environment; and (5) practices to mitigate or avoid impacts to water.
Available records indicate that well stimulation in California uses an estimated 850,000
to 1.2 million m3 (690 to 980 acre-feet) of water per year, the majority of which (91%)
is freshwater. Hydraulic fracturing has allowed oil and gas production from some new
pools where it was not otherwise feasible or economical. We estimate that freshwater
use for enhanced oil recovery in fields where production is enabled by stimulation was 2
million to 14 million m³ (1,600 to 13,000 acre-feet) in 2013. (Well stimulation includes
hydraulic fracturing, matrix acidizing, and acid fracturing; enhanced oil recovery includes
water flooding, steam flooding, and cyclic steaming, described briefly in Section 2.3
below.) Local impacts of water usage appear thus far to be minimal, with well stimulation
accounting for less than 0.2% percent of total annual freshwater use within each of the
state’s Water Resources Planning Areas, which range in size from 830 to 19,400 km2 (320
to 7,500 mi2). However, well stimulation is concentrated in water-scarce areas of the
state, and an increase in water use or drawdown of local aquifers could cause competition
with agricultural, municipal, or domestic water users.
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Over 300 unique chemicals were identified as being used in hydraulic fracturing fluids
in California. Of the chemicals voluntarily reported as used for hydraulic fracturing
in California, over 200 were identified by their unique Chemical Abstracts Service
Registry Number (CASRN). Chemical additives reported without a CASRN cannot
be fully evaluated for hazard, risk, and environmental impacts due to lack of specific
identification. Many of the chemicals reported for use in hydraulic fracturing are also
used for other purposes during oil and gas development, including matrix acidizing.
In an analysis of acid treatments, including both routine cleaning and matrix acidizing
applications, over 70 chemicals were identified as being used in conjunction with acid, of
which over 20 were not reported as used in hydraulic fracturing treatments.
Many of the chemicals used in California do not have the basic suite of physical, chemical,
and biological analysis required to establish the chemicals’ environmental and health
profiles. For example, approximately one-half of chemicals used do not have publicly
available results from standard aquatic toxicity tests. More than one-half are missing
biodegradability, water-octanol partitioning analysis, or other characteristic measurements
that are needed for understanding hazards and risks associated with chemicals.
Wastewater generated from stimulated wells in California includes “recovered fluids”
(flowback fluids collected into tanks following stimulation, but before the start of
production) and “produced water” (water extracted with oil and gas during production).
Some information is known about the volumes of recovered fluids and produced water
in California. Data from the Division of Oil, Gas, and Geothermal Resources (DOGGR)
indicate that there is no substantive difference between the volume of produced water
generated from stimulated wells and non-stimulated wells. Recent data submitted to
DOGGR by operators show that the volume of recovered fluids collected after stimulation
are a small fraction of the injected fluid volumes (<5%) for hydraulic fracturing treatments,
but are higher (~50–60%) for matrix acidizing treatments. The data also show that the
recovered fluids are a very small fraction of the produced water generated in the first
month of operation. These results indicate that some fraction of returning stimulation
fluids is present in the produced water from wells that have been hydraulically fractured.
Little is known about the chemical composition of wastewater from stimulated wells and
unconventional oil and gas development. Under new regulations, chemical measurements
are being made on recovered fluids, and results show that recovered fluids can contain
high levels of some contaminants, including total carbohydrates (indicating the
presence of guar) and total dissolved solids (TDS). Some data are available on produced
water chemistry from conventional wells in California, but there were no data on the
composition of produced waters from stimulated wells available during this study. Lack of
understanding of the chemistry of produced water from stimulated wells is identified as a
significant data gap.
The recovered fluids are typically stored in tanks at the well site prior to injection into
Class II disposal wells. In California, produced water is typically managed via pipelines
and disposed or reused in a variety of ways. From January 2011 to June 2014, reports
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indicate nearly 60% of produced water from stimulated wells was disposed of by
infiltration and evaporation using unlined pits. About one-quarter of the produced water
from stimulated wells, or about 326,000 m3 (264 acre-feet), was injected into Class II
wells for disposal or enhanced recovery. The disposition method for 17% of the produced
water from stimulated wells is either not known or not reported. We note that operators
have suggested that the data submitted to DOGGR may not reflect current operating
practice due to mistakes in reporting to that agency. Although limited data are available
on current treatment and reuse practices in California, it is probable that standard practice
for oil-water separation and treatment prior to reuse are unlikely to remove most well
stimulation chemicals or their byproducts that may be found in produced water.
Several plausible mechanisms and pathways associated with well stimulation can lead
to release of contaminants into surface and groundwater. The release mechanisms of
highest priority result from operations that are part of historically accepted practices in
the California oil and gas industry, such as disposal of produced water in unlined pits,
injection of produced water into potentially protected groundwater, reuse of produced
water for irrigation, and disposal of produced water into sewer systems. The concerns
related to produced water are relevant to well stimulation because (1) produced water
from stimulated wells can contain returned stimulation fluids, and (2) the quality of
formation water from stimulated reservoirs could differ from that of conventional
reservoirs, and the extent to which they differ is currently unknown. Other concerns of
medium priority are accidental releases, some of which need to be better studied. These
include the possibility of fractures to serve as leakage pathways (since fracturing depths
are much shallower in California than in other parts of the country), leakage through
degraded inactive or active wells, and accidents leading to spills or leaks. Finally, there
are other releases of low priority, such as operator error and illegal discharges that can be
controlled with proper training, oversight, and monitoring.
A few sampling studies have been conducted to assess the impact of hydraulic fracturing
on water quality. Only one sampling study has been conducted near a hydraulic
fracturing site in California (in Inglewood), but incidents of potential contamination
from other regions, such as Pennsylvania (Marcellus formation) and Texas (Barnett,
Eagle Ford), can be used to determine potential release mechanisms and hazards, and
provide considerations for future monitoring programs in California. While some of the
sampling studies indicate that there has been water contamination associated with, and
allegedly caused by, well stimulation, other studies did not find detectable impacts due to
stimulation. Notably, most groundwater sampling studies do not even measure stimulation
chemicals, partly because their full chemical composition and reaction products were
unknown prior to this study. In general, groundwater contamination events are more
difficult to detect than surface releases, because the effects and release pathways are not
visible in the short-term, baseline water quality data are frequently absent, and sufficient
monitoring has not been done to confirm the presence or absence of well-stimulationinduced contamination.
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2.2. Introduction
Oil and gas development uses water resources and generates wastewater that must be
managed by reuse or disposal. There is public concern that well stimulation technologies,
especially hydraulic fracturing, may significantly increase water use by the oil and gas
industry in California. There is further concern that handling, treatment, or disposal of
stimulation fluids may contaminate water resources.
The water cycle of well stimulation consists of five stages (Figure 2.2-1):
1. acquisition of water needed for the stimulation fluids;
2. onsite mixing of chemicals to prepare the stimulation fluids;
3. injection of fluids into a target oil or gas formation during stimulation;
4. recovery of wastewater (flowback and produced water) following stimulation; and
5. treatment and reuse or disposal of wastewaters (after U.S. EPA, 2012a).

Figure 2.2-1. Five stages of the hydraulic fracturing water cycle (U.S. EPA, 2012a).
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In this chapter, we describe and evaluate the hazards posed by well stimulation on
California’s water resources. Our analysis addresses the following questions:
• What are the volumes of freshwater used for well stimulation in California, and
what are the sources of these supplies (e.g., domestic water supplies, private
groundwater wells, irrigation sources)? How does water use for well stimulation
compare with other uses in California and in the regions where well stimulation
is occurring?
• What chemicals are being used for well stimulation in California? How often and
in what amounts are these chemicals used? What are the physical, chemical, and
toxicological properties of the stimulation chemicals used? To what extent does
this chemical use create a hazard for and potential impacts on water resources in
California?
• What volumes of recovered fluids and produced water are generated from
stimulated wells, and what are the chemical compositions of those waters? Are
volumes and chemical compositions of produced water generated from stimulated
wells and non-stimulated wells different? How are recovered fluids and produced
water managed (e.g., disposal by deep well injection or unlined pits)? Would
existing treatment technologies for produced water remove well stimulation
chemicals that are being used in California?
• What are the release mechanisms and transport pathways related to well
stimulation activities that can potentially contaminate surface and groundwater
resources in California? Is there evidence of how these releases can impact both
surface and groundwater sources? What is the current state of knowledge about
groundwater resources in California, particularly in areas where potential releases
can occur?
• What are the best practices and measures that would avoid or mitigate impacts
to water?
Our sources of information for addressing these questions consist of publicly accessible
data, government reports, industry literature, patents, and peer-reviewed scientific
literature. To the extent possible, we use data and information specific to California,
which originate from several sources. Data sources for chemical and water use information
include the FracFocus Chemical Disclosure Registry (www.FracFocus.org) that was
available for early 2011 through mid-year 2014, and documentation required from
operators under Senate Bill 4 (SB 4), available as of January 1, 2014, which includes Well
Stimulation Notices (reporting on planned well stimulation activities) and Well Stimulation
Treatment Disclosure Reports (reporting after stimulation is complete) (DOGGR, 2014a).
We obtained information from the South Coast Air Quality Management District
(SCAQMD) on water and chemical use during acid treatments that occurred within their
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jurisdiction between June 2013 and June 2014 (SCAQMD 2013; SCAQMD 2014). Data
on the location of oil and gas wells in California, both stimulated and non-stimulated, is
compiled and distributed by DOGGR as a “shapefile,” or geographic data file (DOGGR,
2014b). Additionally, the Central Valley Regional Water Quality Control Board
(CVRWQCB) provided data on the disposal practices associated with unconventional oil
and gas development (CVRWQCB, 2014; CVRWQCB, 2015). Data on produced water
quantity—from both stimulated and non-stimulated wells—were obtained from the
Monthly Production and Injection Database maintained by the California Division of Oil,
Gas, and Geothermal Resources (DOGGR, 2014c).
In Section 2.3, we summarize the quantities and sources of water currently being used
in California for well stimulation. The information on water use data is presented within
the context of regional water use and within the context of other oil and gas production
activities. Next, in Section 2.4, we describe the type and amount of chemicals being used
in stimulation fluids in California. We discuss what is known about hazards associated
with well stimulation chemicals, including the physical, chemical, and toxicological
properties of the well stimulation chemicals that are used to evaluate risks associated with
chemical use. In Section 2.5, we present analyses on the characteristics of wastewater
from unconventional oil and gas development in California, including wastewater
volumes and composition, as well as their disposal and beneficial reuse practices. In
Section 2.6, we describe the release mechanisms and transport pathways relevant to well
stimulation activities in California that can potentially lead to contamination of surface
and groundwater resources—occurring through spills, surface and subsurface leaks, and
current disposal and reuse practices. In Section 2.7, we discuss the potential impacts that
the releases can have on surface and groundwater quality by (1) examining incidents
(or the lack thereof) of contamination that have been reported in California and other
states, and (2) assessing the current state of knowledge about groundwater in California,
particularly in areas that may be impacted by well stimulation activities. We then discuss
alternative practices that could potentially mitigate hazards induced by well stimulation
in Section 2.8. In Section 2.9, we describe several data gaps that were identified through
our analyses. We highlight our major findings in Section 2.10 and present conclusions in
Section 2.11.
2.3. Water Use for Well Stimulation in California
2.3.1. Current Water Use for Well Stimulation
In this section, we estimate the volume of water currently used for well stimulation
in California. Our estimate is based on (1) the average water-use intensity of well
stimulation, i.e., the volume of water used per stimulation operation, and (2) the
average number of well stimulations occurring in the state each month. We estimated
the water-use intensity for each of the three stimulation methods under consideration
(hydraulic fracturing, acid fracturing, and matrix acidization) by analyzing records of
stimulation fluid volume reported by operators to state regulators and to the website
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FracFocus from January 2011 to June 2014.1 We estimated the number of well stimulation
operations occurring each month from a search of oil and gas well records maintained
by the California Department of Conservation’s Division of Oil, Gas, and Geothermal
Resources (DOGGR 2014). In terms of the number of wells that have been hydraulically
fractured, we found that over the last decade, operators fractured about 40%–60% of the
approximately 300 wells installed per month in California, leading us to estimate that 125
to 175 wells per month are hydraulically fractured in the state. Additional detail on how
these quantities were estimated and the associated data sources is provided in Volume I,
Chapter 3, Historical and Current Application of Well Stimulation Technology in California.
Note that limited data were available for certain types of stimulation operations, such as
for offshore operations and acid fracturing.
Figure 2.3-1 shows the range of reported water intensity of well stimulation (or the water
volume used per stimulation operation) in California by stimulation method and well type.
-1 reports our estimated number of well stimulations occurring each month in California
and the average or mean water use intensity of these operations. Based on these data,
we estimate that well stimulation in California uses 850,000 to 1,200,000 m³ (690–980
acre-feet) of water per year. We report a range of estimated water use to represent the
uncertainty in the number of operations that are currently taking place. Operators use
some water directly for well stimulation; chemicals are added to this “base fluid” and
injected during stimulation operations. In addition, the availability of hydraulic fracturing
has opened up some new areas to oil production, contributing to ongoing water uses
for enhanced oil recovery. An analysis of production enabled by stimulation is presented
below in Section 2.3.3.

1. No single source contained complete information on well stimulations in California prior to 2014, when reporting
became mandatory under new regulations required by SB 4. Data sources included the FracFocus website, DOGGR All
Wells shapefile, DOGGR Well Stimulation Notices, DOGGR Completion Reports, Central Valley Regional Water Quality
Control Board, and the South Coast Air Quality Management District.
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Figure 2.3-1. Boxplots showing range of reported water use per well for well stimulation in

California (Jan 2011–Jun 2014) by well type and stimulation type. Box shows the 25th to 75th
percentiles of the data. Central line shows the median. Whiskers extend to the 10th and 90th

percentiles. Outliers are not shown (Data sources: FracFocus, 2014; DOGGR, 2014a; SCAQMD,
2014; CVRWQCB, 2014).

Table 2.3-1. Estimated volume of water use for oil and gas well stimulation operations
in California under current conditions. Number of operations per month estimated
for 2004–2014, and average water intensity estimated for Jan 2011 – June 2014.
Number of
operations per
month

Average Water
Intensity per well
(m³ operation-1)

Estimated Annual
Water Use (m³)

Annual Water
Use (acre-feet
year-1)

125–175

530

800,000–1,100,000

640–900

15–25

300

54,000–90,000

44–73

0–1

170

0–2,000

0–2

850,000–1,200,000

690–980

Hydraulic fracturing
Matrix acidizing
Acid fracturing
Total

Note: We report a range for estimated annual water use to reflect the uncertainty in the number of operations that
are currently occurring. As described in Volume I (pages 104-105), we do not know the exact number of stimulation
operations that occurred before 2014 because reporting was not mandatory. Our estimate of annual water use was
found by multiplying the estimated number of stimulation operations occurring per year in California by the average
water-use intensity per operation.
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It is worth noting that water use reported to the state by operators for the first 11 months
of 2014 (DOGGR, 2014a) was 171,000 m³ (140 acre-feet), significantly lower than our
estimate of the typical annual water use for well stimulation of 850,000 to 1,200,000
m³ (690 to 980 acre-feet) per year, which was based on data from January 2011 to June
2014 obtained from multiple sources. This discrepancy appears to be due to a slowdown
in the number of stimulation operations in 2014 compared to the three previous years.
During 2014, there was an average of 44 stimulation operations each month, down from
an estimated 140 to 200 operations per month during the years from 2011 through 2013.
There could be several causes for this slowdown, including uncertainty among operators
related to new regulations, public pressure, or dropping oil prices in the second half of
2014. The average water use per stimulation operation reported by operators in 2014 also
appears to be somewhat lower than the historical rates of water use. Operators used an
average of 390 m³ (0.32 acre-feet) for hydraulic fracturing operations in 2014, lower than
the average water use of 530 m³ (0.43 acre-feet) during the previous three years.
2.3.2. Water Sources
We investigated where operators are acquiring water for well stimulation by analyzing
data from well stimulation completion reports. Under new SB 4 regulations effective
January 1, 2014, operators are required to send DOGGR a Well Stimulation Treatment
Disclosure Report, referred to here as a “completion report,” within 60 days after
completing stimulation. On this form, operators identify the source of the water they used
as a base fluid for stimulation. They also identify the type of water that makes up the base
fluid, i.e., “water suitable for irrigation or domestic purposes,” “water not suitable for
irrigation or domestic purposes,” or “fluid other than water.”
There were 495 completion reports filed by operators and published by DOGGR between
January 1 and December 10, 2014 (DOGGR, 2014a). Among these reports, there were 15
where the operator reported the volume of water use as zero, which we believe to be an
error. We removed these records, and analyzed the remaining 480 reported stimulations.
A summary of reported water use by source is shown in Table 2.3-2.
Operators obtained the water needed for well stimulation from nearby irrigation districts
(68%), produced water (13%), operators’ own wells (13%), a nearby municipal water
supplier (4%), or a private landowner (1%). About a tenth of the total water volume was
identified as water not suitable for irrigation or domestic use. Why the water was deemed
unsuitable was not specified, but it is presumed that the water had high salt content.
In California, freshwater is defined as having a TDS content less than 3,000 mg L-1 (see
Section 2.7).
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Table 2.3-2. Water sources for well stimulation according to 480 well stimulation
completion reports filed from January 1, 2014 to December 10, 2014.

Water Source

Number of
Operations

Total Water Volume

Percent of Total
Water Volume

m³

acre-feet

Irrigation district

399

117,000

95

68%

Produced water

43

23,000

18

13%

Own well

28

22,000

18

13%

Municipal water supplier

9

7,000

6

4%

Private landowner

1

2,000

2

1%

480

171,000

140

100%

Total

Of the 495 completion reports filed, all but two were for operations in Kern County. Many
of the Kern County operations (397, or 83%) used water from the Belridge Water Storage
District, which was formed to serve farmers in central Kern County with water provided
by the State Water Project. The two submitted completion reports from outside of Kern
County were in Ventura County and conducted by Aera Energy. These operations both
used water from the Casitas Municipal Water Supply District, which provides water to
about 70,000 people and several hundred farms in western Ventura County.
2.3.3. Water Use for Enhanced Oil Recovery
In this section, we analyze water use related to enhanced oil recovery. This analysis
serves two purposes: first, to understand how the freshwater demand for well stimulation
compares to freshwater demand for enhanced oil recovery; and second, to estimate the
additional freshwater demand that occurs when stimulation technology allows production
from new zones to be developed. The application of well stimulation technology has
enabled production in some new pools where it would not have been likely to occur
otherwise. The development of these pools creates additional demands for water,
particularly for enhanced oil recovery. This water demand can be considered additional
to the water that is used directly as the base fluid for well stimulation operations such as
hydraulic fracturing. Below, we examine the water use for what we refer to as production
enabled by well stimulation.
Water is used for a number of different purposes throughout the oil and gas production
process, including drilling, well completion (during which well stimulation occurs), well
cleanout, and for some types of enhanced oil recovery (EOR). Initially, oil production
consists of simply producing oil and gas from the reservoir (primary production). In
California, production in most reservoirs has been occurring for a span of time ranging
from several decades to more than a century, so primary production has ended. Continued
production requires additional processes including water flooding (secondary recovery)
or, in California, steam flooding or cyclic steaming (two of many types of tertiary
recovery). Water flooding and steam flooding involve continuous injection to push oil

58

Chapter 2: Impacts of Well Stimulation on Water Resources

toward production wells, and, in the case of steam, to also reduce the oil’s viscosity along
with other effects. Cyclic steam injection involves periodic injection of steam followed by
a well shut-in period to allow the heat to reduce the oil viscosity, followed by a period of
production, after which the cycle repeats.
We obtained information about the location and volume of water used for enhanced oil
recovery from DOGGR’s Production/Injection Database (DOGGR, 2014c). According to this
data, there were 29,061 wells that injected water or steam into oil and gas reservoirs in
2013. DOGGR’s database also contained information on the type and source of water injected.
We performed a series of analysis to determine the volume, type, and source of water used
for EOR in California. These results are reported in Table 2.3-3. We found that in 2013,
the total volume of water (or water converted to steam) injected by operators totaled 443
million m³ (360,000 acre-feet).
In terms of water source, operators reported that two-thirds of the water injected (288
million m³ or 233,000 acre-feet) was produced water, or water that is pumped to the
surface along with oil and gas, and subsequently re-injected back into the formation,
largely forming a closed loop system. Operators using solely produced water for injection
are not generally competing with other water users. Approximately one-third of injected
water was not produced water, which means operators obtained this water from another
source. We refer to this water here as externally sourced water. Another 23% of injected
water was externally sourced salt water; this includes saline groundwater (94 million m3,
or 76,000 acre-feet) and ocean water (7 million m3, or 5,000 acre-feet).
In addition to produced water, however, operators are also injecting externally sourced
freshwater for enhanced oil recovery. In 2013, operators reported 3% of injected water
as “freshwater” (15 million m³ or 12,000 acre-feet). However, we estimated freshwater
use may be as high as 14%, based on ambiguity in the reporting categories in DOGGR’s
database. DOGGR’s database allows operators to report water type in one of five
categories; one of these is labeled “freshwater,” but some of the other categories may be
composed partly or entirely of freshwater. These ambiguous categories include “water
combined with chemicals such as polymers,” “another kind of water,” and “not reported.”
By combining these categories with the freshwater category, we estimate injected
freshwater in 2013 may have been as high as 60 million m³ (49,000 acre-feet).
In order to understand where operators are obtaining freshwater for EOR, we performed
another set of queries and analyses using DOGGR’s Production/Injection database. In
2013, operators reported that they obtained freshwater for injection from several sources:
domestic water systems (72%), water source wells (25%), wastewater from an industrial
facility (1.6%), and not reported (1.4%) or reported as “another source or combination of
the above sources” (0.1%).

59

Chapter 2: Impacts of Well Stimulation on Water Resources

Table 2.3-3. Breakdown of injected water for enhanced oil recovery by source and type of
water, in million m3 per year, in 2013. This does not include water for well stimulation.

All sources:
Produced from an oil or gas well
Ocean

million
m3

% total

288

65%

<0.001

<0.1%

Other Sources

155

35%

Total

443
million
m3

% total

Salt water

94

61%

Water combined with
chemicals such as polymers

22

14%

Not Reported

17

11%

Another kind of water

6

3.9%

Freshwater

15

9.8%

Breakdown of water type in “Other sources” above:

155

Total other sources

million
m3

Source of freshwater listed above:

% total

Domestic water systems

11

72%

Produced from a water source well

4

25%

Wastewater from an industrial facility

0.2

1.6%

Not reported

0.2

1.4%

0.015

0.1%

Another source or combination of the above sources

15

Total all externally sourced freshwater
Note: Table figures may not add due to rounding.

We analyzed how much freshwater is used for EOR in fields where production is
enabled by well stimulation technology. To do this, we summarized freshwater use for
EOR in pools that we had previously categorized as having production enabled by well
stimulation. These are typically formations with low transmissivity where oil or gas
production is not economically feasible without fracturing. We identified these pools by
analyzing well records maintained by DOGGR, and identified 68 pools where the majority
of new production wells from 2002 to 2013 were hydraulically fractured (see Volume I
for detailed analysis. We estimate that water use for EOR in these pools ranged from 2
million to 14 million m³ (1,600 to 13,000 acre-feet) in 2013, while freshwater use for EOR
in all other oil and gas fields was 13 million to 44 million m³ (11,000 to 36,000 acre-feet)
in 2013, as shown in Figure 2.3-2. Thus, we may conclude that between 15% and 30% of
freshwater use for EOR in California in 2013 can be attributed indirectly to the application
of well stimulation.
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We also compared the total volume of freshwater that oil and gas operators use for well
stimulation to the volume used for enhanced oil recovery. Based on our estimates above,
operators used from 2 to 15 times more freshwater for EOR than they used for well
stimulation in 2013. Figure 2.3-2 compares the estimated volume of water used for well
stimulation with the volume of water injected for EOR in 2013.

50

Estimated annual water use (million m³)

13 – 44 × 10⁶ m³
11,000 – 36,000 ac-ft
40
30

30
possibly
freshwater

20

20
2 – 14 × 10⁶ m³
1,600 – 13,000 ac-ft
10
10
0.8 – 1.2 × 10⁶ m³
690 – 980 ac-ft
0

Freshwater use for
hydraulic fracturing and
matrix acidizing

reported
freshwater

Freshwater use for
hydraulic fracturingenabled EOR

Freshwater use for EOR
elsewhere

Estimated annual water use (thousand acre-feet)

40

0

Figure 2.3-2. Estimated annual freshwater use for well stimulation (left), enhanced oil recovery
(EOR) in 2013 in reservoir where most wells are hydraulically fractured (middle), and EOR in
2013 in other reservoirs (right). Well stimulation including hydraulic fracturing occurs before
the well goes into production. EOR occurs throughout production.

Note: The solid bar in this figure represents water volume explicitly classified as freshwater in the DOGGR Production
Database. The hatched area represents water used for EOR that is reported as a type that may be all or part
freshwater. When we include “water combined with chemicals such as polymers,” “another kind of water,” and blank
records (unknown water type), freshwater use for enhanced oil recovery may be as high as 60 million m³ (49,000
acre-feet).
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2.3.4. Water Use for Well Stimulation in a Local Context
Water use for well stimulation and stimulation-enabled EOR in California is small in the
context of the state’s total water use; our estimate of this water use for well stimulation is
less than 2 million m3 (<2,000 acre-feet) per year (Table 2.3-1 and Figure 2.3-2), while
human water use statewide averages about 56 billion m3 (45 million acre-feet) per year
(DWR, 2014a). Water concerns, however, are local, and the impacts of that water use
should be evaluated within a local context. Where oil and gas extraction occurs alongside
other uses, it can mean competition over a limited resource, especially where the oil and
gas industry is usually willing and able to pay more for water than irrigators or other
water users (Freyman, 2014; Healy, 2012).
To get a better sense of water use in regions where well stimulation has been reported, we
examined water use within Planning Areas, also referred to as “PAs”. PAs are geographic
units created by the California Department of Water Resources (DWR) for the planning
and management of the state’s water resources. DWR divides the state into 56 PAs,
ranging in size from 830 to 19,400 km2 (320 to 7,500 mi2), with an average size of 6,700
km2 (2,600 mi2). PA boundaries typically follow watershed boundaries, but are sometimes
coincident with county boundaries or hydrologic features, such as rivers and streams.
From January 2011 to the end of May 2014, well stimulation was documented in 19 of the
state’s 56 PAs (Table 2.3-4). We estimated the amount of water used for well stimulation
and hydraulic-fracturing-enabled EOR by PA and compared that water use to total water
use for the area (Table 2.3-4).
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Table 2.3-4. Estimated annual water use for well stimulation and hydraulic
fracturing-enabled EOR by water resources Planning Area.

Planning Area
Santa Ana

For well
stimulation
operations (m³)

For enabled
EOR (m³)

Total water use
(stimulation +
EOR, m³)

% of water use in
Planning Area

1,300

1,300

Metro Los Angeles

25,000

25,000

0.0013%

Santa Clara

11,000

11,000

0.0018%

270

270

Central Coast Southern
Semitropic
Kern Delta
Kern Valley Floor
Uplands
Central Coast Northern
Western Uplands

930,000

2,000,000*

2,900,000

0.000082%

0.000043%
0.19%

2,100

2,100

0.00011%

18,000

18,000

0.0016%

9,300

9300

900

900

2,900

2,900

0.015%
0.00011%
0.10%

San Luis West Side

260

260 0.000017%

Lower Kings-Tulare

750

750

0.000031%

North Bay

930

930 0.00035%

San Joaquin Delta

440

440

1,300

1,300

Sacramento River Delta
Central Basin, West
Colusa Basin

480

480

2,900

2,900

0.000038%
0.00018%
0.000044%
0.00011%

Butte-Sutter-Yuba

3,100

3,100

0.000098%

Offshore

6,600

6,600

n/a

Total

1,000,000

2,000,000

3,000,000

0.0057%

*In this table, we report the low estimate for water use for EOR in fields where production is enabled by well
stimulation. In Section 2.3.3, we found that this water use may range from 2 million to 14 million m³ (1,600 to
13,000 acre-feet).
Note: Water use estimates for Planning Areas are for the year 2010 (from DWR, 2014b). Numbers may not sum to
the total values due to rounding.
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Figure 2.3-3. Map showing oil and gas wells stimulated from January 2011 through June 2014
and Water Resources Planning Areas in the Tulare Lake basin.

The majority of well stimulation operations occurred in western Kern County in the
Semitropic PA (Figure 2.3-3). All of the reported matrix-acidizing operations are in this
PA as well, as is all the freshwater use for EOR enabled by hydraulic fracturing. Water use
for well stimulation and hydraulic-fracturing-enabled EOR comprises less than 0.1% of
human water use in almost all PAs where stimulation occurs. Water use by PA attributable
to well stimulation ranged from a low of 270 m³ (0.22 acre-feet) in the Central Coast
Southern and San Luis West Side PA, to a high of 2,900,000 m³ (2,400 acre-feet) in the
Semitropic PA (Table 2.3-4). Even within the Semitropic PA, where the vast majority of
well-stimulation-related freshwater use occurs, water use for well stimulation accounts
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for only 0.19% of water use (Table 2.3-5). Within this PA, the largest water use is for
irrigated agriculture, which used 1,500 million m³ (1.2 million acre-feet) in 2010. This is
followed by energy production and urban use.
Table 2.3-5. Estimated annual water use for well stimulation and hydraulic fracturingenabled EOR in the Semitropic Planning Area compared to applied water volumes
estimated by DWR for 2010. Note water use for hydraulic fracturing-enabled EOR
was subtracted from energy production water volume estimated by the DWR.
million m³ year-1

acre-feet year-1

2.9

2,400

Energy Production

19

15,000

Urban (commercial, industrial, residential)

10

8,000

1,500

1,200,000

1,530

1,220,000

Well stimulation and hydraulic fracturing-enabled EOR
Estimated Applied Water in 2010*

Agricultural
Total

*Numbers may not sum to total due to rounding

Despite its relatively low freshwater use, concerns have been raised by some water
analysts and environmental organizations that freshwater use for hydraulic fracturing
could have a negative impact because it is concentrated in relatively water-scarce regions,
and the additional demand could strain available supplies (e.g., Summer, 2014; Center for
Biological Diversity, 2015). Competition for water could become more critical in the face
of extended drought.
Most of the hydraulic fracturing in California takes place in the San Joaquin Valley,
where groundwater has been over-drafted by agriculture for over 80 years, causing a
host of problems, including subsidence of the land surface. The 8-meter drop in the land
surface near Mendota, California, is among the largest ever that has been attributed to
groundwater pumping (Galloway et al., 1999). New water demands on top of already
high competition for water could further deplete the region’s aquifers, as has been
observed in other water-scarce regions of the U.S. where hydraulic fracturing is occurring
(Reig et al., 2014). This could cause concern for smaller communities and domestic users
that rely on local groundwater. In the San Joaquin Valley, farmers and communities
also depend on imported water delivered by canals, deliveries of which have become
increasingly unreliable in recent years (DWR, 2014a). On the other hand, in some areas,
produced water from oil fields that have low salt concentrations can be a source of water,
and is being reused for a variety of beneficial purposes, including for irrigation and
groundwater recharge, as discussed in Section 2.6.
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2.4. Characterization of Well Stimulation Fluids
2.4.1. Understanding Well Stimulation Fluids
Understanding the composition, or formulations, of well stimulation fluids is an important
step in defining the upper limits of potential direct environmental impacts from hydraulic
fracturing and other well stimulation technologies. The amounts of chemicals added
to well stimulation fluid define the maximum possible mass and concentrations of
chemical additives that can be released into the environment. The chemicals added to
well stimulation fluid might also influence the release of metals, salts and other materials
found naturally in oil and gas bearing geological formations. Due to the economic value
of individual well-stimulation-fluid formulations and competition between oil field service
companies, operators and service companies have been generally reticent about releasing
detailed information concerning the types and amounts of chemicals used in specific
formulations. Often when information is released, the information may be incomplete
(e.g., Konschnik et al., 2013). This lack of transparency has heightened uncertainty and
concerns about the chemicals used in well stimulation fluid.
We investigated the composition of well stimulation fluids that are used in California with
the objectives of (1) developing an authoritative list of chemicals used for well stimulation
in California, (2) determining the concentrations at which the chemicals are used, and
(3) estimating the amount (mass) of each chemical that is used per well stimulation.
Characteristics of stimulation chemicals, including aquatic and mammalian toxicity were
also evaluated (see below and Chapter 6). Chemical disclosures include information on
the volume of water used as a “base fluid” and the concentrations of chemicals present in
individual well-stimulation-fluid formulations, from which the mass of chemicals used per
stimulation can be estimated.
We compiled the reported uses of chemical additives in hydraulic fracturing and acid
treatments, and evaluated the information using numerous approaches. A list containing
hundreds of chemicals can be initially bewildering, even to experts, and it is helpful
to understand the significance of individual chemicals or chemicals in mixtures in the
context of their frequency of use, the amounts used, and their hazardous properties, such
as toxicity. Other information to help understand and evaluate chemicals includes the
purpose of their use, the class of chemical to which they belong, and other distinguishing
characteristics, such as vapor pressure and water solubility. Previous studies have
evaluated and characterized chemical additives to well stimulation fluids that are
in common use nationally (Stringfellow et al., 2014; U.S. House of Representatives
Committee on Energy and Commerce, 2011; U.S. EPA, 2012a). In this study, we examine
chemicals specifically used in California and develop a comprehensive list of wellstimulation-fluid additives for California.
In this section, chemicals known to have been constituents of well stimulation fluids
in California are ranked and characterized for their hazardous properties in relation
to aquatic environments. Chapter 6 addresses hazards in the context of human health.
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Understanding hazard is important; however, the risk associated with any individual
chemical is a function of the release of the material to the environment, how much
material is released, the persistence of the compound in the environment, and many other
properties and variables that allow a pathway to human or environmental receptors. A
full risk assessment is beyond the scope of this study. However, information on hazard,
toxicology, and other physical, chemical, and biological properties developed in this
section are fundamental to the understanding of environmental and health risk associated
with well stimulation treatments in general, and well stimulation fluid specifically.
2.4.2. Methods and Sources of Information
Prior to the enactment of SB 4 authorized regulation in California in January 2014, all
information from industry on the composition of well stimulation fluid was released on
a voluntary basis. A primary source of data for the analysis in this section was voluntary
disclosures reported to the FracFocus Chemical Disclosure Registry (http://fracfocus.
org/). The data used in this analysis include disclosures entered into the Chemical
Disclosure Registry for hydraulic fracturing in California prior to June 12, 2014. This
analysis includes listing all the chemicals used in 1,623 hydraulic fracturing treatments
conducted in California between January 30, 2011 and May 19, 2014 (Appendix A, Table
2.A-1). The mass used per treatment and the frequency of use were only calculated using
well stimulation treatments that had complete records (Appendix A, Table 2.A-1). A
complete treatment record was a record that included the volume of base fluid used, the
concentration of the base fluid and the concentration of each chemical used as percent
of total treatment fluid mass, and where the sum of the reported masses was between
95% and 105%. Of the 1,623 reported applications, 1,406 (87%) met the criteria for
complete records.
The Chemical Disclosure Registry only includes disclosures for hydraulic fracturing
treatments and does not include other well stimulation treatments, such as matrix
acidizing treatments. Sources of information for acid treatments include Notices of Intent
and Completion Reports submitted to DOGGR since December 2013 under new SB 4
regulations and chemical use reported to SCAQMD under reporting regulations in effect
since 2013 (SCAQMD, 2013).
There were an estimated 5,000 to 7,000 hydraulic fracturing treatments in California
between 2011 and 2014, suggesting that the voluntary disclosure record represents only
one-third to one-fifth of the estimated total hydraulic fracturing treatments. However, the
disclosures include the major producers and service companies operating in California,
including Baker Hughes, Schlumberger, and Halliburton. The chemical additives listed in
the voluntary disclosures were consistent with additives described in information available
from industry literature, patents, scientific publications, and other sources, such as
government reports (e.g., Gadberry et al., 1999; U.S. EPA, 2004; Baker Hughes Inc., 2011;
2013; Stringfellow et al., 2014). Therefore, it is concluded that this list is representative of
chemical use for well stimulation in California.
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The hazard that a material may present if released to the environment is assessed using
a number of criteria, including the toxicity of the chemical to aquatic species selected
to represent major trophic levels of aquatic ecosystems. Common standard test species
include the fathead minnow (Pimephales promelas); various species of trout; daphnia,
such as Daphnia magna; and various species of green algae (U.S. EPA, 1994; OECD,
2013). The test species represent a basic aquatic food chain of primary producers (algae),
grazers (daphnia), and predators (minnows). The species tested are typically selected
on the basis of availability, regulatory requirements, and past successful use. Other
test species (e.g., trout) may be selected for testing based on commercial, recreational,
and ecological importance. Standardized test data for lethality are typically reported as
median lethal dose (LD50) for mammals and median lethal concentration (LC50) for fish.
In the case of aquatic crustaceans and algae, the effective concentration at which 50%
of the test population is adversely affected is determined and reported as the median
effective concentration (EC50). Since aquatic toxicity tests are highly standardized, the
results can be used to compare and contrast industrial chemicals (Stringfellow et al.,
2014). Experimental tests against aquatic species are an important component of an
ecotoxicological assessment.
For this study, we examine the acute toxicity of individual chemicals to fathead minnows,
daphnia, and algae. Acute toxicity data were collected only for the chemicals used in well
stimulation in California that were identified by CASRN. Toxicity data were gathered from
publicly available sources as shown in Table 2.4-1. Computational methods (EPI Suite)
were applied in an attempt to fill data gaps when chemicals have not been thoroughly
tested using experimental methods (Mayo-Bean et al., 2012; U.S. EPA, 2013c). The U.S.
EPA cautions that EPI Suite is a screening-level tool and should not be used if acceptable
measured values are available (U.S. EPA, 2013c). In this study, we only included EPI Suite
results if experimental results were not available. In the case of green algae, insufficient
experimental results were found, and only EPI Suite results were used in the analysis.
The EPI Suite values for freshwater fish were also used to fill data gaps for both fathead
minnow and trout toxicity (Appendix B, Figure 2.B-1).
Ecotoxicity results were interpreted in the context of the Globally Harmonized System
(GHS) criteria for the ranking and classification of the acute ecotoxicity data. A similar
approach was taken to evaluate mammalian toxicity and is described in Chapter 6. The
United Nations Globally Harmonized System (GHS) of Classification and Labeling of
Chemicals was used to categorize chemicals based upon their LD50, LC50, or EC50 values
(Appendix A, Tables 2.A-2 and 2.A-3) (United Nations, 2013). In the GHS system, lower
numbers indicate greater toxicity, with a designation of “1” indicating the most toxic
compounds (Appendix A, Tables 2.A-2 and 2.A-3). Chemicals for which the LD50, LC50, or
EC50 exceeded the highest GHS category were classified as non-toxic.
Physical and chemical data for fracturing fluid additives was obtained from online
chemical information databases, government reports, chemical reference books, materials
safety data sheets, and other sources as previously described (Stringfellow et al., 2014).
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Physical and chemical data are mostly based on laboratory tests using pure compounds.
Physical, chemical, and toxicological properties were selected for inclusion in this study
based on their use in environmental fate and transport studies, treatability evaluations,
remediation efforts, and risk assessments (Stringfellow et al., 2014). Chemicals used in
well stimulation were categorized as non-biodegradable or biodegradable using OECD
guidelines (OECD, 2013). Biodegradability is useful for determining the effectiveness
of biological treatment for wastewaters and the fate of chemicals released into the
environment. In the absence of measured biodegradation data, computational methods
developed for the U.S. EPA (e.g., BIOWIN) were used to estimate biodegradability (U.S.
EPA, 2012b).
Table 2.4-1. Sources for physical, chemical, and toxicological information
for chemicals used in well stimulation treatments in California.

U.S. EPA (Environmental Protection Agency), ACToR (Aggregated Computational Toxicology Resource)
Database, 2013, http://actor.epa.gov/actor/faces/ACToRHome.jsp
National Library of Medicine, ChemIDplus Advanced. http://chem.sis.nlm.nih.gov/chemidplus/
U.S. EPA (Environmental Protection Agency) and Office of Pesticide Programs, ECOTOX Database Version 4.0,
2013, http://cfpub.epa.gov/ecotox/
European Chemicals Agency (ECHA), International Uniform Chemical Information Database (IUCLID), CDROM Year 2000 Edition, 2000.
National Institute of Technology and Evaluation, Chemical Risk Information Platform (CHRIP). http://www.
safe.nite.go.jp/english/db.html
R.J. Lewis, N.I. Sax, Sax’s dangerous properties of industrial materials, 9th ed., Van Nostrand Reinhold, New
York, NY, 1996
Syracuse Research Corporation PhysProp Database
National Library of Medicine, Toxicology Data Network (TOXNET) Hazardous Substance Data Bank (HSDB),
2013, http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
SciFinder, Chemical Abstract Service, Colombus, OH, https://scifinder.cas.org
Materials Safety Data Sheets from Sigma-Aldrich, BASF, Spectrum, ExxonMobil, Alfa Aesar, Clariant, and other
chemical suppliers
Organization for Economic Cooperation and Development (OECD) - Screening Information Data Set
California Prop 65, Chemicals Known to the State to Cause Cancer or Reproductive Toxicity. http://www.
oehha.ca.gov/prop65/prop65_list/files/P65single050214.pdf
International Agency for Research on Cancer (IARC), IARC Monographs on the Evaluation of
Carcinogenic Risks to Humans, World Health Organization. http://monographs.iarc.fr/ENG/Classification/
ClassificationsCASOrder.pdf
U.S. EPA (Environmental Protection Agency), EPI Suite, Experimental Values
Toxic Substance Control Act Test Submissions 2.0, 2014, http://yosemite.epa.gov/oppts/epatscat8.nsf/
ReportSearch?OpenForm
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2.4.3. Composition of Well Stimulation Fluids
2.4.3.1. Chemicals Found in Hydraulic Fracturing Fluids
A list of chemical additives reported to have been used in California for hydraulic
fracturing treatments is shown in Appendix A, Table 2.A-1. The list includes frequency of
use, concentration, and mass of chemicals used for hydraulic fracturing in California, as
reported to the FracFocus Chemical Disclosure Registry prior to June 12, 2014. The list
contained in Table 2.A-1 includes only the subset of hydraulic fracturing treatment data
for which the sum of the reported additives was 100% ± 5%.
As can be seen in Table 2.A-1, not all additives were identified by CASRN, which is a
standardized system for the clear and singular identification of chemicals, otherwise
known by various common names, trade names, or product names, which may or may not
be specific. Of the disclosed chemical additives, there were approximately 230 chemicals
or chemical mixtures identified by CASRN; others were identified by name only. Over
100 chemicals could not be positively identified because a CASRN was not provided. After
analysis and standardization of chemical names, over 300 chemicals or chemicals mixtures
were identified by unique name or CASRN. Since in many cases generic names were
used for chemical additives on the disclosures (e.g., surfactant mixture, salt, etc.), any
enumeration of the number of chemicals used in hydraulic fracturing should be considered
approximate (Table 2.A-1). Many of the additives used in hydraulic fracturing are also
used in other routine oil and gas operations, such as well drilling. Other chemicals are
specific to well stimulation, such as guar and borate cross linkers.
Disclosures that do not provide CASRN for each entry do not allow definitive identification
of the well-stimulation-fluid additive. However, chemical names are generally informative,
and each identified substance was investigated and, where possible, referenced to
specific products sold by the major suppliers of well stimulation services and chemicals
in California. There was a median of 23 individual components—including base fluids,
proppants, and chemical additives—used per treatment (Figure 2.4-1). The number of
unique components used as reported here differs from a recent study by the U.S. EPA,
which reported a median of 19 chemical additives used per treatment in an analysis of
585 disclosures (U.S. EPA, 2015a). The difference between these two studies results in
part because of differences in the number of disclosures examined (585 vs. 1,406 for this
study), but also because the number here includes base fluids and proppants, while the
U.S. EPA study did not include these in developing the median value of 19 (U.S. EPA,
2015a). The disclosures include descriptions for chemicals added for the purpose of
stimulation (e.g., water, gelling agents, biocides, etc.) and entries for so-called impurities
found in the chemicals used for formulating well-stimulation fluid. In many cases,
impurities are reported without concentration data or mass concentrations of <0.001% of
the mass of the injected fluid.
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Impurities are common in industrial-grade chemicals, which are rarely 100% pure.
Impurities are frequently residual feedstock materials from the manufacturing process or
solvents and other materials added to control product consistency or handling properties.
Table 2.A-1 gives the reported median chemical concentration in well stimulation fluid.
Chemicals can be added at hundreds and sometimes thousands of mg kg-1 of fluid. Even
the impurities, which are not specifically added for a purpose directly related to well
stimulation, can occur at high concentrations in well stimulation fluid. For example,
magnesium chloride and magnesium nitrate are inactive ingredients (e.g., impurities)
found in biocides containing 2-methyl-3(2H)-isothiazolone and 5-chloro-2-methyl-3(2H)isothiazolone (Miller and Weiler, 1978). Even though impurities are not added specifically
for well stimulation, they must be considered during an evaluation of the hazards
associated with hydraulic fracturing.

Figure 2.4-1. Frequency distribution of the number of components used per hydraulic fracturing
operation in California. Only complete records were included in the analysis where the sum of
the treatment components was 100 ± 5% (N=1,406).
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2.4.3.2. Chemicals Found in Matrix Acidizing Fluids
There are well stimulation treatments used in California that involve the use of strong
acids, including hydrochloric and hydrofluoric acid (see Volume I, Chapter 2 and 3 and
California Council on Science and Technology (CCST) et al., 2014). Due to the absence
of state-wide mandatory reporting on chemical use in the oil and gas industry, it is
not known how much acid is used for oil and gas development throughout California.
However, available information suggests that there are approximately twenty matrix
acidizing treatments in California per month, but detailed chemical information on
specific treatments are not available. Parts of southern California have mandatory
reporting on the use of all chemicals used for well drilling, reworks, and well completion
activities (http://www.aqmd.gov/). Analysis of these data suggests acid use is widespread
and common for many applications in the industry.
As of December 2013, under interim regulations, DOGGR has required operators to
submit a “Notice of Intent” for well stimulation treatments, including matrix acidizing.
These notices include a list of chemicals that may be used in a planned well stimulation
treatment. Analysis of these mandatory Notices of Intent that were publicly available
between December 2013 and June 2014 found 70 chemicals identified by CASRN. Seven
compounds reported in Notice of Intent documents for matrix acidizing were not found
in voluntary notices reported to the Chemical Disclosure Registry for hydraulic fracturing
treatments (Table 2.4-2).
Table 2.4-2. Seven compounds submitted to DOGGR in a Notice of Intent to perform

matrix acidizing that were publicly available between December 2013 and June 2014
that were not found in voluntary notices reported for hydraulic fracturing to the

FracFocus Chemical Disclosure Registry (Table 2.A-1). Notices of Intent are required for
all well stimulation treatments as of December 2013 under interim regulations.
CASRN

Also reported as used in
hydraulic fracturing
(Table 2.A-1)

Hydroxylamine hydrochloride

5470-11-1

No

Benzaldehyde

100-52-7

No

Cinnamaldehyde

104-55-2

No

61788-90-7

No

7447-39-4

No

Ethylene oxide

75-21-8

No

Sodium iodide

7681-82-5

No

Chemical Name

Amine oxides, cocoalkyldimethyl
Copper dichloride

As of January 2014, under SB 4, DOGGR has also required operators to submit a
“Well Stimulation Treatment Disclosure Report” within 60 days of completion of
well stimulation treatments, including matrix acidizing. These reports include a list
of chemicals that were actually used in a well stimulation treatment. Analysis of the
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disclosure reports available as of May 2015 identified 25 chemical compounds by CASRN
used in matrix acidizing that were not found in the voluntary notices reported to the
Chemical Disclosure Registry between 2011 and June 2014 (Table 2.4-3). However, of
the 25 compounds identified as being used in matrix acidizing, 11 are also reported in the
DOGGR disclosure reports as being used for hydraulic fracturing in 2015. Of the seven
compounds submitted to DOGGR in the Notices of Intent for matrix acidizing (Table 2.42) that were not reported to the Chemical Disclosure Registry, only three were reported
in the Well Stimulation Treatment Disclosure Reports. These results indicate that there
is overlap in chemical use between matrix acidizing and hydraulic fracturing, and that
mandatory reporting will include some chemicals not listed on voluntary disclosures
prior to 2014.
Table 2.4-3. Chemicals used for matrix acidizing in California, as reported in DOGGR’s
Well Stimulation Treatment Disclosure Reports prior to May 5, 2015 that were not
reported for hydraulic fracturing in the FracFocus Chemical Disclosure Registry
(Appendix A, Table 2.A-1). Well Stimulation Treatment Disclosure Reports are

required within 60 days of cessation of well stimulation treatment under SB 4.
CASRN

Also reported as used in
hydraulic fracturing in
DOGGR’s Disclosure Reports

1-Eicosene

3452-07-1

Yes

Hydroxylamine hydrochloride

5470-11-1

No

Chemical Name

Acetaldol

107-89-1

No

1-Tetradecene

1120-36-1

Yes

1-Octadecene
Ammonium fluoride
Benzyldimethylammonium chloride
Lauryl hydroxysultaine

112-88-9

Yes

12125-01-8

Yes

122-18-9

Yes

13197-76-7

Yes

Benzododecinium chloride

139-07-1

Yes

Miristalkonium chloride

139-08-2

Yes

Nitrilotriacetic acid

139-13-9

No

Fatty acids, C18-unsatd., dimers

61788-89-4

No

Amines, hydrogenated tallow alkyl, acetates

61790-59-8

Yes

629-73-2

Yes

1-Hexadecene
Benzoic acid

65-85-0

No

Poly(oxy-1,2-ethanediyl), alpha-(nonylphenyl)omega-hydroxy-, branched, phosphates

68412-53-3

No

Benzenesulfonic acid, C10-16-alkyl derivs., compds.
with 2-propanamine

68584-24-7

Yes

Benzenesulfonic acid, C10-16-alkyl derivs., compds.
with triethanolamine

68584-25-8

Yes

7447-39-4

No

75-21-8

Yes

Copper dichloride
Ethylene oxide
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Chemical Name
Potassium iodide

CASRN

Also reported as used in
hydraulic fracturing in
DOGGR’s Disclosure Reports

7681-11-0

No

Nitrogen

7727-37-9

No

Calcium phosphate, tribasic

7758-87-4

Yes

Aluminum chloride

7784-13-6

No

1,3-Propanediaminium, 2-hydroxy-N,N,N,N’,N’pentamethyl-N’-(3-((2-methyl-1-oxo-2-propenyl)
amino)propyl)-, dichloride, homopolymer

86706-87-8

No

As of June 2013, SCAQMD, which regulates air quality in the Los Angeles Basin, has
required operators to report information on chemical use for well drilling, completion,
and rework operations. Reports from June 2013 through May 2014 were examined for
treatments and operations that used hydrochloric acid; it was found that over 70 other
chemical compounds identified by CASRN were used in conjunction with hydrochloric
acid, according to these mandated reports. Over 20 compounds were identified from
this list that were not found in the voluntary notices reported to the Chemical Disclosure
Registry (Table 2.A-4).
A full analysis of the environmental risks associated with the use of acid and associated
chemicals, such as corrosion inhibitors, requires a more complete disclosure of chemical
use. Many of the same chemicals that are used for hydraulic fracturing are also used for
matrix acidizing and other acid applications. Concerns specific to matrix acidizing, that
may or may not apply to other well maintenance activities or hydraulic fracturing, include
the dissolution and mobilization of naturally occurring heavy metals and other pollutants
from the oil-bearing formation. The significance of this risk, if any, cannot be evaluated
without a more complete understanding of the chemicals being injected and of the fate
and effect of well stimulation fluids in the subsurface. The composition of the fluids
returning to the surface as return flows and produced water needs to be better understood
(Section 2.5).
2.4.4. Characterization of Chemical Additives in Well Stimulation Fluids
2.4.4.1. Characterization by Additive Function
Chemicals added to well stimulation fluids have a variety of purposes, including
thickening agents to keep sand and other proppants in suspension (e.g., gels and
crosslinkers) and chemicals (breakers) added at the end of treatments to remove
thickening agents, leaving the proppant to hold open the newly created fractures (King,
2012; Stringfellow et al., 2014). Table 2.4-4 lists chemical use by function, where the
function could be positively identified. It is apparent that treatments using gels and
cross-linking agents are more common in California than treatments using friction
reducers (Table 2.4-4). In other regions of the country where stimulation is used for
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gas production, friction reducers (slicking agents) are commonly used (King, 2012;
Stringfellow et al., 2014; U.S. EPA, 2015a). Over 80% of the treatments use an identified
biocide and many formulations also include chemicals such as clay control additives. More
information on the purposes of various chemicals used in hydraulic fracturing can be
found elsewhere (King, 2012; Stringfellow et al., 2014; U.S. EPA, 2015a).
Disclosures frequently include descriptions of the purpose of the chemical added to well
stimulation fluid. In the voluntary disclosures examined as part of this study, it was
determined that the information entered for the purpose was very frequently inaccurate
or misleading. In many cases, the purpose of the chemical additive is obscured because
the disclosure reports list multiple purposes for each chemical disclosed. In other cases,
the disclosed purposes are obviously incorrect. Impurities are typically not identified
as such, and are instead given the same purpose description as the active ingredient in
the chemical product. A more transparent explanation of the purpose of each chemical
additive would contribute to a better understanding of the risks associated with well
stimulation fluids.
Table 2.4-4. Hydraulic fracturing chemical use in California by function,

where function was positively identified. This analysis was based on all records
(N=45,058), consisting of 1,623 hydraulic fracturing treatments.
Chemicals used for each
function

Treatments using chemicals
with this function

Breaker

11

1,599

Proppant

20

1,598

Gelling Agent

2

1,593

Carrier

23

1,515

Crosslinker

13

1,405

Biocide

10

1,392

Clay Control

7

1,184

Scale Inhibitor

10

865

Corrosion Inhibitor

8

182

Iron Control

2

60

Function

Friction Reducer

1

13

Diverting Agent

3

10

Antifoam

1

6

2.4.4.2. Characterization by Frequency of Use
Although there are a large number of chemical additives used in well stimulation fluid
(Appendix A, Table 2.A-1), the reported frequency of use of these compounds varies.
As part of an environmental and hazard evaluation involving such an extensive list of
chemicals, it is necessary to set priorities for which chemicals to evaluate first. Although
any individual chemical use is potentially important, it is not practical to evaluate
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all chemicals simultaneously. In this study, we use frequency of use as one of several
parameters (including toxicity and amount used) for recommending specific chemicals for
priority evaluation. The more frequently a chemical is used, the more likely any associated
hazard, if any, could become an environmental or health risk.
Table 2.4-5 lists the 20 reported additives used most frequently in California. This list
excludes proppants (e.g., quartz), bulk fluids (e.g., water), and diatomaceous earth,
which is added as a stabilizer or carrier to biocides and other active ingredients (Greene
and Lu, 2010). Frequently used chemicals on the list include gels and cross-linkers (e.g.,
guar gum, boron sodium oxide), biocides (e.g., 5-chloro-2-methyl-3(2H)-isothiazolone),
breakers (e.g., ammonium persulfate, enzymes), and other treatment additives. Additives
in Table 2.4-5 include solvents and a clay stabilizer. As discussed previously, reporting of
chemical use is not mandatory, but the most frequently reported chemicals (Table 2.4-5)
are in alignment with what is expected from other lines of inquiry and reported literature
(e.g., Stringfellow et al., 2014; U.S. EPA, 2004).
Table 2.4-5. Twenty most commonly reported hydraulic fracturing components
in California, excluding base fluids (e.g., water and brines) and inert

mineral proppants and carriers. This analysis was based on all records
(N=45,058), consisting of 1,623 hydraulic fracturing treatments.

Chemical

CASRN

Treatments using this
chemical

Guar gum

9000-30-0

1,572

Ammonium persulfate

7727-54-0

1,373

Sodium hydroxide

1310-73-2

1,338

107-21-1

1,227

2-Methyl-3(2H)-isothiazolone

2682-20-4

1,187

Magnesium chloride

7786-30-3

1,187

Magnesium nitrate

10377-60-3

1,187

5-Chloro-2-methyl-3(2H)-isothiazolone

26172-55-4

1,184

Ethylene glycol

Isotridecanol, ethoxylated

9043-30-5

1,171

Hydrotreated light petroleum distillate

64742-47-8

1,167

Distillates, petroleum, hydrotreated light paraffinic

64742-55-8

1,129

2-Butoxypropan-1-ol

15821-83-7

1,119

Hemicellulase enzyme

9025-56-3

1,098

138879-94-4

1,076

1,2-Ethanediaminium, N1,N2-bis[2-[bis(2hydroxyethyl)methylammonio]ethyl]-N1,N2-bis(2hydroxyethyl)-N1,N2-dimethyl-, chloride (1:4)
1-Butoxypropan-2-ol

5131-66-8

973

Phosphonic acid

13598-36-2

790

Amino alkyl phosphonic acid

Proprietary

668

Boron sodium oxide

1330-43-4

666

Sodium tetraborate decahydrate

1303-96-4

520

Enzyme G

Proprietary

480
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In Appendix A, Table 2.A-5 contains a list of the approximately 150 chemical additives
that were reported less than ten times in 1,623 applications. From a search of product
literature, patents, and scientific literature, it can be determined with some certainty that
many of the compounds in Table 2.A-5 are impurities (e.g., sodium sulfite), but many are
clearly specific products applied for the purpose of well stimulation (e.g., FRW-16A, which
is a stimulation fluid additive sold by Baker Hughes). Although the voluntary reporting
indicates that these compounds are not widely used in California, the lack of mandatory
reporting means that the frequency of use of these chemicals cannot be determined with
certainty. Based on our analysis that the voluntary disclosure regime appears to produce
representative data, we conclude that the additives that are reported less frequently
(Table 2.A-5) deserve a lower priority for a complete risk analysis than compounds that
are used more frequently (e.g., Table 2.4-5).
2.4.4.3. Characterization by Amount of Materials Used
Another criterion for selecting priority chemicals for a more thorough evaluation is the
amount of material that is used. The concentrations for chemical additives that are used
in median quantities greater than 200 kg (440 lbs) per hydraulic fracturing treatment are
compiled in Appendix A, Table 2.A-6. This table does not include base fluids (water, saline
solutions, or brine), which can account for over 85% of the mass of the well stimulation
fluid. As would be expected, at least nine of the compounds in Table 2.A-6 (Appendix
A) are proppants and many are solvents, crosslinkers, gels, and surfactants. Since the
compounds listed in Table 2.A-6 (Appendix A) are used in significant amounts, they are
considered to be priority compounds that warrant further investigation.
2.4.4.4. Characterization by Environmental Toxicity
For assessing environmental toxicity, aquatic species are typically exposed to varying
concentrations of chemicals under controlled conditions and, after a specified time, the
test species are examined for acute or chronic effects (U.S. EPA, 1994; OECD, 2013).
Toxicity to the environment is inferred from tests against a variety of aquatic species
that fall into the categories of fish, crustaceans, and aquatic plants, usually represented
by algae. In these studies, the test animal is exposed to high concentrations of the test
chemical, and the survival or health of the animals as a function of the exposure is
determined, with the most common acute metric being the concentration at which 50% of
the test population is expected to be adversely effected or dies, if the endpoint is lethality
(see methods section). Since aquatic toxicity tests are highly standardized, the results can
be used to compare and contrast industrial chemicals (Stringfellow et al., 2014).
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Acute Aquatic Toxicity

Acute Aquatic Toxicity
(Daphnia magna)

(Fathead Minnow)

Non-Toxic
12%

Non-Toxic
16%

GHS 3
6.4%

GHS 3
7.2%

GHS 2
3.6%
GHS 1
2%

GHS 2
6.8%
GHS 1
5.6%

Insufficient Data
65%

Insufficient Data
76%

Acute Aquatic Toxicity
(Trout)

GHS 3
5.2%

Acute Aquatic Toxicity (Green Algae)
Computational Toxicity Data Only

Non-Toxic
8.8%

Non-Toxic
31%

GHS 2
4.4%
GHS 1
2.4%

Insufficient Data
40%

GHS 3
6%
Insufficient Data
79%

GHS 2
8.5%

GHS 1
15%

Figure 2.4-2. Aquatic toxicity data for all hydraulic fracturing and acid treatment chemicals.
Chemical toxicity was categorized according to United Nations standards in the Globally

Harmonized System of Classification and Labeling of Chemicals (GHS), which classifies acute
toxicity for aquatic species on a scale of 1 to 3, with 3 being the least toxic.

An overview analysis of the experimental results for acute aquatic toxicity tests are
presented in Figure 2.4-2. Thirty-three chemicals have a GHS ranking of 1 or 2 for at
least one aquatic species (Table 2.A-7), indicating they are hazardous to aquatic species
and could present a risk to the environment if released. Species for which toxicity data
were collected are Daphnia magna, fathead minnows, and trout. The most toxic chemical
additives for these aquatic organisms are shown in Table 2.4-6. Significant data gaps
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exist for aquatic species testing. Daphnia magna toxicity data are missing for 65% of
the chemical additives identified by CASRN, fathead minnow toxicity data are missing
for 76%, and trout data are missing for 79% of chemicals (Figure 2.4-2). EPI Suite
estimations for green algae toxicity are missing for 40% of the chemicals (Figure 2.4-2).
Table 2.4-6. The most toxic hydraulic fracturing chemical additives used in California

with respect to acute aquatic toxicity, based on the United Nations Globally Harmonized
System (GHS) of Classification and Labeling of Chemicals system. Lower numbers

indicate higher toxicity, with a designation of “1” indicating the most toxic compounds.
Results are only shown for chemicals with GHS rating of 1 for any of the aquatic
organisms in the analysis (Daphnia magna, fathead minnows, and trout).

Chemical Name

CASRN

GHS rating

2-Propenoic acid, ammonium salt (1:1), polymer with
2-propenamide

26100-47-0

1

2,2-dibromo-3-nitrilopropionamide

10222-01-2

1

2-Methyl-3(2H)-isothiazolone

2682-20-4

1

5-Chloro-2-methyl-3(2H)-isothiazolone

26172-55-4

1

Alcohols, C10-16, ethoxylated

68002-97-1

1

Alcohols, C12-13, ethoxylated

66455-14-9

1

Alkyl dimethylbenzyl ammonium chloride

68424-85-1

1

Chlorous acid, sodium salt (1:1)

7758-19-2

1

68951-67-7

1

Glutaraldehyde

111-30-8

1

Hydrochloric acid

7647-01-0

1

91-20-3

1

Quaternary ammonium chloride, benzylcoco
alkyldimethyl, chlorides

61789-71-7

1

Solvent naphtha, petroleum, heavy arom.

64742-94-5

1

Ethoxylated C14-15 alcohols

Naphthalene

It is important to note that acute toxicity levels of many compounds from EPA standard
tests of Pimephales promelus (fathead minnow) should be interpreted with caution, since
they may differ from the sensitivity of California species. We examined relative toxicity
(mortality) of a common well stimulation additive in a comparison between California
freshwater fish and Daphnia and minnow species (Table 2.4-7). Several observations were
made, including that (1) toxicity can vary by more than an order of magnitude among fish
species, and (2) in almost all cases, fathead minnow was more resistant to the QAC than
other California resident species. These data underscore the need to perform standardized
toxicity tests with individual well stimulation chemicals and mixtures of well stimulation
chemicals against California species, as well as standard test organisms. Additionally,
toxicity will differ by life history stage, and many embryos or larvae may show much
higher sensitivity to chemicals than adults, further illustrating that standard acute toxicity
tests are just a first step in a more complete evaluation of chemicals (U.S. EPA, 2011).
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The aquatic toxicity tests reviewed in this report describe the effects that varying
concentrations of pure chemicals have on aquatic species, and are most applicable to
effluents and other discharges released directly to surface waters. In the context of normal
operations during well stimulation treatments, chemicals are injected in the subsurface,
where they can interact with subsurface minerals and otherwise undergo chemical
reactions before potentially contacting groundwater or surface water. For example, acids
injected into formation rock react rapidly, and the acidity of the injected fluid diminishes
quickly. Therefore, any comparison made between the concentrations assessed in toxicity
tests and the concentrations reported in well stimulation fluids need to account for the
fact that well stimulation fluids will typically be diluted and altered prior to any potential
contact with either groundwater or surface water. Further study is required to understand
how well stimulation fluids are altered as they interact with surrounding formation
rock, and gaining knowledge of these chemical transformations needs to be an essential
component of future risk assessment studies for unconventional oil and gas development.
Table 2.4-7. Comparison of results between standard test organisms and California

native and resident species. Shown is a comparison of the lethal concentration to 50%
of test organisms (LC50) values across different aquatic species towards a common

quaternary ammonium compound (QAC) used in hydraulic fracturing fluids. If different

LC50 values for the same experimental conditions were present in the EPA’s Pesticide
Ecotoxicity Database, a range of test concentrations was noted. In addition, some

experiments had different exposure duration when the effect was observed, leading to

lower LC50 values with increasing exposure duration e.g., for the striped bass. (U.S. EPA
and Office of Pesticide Programs, 2013; Bills et al., 1993; Krzeminski et al., 1977).

Alkyl dimethylbenzyl ammonium chloride
CASRN 68424-85-1
LC50 or EC50 (µg L-1)

Species
Water Flea (Daphnia magna)1

37–158

Fathead Minnow (Pimephales promelas)

280–1,400

Bluegill (Lepomis macrochirus)

68–5,300

Rainbow Trout (Oncorhynchus mykiss)

64–7,690

2

Brown Bullhead (Ameiurus nebulosus)

1,590

Green Sunfish (Lepomis cyanellus)

2,250

Redear Sunfish (Lepomis microlophus)

740

Smallmouth Bass (Micropterus dolomieu)

1,370

Largemouth Bass (Micropterus salmoides)

1,130

Striped Bass (Morone saxatilis)

2,820–14,200

Channel Catfish (Ictalurus punctatus)

980

Brown Trout (Salmo trutta)

1,950

Lake Trout (Salvelinus namaycush)

420

Goldfish (Carassius auratus)
1

1,490

In the case of Daphnia magna, results are reported as effective concentration where 50% of the test population is

immobilized at the indicated concentration (EC50). For all other species, the results are measured as mortality (LC50).
2

Native California species, all other fish are non-native resident species.
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2.4.5. Selection of Priority Chemicals for Evaluation Based on Use and
Environmental Toxicity
Identification of priority chemical additives for further investigation is an important step
toward a complete understanding of the potential direct impacts of hydraulic fracturing
and other well stimulation treatments. Using the information and analysis discussed
above, we can develop a proposed list of priority chemical additives, based on toxicity
and mass used (Appendix A, Table 2.A-8). Chemicals on this list were ranked and given
a “Tox Code,” representing the highest toxicity ranking the compound received under the
GHS system for any environmental toxicity test using aquatic species. The Tox Code was
combined with the analysis of the mass of chemical used per well stimulation treatment
to allow better synthesis of information (Appendix A, Table 2.A-8). In Chapter 6, a
similar approach is taken for the ranking of chemicals in the context of public health and
expanded to create a human-health-hazard screening index and includes other impact
factors in addition to toxicity and mass of chemical used.
The chemicals list in Table 2.A-8 represent the “known knowns,” namely chemicals
for which we have a CASRN and some level of toxicity information. In addition to the
evaluation of these chemicals, we need to consider the “known unknowns,” that for
the majority of chemicals identified by CASRN we do not have sufficient toxicological
information for characterization (Figures 2.4-2, Appendix B, 2.B-1, and 2.B-2). In
addition, there are the “unknown unknowns,” represented by the large number of
chemicals (discussed below) that are not identified by CASRN (Appendix A, Table 2.A9) and the large number of well stimulation treatments for which no information was
reported under the voluntary disclosure system.
2.4.6. Chemical Additives with Insufficient Information to be Fully Characterized
Over 100 of the materials listed in Table 2.A-1 (see Appendix A) are identified by nonspecific names and are reported as trade secrets, confidential business information, or
proprietary information (Appendix A, Table 2.A-9). These materials cannot be evaluated
for hazard, risk, and environmental impact without more specific identification. Chemical
additives that are not identified by CASRN cannot be conclusively identified and cannot be
fully evaluated. As can be seen from Tables 2.A-1 and 2.A-6, many of these unidentified
or poorly identified compounds are used frequently or in significant amounts for well
stimulation. Without complete identifying information, it is not possible to know if
more than one chemical (a chemical mixture) is being reported using the same common
name. Therefore, 100 chemicals could be the minimum number of completely unknown
materials. Additives that were not identified by CASRN were not included in the hazard
analysis discussed below.
Undefined chemicals should not be ignored, and some hazard information can be inferred
from the reported common names. For example, the common names “oxyalkylated amine
quat,” “oxyalkylated amine,” “quaternary amine,” and “quaternary ammonium compound”
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all indicate that these additives fall into the category of quaternary ammonium
compounds (QACs). Similarly, many of the general names suggest that the proprietary
additives are surfactants (e.g., “ethoxylated alcohol,” “surfactant mixture,” etc.) that are
widely used in the industry. Surfactants and QACs have broad application in both industry
and household use, and QACs can be used as biocides (Kreuzinger et al., 2007; Sarkar et
al., 2010). The environmental hazard associated with an individual surfactant or QAC is
highly variable, and some QACs can be persistent in the environment (e.g., Garcia et al.,
2001; U.S. EPA, 2006a; 2006b; Davis et al., 1992; Arugonda, 1999). In other disclosures,
surfactants and QACs used for well stimulation are identified by CASRN, and evaluation
of those chemicals can be used to give insight into the hazard associated with proprietary
chemicals used for the same purpose.
2.4.7. Other Environmental Hazards of Well Stimulation Fluid Additives
In this report, we performed a hazard assessment of chemicals for which adequate
information was available. A hazard is any biological, chemical, mechanical,
environmental, or physical agent that is reasonably likely to cause harm or damage to
humans, other organisms, or the environment in the absence of its control (Sperber,
2001). A chemical can be considered a hazard if it can potentially cause harm or danger to
humans, property, or the environment because of its intrinsic properties (Jones, 1992).
The identification of hazards (or the lack thereof) is the first step in performing risk
assessments. Once the hazards are established or defined, then the more involved process
of risk assessment can begin. In contrast to hazard, risk includes the probability of a given
hazard to cause a particular loss or damage (Alexander, 2000). It is important to note
that it was beyond the scope of this study to perform a risk assessment, and that there are
extensive data gaps on the chemical mixtures and environmental exposures that need to
be addressed to enable future risk assessments. In addition, many of the materials listed in
Appendix A, Table 2.A-1 are reactive and are expected to react with one another and/or
other materials within the well and mineral formation. These byproducts could be more or
less hazardous than the parent compounds examined here. Byproducts are not measured
or reported, and thus could not be evaluated here.
2.4.7.1. Chronic and Sublethal Effects of Chemicals
In this chapter, the analysis of potential impacts from chemicals used in well stimulation
fluids has focused on acute lethality to aquatic organisms. However, sublethal impacts
from acute or chronic exposures are often related to individual survival potential and
population viability (U.S. EPA, 1998). Impacts on reproduction and development are
directly linked to population viability. Physiological status, disease or debilitation,
avoidance behavior, and migratory behavior are identified as important to population
viability in the U.S. Environmental Protection Agency’s Generic Ecological Assessment
Endpoints (U.S. EPA, 2003).
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Lack of data on chronic and sublethal impacts of chemicals used in well stimulation
treatments represents a critical data gap in the analysis of potential ecological impacts
of unconventional oil and gas development in California. However, the limited data
available indicate that sublethal impacts may occur. Exposure to the biocide 2,2-dibromo3-nitrilopropionamide (DBNPA) negatively impacts aquatic organisms at concentrations
well below lethal levels. Growth of juvenile trout was impaired after 14 days exposure
to 0.04 mg L-1 DBNPA (Chen, 2012). The same study showed impaired reproduction
in aquatic invertebrates at 0.05 mg L-1 (Daphnia magna). Xenopus laevis tadpoles
exposed to sublethal concentrations of the biocide methylisothiazolinone (MIT) during
development showed several neurological deficits affecting behavior and susceptibility
to seizures (Spawn and Aizenman, 2012). Chronic sublethal exposure to the surfactants
linear alkylbenzene sulfonates (e.g., dodecylbenzene sulfonic acid) can impact the gills
and olfactory system of fish (Zeni and Stagni, 2002; Asok et al., 2012) and decrease
reproduction in invertebrates (da Silva Coelho and Rocha, 2010). More information is
needed to assess the potential chronic and/or sublethal impacts of well stimulation fluids
on aquatic species.
2.4.7.2. Environmental Persistence
The risk associated with a given chemical depends on how long the chemical persists
in the environment. A toxic compound released into the environment that decays
rapidly presents less chance for exposure to occur, damage to be inflicted, and risk to be
accumulated. The list of chemicals used in hydraulic fracturing (Table 2.A-1) includes
some compounds that could be environmentally persistent. For example, many of the
chemical additives are surfactants and related compounds such as QACs. Persistence of
surfactants and QACs is directly related to hydrocarbon chain length and other structural
properties, with high molecular weight constituents likely to be the least volatile and most
slowly degraded by microbes (Garcia et al., 2001; Kreuzinger et al., 2007; HERA, 2009;
Li and Brownawell, 2010; Sarkar et al., 2010; Jing et al., 2012). Other compounds that
may persist in the environment include the halogenated biocides DNBPA and MBNPA
(2-bromo-3-nitrilopropionamide) and copper-EDTA (ethylenediaminetetraacetic acid).
A complete investigation of persistent pollutants found in well stimulation fluid is beyond
the scope of this study, but this preliminary analysis suggests that potentially persistent
pollutants and the reaction products of well stimulation fluid should be evaluated.
Baseline measurements for current environmental levels of these compounds, including
concentrations in biota as appropriate, are needed in order to determine whether or not
these levels are altered by future exposure to well stimulation fluid.
A major mechanism for environmental attenuation of chemicals is biodegradation.
Biodegradation in nature or in engineered treatment facilities removes chemicals
from environmental systems. Biodegradable materials do not typically persist in the
environment, regardless of whether they are released by accident or on purpose.

83

Chapter 2: Impacts of Well Stimulation on Water Resources

Standardized methods to measure the biodegradation potential allow the comparison
and ranking of chemicals (OECD, 2013; U.S. EPA, 2011). Biodegradation tests only apply
to organic compounds. The percentages of chemicals, which have been tested under
standardized OECD test conditions and found to be biodegradable, not biodegradable,
or for which biodegradation information is unknown, are shown in Figure 2.4-3. The
“biodegradable” category includes all chemicals that are ranked as inherently or readily
biodegradable by OECD protocols (OECD, 2013). The majority of chemicals that
have been tested are biodegradable and therefore are not expected to persist in the
environment (Figure 2.4-3). However, approximately one-half of the organic compounds
identified by CASRN have not been tested for biodegradation by standardized methods,
and many more compounds not identified by CASRN cannot be evaluated. Additionally,
standardized biodegradation tests do not take into account chemical interactions that
may occur, such as how the presence of biocides may affect the degradation of otherwise
biodegradable compounds. Overall, it can be concluded that there is insufficient
information to predict how these chemical mixtures will persist in the environment.

Biodegradability of Organic Chemicals
Not Biodegradable
7%

Ready
OrganicChemicals
Chemicals
ReadyBiodegradability
Biodegradability of
of Organic
(EPI
Suite)
(EPI Suite)
Not
Readily
Biodegradable
Not
Readily
Biodegradable
27%
27%

Unknown
Unknown
24%
24%

Unknown
52%
Biodegradable
41%
Readily Biodegradable
49%

Readily Biodegradable
49%

Figure 2.4-3. Biodegradability of chemicals. For pie charts containing both experimental

and computational biodegradability data, the experimental data was used as the value for

that chemical in the creation of the pie chart. If only computational data was available, the

computational value was used. Computational results are generated for the U.S. EPA BIOWIN

program which are not considered as reliable or accurate as experimental results (U.S. EPA, 2012b).

2.4.7.3. Bioaccumulation
Given the large numbers of compounds used in well-stimulation treatments, it is
possible that some compounds or reaction products of those chemicals will persist in
the environment. Compounds that persist in the environment present a greater risk, if
released, than readily degradable compounds. Some persistent compounds may have
the potential to “bioaccumulate” or become more concentrated in organisms than in the
environment. This is particularly important for organisms higher up on the trophic food
chain, such as humans. Trophic transfer of chemicals that bioaccumulate in exposed
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organisms to higher concentrations of a chemical, or its transformation products, than are
found in the environment are an important exposure mechanism in ecological systems
(Currie et al., 1997; Clements and Newman, 2006; Maul et al., 2006; Wallberg et al.,
2001; Zhang et al., 2011).
Bioaccumulation is driven by contaminant uptake, distribution, metabolism, storage,
and excretion (Connell, 1988; Mackay and Fraser, 2000). The potential for a chemical to
bioaccumulate can be indicated by its physiochemical characteristics, such as the octanolto-water partition coefficient (Kow), which indicates the degree of lipophilicity. However,
some chemicals may bioaccumulate despite physiochemical characteristics that indicate
otherwise. Active transport of chemicals (Buesen et al., 2003) or the inhibition of efflux
transporters (Smital and Kurelec, 1998) can also result in bioaccumulation. An analysis
of all chemicals identified in this study indicated that characterization of octanol-towater partition coefficients for these compounds has not been completed (Figure 2.44). Measurement of octanol-to-water partition coefficients and other basic physical and
chemical characteristics, such as Henry’s constants and sorption coefficients, are needed
for development of a complete environmental profile of a chemical (Stringfellow et al.
2014; U.S. EPA 2011).

Availability of Log KOW
(Experimental and EPI Suite Data)

Availability of Log KOW
(Experimental Data Only)

Unknown
22%

Unknown
Known

45%

55%

Known
78%

Figure 2.4-4. Availability of octanol-water partitioning measurements for hydraulic fracturing
and acid treatment chemicals. The potential for a chemical to bioaccumulate can be indicated
by its physiochemical characteristics, such as the octanol-to-water partition coefficient (Kow)

which indicates the degree of lipophilicity. Physical data such as octanol-to-water partition

coefficients are needed to create a complete environmental profile on a chemical. Computational
results are not considered as reliable or accurate as experimental results.
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2.5. Wastewater Characterization and Management
2.5.1. Overview of Oil and Gas Wastewaters
Both stimulated and non-stimulated wells generate water as part of oil and gas
production over the lifetime of the wells. This water byproduct is referred to as “produced
water,” which consists of formation water mixed with oil and gas that is brought to
the surface during production. For stimulated wells, the additional term “flowback”
is commonly used to describe the fluids recovered after the well pressure is reduced
following stimulation, but before the well is put into production (Pavley, 2013; U.S. EPA,
2012a; Vidic et al., 2013). New California regulations introduce another term, “recovered
fluids,” which is defined as the water returned “following the well stimulation treatment
that is not otherwise reported as produced water” (DOGGR, 2014e). The U.S. EPA (U.S.
EPA, 2012a) and others use the term “wastewater” to refer to all fluids that return to the
surface along with the oil and gas, including recovered fluids, flowback, and produced
water. Figure 2.5-1 illustrates the complex nature of wastewater from unconventional oil
and gas development.

Figure 2.5-1. The water returned from stimulated wells in California consists of recovered

fluids (i.e., flowback water) and produced water, which can be disposed of as wastewater or

beneficially reused. The recovered fluids in California are typically generated in small quantities
and can contain returned stimulation fluids, well cleanout fluids and formation water. The

produced water consists primarily of formation water (also referred to as formation brines

due to its high salt content), as well as some residual oil or gas, and an unknown amount of

returned stimulation fluids. The concentrations and composition of the returned stimulation
fluids in both the recovered fluids and produced water is currently unknown. Note that the
boxes are not drawn to scale and are separated for visual clarity.
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Wastewater from well stimulation operations can contain a variety of constituents,
including (1) the additives pumped into the well during well stimulation; (2) compounds
that formed due to transformation or degradation of the additives, or to chemical
reactions between the additives; (3) dissolved substances from waters naturally present
in the target geological formation; (4) substances mobilized from the target geological
formation; and (5) some residual oil and gas (NYSDEC, 2011; Stepan et al., 2010). It is
expected that the amount of stimulation fluids returned is highest immediately following
well stimulation, with a decrease in concentration over time (Barbot et al., 2013; Clark
et al., 2013; Haluszczak et al., 2013; King, 2012). The period during which returned
stimulation fluids come to the surface following stimulation varies between and within a
region, but can range from a few hours to several weeks in shale producing natural gas
(Barbot et al., 2013; Hayes, 2009; Stepan et al., 2010; Warner et al., 2013b). Studies
have not been conducted to determine the return period for simulation fluids used for oil
production in diatomite, as found in California. It is likely that, in California, stimulation
fluids, chemical additives, and their reaction byproducts will be present in the water
returned to the surface after the well is put into production, and thus will be present in
produced water.
New California monitoring and reporting requirements focus on testing and management
of recovered fluids and do not require extensive measurement or monitoring of produced
water, which is likely to contain some of the stimulation fluids and their degradation
byproducts. A recent white paper from DOGGR notes “When well stimulation occurs, most
of the fluid used in the stimulation is pumped to the surface along with the produced
water, making separation of the stimulation fluids from the produced water impossible.
The stimulation fluid is then co-disposed with the produced water” (DOGGR, 2013).
The combined handling of wastewaters generated during unconventional oil and gas
production makes collection of better data and full characterization of wastewaters over
time an important component of understanding the environmental impacts of hydraulic
fracturing. The lack of studies on these wastewaters is identified as a major day gap.
In this section, we summarize data available on the quantities and characteristics of
wastewater generated from stimulated wells in California. In our analysis, we evaluate the
following questions:
• What are the quantities of recovered and produced water generated from
stimulated wells within the first few months following stimulation, and are these
volumes different from the quantities of produced water generated by nonstimulated wells in California?
• What are the chemical compositions of recovered fluids and produced water
from stimulated wells? Is produced water from stimulated wells compositionally
different than produced water from non-stimulated wells?
• How are recovered and produced waters from stimulated wells managed, i.e.,
how are they handled onsite, treated, reused and/or disposed?
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2.5.2. Recovered Fluids Generated from Stimulated Wells in California
Recovered fluids are the fluids that are returned to the surface before production
commences. According to one California operator, the recovered fluids can be a mixture
of water from the formation, returned stimulation fluids, and well clean-out fluids (pers.
comm., Nick Besich, Aera Energy). Operators are required to disclose “the source, volume,
and specific composition and disposition” of the recovered fluids in well completion
reports submitted to DOGGR within 60 days following stimulation.
2.5.2.1. Quantities of Recovered Fluids
We determined the quantities of recovered fluids from 506 completion reports filed and
posted as of December 15, 2014, for 499 hydraulic fracturing and seven matrix acidizing
treatments (DOGGR, 2014a). We first compared the volume of recovered fluid from each
well to the corresponding volume of injected stimulation fluids to estimate the maximum
recovery of stimulation fluids during the initial phase of wastewater production. One well
where the injected volume was reported as zero was excluded from this analysis. Actual
recoveries are likely to be lower, but could not be calculated, since the concentrations
or masses of stimulation fluid constituents in the recovered fluids are not measured. We
also compared the volumes of recovered fluids to the produced water generated during
the first month of production, for records where matching production data were available
in the DOGGR Production database, to put the recovered fluid volumes in the context of
total wastewater generated immediately after stimulation. Wells for which the production
volume for the first month or the volume of recovered fluid were reported as zero have
been excluded from this analysis.
The volumes of recovered fluids collected from both hydraulic fracturing and acid matrix
treatments range from 0 to 1,600 m3 (9,900 barrels) (Table 2.5-1). The recovered fluid
volumes are small (mostly less than 5%) compared to the injected fluid volumes for
hydraulic fracturing treatments (Figure 2.5-2). There were eighteen hydraulic fracturing
treatments for which the recovered fluid volumes were reported as zero, which could
either be errors or indicate that fluids were directly diverted into the production pipeline
without capturing any recovered fluid. Hence, the recovered fluid is conclusively a small
portion of the fluids injected as part of a hydraulic fracturing treatment. In contrast,
the recovered fluids from matrix acidizing potentially represent a much larger fraction
(50–70%) of the stimulated fluids for the matrix acidizing operations (Table 2.5-1). The
actual recovery of returned stimulation fluids has not been investigated and would require
chemical analysis to differentiate between returning well stimulation fluids and connate
water. However, the actual recovery of returned well stimulation fluids is likely to be
lesser than the reported volumes of recovered fluid, since the recovered fluids can also
contain well cleanout fluids and formation water (Section 2.5.2.2).
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Table 2.5-1. A comparison of total recovered fluid and injected fluid volumes for

stimulated wells located throughout California, as reported in DOGGR completion
reports as of Dec 15, 2014 (N=505). All numbers are rounded to two significant
figures. St. dev. = standard deviation; min. = minimum, max. = maximum.
Matrix Acidizing
(N=7)

Hydraulic fracturing
(N=498)

Recovered Volume
m3 (barrels)

Injected Volume
m3 (barrels)

Recovered Volume
m3 (barrels)

Injected Volume
m3 (barrels)

Median

150 (970)

240 (1,500)

11 (72)

300 (1,900)

Average

170 (1,100)

270 (1,700)

77 (480)

410 (2,600)

St. Dev.

71 (450)

100 (650)

240 (1,500)

420 (2,600)

Min.

84 (530)

150 (960)

0 (0)

37 (230)

Max.

290 (1,800)

430 (2,700)

1,600 (9,900)

2,600 (16,000)

Figure 2.5-2. The fraction of recovered fluid volumes compared to the injected stimulation

fluid volumes was significantly higher for acid matrix treatments (50-70%), when compared

to hydraulic fracturing treatments. Typically, hydraulic fracturing treatments had very small
recoveries (<5%), though there were many cases in which the recovered fluid volumes were

much higher. Boxes show the 25th to 75th percentiles of the data, and the central lines show the

median. Whiskers extend to 1.5 times the interquartile range from the box. The circles represent
the outliers in the data. Data Source: DOGGR Completion reports as of Dec 15, 2015.
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The recovered fluids were an extremely small fraction of wastewater generated within just
the first month of production (Figure 2.5-3). The volume of produced water in the first
month of operations was also substantially larger than the volumes of injected stimulation
fluids for both hydraulic fracture and acid matrix treatments.
These analyses show that for hydraulic fracturing operations, the recovered fluids are a
fraction of the amount of fluid injected, suggesting that produced water will likely contain
some amount of fracturing fluids. Operators are currently required to only report chemical
analysis results for the recovered fluids (Section 2.5.2.2), but there is no data available or
reported about the masses of stimulation fluids (or their degradation byproducts) present
in produced waters. The amount and fate of the injected fracturing fluids that is left
behind in the subsurface is unknown.

Figure 2.5-3. Volumes (log-scale) of injected fluids, recovered fluids, and produced water in the
first month of production for (a) hydraulically fractured and (b) matrix acidizing treatments
for wells that were reported in the DOGGR completion reports as of Dec 15, 2014 that had

matching records in the DOGGR Production database. Wells that did not have any production
within the first month were not considered in this analysis. Boxes show the 25th to 75th

percentiles of the data, and the central lines show the median. Whiskers extend to 1.5 times the
interquartile range from the box. The circles represent the outliers in the data.
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Under new regulations, recovered fluids are now being characterized before disposal, and
the results are included in well completion reports submitted to DOGGR. We investigated
45 laboratory chemical analyses that were submitted for onshore stimulated wells as of
July, 2014. These data were made available as PDF files and represent waters recovered
from operations in two fields (North and South Belridge) by one operator (Aera Energy).
Operators are not required to report when the samples were collected after stimulation.
According to the operator, the sample “is collected somewhere in the middle of recovery,
but operationally that does not always happen.” (Aera Energy, Appendix 2.F). Analyses
include total carbohydrate, because the carbohydrate guar is a commonly used gelling
agent in well stimulation, but this is the only stimulation additive for which a specific
measurement was made. Other constituents that were measured include TDS, trace
metals, organics, and naturally occurring radioactive materials (NORM) (Table 2.5-2).
Carbohydrates were detected in some of the recovered fluids, suggesting that there may
be other stimulation chemicals present as well (Table 2.5-2). Some of the recovered
fluids contained high concentrations of TDS, some trace elements (arsenic, selenium and
barium), NORM, and hydrocarbons (Table 2.5-2). TDS levels were as high as 260,000
mg L-1. Observed concentrations of the measured parameters were highly variable across
wells, even though samples were limited to one operator and two fields. These results
confirm that the recovered fluids represent multiple wastewater sources, including
formation water and returned stimulation fluids, as was described by the operator (Aera
Energy, Appendix 2.F).
The new regulations that go into effect July 2015, are more specific about when the
samples for recovered fluids should be collected, and will also require an additional
sample for produced water. The new regulations state that the operators must report the
“composition of water recovered from the well following the well stimulation treatment,
sampled after a calculated wellbore volume has been produced back but before three
calculated wellbore volumes have been produced back, and then sampled a second time
after 30 days of production after the first sample is taken, with both samples taken prior
to being placed in a storage tank or being aggregated with fluid from other wells”
(DOGGR, 2014d).
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Table 2.5-2. Chemical analyses reported for recovered fluids collected from stimulated
wells in North and South Belridge. Measured constituents include salts (TDS), trace

metals, organics, NORM and guar (total carbohydrate). Constituents below the detection
limit are marked as “ND.” A limited amount of data is also available for concentrations
of chemical constituents in produced water samples collected (before 1980) from

conventional wells across California. All numbers are rounded to two significant digits.
Parameter

Recovered Fluids a

Conventional Oil and Gas b

General
Total Dissolved Solids @180 C (mg L-1)

430 - 260,000

Conductivity (μmhos cm )

240 - 77,000

pH

6.4 - 9.4

-1

Temperature (degrees F)

64 - 130

Bicarbonate Alkalinity as CaCO3 (mg L-1)

ND - 2,900

Bicarbonate (mg L-1)

1,000 – 85,000
2.6 - 12

0 – 13,000

Carbonate Alkalinity as CaCO3 (mg L )

ND - 470

Hydroxide Alkalinity as CaCO3 (mg L-1)

ND - 0

Total Alkalinity as CaCO3 (mg L-1)

69 - 2,900

0 - 2,100

10 - 13,000

0 – 14,000

-1

Major Cations
Calcium (mg L-1)
Magnesium (mg L )

7.5 - 700

Sodium (mg L-1)

93 - 130,000

0 – 100,000

Potassium (mg L-1)

2.1 - 66,000

0 – 8,000

-1

Aluminium (mg L-1)

0 - 2,300

0 - 250

Major Anions
Bromide (mg L-1)

ND - 150

Chloride (mg L )

130 - 190,000

-1

Fluoride (mg L )

ND - 3

Nitrate as NO3 (mg L-1)

ND - 26

Sulfate (mg L )

28 - 1,900

-1

-1

1 - 200
0 - 160,000
0 - 18
0 - 15,000

Trace Elements
Hexavlent Chromium (µg L-1)

ND - 9.5

Antimony (µg L )

ND - 240

Arsenic (µg L-1)

ND - 1,300

-1

Barium (µg L )

ND - 13,000

Beryllium (µg L-1)

ND - 50

Boron (mg L-1)

0.26 - 110

Cadmium (µg L-1)

ND - 83

Chromium (µg L-1)

ND - 160

-1

Cobalt (µg L )

ND - 130

Copper (µg L-1)

ND - 1,300

-1

Iron (mg L )

0 - 170
0 - 600
0 - 200
0 - 100
0 - 540

-1
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Parameter

Recovered Fluids a

Lead (µg L )

Conventional Oil and Gas b

ND - 88

-1

Lithum (mg L )

ND - 41

-1

Manganese (mg L-1)

0 - 50

Mercury (µg L )

ND - 0.3

Molybdenum (µg L-1)

ND - 500

-1

Nickel (µg L-1)

ND - 260

Selenium (µg L-1)

ND - 510

Silver (µg L-1)

ND - 42

Strontium (mg L )

0.25 - 230

Thallium (µg L-1)

ND - 0

Vanadium (µg L-1)

ND - 220

Zinc (µg L-1)

ND - 1,600

-1

Radioactivity/NORM
Recoverable Uranium (pCi L-1)

ND - 95

Gross Alpha (pCi L-1)

ND - 220

Radium 226 (pCi L )

0.230 - 86

Radium 228 (pCi L-1)

0-52

-1

Organics (VOCs)
Benzene (µg L-1)

ND - 1,300

Ethylbenzene (µg L-1)

ND - 470

Toluene (µg L-1)

ND - 3,400

Total Xylenes (µg L-1)

ND - 3,600

p&m Xylenes (µg L )

ND - 2,500

o-Xylene (µg L-1)

ND - 1,100

-1

Organics (PAHs)
Acenaphthene (µg L-1)

ND - 86

Acenaphthylene (µg L-1)

ND - 9.8

Anthracene (µg L-1)

ND - 6.5

Benzo[a]anthracene (µg L-1)

ND - 9.8

Benzo[b]fluoranthene (µg L-1)

ND - 3.3

Benzo[k]fluoranthene (µg L )

ND - 4.9

Benzo[a]pyrene (µg L-1)

ND - 15

-1

Benzo[g,h,i]perylene (µg L )

ND - 0.56

-1

Chrysene (µg L-1)

ND - 20

Dibenzo[a,h]anthracene (µg L )

ND - 0

Fluoranthene (µg L-1)

ND - 4.1

-1

Fluorene (µg L )

ND - 140

-1

Indeno[1,2,3-cd]pyrene (µg L )

ND - 0.85

Naphthalene (µg L-1)

ND - 730

Phenanthrene (µg L )

ND - 180

Pyrene (µg L-1)

ND - 6.1

-1

-1
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Parameter

Recovered Fluids a

Conventional Oil and Gas b

Oil and Gas
Total Petroleum Hydrocarbons -Crude Oil (µg L-1)

ND - 6,700,000

Methane (mg L-1)

ND - 5.4

Stimulation Fluid Constituents
Total Carbohydrates (µg L-1) - Guar Indicator

0 - 3,700,000

a

From DOGGR Completion Reports. (N=45, submitted from January 2014 to July 2014).

b

Compiled for this report from the USGS Produced Water Database 2.0 (USGS, 2014b). (N=800).

3.5.2.3. Management of Recovered Fluids
Recovered fluids are typically stored in tanks at the well site prior to disposal or reuse.
According to well completion reports, more than 99% of these fluids are injected into
Class II disposal wells. A small amount (0.2%) of recovered fluids are recycled, for
example, in future well cleanout operations (Aera Energy, Appendix 2.F).
2.5.3. Produced Water Generated from Stimulated Wells in California
The majority of wastewater from stimulation operations is generated after the well is
put into production. Data on produced water volumes and disposition are maintained in
DOGGR’s production database (DOGGR, 2014c). In California on average, approximately
ten barrels of produced water are generated for every barrel of oil extracted (Clark and
Veil, 2009). In California, well stimulation typically occurs in oil and gas fields that had
long-term conventional production (CCST et al., 2014; Volume I). The produced water
streams from stimulated wells are combined with those from conventional wells and
treated as one waste stream. Operators are required to submit monthly reports to DOGGR
on the volume of oil, gas, and water produced from their wells and the disposition
method. These data include produced water disposal, as well as reuse in subsequent oil
and gas operations or other beneficial uses.
2.5.3.1. Quantities of Produced Water
We compared the volumes of produced water from stimulated and non-stimulated wells to
determine if they were different. Monthly produced water volumes for the first six months
of oil production from DOGGR’s production database were used for this analysis. The
records used from the database were for wells in stimulated and non-stimulated pools in
Kern County, which had oil production between January 1, 2011 and September 30, 2013.
Only wells with at least 10 months of production data were included. Limiting the data to
wells in Kern County focused the analysis on wells located where most well stimulation
is occurring. Data on non-stimulated wells in other counties were not included, because
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of possible regional differences in wastewater production. Multiple stimulation events at
individual wells were excluded from the analysis, in order to prevent bias in the results. In
this analysis, volumes of produced waters were evaluated for 1,414 stimulated and 3,247
non-stimulated wells.

Figure 2.5-4. A comparison of quantities of produced water generated in the first 6 months
of oil production from stimulated (N=1,414) and non-stimulated wells (N=3,247) in Kern

County. Only wells that had oil production between January 1, 2011 and September 30, 2013
for which there were 10 months of continuous production data were included in the analysis.
Note the log-scale in the Y-axis. Boxes show the 25th to 75th percentiles of the data, and the

central lines show the median. Whiskers extend to 1.5 times the interquartile range from the
box. The circles represent the outliers in the data.

The data do not show substantive differences between the volumes of produced water
generated in the first six months from stimulated wells and non-stimulated wells (Figure
2.5-4), even though their distributions were different (Figure 2.5-5).
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Figure 2.5-5. Probability plot comparing the distributions of produced water volumes for

stimulated and non-stimulated wells. The X-axis represents an exceedance probability - i.e., the

probability that the produced water generated will exceed a certain value. The Y-axis is on a log

scale and has observations of the volumes of produced water in the first 6 months of production,
in m3, for oil and gas wells in Kern County, California with at least 10 months of production
data from January 1, 2011 to September 30, 2013. For example, there is a 90% probability

that the volume of produced water will exceed 10 m3 (~60 barrels) for stimulated wells vs. 15

m3 (~95 barrels) for non-stimulated wells, and a 10% probability that the volume of produced
water will exceed ~ 300 m3 (~1,900 barrels) for stimulated wells vs. ~900 m3 (5,700 barrels)

for non-stimulated wells. These data show that both of the distributions are different, and that
there may be a few cases where the non-stimulated wells produce more water than stimulated
wells and vice-versa.

2.5.3.2. Chemical Constituents of Produced Water
There are no published studies that have characterized the chemical constituents of
produced water from stimulated wells in California. Operators are not required to report
the composition of produced water from stimulated wells. New regulations that take
effect July, 2015, will require collection of one produced water sample initially and then
another “after 30 days of production after the first sample is taken.” This is an inadequate
sampling regime to characterize how, or if, well-stimulation-fluid additives or their
reaction products are returning with produced water.
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Since data on produced water specifically from stimulated wells were not available at
the time of writing this report, we identified potential constituents that could be present
in produced water from stimulated wells based on (1) studies that have analyzed the
compositions of produced water from conventional oil and gas wells in California (e.g.,
Benko and Drewes, 2008), and (2) a few published studies that have characterized
produced water from stimulated wells in other regions (CCST et al., 2014 and references
therein). Some historical data on produced water composition in California are available
in the USGS produced water database (USGS, 2014b), but data for several constituents
are not available (Table 2.5-2). Additionally, the produced water can contain returned
stimulation fluids, as discussed above.
Produced water from conventional wells primarily consists of water from the targeted
formation. Formation water can contain naturally occurring dissolved constituents, such
as salts (measured as total dissolved solids or TDS), trace elements, organic compounds,
and naturally occurring radioactive materials (NORM). The most concentrated
constituents measured in produced water from both conventional and unconventional
wells are typically salts, i.e., sodium and chloride (Barbot et al., 2013; Blauch et al., 2009;
CCST et al., 2014; Haluszczak et al., 2013; Warner et al., 2012a; 2012b). Magnesium and
calcium can also be present at high levels and can contribute to increased water hardness.
The TDS concentrations of produced water from conventional wells in California are
typically around 10,000–30,000 mg L-1 (CCST et al., 2014), although concentrations can
be as high as 85,000 mg L-1 (Table 2.5-2).
Formation brines can contain high concentrations of trace elements, such as boron,
barium, strontium, and heavy metals, which may be brought up to the surface in the
produced water (Table 2.5-2). For example, several studies report measuring high levels
of trace elements such as barium, strontium, iron, arsenic, and selenium in the waters
recovered from fracturing operations in the Marcellus Shale (e.g., Balaba and Smart,
2012; Barbot et al., 2013; Haluszczak et al., 2013; Hayes et al., 2009). Produced waters
from oil and gas operations, including those in California, also contain many organic
substances, e.g., organic acids, polycyclic aromatic hydrocarbons (PAHs), phenols,
benzene, toluene, ethylbenzene, xylenes, and naphthalene (e.g., Fisher and Boles, 1990;
Higashi and Jones, 1997; Veil et al., 2004).
Wastewaters from some shale formations have been found to contain high levels of NORM
that were several hundred times U.S. drinking water standards (Barbot et al., 2013;
Haluszczak et al., 2013; NYSDEC, 2009; Rowan et al., 2011). In 1996, a study of NORM
in produced waters in California conducted by DOGGR (DOGGR, 1996) measured bulk
radioactivity and some NORM elements (K-40, U-238, U-235, Ra-226, Ra-228 and Cs137) in both solid and liquid samples. The study found several produced water samples
containing elevated levels of radium greater than 25 pCi g-1, but DOGGR did not consider
radium to constitute a public health hazard at the time because “produced waters are not
used as a source of drinking water.” However, there are several mechanisms by which
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produced water can be released into surface and groundwater resources (Section 2.6),
and hence elevated levels of potentially contaminating constituents, including NORM, that
occur in produced water should be included in future assessments.
More study is needed on produced water in California, particularly characterization
of produced water from stimulated wells. Historical (pre-1980) data available on the
composition of produced water from conventional wells in California may not be relevant
to stimulated wells. The fraction of injected chemicals that return to the surface, and
the time period over which they return, are unknown. In addition, the fundamental
biogeochemical processes affecting stimulation fluids under reservoir temperature and
pressure conditions in the presence of formation minerals have not been investigated.
However, it is known that chemical additives are degraded, transformed, sorbed, and
otherwise modified in the subsurface, since both specific and non-specific reactions,
including strong acid and oxidation reactions, are part of the stimulation process (King,
2012). Other processes, such as biological degradation or transformation of stimulation
chemicals, as well as mobilization of formation constituents, can also occur and influence
the composition of produced water (Piceno et al., 2014). More data on produced water
composition from stimulated and conventional wells in California are needed to assess
whether stimulation could affect the produced water chemistry.
2.5.3.3. Management of Produced Water
2.5.3.3.1. Produced Water from Onshore Oil and Gas Operations
As described above, produced water from stimulated wells may contain well-stimulationchemical additives. Monthly data (1977 to the present) on disposal of produced water are
available in DOGGR’s Monthly Production database. An analysis was conducted on 2,018
documented well stimulation events which took place between 2011 and 2014 (Volume
I, Appendix O) and it was found that data on produced water disposition were available
from DOGGR’s Monthly Production database for 1,657 wells. For each well for which data
was available, we examined disposition during (1) the first full month after stimulation
occurred, and (2) from the date of initial well stimulation through June 2014. These
results are presented in Table 2.5-3 and Figure 2.5-6.
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Table 2.5-3. Produced water disposition during the first full month after
stimulation and post stimulation to the present, January 1, 2011-June
30, 2014. Data from the DOGGR Monthly Production database.
Total Volume
(First Full Month After
Stimulation)

Number of
Wells

(acrefeet)

(m3)

Total Volume
(Stimulation to June 2014)
(acrefeet)

(m3)

%

%

Evaporation–percolation

890

54%

720,000

580

57%

11,000,000

9,200

58%

Subsurface injection

470

28%

330,000

260

26%

4,100,000

3,300

21%

Other

130

8%

180,000

140

14%

3,400,000

2,700

17%

Not reported

150

9%

31,000

25

3%

510,000

410

3%

2

0.1%

2,100

1.7

0.2%

95,000

77

0%

Surface body of water

14

1%

-

-

-

-

-

-

Sewer system

-

-

-

-

-

-

-

-

Evaporation - lined pits

-

-

-

-

-

-

-

-

1,700

100%

1,300,000

1,000

100%

19,000,000

15,769

100%

Unknown

Total

Note: All numbers rounded to two significant figures. Numbers may not add up due to rounding. Subsurface injection
includes injection into Class II disposal wells as well as injection for enhanced oil recovery, i.e., water flooding and
steam flooding.
Data Source: DOGGR Monthly Production database

Figure 2.5-6. Produced water disposition during the first full month after stimulation. Data for
stimulated wells throughout California were evaluated for the time period 2011-2014. Data
from the DOGGR Monthly Production database.

Note: Subsurface injection includes injection into Class II disposal wells as well as injection for
enhanced oil recovery, i.e., water flooding and steam flooding.
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Between January 2011 and June 2014, these 1,657 stimulated wells generated a total of
1.3 million m3 (1,000 acre-feet) of produced water during the first full month following
stimulation. Evaporation-percolation in unlined surface impoundments (also referred to
as percolation pits, ponds, or sumps) was reported to be the most common disposition
method for these stimulated wells. According to California records, nearly 60% of the
produced water from stimulated wells, or 720,000 m3 (580 acre-feet), was disposed to
unlined pits for evaporation and percolation during the first full month after stimulation.
While produced water disposal in percolation pits has been reported in several California
counties (e.g., Fresno, Monterey, and Tulare counties), disposal of produced water from
stimulated wells in percolation pits was limited to Kern County and was associated with
wells in Elk Hills (65%), South Belridge (27%), North Belridge (5.5%), Lost Hills (2.5%),
and Buena Vista (<1%) (Table 2.5-4). Overall, use of percolation pits is common in production
areas where well stimulation is applied and an estimated 40% of all produced water from
stimulated oil pools is discharged to percolation pits for disposal. There were no reports of
discharge to lined surface impoundments for evaporation only as a disposal method.
It is of note that operators have suggested that the information supplied to DOGGR
specifying disposal practices for produced water may not be accurate. Chevron, for
example, says that it ceased disposing produced water from its Lost Hills operation in
unlined pits in 2008 (Appendix 2.E), although DOGGR records indicate this practice was
continuing in 2014. Likewise, Occidental Petroleum (now California Energy Resources)
says it has used subsurface injection for all produced water in Elk Hills (Nelson, 2014,
personal communication). Our analysis is reliant on official data reported to DOGGR,
which shows that these and other operators sent the majority of their produced water to
unlined pits for evaporation and percolation, but the reports from industry suggest that
more produced water may be disposed of in injection wells and less to percolation pits
now, than in the past. Further investigation is needed to substantiate current wastewater
management practices—particularly in relation to produced water from stimulated wells
that may contain hydraulic fracturing fluids—and determine legacy effects from past
disposal practices.
Table 2.5-4. Produced water disposition by evaporation-percolation during
the first full month after stimulation by field, January 1, 2011 – June
20, 2104. Data from the DOGGR Monthly Production database.

Field

Water volume
(acre-feet)

Water volume (m3)

Percent

Elk Hills

460,000

380

South Belridge

190,000

160

27%

North Belridge

39,000

32

5.5%

Lost Hills

18,000

14

2.5%

Buena Vista

2,000

2

0.27%

580

100%

Total

720,000

Note: All figures rounded to two significant figures. Numbers may not add up due to rounding.

100
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Subsurface injection into Class II wells is the second most commonly reported disposition
method for stimulated wells in California. Class II wells include saltwater disposal
wells, enhanced recovery wells, and hydrocarbon storage wells (U.S. EPA, 2014). With
enhanced oil recovery, reinjection of produced water serves multiple purposes, including
enhancing product recovery, preventing subsidence, and disposing of produced water
generated during production. About one-quarter of the produced water from stimulated
wells, or about 330,000 m3 (260 acre-feet), was injected into Class II wells for disposal
or enhanced recovery (Table 2.5-3, Figure 2.5-6). While much of this occurred in Kern
County, subsurface injection was the only disposition method reported in several counties,
including Colusa, Fresno, Glenn, Ventura, and Orange County (Table 2.5-5).
Table 2.5-5. Produced water disposition by subsurface injection during

the first full month after stimulation, by county, January 1, 2011 – June
30, 2014. Data from the DOGGR Monthly Production database.

County

Water volume
(m3)

Water volume
(acre-feet)

Percent

Colusa

47

Fresno

1,900

2

0.59%

Glenn

7.6

0.01

0.0023%

270,000

216

82%

52,000

42

16%

1,700

1

0.52%

Kern
Los Angeles Offshore
Orange
Sutter
Ventura
Total

0.04

0.014%

430

0

0.13%

3,500

3

1.1%

330,000

260

100%

Note: All figures rounded to two significant figures. Numbers may not add up due to rounding.

As shown in Table 2.5-3, very few operators discharge produced water from stimulated
wells into creeks or streams, with only two wells reported to be discharging a total of
2,100 m3 (1.7 acre-feet) of produced water into surface water bodies during the first full
month following stimulation. There were no reports of produced water from stimulated
wells being disposed of in sewer systems.
The disposition method for 17% of the produced water from stimulated wells is either not
known or not reported. “Other” was the third most common disposition method reported
by operators—accounting for 14% of the produced water from stimulated wells. Similarly,
the disposition method for 3% of the produced water was not reported. DOGGR staff
confirmed that some operators are using the “other” category to describe disposition that
is, in fact, included in some of the other categories, e.g., subsurface injection, surface body
of water, sewer disposal, etc. (Fields, 2014). Some disposition methods, however, are
not explicitly covered in these categories, such as reuse for irrigation, well stimulation,
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or other beneficial purposes, although there is anecdotal evidence that reuse for these
purposes is occurring in California (for more information, see Section 2.6). These results
suggest a need to improve data collection and better understand wastewater management
practices in California.
2.5.3.3.2. Produced water from Offshore Oil and Gas Operations
California has four offshore oil platforms (Esther, Eva, Emmy, and Holly) and several
man-made islands (Long Beach Unit, Rincon Island) operating in state waters. Well
stimulation operations have been reported on Platforms Esther, Eva, and on the Long
Beach Unit (THUMS Islands). There are also 23 oil platforms operating in federal waters
off the coast of California, of which well stimulation operations have been reported on
Platforms Gail, Gilda, and Hidalgo. Well stimulation accounts for a small fraction of
offshore oil and gas production. It is estimated that approximately 12 hydraulic fracturing
operations occur per year in state waters, and less than 10% of wells are hydraulically
fractured in federal waters (Volume I, Chapter 3).
Options for the management and treatment of produced water on offshore oil platforms
and islands are limited by treatment technology footprint, transportation costs, storage
capacity, effluent limitations, and disposal options. Operations in state waters typically
treat produced water to meet requirements for re-injection for enhanced oil recovery,
and operations in federal waters treat produced water for discharge. Permitted disposal
options vary as platforms located in federal waters are regulated under a general NPDES
permit issued by U.S. Environmental Protection Agency (U.S. EPA), Region 9 (U.S. EPA,
2013a), while operations in California state waters are regulated under individual NPDES
permits issued by regional water quality control boards.
On Platforms Esther and Eva, oil, gas, and produced water are separated using threephase separators. The produced water then goes through a series of treatment processes
to remove residual oil and suspended solids (California State Lands Commission, 2010a;
2010b).2 Once treated, produced water is typically re-injected into the producing
formation for enhanced oil recovery. On the Long Beach Unit, a portion of the produced
water is reused as base fluid for well stimulation (Garner, 2014, personal communication).
Platforms operating in federal waters off the coast of California are permitted to discharge
produced water that has been treated, as stipulated under a general NPDES permit.3 When
well stimulation fluids co-mingle with produced water, the mixture is managed, treated,
and discharged according to produced water stipulations. Each of the 23 platforms has
a maximum annual allowable produced water discharge volume, which ranges from

2. There is no evidence of a separate treatment system for managing wastewaters from well stimulation operations
on Platform Esther. It is expected that wastewaters from well stimulation operations on Platforms Esther and Eva are
subject to the same treatment processes and fate as produced water.
3. NPDES permit No. CAG280000
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0.25 million to 8.9 million m3 (206 to 7,192 acre-feet) per platform (U.S. EPA, 2013a).
Platforms Gail and Hidalgo are allowed to discharge 0.7 million m3 (560 acre-feet) and
2.9 million m3 (2,350 acre-feet), respectively. Platform Gilda’s discharge allowance is
combined with that for Platform Gina at 4 million m3 (3,300 acre-feet).
For a permitted discharge, oil and grease levels are measured weekly and must be lower
than 29 mg L-1 monthly average and 42 mg L-1 daily maximum in discharged wastewater,
according to effluent limitations in Subpart A of 40 CFR Part 435 in the Clean Water Act.
The permit does not allow discharge of free oil, where free oil is defined as oil which
will cause a film, sheen, or discoloration to the water surface upon discharge (U.S. EPA,
2014). Fourteen platforms, including Platforms Gail, Gilda, and Hidalgo, have specific
monitoring and effluent requirements for produced water discharge, with measurements
typically occurring on an annual or monthly basis. Platforms Gail, Gilda, and Hidalgo
must also monitor for various aromatic hydrocarbons, but only have effluent limits for
undissociated sulfide. All other platforms must monitor 26 constituents of concern.4
These data are submitted to the EPA. The number of constituents sampled is based on
previous studies where constituents present at concentrations above or near the water
quality standards were identified and listed in the permits (U.S. EPA, 2013b). Sampling
frequency depends on the frequency of discharge; however, constituents must be sampled
“at least once during the last two years” of the permit (U.S. EPA, 2013a). Discharges are
not monitored for constituents specific to or indicative of hydraulic fracturing, and the
timing of sampling is unlikely to coincide with or measure any potential impacts from well
stimulation treatments.
2.6. Contaminant Release Mechanisms, Transport Pathways, and Driving Forces
2.6.1. Overview of Contaminant Release Pathways
Well stimulation and associated activities can result in the release of contaminants into
the environment, including into surface water and groundwater resources. Releases
can occur during chemical transport, storage, mixing, well stimulation, well operation
and production, and wastewater storage, treatment, and disposal. The term “release
mechanism” refers to the way in which a contaminant migrates from its intended
containment (natural or manmade) into the surrounding environment. Once released,
contaminants can be transported through various mechanisms (e.g., percolation into soil,
transport into groundwater, runoff to local streams) or transformed through physical,
chemical, and biological processes. A physical connection, either natural or induced,
between the release location and the impacted surface or groundwater body is referred to
as a “transport pathway.” A driving force (e.g., differences in hydraulic head or pressure) is
required for contaminant migration into the connected surface or groundwater body.

4. Where the California Ocean Plan also contains criteria for a select constituent, then the more stringent of the two is
used, as the California Ocean Plan can regulate “discharge outside the territorial waters of the State [that] could affect
the quality of the waters of the State” (SWRCB, 2012).
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The extent to which water resources are affected by releases of well stimulation chemicals
or wastewaters depends on the amount and type of contaminant(s) released, existence of
transport pathways and corresponding driving forces, and the transformations occurring
during transport. Other factors that impact the probability of contaminant migration
include reservoir depth, physical and hydrological properties of the formation, production
strategies, drilling and casing practices, and the unique geologies of each oil and gasproducing region.
Release mechanisms and transport pathways can occur at the surface or in the subsurface,
and are associated with a variety of activities during the production process (e.g., well
stimulation, wastewater management and disposal, and well operation). Surface releases
are typically easier to identify and associate with a particular activity. Subsurface releases
are generally more difficult to detect, associate with a particular release mechanism,
and mitigate. Reservoir and stimulation fluids can migrate through the subsurface if (1)
surface releases eventually percolate into groundwater; (2) produced water is directly
injected into protected groundwater; or (3) if transport pathways out of the reservoir
being fractured (out-of-zone) have been created through stimulation operations,
either through direct fracturing into overlying aquifers or via out-of-zone connection
to a preexisting pathway (e.g., a preexisting fracture network, a fault, or some other
permeable feature). While transport through preexisting or induced subsurface pathways
has been documented in conventional oil and gas operations, it is not known whether
stimulation increases the frequency of occurrence of such pathways. Regardless of the
uncertainty whether stimulation increases the frequency of leakage pathways, stimulation
introduces a new set of water quality concerns for leakage, through pathways documented
from conventional oil and gas operations, due to the use of stimulation chemicals and the
commingling of produced water and returned stimulation fluids.
2.6.2. Potential Release Mechanisms to Water in California
In this section, we identify potential release mechanisms specific to well stimulation
activities that can (1) form transport pathways (natural, induced, or a combination)
to water resources and (2) allow stimulation or reservoir fluids to migrate into water
resources if the appropriate driving forces are present. We examined several plausible
release mechanisms for surface and groundwater contamination associated with onshore
well stimulation, based on an exhaustive literature review of release events and hazards
that have been reported in the U.S. (Table 2.6-1). While release mechanisms and transport
pathways that occur during post-stimulation and wastewater management apply to all oil
and gas development in California, they are relevant to stimulated wells because produced
water from stimulated wells may contain hazardous chemicals from well stimulation fluids.
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Table 2.6-1. Activities and associated release mechanisms
for the different stages of well stimulation

Activities

Release Mechanisms and Transport Pathways

Releases

Preparation: Site
development,
well drilling,
construction and
completion

• Erosion and surface runoff*
• Well blowout resulting from failure to control well pressure and improper
well installation*
• Release of drilling fluids and waste during handling, storage and disposal*
• Migration through existing or induced pathways or other subsurface
features (such as faults, fractures, or permeable adjacent formations)*

• Soil/particulate matter in
stormwater runoff
• Drilling fluids and wastes
• Oil and gas
• Formation water

Well stimulation

•
•
•
•
•
•
•

Transportation accident
Equipment failure
Leakage from onsite chemical storage
Spills during chemical mixing
Pipe failure (both above and below ground)
Well failure due to stimulation
Problems related to drilling, completion, or well design errors (e.g., poor
cementing, wrong perforation depth)
• Migration via other pathways intercepted by fractures (including plugged,
deteriorated, or abandoned wells)
• Fractures or other permeable pathways directly intercepting groundwater
resources

•
•
•
•

Additives
Stimulation fluids
Oil and gas
Formation water

Post-stimulation:
Well cleanout and
production

• Pipe failure (both above and below ground)
• Well failure due to drilling, completion or well design errors (e.g., leakage
through compromised casing and cement)
• Migration via other pathways intercepted by fractures (including plugged,
deteriorated, or abandoned wells, faults, fractures, permeable adjacent
formations)

•
•
•
•

Well cleanout fluids
Wastewaters
Oil and gas
Formation water

Wastewater
management:
Handling, storage,
reuse, and disposal

•
•
•
•
•
•
•
•
•
•
•

Spills and leaks during storage and handling
Transportation accident
Pipe failure (both above and below ground)
Overflow from storage reservoir
Percolation (from storage or disposal pits)
Reuse of produced water for beneficial purposes (e.g., irrigation)
Disposal of produced water into sewer system (and subsequent disposal of
treatment residuals)
Improper siting of disposal wells (into aquifer or protected groundwater)
Failure of disposal well (e.g., leakage through casing or cement)
Migration through existing pathways during subsurface disposal (e.g., faults,
fractures, permeable overburden)
Illegal discharge

• Wastewaters
• Oil and gas
• Treatment residuals
(including disinfection
byproducts)

Note: * Release mechanisms that are not within the scope of this assessment since they are part of routine oil and
gas development and there are no unique impacts associated with well stimulation. While release mechanisms
and transport pathways that occur during post-stimulation and wastewater management apply to all oil and gas
development in California, they are of particular relevance for stimulated wells (and are included in this study)
because (1) produced water from stimulated wells may contain returned stimulation fluids, and (2) the quality of
formation water from stimulated reservoirs may differ from that of conventional reservoirs.
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We narrowed the broad set of possible release mechanisms to a subset that is most relevant
for California (Figures 2.6-1 and 2.6-2, Table 2.6-2). In the following sections, we list several
incidents of contamination that have occurred in California or other oil and gas producing
regions, to show that these release mechanisms are viable, and relevant for California.
The California-specific release mechanisms are classified as normal, accidental, and
intentional (Table 2.6-2). “Normal” release mechanisms result from practices that are
part of routine operations in the California oil and gas industry, and include disposal of
produced water in unlined pits, injection of produced water into potentially protected
groundwater, reuse of produced water for irrigation, and disposal of produced water in
sewer systems. “Accidental” release mechanisms can be of several types, including errors
in design and execution of the stimulation operation—such as out-of-zone fracturing,
leakage through degraded or impaired wells, leakage through natural subsurface features,
surface spills and leaks, or consequences of natural disasters such as earthquakes and
floods. It should be noted that in California, where fracturing depths are much shallower
than in other parts of the country, fractures induced by hydraulic fracturing could
potentially form direct transport pathways to groundwater. Nationally, several incidents
have been caused by leakage through degraded abandoned wells and leakage of stray gas
from production or other wells into groundwater. Surface releases caused by spills or leaks
have been conclusively linked to stimulation operations. “Intentional” release mechanisms
are unauthorized or unpermitted releases such as illegal discharges.
Finally, we assigned a priority for each release mechanism based on the release type (e.g.,
all releases that are part of normal operations are considered high priority), and direct
or indirect evidence indicating their likelihood of occurrence in California (Table 2.62). We focus on release mechanisms and transport pathways from hydraulic fracturing
operations, and assume that this covers concerns associated with matrix acidizing
operations, given that the latter follow a similar process as hydraulic fracturing operations,
albeit using less equipment, lower injection pressures, and no proppant (Volume I,
Chapter 2).
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Table 2.6-2. Assessment of release mechanisms associated with stimulation

operations for their potential to impact surface and groundwater quality in

California. Considerations for the priority ranking include whether the releases

occur due to activities that are part of normal operations, and the likelihood of the
occurrence in California. References for this table are provided in the text.

Release Mechanism

Release type*

Has occurred
in California?

Has occurred
in other
places?

Evidence
associating
release to
hydraulic
fracturing?

Priority

Percolation of produced water
from unlined pits

Normal

Yes

Yes

Yes

High

Injection of recovered fluids and
produced water into potentially
protected groundwater via Class
II wells

Normal

Yes

No

Unknown

High

Reuse of produced water for
irrigation

Normal

Yes

No

Unknown but
likely

High

Disposal of produced water in
sewer systems

Normal

Yes

Yes

Unknown in
California, yes
in other states

High

Leakage through hydraulically
induced fractures

Accidental

Unknown

Unknown

Unknown

Medium

Leakage through failed inactive
wells (abandoned, buried, idle
or orphaned)

Accidental

Unknown

Yes

Unknown

Medium

Leakage through active wells
(production, disposal or other
wells)

Accidental

Unknown

Yes

Yes

Medium

Leakage through other
subsurface pathways
(preexisting natural fractures,
faults, or other permeable
features)

Accidental

Yes

Unknown

Unknown

Medium

Surface and near-surface spills
and leaks

Accidental

Yes

Yes

Unknown

Medium

Operator error

Accidental

Unknown

Yes

None in
California, yes
elsewhere

Low

Illegal discharges of wastewater
from oil and gas operations

Intentional

Yes

Yes

Yes

Low

*The type of activity leading to the release. Categories are
Normal: Activity is part of normal operations, and release occurs by design.
Accidental: Release was caused due to an accident, but can be prevented by following proper design and protocols
Intentional: Release was intentional despite being unauthorized, and can be prevented by proper oversight
and monitoring.
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Figure 2.6-1. Potential contaminant release mechanisms that originate at the surface related to

stimulation, production, and wastewater management and disposal activities in California. The
diagram is not drawn to scale.
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Figure 2.6-2. Potential release mechanisms and transport pathways in California that could

originate in the subsurface. These include leakage through failed (production, abandoned or
disposal) wells, migration through intercepted fractures and fault activation. The diagram is
not drawn to scale.
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2.6.2.1. Use of Unlined Pits for Produced Water Disposal
As described above, evaporation-percolation in unlined surface impoundments
(percolation pits) is a common disposition method for produced water from stimulated
wells in California (Section 2.5). Because the primary intent of unlined pits is to percolate
water into the ground, this practice provides a direct pathway for the transport of
produced water constituents, including returned stimulation fluids, into groundwater.
Some states, including Kentucky, Texas, and Ohio, have phased out the use of unlined pits
for disposal (Kell, 2011; 401 KAR 5:090 Section 9(5)(b)(1)).
The state’s nine Regional Water Quality Control Boards have primary authority to regulate
disposal pits in California.5 Most of the instances of discharge into percolation pits
occurred in the region under the authority of the Central Valley Regional Water Quality
Control Board. Within that region, disposal of produced water in percolation pits overlying
groundwater with existing and future beneficial uses has been allowed if the wastewater
meets certain salinity, chloride, and boron thresholds.6 Produced water that exceeds the
salinity thresholds may also be discharged in “unlined sumps, stream channels, or surface
water if the discharger successfully demonstrates to the Regional Water Board in a public
hearing that the proposed discharge will not substantially affect water quality nor cause
a violation of water quality objectives” (CVRWQCB, 2004). There was previously no
testing required, nor thresholds specified, for other contaminants, including chemicals
used for well stimulation or other routine oilfield activities. The Central Valley Regional
Water Quality Control Board implemented an order on April 1, 2015 requiring operators
to conduct a chemical analysis of wastewater disposed in active produced water disposal
ponds in the Central Valley; however, the list of constituents to be analyzed does not
include any indicators for stimulation fluid constituents (CVWQCB, 2015).
Figure 2.6-3 shows active and inactive unlined pits and ponds in the Central Valley and
along the Central Coast. Presumably, the pits are largely used to deliberately percolate
wastewater for the purpose of disposal. Active pits are primarily found on the east and
west side of the southern San Joaquin Valley, although a small number of active pits can
also be found in Monterey and Santa Barbara Counties. The Central Valley Regional Board
is currently conducting an inventory of unlined pits in the Central Valley. As of April 2015,
a total of 933 pits have been identified, of which 62% are active and 38% are inactive.
An estimated 36% of the active unlined pits are operating without the necessary permits
from the Central Valley Regional Board (Holcomb, 2015). Central Valley Regional Board

5. Local Air Districts also regulate some aspects of oilfield pits, e.g., volatile organic carbon (VOC) emissions.
6. According to the Water Quality Control for the Tulare Basin, which was developed by the Central Valley Regional
Water Quality Control Board, tdisposal of oil field wastewater in pits overlying groundwater with existing and future
beneficial uses is permitted if the salinity of the wastewater is less than or equal to 1,000 micromhos per centimeter
(μmhos cm-1) electrical conductivity (EC), 200 milligrams per liter (mg L-1) chlorides, and 1 mg L-1 boron
(CVRWQCB 2004).
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staff expects to issue 180 enforcement orders for facilities that are not permitted or are
operating with outdated permits by the end of 2015. Cease and desist orders have been
issued for some facilities operating with outdated permits (Holcomb, 2015). An analysis
of groundwater quality near these pits can be found in Section 2.7.
There is not one centralized location for reporting and tracking locations of unlined or
disposal pits in California, so any list of disposal pits must be considered approximate. The
Central Valley Regional Board, which recently launched an investigation into unlined pits,
found that more than one-third of the pits located in their jurisdiction were functioning
without the proper permits, indicating that there may be additional pits of which the state
is unaware (Holcomb, 2015). The DOGGR production database indicates that produced
water is sent to evaporation-percolation disposal ponds in counties where there are no
reported pit locations, suggesting that there may be unreported pits in those counties.
For example, according to the production database, 47,000 m3 (38 acre-feet) were sent
to evaporation-percolation ponds in Ventura County in 2013 (DOGGR, 2014c), despite
there being no reported pit locations within or near the borders of that county
(Holcomb, 2015).
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Figure 2.6-3. Unlined pits used for produced water disposal in the Central Valley and the

Central Coast, 2015. Data from CVRWQCB 2015; Borkovich 2015a; 2015b (Appendix 2.G).

There is ample evidence of groundwater contamination from percolation pits in California
and other states (e.g. CVRWQCB, 2015; Holcomb, 2015; Kell 2011). For example,
in California, the Central Valley Regional Water Quality Control Board determined
that several percolation pits in Lost Hills and North and South Belridge had impacted
groundwater, and ordered their closure (CVRWQCB, 2015). In these cases, monitored
natural attenuation rather than active remediation was selected as the method for
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corrective action for improving the groundwater quality. Groundwater contamination has
also been associated with unlined pits in other states. Kell (2011) reviewed incidents of
groundwater contamination caused by oil field activities in Texas between 1993 and 2008
and in Ohio between 1983 and 2007. Of the 211 incidents in Texas over the 16-year study
period, 27% were associated with unlined infiltration pits, which have been phased out
in Texas starting in 1969 (Kell, 2011). Of the 185 groundwater-contamination incidents
in Ohio over a 25-year period, 5% (or 10 incidents) were associated with the failure of
unlined pits. Like Texas, unlined disposal pits are no longer used in Ohio, and no incidents
have been reported since the mid-1980s (Kell, 2011). While these studies and others
linking wastewater percolation and unlined pits to groundwater contamination are not
specific to well stimulation fluids, they are illustrative of the implications of this disposal
method. Moreover, the presence of stimulation fluids in the produced water is likely to
increase the risk of groundwater contamination.
A case in Pavillion, WY, raises additional concerns about the use of unlined pits for
produced water disposal. According to the U.S. EPA draft report, released in 2011, high
concentrations of hydraulic fracturing chemicals found in shallow monitoring wells near
surface pits “indicate that pits represent a source of shallow ground water contamination
in the area” (Digiulio et al., 2011). At least 33 unlined pits were used to store or dispose
of drilling muds, flowback, and produced water in the area. Neither the company
responsible for the natural gas wells, nor the other stakeholders contested these findings
(Folger et al., 2012).
2.6.2.2. Injection of Produced Water into Protected Groundwater via Class II Wells
Subsurface injection was the second most common disposal method for produced
water from stimulated wells (Section 2.5). Studies show that with proper siting,
construction, and maintenance, subsurface injection is less likely to result in groundwater
contamination than disposal in unlined surface impoundments (Kell, 2011). However,
there are significant concerns about whether California’s Class II underground injection
control (UIC) program is adequately protective of underground sources of drinking water
(USDWs) – defined as groundwater aquifers that are used for water supply or could one
day supply water for human consumption.7
In 2011, at the request of EPA Region 9, an independent consultant reviewed California’s
UIC Program and found inconsistencies in how USDWs are defined (Walker, 2011).
Specifically, the DOGGR program description refers to the protection of freshwater
containing 3,000 mg L-1 or less TDS. Current federal regulation, however, defines USDWs
as containing less than 10,000 mg L-1 TDS. This suggests that USDWs in California
containing between 3,000 and 10,000 mg L-1 TDS are not adequately protected. More
recently, DOGGR acknowledged that it has approved UIC projects in zones with aquifers

7. The UIC program was developed as a result of the 1974 Safe Drinking Water Act and was intended to protect USDWs.
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lacking exemptions, even though those zones would likely qualify for an exemption under
current regulations.8 Additionally, new information has indicated that, for several decades,
injection activities have been allowed in 11 other aquifers that were thought to be
exempt; however, the geologic basis for those exemptions is “now in question” (Bohlen
and Bishop, 2015).
In response to these issues, DOGGR is reviewing more than 30,000 of the state’s 50,000
Class II wells, and is expected to complete that review in early 2016. Given their mutual
role in protecting water resources, DOGGR and the State Water Board are working
together on this review. In 2014, DOGGR ordered the immediate closure of 11 disposal
wells in Kern County that potentially present health or environmental risks, and State
Water Board staff identified 108 water supply wells located within a one-mile radius
of these wells.9 Subsequent sampling found no sign of contamination from oil and gas
operations (SWRCB, 2014b). Currently, 140 active wells are under immediate review
by the State Water Board, because they are operating in aquifers that lack hydrocarbons
and contain water with less than 3,000 mg L-1 TDS. These wells are being reviewed for
“proximity to water supply wells or any other indication of risk of impact to drinking
water and other beneficial uses” (Bohlen and Bishop, 2015). The State Water Board is
reviewing 150 injection wells per month and expects to be done with its review in May
2015. Going forward, DOGGR has proposed a schedule and process to the U.S. EPA to
bring California’s UIC program into compliance with federal regulations. Further analysis
on this subject can be found in Volume III, Chapter 5.
2.6.2.3. Reuse of Produced Water for Irrigated Agriculture
Produced water is commonly reused for beneficial purposes, including steam flooding,
irrigation, and industrial cooling. In some cases, the produced water is treated prior to
reuse, but in others it is simply blended with freshwater to bring the levels of salts and
other constituents down to an acceptable range. In California, in in particular the San
Joaquin Valley, there is growing interest in expanding the beneficial reuse of produced
water for agriculture, particularly for irrigation, due to the co-location of oil, gas, and
agricultural operations and ongoing water scarcity concerns in these areas. The use of
produced water from unconventional production raises specific or unique concerns,
because of the variety of chemicals used during well stimulation that may end up mingled
with produced water and the unknowns concerning the toxicity and environmental profile
of those chemicals (discussed in the characterization of chemicals section, above).

8. An “exempt aquifer” is an aquifer that meets the criteria for protection but that protection has been waived because
it is not currently being used — and will not be used in the future — as a drinking water source, or it is not reasonably
expected to supply a public water system due to a high total dissolved solids content.
9. Since review, two of the 11 wastewater disposal wells have been authorized to resume operations.
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It is not known if produced water from stimulated wells is or has been used for irrigation
in California. According to data from the Central Valley Regional Board, there are
currently five fields (Deer Creek, Jasmin, Kern River, Kern Front and Mount Poso) where
produced water is reused to irrigate crops. Of these fields, well stimulations have only
been reported in Kern River and Mount Poso. In Mount Poso, the last reported hydraulic
fracture was in 2003. In Kern River, there are five records of fracturing operations in the
public data sets reviewed, four in wells operated by Chevron, including some since use
of produced water from Chevron’s wells for irrigation commenced. Chevron is the only
operator in Kern River with a permit to provide produced water for irrigation.
Produced water from the Kern River oil field irrigates the Cawelo Water District, a service
area covering 182 km2 (45,000 acres), of which roughly 82% of crops are permanent
crops, including citrus, nuts, and grapes (Cawelo Water District, 2014). The water is
treated at the Kern River Area Station 36 Treatment Plant before it is delivered to the
water district (CVRWQCB, 2012). The Cawelo Water District sets water quality goals that
comply with requirements established by the CVRWQCB in the Tulare Lake Basin Plan.
However, these requirements do not include monitoring for constituents specific to, or
indicative of, hydraulic fracturing (CVRWQCB, 2012).
2.6.2.4. Treatment and Reuse of Oil and Gas Industry Wastewater
Comprehensive data on current practices applied in California for the treatment of
produced water before beneficial reuse are not available. However, in general, the
treatment of produced water has been the subject of intensive investigation and
standard treatment practices have evolved for the reuse of produced water (e.g., Federal
Remediation Technologies Roundtable, 2007). Treatment of constituents commonly found
in produced water (e.g., oil and grease, dissolved solids, suspended particles, bacteria,
etc.) is generally well documented (Arthur et al., 2005; Drewes, 2009; Fakhru’l-Razi et al.,
2009; Igunnu and Chen, 2012; M-I SWACO, 2012). We are unaware of any studies that
examine whether commonly used produced water treatment systems would effectively
remove hydraulic fracturing chemicals (particularly organic chemicals) that might be
found in produced water from stimulated wells.
We evaluated the potential effectiveness of various chemical, physical, and biological
treatment technologies commonly used for produced water treatment in California for
removing well stimulation chemicals (Appendix 2-C). Results of the analysis indicate that
there is no one treatment technology that can independently treat all categories of wellstimulation-fluid additives, but that treatment trains (systems of combined processes in
series) could probably be developed to treat most stimulation chemicals known to be used
in California. For example, the San Ardo Oil Field Water Management Facility, located
in the upper Salinas Valley in Monterey County, treats produced water through several
pretreatment processes, followed by a two-pass reverse osmosis (RO) system before use
for environmental purposes and groundwater recharge (Figure 2.C-1)—whereas the Kern
Front No. 2 Treatment Plant in northern Kern County treats produced water by gravity
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separation, followed by air flotation with coagulants and mechanical agitation for use
in irrigation (Figure 2.C-2). Based on the analysis in Appendix C, the treatment train at
San Ardo would be expected to effectively remove all well stimulation chemicals from
influent streams, while the Kern Front No. 2 Treatment Plant would not be expected to
remove most chemicals associated with well stimulation operations. In summary, the most
common simple treatment trains, for example oil separation followed by filtration, are not
expected to be effective at removing most well stimulation chemicals, but more complex
treatment trains, potentially including RO, may be effective.
Reuse of produced water for irrigated agriculture, groundwater recharge, or environmental
flows is an attractive idea, especially in the face of drought. For a successful reuse program,
it will be necessary to identify beneficial uses for reclaimed wastewater from oil and gas
production, identify the water quality objectives to support that use, and identify what
parameters of the produced waters exceed these water quality objectives. Treatment and
reuse of produced water from fields with stimulated wells should consider the presence of
well-stimulation-fluid chemicals and their breakdown products as part of this evaluation.
2.6.2.5. Disposal of Produced Water in Sanitary Sewer Systems
There is no evidence that produced water from stimulated wells in California is currently
being disposed of in sanitary sewer systems. Statewide, however, an estimated 7 million
m3 and 4 million m3 (5,700 and 3,200 acre-feet) of produced water was disposed of in
sanitary sewer systems in 2012 and 2013, respectively, and some of this has occurred in
fields where wells have been stimulated (e.g., Wilmington Oil Field in Los Angeles County
and a small amount from the Lost Hills Oil Field and Midway-Sunset Oil Field in Kern
County). Oil and gas well operators that discharge produced water into sanitary sewers
are required by the sanitation districts to obtain pretreatment permits. Pretreatment of
produced water is typically minimal—consisting primarily of oil and water separators,
followed by clarification and sometimes air stripping or flotation—and does not remove
most chemicals associated with well-stimulation operations.
Additionally, sewage treatment plants are not typically equipped to handle produced
water, potentially disrupting the treatment process and discharging salt and other
contaminants into the environment. In Pennsylvania, for example, the high salt content of
oil and gas wastewater resulted in increased salt loading to Pennsylvania rivers (Brantley
et al., 2014; Kargbo et al., 2010; Vidic et al., 2013; Wilson and VanBriesen, 2012). Ferrar
et al. (2013) identified concentrations of some chemicals, including barium, strontium,
bromides, chlorides, total dissolved solids, and benzene, in treated effluent that exceeded
drinking water quality criteria. Similarly, Warner et al. (2013a) studied the effluent
from a brine treatment facility in Pennsylvania and found that TDS from the effluent led
to an increase in salts downstream, despite significant reduction in concentrations due
to the treatment process and dilution from the river. Moreover, radium activities in the
stream sediments near the point of discharge were 200 times higher than in upstream
and background sediments, and were above radioactive waste disposal thresholds. State
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regulators in Pennsylvania subsequently discouraged the practice of discharging waters
recovered from fracturing operations to sanitary sewer systems due to water quality
concerns, although some discharge into these facilities has continued. Much of the
research on disposal to these systems has focused on the produced water constituents
and has not specifically addressed the fate of stimulation chemicals commingled with
produced water.
2.6.2.6. Leakage through Hydraulic Fractures
One concern related to subsurface leakage through hydraulic fractures is the degree to
which induced fractures may extend beyond the target formation to connect to overlying
protected groundwater, or to other natural or man-made pathways such as faults,
natural fractures, or abandoned wells. Many studies, which are discussed in detail below,
reference stimulation activities conducted at significant depth, and thus it has been
generally assumed that fractures cannot directly intercept groundwater resources. The
situation in California is notably different, due to the shallow depths of fracturing (Volume
I, Chapter 3). Additional data about fracture geometry and depths are starting to emerge
from the well completion reports that are now being submitted to DOGGR by operators.
The completion reports have data for the horizontal and vertical extent of stimulation,
which are reported as “Stimulation Length” and “Stimulation Height.” For this assessment,
we analyzed the reported stimulation length and height, and calculated the depth (from
the surface) to the top of the stimulation using data reported for 499 hydraulic fracturing
treatments from a total of 506 well completion reports that were available as of December
15, 2014. The depth from the surface to the top of the stimulation was calculated as:
TVD Wellbore Start+TVD Wellbore End

Stimulation Height

2

2

where “TVD Wellbore Start” and “TVD Wellbore End” refer to the true vertical depths at
the top and bottom of the treatment interval in the well, respectively.
This calculation is based on the assumption that the reported stimulation geometries are
accurate. It is also assumed that stimulation propagates equally in both vertical directions
from the midpoint of the treatment interval, and so does not account for asymmetrical
vertical growth relative to the well interval treated. We also assume that the midpoint
of the stimulation height occurs at the midpoint of the true vertical depth of the treated
wellbore interval. The original dataset had to be modified to create consistent data
formats. Only hydraulic fracturing treatments were considered; data for the seven acid
matrix treatments were excluded. The distribution of these depths is shown in Figure 2.6-4.
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Summary Statistics (m)
MIN: 190
MAX: 2,600
MEDIAN: 310
AVERAGE: 430

Figure 2.6-4. The approximate depth (from the surface) of the top of the hydraulic fracturing
stimulations, (calculated by subtracting half the stimulation height from the midpoint of the

wellbore treatment interval). Data source: Completion reports submitted to DOGGR as of Dec
15, 2014.

The data show that the true vertical depths to the top of the producing horizon in which
the fracturing is induced are mostly shallow, ranging from 200 to 300 m (650 to 1,000
ft), and that in approximately half the operations, fracturing can extend to depths less
than 300 m (1,000 ft) from the surface. This result is consistent with an earlier analysis
that found the top of the fracturing interval in about half the operations to be less than
300 m (1,000 ft) deep (Volume I, Chapter 3). The shallow depths of fracturing raise
concern about the possibility that out-of-zone fractures may directly intercept protected
groundwater resources. Additional research is needed to determine how often this occurs,
if at all, and the consequences if it does occur.
Most of the reported stimulation heights are between 50 m and 300 m (165 ft and
1,000 ft), while stimulation lengths in lateral directions are typically less than 50 m
(165 ft) (Figure 2.6-5); however, the data for stimulation dimensions are inferred from
unsubstantiated industry calculations. Based on the data submitted to DOGGR, it appears
as though stimulations due to fracturing are oriented more vertically than horizontally
(Figure 2.6-6).
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Summary statistics (m)
MIN: 16
MAX: 336
MEDIAN: 211

Summary statistics (m)
MIN: 15
MAX: 266
MEDIAN: 23

Figure 2.6-5. Distribution of (a) stimulation heights and (b) stimulation lengths in California.
Data source: Completion reports submitted to DOGGR as of December 15, 2014.
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Figure 2.6-6. Comparison of stimulation heights with stimulation lengths for fracturing

operations show that stimulations extend more vertically than horizontally. The solid line
represents the 1:1 relationship; axes are in log scales. Data source: Completion reports
submitted to DOGGR as of December 15, 2014.

The accuracy of the reported data on fracture geometries is unknown, given that
operators do not report the methods for calculating the stimulation height and length.
Furthermore, examination of hundreds of the well records that record hydraulic fracturing
operations indicates operations consisting of only one stage are less than one quarter of
all operations. However, all the completion reports indicate only one stage per well. It is
unlikely such a substantial change in practice occurred at the same time that mandatory
reporting commenced. It is more likely operators are reporting all fracturing stages
within a well as one stimulation, and misreporting the number of stages in the well.
Consequently, it is not possible to draw definite conclusions from these data regarding the
length versus height, and consequently orientation, of fractures from individual stages.
However, four-fifths of the reports list a stimulation height that is the same or less than
the vertical height of the treatment interval in the well, suggesting almost all fracturing in
California is horizontal. This is at odds with the other data submitted by operators (Figure
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2.6-6), and with the predominance of vertical fracturing reported in literature regarding
the reservoirs in the San Joaquin Basin, where most hydraulic fracturing occurs (Volume
III, Chapter 5).
Basic work on understanding induced fractures spans decades (Hubbert and Willis,
1972; Nordgren, 1972; Perkins and Kern, 1961), but literature on studies conducted
in California is limited. Emanuele et al. (1998) measured the orientation of fractures
resulting from tens of stages in three horizontal wells in the Lost Hills field at a depth
of approximately 600 m (2,000 ft) using surface tiltmeter measurements, along with
some subsurface tiltmeter measurements. The orientation of all the fractures was within
10 degrees of vertical. Allan et al. (2010) reported on testing of longitudinal versus
transverse fracturing in horizontal wells at a depth of approximately 300 m (1,000 ft) in
the South Belridge field, reporting that the fractures were likely vertical as indicated by
surface and downhole tiltmeter measurements.
However, both fracture orientation and fracture extent must be evaluated. In work
performed outside of California, where fracturing occurs generally much deeper and
with less injection volumes, fracture orientations have been different. Flewelling and
Sharma (2014) observed that shallow formations are more likely to fracture horizontally
rather than vertically, regardless of fracture extent, and capped potential fracture vertical
extent at 600 m (2,000 ft) or less. Fisher and Warpinski (2012) compared microseismic
data on fracture extent and found that fractures in shallower formations (<1,200 m, or
3,900 ft) have a greater horizontal component, and that deep hydraulic fractures should
not be vertically extensive such as to contact shallow aquifers. This paper, however,
also stated that earlier work found orientations dependent on the unique stress profiles
and rock fabric of a given location (Walker et al., 2002). Coupled flow-geomechanical
modeling (Kim and Moridis, 2012) found inherent physical limitations to the extent of
fracture propagation—for example, the presence of overlying confining formations may
slow or stop fracture growth in the vertical direction, thus containing fractures within
the reservoir (Kim et al., 2014). Likewise, Davies et al. (2012) find that the majority
of induced fractures (with data focused on high-volume fracturing operations in the
Barnett Shale in Texas) range from less than 100 m (330 ft) to about 600 m (2,000 ft)
in vertical extent, with approximately a 1% probability of a fracture extending 350 m
(1,100 ft) vertically. This leads to a suggested minimum separation of 600 m (2,000 ft)
between shale reservoirs and overlying groundwater resources for high-volume fracturing
operations conducted in deeper formations elsewhere in the country (King, 2012). For
comparison, completion reports show that the fractures in California can be as shallow as
200 m (650 ft) from the surface, which is much less than this suggested minimum, and
thus a predominantly vertical fracture orientation increases the likelihood of encountering
protected groundwater. More studies are needed to evaluate the fracturing behavior,
fracture propagation, and the orientation of fractures relative to reservoir depth in typical
hydraulic fracturing operations in California.
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2.6.2.7. Leakage through Failed Inactive (Abandoned, Buried, Idle or Orphaned) Wells
Oilfield gas and formation water may reach the surface through degraded and leaking
wellbores. Regions with a history of oil and gas production such as California have a large
number of inactive (abandoned, buried, idle or orphaned) wells, many of which may be
undocumented, unknown, and either degraded, improperly abandoned, or substandard
in construction. Fractures created during hydraulic fracturing can create connectivity
to inactive wells, particular in high-density fields such as found in the Kern County in
California. However, the inactive wells have to fail (for example, due to degradation of
cement or casings), and sufficient driving forces must be present for leakage of gas or
formation water to occur through inactive wells.
In California, there are more inactive than active wells. Of a total of about 221,000
wells listed in the DOGGR GIS wells file, nearly 116,000 wells have been plugged and
abandoned according to state standards. Nearly 1,800 wells are “buried,” i.e., older wells
which have not been abandoned to standards and whose location is approximate. Finally,
the status of 388 wells is unknown, i.e., these are pre-1976 wells whose status is only on
a hard copy file. Approximately 53% of the abandoned wells are located in Kern County.
DOGGR also has an idle and orphan well program.10 An idle well is defined as “a well that
has not produced oil and/or gas or has not been used for fluid injection for six consecutive
months during the last five years”. An orphaned well is an abandoned well that has no
owner. The DOGGR idle wells inventory lists, as of December 2014, a total of 21,347 idle
wells, although this number differs from the number of idle wells reported in the GIS
wells file (13,450 wells). DOGGR also lists 110 currently orphaned wells in California
and an additional 1,307 hazardous orphaned wells were plugged by DOGGR between
1977 and 2010.
The accuracy of the locations of inactive wells listed in the DOGGR GIS wells file
has not been independently verified, and the actual counts of buried wells may be
underestimated, since there could be historical wells whose location is unknown. The
conditions of the abandoned, plugged, and buried wells are unknown. Under SB 4,
operators are required to identify plugged and abandoned wells that may be impacted by
the stimulation operation while applying for a permit, but are not required to test their
condition. Idle wells are required to be tested periodically to ensure that they are not
impacting surface and groundwater by the DOGGR Idle and Orphan well program. The
type of testing required is not specified, and can be as simple as a fluid-level survey or
may be a more complicated well-casing mechanical integrity test.
Old and inactive wells are a problem in many other states. For example, in Pennsylvania,
there are thousands of wells from previous oil and gas booms, with 200,000 dating from
before formal record-keeping began and 100,000 that are essentially unknown (Vidic

10. See http://www.conservation.ca.gov/dog/idle_well/Pages/idle_well.aspx
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et al., 2013), and increasing attention has been given to assessing these as transport
pathways. Abandoned wells have also been attributed as causes for contamination of
groundwater in Ohio and Texas and programs to locate, assess, and cap previously
abandoned wells have been subsequently initiated in those states (Kell, 2011). Chilingar
and Endres (2005) documents a California incident in 1985, where well corrosion at
shallow depths led to casing failure of a producing well and the subsequent migration of
gas via a combination of abandoned wells and fault pathways to a Los Angeles department
store basement, resulting in an explosion. The paper also documents multiple cases of
gas leakage from active oil fields and natural gas storage fields in the Los Angeles Basin
and elsewhere, with the most common pathway being gas migration through faulted and
fractured rocks penetrated by abandoned and leaking wellbores, many of which predate
modern well-casing practice and are undocumented or hidden by more recent urban
development. While stimulation technologies are not implicated in these events, they
illustrate the real possibility of degraded abandoned wells as pathways.
The hazards of degraded abandoned wells are not just limited to their proximity to
stimulated wells, but are also relevant to the issue of disposal of wastewater from
stimulated wells by injection into Class II wells. A 1989 U.S. Government Accountability
Office (GAO) study of Class II wells across the United States (U.S. GAO, 1989) found that
one-third of contamination incidents were caused by communication with an improperly
plugged abandoned oil and gas well. Current UIC program permitting requirements
require a search for abandoned wells within a quarter mile of a new injection wellbore,
and plugging and remediation of any suspect wellbores (40 CFR 144.31, 146.24).
However, Class II wells operating prior to 1976 are exempt from this requirement. Thus,
70% of the disposal wells reviewed were pre-existing, grandfathered into the program,
and allowed to operate without investigating nearby abandoned wells (U.S. GAO, 1989).
2.6.2.8. Failure of Active Production, Class II, and Other Wells
Operating wells (whether used for production or injection) can serve as leakage pathways
for subsurface migration. Pathways can be formed due to inadequate design, imposed
stresses unique to stimulation operations, or other forms of human error. Class II deep
injection wells with casing or cement inadequacies would also have similar potential for
contamination as a failed production well or a well that fails due to stimulation pressures.
Examples of potential subsurface releases through wells are illustrated in Figure 2.6-2.
Stimulated wells may be subject to greater stresses than non-stimulated wells, due to
the high-pressure stimulation process and the drilling practices used to create deviated
(often horizontal) wells (Ingraffea et al., 2014). During hydraulic fracturing operations,
multiple stages of high-pressure injection may result in the expansion and contraction
of the steel casing (Carey et al., 2013). This could lead to radial fracturing and/or shear
failure at the steel-concrete or concrete-rock interfaces, or even separation between the
casing and the cement. These gaps or channels could serve as pathways, or (as a worstcase) create connectivity between the reservoir and overlying aquifers. Current practice
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does not typically use the innermost casing as the direct carrier of stimulation fluids (or
produced fluids and gases). Additional tubing (injection tubing or production tubing) is
run down the innermost well casing without being cemented into place, and thus carries
the stresses associated with injection. However, less complex stimulation treatments, such
as some California operations, may not require such additional steps, and some fracturing
operations may use the innermost casing to carry the fracturing fluids and the pressures
associated with the fracturing operation.
In addition, several mechanisms—such as surface subsidence, reservoir compaction
or heaving, or even earthquakes—can lead to well impairment due to casing shear
(Dussealt et al., 2001). The diatomite formations in Kern County are highly porous and
compressible, and hence are particularly susceptible to depletion-induced compaction.
For example, several wells failed in the 1980s in Belridge (at a peak rate of 160 wells per
year) following years of active production enabled by stimulation, which led to reservoir
depletion and subsidence (Fredrich et al., 1996; Dussealt et al., 2001). Waterflood
programs were then initiated to counter the subsidence, which led to much lower rates
of well failure in the late 1990s of around 2–5% of active wells per year or approximately
20 wells per year (De Rouffignac et al., 1995; Fredrich et al., 1996; Dussealt et al., 2001).
The current situation with groundwater overdraft in the southern San Joaquin Valley may
pose an added risk to wells in the region due to subsidence. Earthquakes can also lead to
casing shear; for example, hundreds of oil well casings were sheared in the Wilmington oil
field in Los Angeles during five or six earthquakes of relatively low magnitude (M2 to M4)
during a period of maximum subsidence in the 1950s (Dussealt et al., 2001).
Failures in well design and construction may allow migration of gas and fluids from the
reservoir, or from shallower gas and fluid-bearing formations intersected by the wellbore.
Wells can thus serve as pathways for gas migration to overlying aquifers or even to
the surface (Brufatto et al., 2003; Watson and Bachu, 2009). Multiple factors over the
operating life of a well may lead to failure (Bonett and Pafitis, 1996; Brufatto et al., 2003;
Carey et al., 2013; Chilingar and Endres, 2005; Dusseault et al., 2000; Watson and Bachu,
2009); however, the most important mechanism leading to gas and fluid migration is
poor well construction or exposed (or uncemented) casing (Watson and Bachu, 2009). A
surface casing may not protect shallow aquifers, particularly if the surface casing does not
extend to a sufficient depth below the aquifer (Harrison, 1983; 1985).
Watson and Bachu (2008) also noted that deviated wellbores, defined as “any well with
total depth greater than true vertical depth,” show a higher occurrence of gas migration
than vertical wells, likely due to the challenges of deviated well construction increasing
the likelihood of gaps, bonding problems, or thin regions in the cement that could create
connectivity to other formations. In a review of the regulatory record, Vidic et al. (2013)
noted a 3.4% rate of cement and casing problems in Pennsylvania shale-gas wells (that all
had some degree of deviation) based on filed notices of violation. Pennsylvania inspection
records, however, show a large number of wells with indications of cement/casing
impairments for which violations were never noted, suggesting that the actual rate of
occurrence could be higher than reported (Ingraffea et al., 2014; Vidic et al., 2013).
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The bulk of the peer-reviewed work on contaminant migration associated with stimulation
focuses on the Marcellus Shale gas plays of Pennsylvania, West Virginia, Ohio, and New
York. This literature features a number of competing studies that focus on fracturingderived pathways, but also provides a robust debate on the role of deteriorated or poorly
constructed wells. A sampling study by Osborn et al. (2011a) and Jackson et al. (2013a)
noted that methane concentrations in wells increased with increasing proximity to gas
wells, and that the sampled gas was similar in composition to gas from nearby production
wells in some cases. Follow-up work by Davies (2011) and Schon (2011) found that
leakage through well casings was a better explanation than other fracturing-related
processes (also see Vidic et al., 2013). Most recently, other sampling studies (Darrah et
al., 2014; Molofsky et al., 2013) found gas compositions in wells with higher methane,
ethane, and propane concentrations sometimes match Marcellus gas, likely through
leaks in well casings; in other instances, they do not match the gas compositions in the
Marcellus Shale, suggesting that intermediate formations are providing the source for the
additional methane, probably due to insufficient cementing in poorly constructed wells.
The Darrah et al. (2014) study in particular identifies eight locations in the Marcellus
(and also for one additional case in the Barnett Shale in Texas) where annular migration
through/around poorly constructed wells is considered the most plausible mechanism for
measured methane contamination of groundwater.
In California, a 2011 report that studied the over 24,000 active and 6,900 inactive
injection wells in the state found that, while procedures were in place to protect
freshwater resources, other water resources (with higher levels of dissolved components,
but not considered saline) may be at risk due to deficiencies in required well-construction
practices (Walker, 2011). In California, there has been little to no investigation to quantify
the incidence and cumulative hazard or indicators of wellbore impairment. However,
studies from other oil- and gas-producing regions indicate that wellbores have the
potential to serve as leakage pathways in California, and need to be investigated.
2.6.2.9. Leakage through Other Subsurface Pathways (Natural Fractures, Faults or
Permeable Formations)
Several modeling studies have attempted to elucidate mechanisms of subsurface transport
in fractured formations through numerical simulation, although in all cases some
simplification of subsurface properties was necessary, since subsurface heterogeneity is
both difficult to quantify and to represent in a model. A well-publicized study by Myers
(2012) found potential transport between fractured reservoirs and an overlying aquifer,
but did so using a highly simplified flow model regarded as unrepresentative (Vidic
et al., 2013). Two recent studies modeled higher-permeability pathways intersecting
reservoir boundaries. Modeling work by Kissinger et al. (2013) suggests that transport of
liquids, fracturing fluids, or gas is not an inevitable outcome of fracturing into connecting
pathways. Modeling work by Gassiat et al. (2013) found that migration of fluids from
a fractured formation is possible for high-permeability fractures and faults, and for
permeable bounding formations, but on 1,000-year timeframes. Flewelling and Sharma
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(2014) conclude that upward migration through permeable bounding formations, if
possible at all, is likely an even slower process operating at much longer timescales (in
their estimate, ~1,000,000 years). Additional modeling studies on gas transport through
fractures in shale formations, suggest gas escape is likely to be limited in duration and
scope for hydrostatic reservoirs (Reagan et al., 2015; U.S. EPA 2015b). Such studies
require corroborating field and monitoring studies to provide a complete view of the
possible mechanisms and outcomes.
Sampling and field studies have also sought evidence of migration via fractures, but the
bulk of the peer-reviewed work focuses on the Marcellus Shale, and no such studies have
been conducted in California. A key conclusion is that pathways and mechanisms are
difficult to characterize, and the role of fracturing or transport through fractures has not
been clearly established. Methane concentrations in wells increase with proximity to gas
wells, and the gas is similar in composition to gas produced nearby (Jackson et al., 2013a;
Osborn et al., 2011a), but evidence of contamination from brines or stimulation fluids
was not found (Jackson et al., 2011; 2013a; Osborn et al., 2011b), suggesting that gas
and liquid migration may not be driven by the same processes. The most recent sampling
studies (Darrah et al., 2014; Molofsky et al., 2013) conclude that migration through
poorly constructed wells is a more likely scenario than fracture-related pathways. Work on
the properties of gas shales (Engelder et al., 2014) proposed that a “capillary seal” would
restrict the ability of fluids to migrate out of the shale, but many reservoirs in California
contain more mobile water, reducing this possibility.
Fault activation resulting in the formation of fluid pathways is an additional concern
when stimulation operations occur in faulted geologies, such as in California (Volume II,
Chapter 4). Fault activation is a remote possibility for faults that can admit stimulation
fluids during injection (Rutqvist et al., 2013), possibly increasing the permeability of
previously sealed faults or creating new subsurface pathways analogous to induced
fractures (possibly on a larger scale). Fault activation could also give rise to (small) microseismic events, but fault movement is limited to centimeter scales across fault lengths of
10 to 100 m (33 to 330 ft) (Rutqvist et al., 2013). Chilingar and Endres (2005) document
a California incident in which the migration of gas via permeable faults (among other
pathways) created a gas pocket below a populated area in Los Angeles and resulted in
an explosion. While the incident was not related to stimulation operations, it shows how
naturally faulted geologies can provide pathways for migration of gas and fluids.
2.6.2.10. Spills and Leaks
Oil and gas production involves some risk of surface or groundwater contamination from
spills and leaks. Well stimulation, however, raises additional concerns, owing to the use of
chemicals during the stimulation process, the generation of wastewaters that contain these
chemical additives (as well as formation brines with potentially different compositions
from conventional produced waters), and the increased transportation requirements to
haul these materials to the well and disposal sites.
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Surface spills and leaks can occur at any time in the stimulation or production process.
Spills and leaks can occur during chemical or fluid transport, pre-stimulation mixing,
during stimulation, and after stimulation during wastewater disposal. In addition, storage
containers used for chemicals and well stimulation fluids can leak (Figure 2.6-1). Releases
can result from tank ruptures, piping failures, blowouts, other equipment failures and
defects, overfills, fires, vandalism, accidents, or improper operations (NYSDEC, 2011).
Additionally, natural disasters (e.g., floods or earthquakes) may damage storage and
disposal sites or cause them to overflow. For example, major flooding in 2013 damaged
oil and gas operations in northeast Colorado, spilling an estimated 180 m3 (48,000 gal)
of oil and 160 m3 (43,000 gal) of produced water (COGCC, 2013). Once released, these
materials can run off into surface water bodies and/or seep into groundwater aquifers.
In California, any significant or threatened release of hazardous substances must be
reported to California Office of Emergency Services (OES) (19 CCR 2703(a)). According
to California state law, the reporting threshold for chemical spills varies by chemical.
There is no specific reporting threshold for produced water, although any release must still
be reported to the appropriate DOGGR district office (Cal. Code Regs. tit. 14, § 1722(i)).
All spills into or on state waters must also be reported to OES. OES maintains a database
with information on the location, size, and composition of the spill; whether the spill
impacted a waterway; and the cause of the spill. OES then conveys information on spills
originating from or associated with an oil or gas operation to DOGGR, and DOGGR staff
enters these data into the California Well Information Management System (CalWIMS)
database. In some cases, DOGGR works with companies after a spill has occurred to obtain
additional information and, as a result, some of the data within DOGGR and OES spills
databases are inconsistent. For this analysis, we relied on the OES database; however, we
discuss the need to standardize these databases in Section 2.9. It is of note that operators
are not required to report whether a spill was associated with well stimulation, nor do the
reports contain an American Petroleum Institute (API) number, which could be used to
link the spill to stimulation records.
Between January 2009 and December 2014, a total of 575 produced water spills were
reported to OES, or an average of about 99 spills annually. The majority (55%) of these
spills occurred in Kern County, followed by Los Angeles (16%), Santa Barbara (13%),
Ventura (6%), Orange (3%), Monterey (2%), and San Luis Obispo (1%), and Sutter (1%)
counties. Nearly 18% of these spills impacted waterways.
Chemical spills were also reported in California oil fields, including spills of chemicals
typically used in well stimulation fluids, e.g., hydrochloric, hydrofluoric, and sulfuric
acids. Between January 2009 and December 2014, a total of 31 chemical spills were
reported to OES. Forty-two percent of these spills were in Kern County, followed by Los
Angeles (16%), Sonoma (16%), and Lake (3%) counties. Chemical spills represent about
2% of all reported spills attributed to oil and gas development during that period. None of
the reported spills contained chemicals used for hydraulic fracturing in California.
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Nine of the chemical spills were of acid. This suggests that acid spills are relatively
infrequent, representing less than 1% of all reported spills attributed to oil and gas
development during that period. Among these was a storage tank at a soft water treatment
plant containing 20 m3 (5,500 gal) of hydrochloric acid in the Midway-Sunset Oil Field in
Kern County that ruptured violently, releasing the acid beyond a secondary containment
wall. No injuries or deaths were associated with this or any other acid spill. While 10% of
the chemical spills were reported to enter a waterway, none of the acid spills was reported
to enter a waterway.
2.6.2.11. Operator Error During Stimulation
Human error during the well completion, stimulation, or production processes could also
lead to contamination of groundwater. Operator error could create connectivity to other
formations that could serve as transport pathways. For example, poor monitoring or
control of the fracturing operation could lead to creation of fractures beyond the confines
of the reservoir, or increase the extent of fractures beyond desired limits. Such errors,
if not found and corrected, could lead to unexpected migration of fluids, or in the case
of the high-density well siting often found in California, connectivity between wells that
impacts production activities themselves. Fracturing beyond the reservoir bounds due to
operator error may also be of particular concern in the case of the shallower fracturing
operations that may occur in California.
An example of operator error during stimulation is a 2011 incident in Alberta, Canada
(ERCB, 2012), where an overlying formation was inadvertently fractured due to
misreading of well fluid pressures, and stimulated fluids were injected into a waterbearing strata below an aquifer. Immediate flowback of fracturing fluids recovered most of
the injected volume, and monitoring wells were installed into the aquifer and an overlying
sandstone layer. A hydraulic connection between the fractured interval and the overlying
aquifer was not observed, but groundwater samples contained elevated levels of chloride,
benzene, toluene, ethylbenzene, and xylenes (BTEX), petroleum hydrocarbons and other
chemicals. The Energy Resources Conservation Board (ERCB) finding states that the
incident presented “insignificant” risk to drinking water resources, but criticized the onsite
crew’s risk management, noting there were multiple opportunities to recognize abnormal
well behavior before the misplaced perforation.
2.6.2.12. Illegal Discharges
Illegal discharges of wastewater from oil and gas production have been noted in California
for disposal in both unlined pits and via subsurface injection. For example, in July 2013,
the CVRWQB issued a $60,000 fine to Vintage Production California, LLC, for periodically
discharging saline water, formation fluids, and hydraulic fracturing fluid to an unlined pit
in an area with good-quality groundwater (CVRWQCB, 2013). In a follow-up survey on
disposal practices of drilling fluids and well completion fluids, the CVRWQCB identified
several other illegal discharge incidents between January 2012 and December 2013
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and fined the responsible operators (CVRWQCB, 2014). In a recent GAO review of the
UIC programs in eight states, California agencies reported 9 and 12 instances of alleged
contamination in 2009 and 2010, respectively, resulting from one operator injecting fluids
illegally into multiple wells (U.S. GAO, 2014).
2.7. Impacts of Well Stimulation to Surface and Ground Water Quality
In this section, we review the potential impacts of well stimulation on water quality by
examining results from the few sampling studies that have been conducted near hydraulic
fracturing operations in the United States. Only one sampling study has been conducted
near a hydraulic fracturing site in California (in Inglewood). Thus, we considered
studies conducted in other regions of the United States where stimulation operations
have occurred, including Pennsylvania, Texas, Ohio, Montana and North Dakota, to (1)
examine incidents where water has been potentially contaminated due to oil and gas
activities, to determine viable contaminant release mechanisms, and assess whether they
apply to well stimulation activities in California; and (2) identify considerations for future
sampling studies and monitoring programs in California, based on lessons learned from
other states.
While some of the sampling studies have shown no evidence of water contamination
associated with well stimulation, other studies found detectable impacts that were
associated with, and allegedly caused by, well stimulation operations. A recently released
draft report by the U.S. EPA did not find evidence of widespread, systemic impacts on
drinking water resources in the United States, but found specific instances of impacts on
drinking water resources, including contamination of drinking water wells. (U.S. EPA 2015b).
Notably, most groundwater sampling studies do not even measure stimulation chemicals,
partly because their full chemical composition and reaction products were unknown. It
should be noted that detecting groundwater contamination is more difficult than detecting
surface water contamination because (1) the effects of contamination, the release
mechanisms, and the transport pathways are less visible than at the surface; (2) there are
many possible pathways and sources for contaminants to be present in groundwater, and
definitively attributing contamination to well stimulation is difficult; and (3) impacts on
groundwater may not be detected on relatively short time scales because of slow transport
processes. These difficulties are compounded by the lack of baseline water quality data
and monitoring to detect problems, as well as the lack of knowledge about the full
composition of stimulation fluids and standard analytical methods to detect the chemical
additives and their degradation products.
2.7.1. Studies that Found Evidence of Potential Water Contamination near
Stimulation Operations
Several studies have found evidence of contamination due to stimulation, which were
primarily attributed to surface spills or leaks of fluids used in hydraulic fracturing, or
improper wastewater disposal (Table 2.7-1). For example, in 2007, flowback fluids
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overflowed retention pits in Knox County, KY, killing or displacing all fish (including
Blackside Dace, a federally threatened species), invertebrates, and other biota for months
over a 2.7 km (1.7 mi) section of a local waterway (Papoulias and Velasco, 2013). In
a study examining the effect of spills, the presence of known or suspected endocrinedisrupting chemicals used for hydraulic fracturing were measured at higher levels in
surface and groundwater samples in drilling-dense areas of Garfield County, Colorado
compared to nearby background sites with limited or no drilling activity (Kassotis et al.,
2013). Surface water samples were collected from five distinct sites that contained from
43 to 136 natural gas wells within 1.6 km (1 mi) and had a spill or incident related to
unconventional natural gas extraction within the previous six years.
There have been far fewer reports of groundwater contamination caused by subsurface
release mechanisms, such as leakage through wells or leakage through hydraulic fractures
or other natural permeable pathways. Most of the problems reported were due to the
presence of methane gas or other formation water constituents in drinking water wells,
and only three reports involve the possibility of contamination by hydraulic fracturing
fluids. A recent study in Pennsylvania investigates an incident of contamination by natural
gas in potable groundwater, where well waters were also observed to foam (Llewellyn
et al., 2015). The authors used 2-D gas chromatography coupled to time-of-flight mass
spectrometry (GCxGC-TOFMS) to identify an unresolved complex mixture of organic
compounds in the aquifer that had similar signatures to flowback water from Marcellus
shale-gas wells. The organic compounds were not present in nearby wells that were
outside of the affected area. One compound in particular, 2nbutoxyethanol, which is not a
natural constituent of water in the region, was identified in both the foaming waters and
flowback water, although the study mentions that it could have also been used in drilling
fluids. The authors conclude that, although they were not able to unambiguously prove
a direct connection between shale gas operations and the detected organic chemicals in
household waters, the timing and presence of similar compounds in “flowback/produced”
waters suggest that the hydraulic fracture operations were a likely source (Llewellyn et
al., 2015). The contaminant release mechanisms suggested by the authors include surface
spills or subsurface leakage and transport through shallow fractures. The study also
suggests that the most likely release mechanism for the natural gas was leakage through
wells due to excessive annular pressures and lack of proper annular cement (Llewellyn
et al., 2015).
There are two other unconfirmed potential groundwater contamination incidents
attributed to subsurface leakage of hydraulic fracturing fluid within the United States
(DiGiulio et al., 2011; U.S. EPA, 1987), but neither of them has been documented in a
peer-reviewed publication (Brantley et al., 2014; Vidic et al., 2013). The first study is
a U.S. EPA investigation in Pavilion, Wyoming, where surface storage and disposal of
wastewaters was implicated in contamination of shallow surface water as discussed in
Section 2.6. Initial results published in a draft report (DiGiulio et al., 2011) suggested
that groundwater wells had been contaminated with various fracturing-fluid chemicals
(glycols and alcohols) as well as methane, via flow from the stimulated reservoir to
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groundwater. However, a follow-up study by the USGS involving resampling of the wells
could not confirm some of these findings (Wright et al., 2012). The U.S. EPA is no longer
working on this study, which is now being led by the State of Wyoming. The second
reported incident of groundwater contamination is based on a U.S. EPA study focusing on
operations in Ripley, West Virginia. In this case, a gel used as a constituent in fracturing
fluids was reported to have contaminated a local water well located less than 330 m
(1,000 ft) from a vertical gas well (U.S. EPA, 1987). Contaminant transport could have
either occurred through four abandoned wells located near the vertical gas well during
the fracturing process, or by contamination from the flush fluid used to remove loose rock
cuttings prior to cementing (Brantley et al., 2014).
Several other studies note the presence of elevated levels of other contaminants in
groundwater near stimulation operations. Some studies were unable to attribute the
cause to stimulation, while others had to conduct several follow-on investigations to
identify the contaminant release mechanisms. For example, some sampling studies
found high concentrations of methane and other hydrocarbons in drinking-water wells
in Pennsylvania, particularly those near hydraulic fracturing operations. Methane
concentrations in the wells increased with increasing proximity to gas wells, but evidence
of contamination from brines or fracturing fluids was not found (Dyck and Dunn, 1986;
Jackson et al., 2011; 2013a; Osborn et al., 2011a; 2011b). There was significant debate
about whether the high methane concentrations were naturally present, or a result of
hydraulic fracturing operations. Additional sampling work (Jackson et al., 2013a) found
ethane and propane, as well as methane, in water wells near Marcellus production
locations. The studies determined that the methane was formed by thermogenic processes
at depth (as would be expected for shale gas), and that the isotopic ratios of methane
were found to be more consistent with non-Marcellus gas (Molofsky et al., 2013). The
most recent sampling study (Darrah et al., 2014) again found isotopic and noble gas
compositions inconsistent with a Marcellus (and thus a stimulation-derived) source, and
identified eight locations where wells are considered the most plausible mechanism for
measured methane contamination of groundwater—including incidents of migration
through annulus cement (four cases), through production casings (three cases), and
due to underground well failure primarily. In another study in the Marcellus, radon
concentrations obtained from previously measured public data were found to increase
in proximity to unconventional wells (Casey et al., 2015). Radon is a radioactive decay
product of radium, and can dissolve and be transported through groundwater. The
researchers also noted that concentrations increased in 2004 from previously fluctuating
measurements, just preceding the Marcellus boom in 2005. However, the study had
several shortcomings, including the lack of any detailed statistical measures for spatial
association of radon with hydraulic fracturing operations, the lack of evidence showing
any pathway that could cause an increase in radon concentrations, the reliance on
unverified public data that were not necessarily submitted by accredited professionals,
and other limitations that led to an acknowledgement by the authors stating that the
study was exploratory.
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Another study conducted in the Barnett Shale also illustrates the difficulty in tracing the
source of the contaminants detected in groundwater near well stimulation operations shale
(Fontenot et al., 2013), despite having historical and background water quality data. This
study sampled 100 groundwater wells located in aquifers overlying the Barnett, and found
that TDS concentrations exceeded the U.S. EPA Secondary Maximum Contaminant Level
(MCL) of 500 mg L-1 in 50 out of 91 samples located within 3 km (1.9 mi) of gas wells,
and that the maximum values of TDS near the wells were over three times higher than
those from background wells located in areas that were unimpacted by fracturing enabled
oil and gas development. Similarly, trace elements such as arsenic, barium, selenium, and
strontium were found to be present at much higher levels compared to background or
historical concentrations, and organics (methanol and ethanol) were detected in 29%
of samples in private drinking-water wells. However, it was not possible to determine if
hydraulic fracturing was the cause of the high TDS, trace element or organic concentrations,
since historical, regional, and background values of these constituents were also high.
An extensive review of groundwater-contamination claims and existing data can be
found in a report for the Ground Water Protection Council, focusing on Ohio and
Texas groundwater-investigation findings during a 16-year study period from 1983
through 2008 (Kell, 2011). The study area and time period included the development
of 16,000 horizontal shale gas wells with multistage fracturing operations in Texas and
one horizontal shale gas well in Ohio. The report notes that, for the study period, no
contamination incidents were found involving any stimulation activities including “site
preparation, drilling, well construction, completion, hydraulic fracturing stimulation, or
production operations at any of these horizontal shale gas wells.” However, there were
a total of 211 reported groundwater contamination incidents in Texas caused by other
oil and gas activities. Seventy-five of these were caused by wastewater management and
disposal activities, including 57 incidents due to improper storage of wastewater in surface
containment pits. This practice has mostly been replaced by disposal via Class II injection
wells that have a significantly better record of protecting groundwater resources than
unlined pits (as discussed in Section 2.6). Other contamination incidents were related
to orphaned wells (30 incidents, most of which were caused by inadequately sealed
boreholes) and production activities (56 incidents that include 35 releases from storage
tanks, 12 releases from flow lines or wellheads, 7 releases from historic clay-lined storage
pits, and 2 releases related to well construction including an incident caused by a short
surface casing that did not adequately isolate all groundwater). In Ohio, a total of 185
groundwater-contamination incidents were reported from other oil and gas activities,
most of which occurred prior to 1993. Of these, 41 incidents were related to orphaned
wells in abandoned sites, 39 incidents were caused by production-related activities
(including 17 incidents of leaks from storage tanks or lines; 10 incidents caused by onsite
produced water storage pits; 12 incidents caused due to well construction issues), and 26
incidents caused due to waste management and disposal activities. The report concludes
that, although no documented links have been found implicating the fracturing process
itself to contamination incidents, a regulatory focus on activities that could be linked to
contamination is critical, along with documentation of hydraulic fracturing operations
such that regulators can determine which processes put groundwater at risk.
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Fracturing fluids

Yes

Yes

Wastewater

Natural Gas

Yes

Disputed

Gelatinous
material
(fracturing fluid)
and white fibers

Flowback fluids

Attributed
to Well
Stimulation?

Contaminant
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Inadvertent fracturing of an overlying
formation and injection of fluids into
water-bearing strata below an aquifer.

Groundwater samples from
monitoring wells found elevated
levels of chloride, BTEX, petroleum
hydrocarbons, and other chemicals.

Spill during major flooding in 2013
damaged oil and gas operations.

Unknown

Wastewater pit failure.

Pollution in Stevens Creek and a
nearby wetland resulted in a fish
die-off.

Fluid overflowed the impoundment’s
banks and ran over the ground and
into a tributary of Dunkle Run.

Defective cement job in the well
casing, compounded by operator error.

Retention pits overflowed.

Flowback fluids were released directly
into Acorn Fork. The incident killed or
displaced all fish, invertebrates, and
other biota for months over a 2.7 km
section of the creek.

Natural gas seeped into an aquifer

Kaiser Gas Co.

Unknown; 4 abandoned gas wells
drilled in the 1940s are present
within 1,700 ft of the new gas well
and may have served as conduits for
contamination.

Fluid and fibers were found in the
water sample from a well located
<1,000 ft from a vertical gas well.

Multiple

Crew Energy
Inc.

Cabot Oil &
Gas

Atlas
Resources LLC

Ohio Valley
Energy
Systems Corp.

Not known

Operator

Release Mechanism

Evidence of Water Contamination

associated with oil and gas activities in the United States.

Table 2.7-1. Examples of release mechanisms and contamination incidents
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COGCC, 2013

ERCB, 2012

PA DEP, 2009

PA DEP, 2010

Ohio DNR,
2008

Papoulias and
Velasco, 2013

Brantley,
2014; U.S.
EPA, 1987

Source

Location

Kern County,
CA

Ohio

Texas

Weld County,
CO

Pennysylvania

Year

2013

19832007

19932008

20102011

2015

Groundwater

Groundwater

Groundwater

Groundwater

Media
Impacted

Likely (but not
unambiguously)
caused by
stimulation

Not known

Multiple - e.g.,
drill cuttings,
crude oil,
flowback, and
produced water

Methane,
unresolved
mixture
of organic
compounds
(including
2-butoxyethanol)

Not known

Drilling
contaminantse.g., drill cuttings,
crude oil,
flowback, and
produced water

Not known

Yes

Saline water,
formation fluids,
and hydraulic
fracturing fluid

BTEX

Attributed
to Well
Stimulation?

Contaminant
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Wells that had been previously
contaminated with natural gas were
observed to be foaming

77 reported surface spills impacting
the groundwater

The Texas Railroad Commission
documented 211 incidents of
groundwater contamination caused by
historic or regulated oilfield activities
over the 16 year period.

The Ohio Division of Mines and
Reclamation documented 185
groundwater contamination incidents
caused by historic or regulated oilfield
activities over a 25 year period

None

Evidence of Water Contamination

Not known

Not known

75 incidents resulted from waste
management and disposal activities,
including 57 legacy incidents caused
by produced water disposal pits that
were phased out starting in 1969 and
closed by 1984. 56 incidents related
to releases that occurred during
production phase activities including
storage tank or flow line leaks. 30
incidents were caused by orphaned
wells or sites.
Spills due to 1. Equipment failure (47
spills); 2. corrosion/equipment failure
(10 spills); 3. historical impact (i.e.,
discovery of a spill during inspection)
(15 spills); 4. human error (3 spills); 5.
Multiple leaks in dump line system (1
spill); and 6. unknown (1 spill).

Not known

Not known

41 of the 185 incidents were caused
by orphaned wells. 144 were
caused by violations at permitted
or regulated activities, including
drilling & completion; production,
on-lease transport, & storage; waste
management & disposal; and plugging
& site reclamation.

Suggested release mechanisms are
surface spills or release/transport
through shallow fractures for the
organic compounds. Methane was
probably released through a different
mechanism (through well casing)

Vintage

Operator

Illegal discharge to an unlined pit.

Release Mechanism
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Llewelyn et
al., 2015

Gross et al.,
2013

Kell, 2011

Kell, 2011

CVRWQCB,
2013

Source

Groundwater

Surface and
Groundwater

Groundwater

Kansas,
Kentucky,
Michigan,
Mississippi,
New Mexico,
Oklahoma,
and Texas.

Pavillion, WY

Pavillion, WY

Saskatchewan,
Canada

Texas

Garfield
County, CO

Northeastern
PA and upstate
NY

Not
known

Not
known

Not
known

Not
known

Not
known

Not
known

Not
known

Surface water

Groundwater

Groundwater

Groundwater

Media
Impacted

Location

Year

Disputed

Elevated
concentrations of
well stimulation
and drilling
chemicals

Not known

Not known

Endocrinedisrupting
chemicals

Methane

Not known

Sediment

Not known

Yes

Benzene, xylenes,
gasoline-range
organics, and
diesel-range
organics

Methane

Not known

Attributed
to Well
Stimulation?

Brine

Contaminant

Unknown; article suggests leakage
along the exploration holes or
migration through natural fractures.
Sediment runoff from wellpads.

Unknown

Unknown

Elevated levels of methane found in
groundwater associated with oil and
gas fields.
Study shows a strong correlation
between shale-well density and
stream turbidity.
Data suggest elevated endocrinedisrupting chemical activity in surface
water and groundwater close to
unconventional natural gas drilling
operations.
Study shows that, in active gasextraction areas, average and
maximum methane concentrations in
drinking-water wells increased with
proximity to the nearest gas well.

135

Thought to be related to gas
production; however, the gas company
disputes this claim.

Infiltration from storage/disposal pits.

Improperly plugged oil and gas wells
in the vicinity of Class II injection
wells; leaks in Class II injection well
casing; and Class II injection into a
USDW.

Release Mechanism

Contaminants were detected in deep
monitoring wells.

High concentrations of hydraulic
fracturing chemicals were found in
shallow monitoring wells near surface
pits.

A majority of the 23 cases were
identified by users of the groundwater.
The rest were identified by operators
or EPA staff during monitoring
operations or while reviewing
injection records.

Evidence of Water Contamination
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Not known

Not known

Not known

Not known

Encana Oil
and Gas

Encana Oil
and Gas

Multiple

Operator

Osborn et al.,
2011a

Kassotis et al.,
2013

Williams et al.,
2008

Van
Stempvoort et
al., 2005

Folger et al.,
2012

DiGiulio et al.,
2011; Folger
et al., 2012

U.S. GAO,
1989

Source
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2.7.2. Studies that Found No Evidence of Water Contamination Near Stimulation
Operations
There are a few sampling surveys that have been conducted near stimulation operations in
the United States. Many of these studies found no evidence of water contamination near
stimulation operations, including the only sampling study conducted in California (Cardno
ENTRIX, 2012).
The California study reviewed ten years of oil and gas production, including two years
of well stimulation operations, at the Inglewood field in Los Angeles County. During this
period, conventional hydraulic fracturing was conducted on 21 wells and high-volume
hydraulic fracturing was conducted on two wells.11 The Inglewood field is located in a
populated area and underlies a freshwater formation that is regulated and monitored
for water quality (Cardno ENTRIX, 2012). The study sampled the groundwater for pH,
total petroleum hydrocarbons (TPH), benzene, methyl tertiary butyl ether (MTBE), total
recoverable petroleum hydrocarbons (TRPH), total dissolved solids (TDS), nitrate, nitrite,
metals, and biological oxygen demand (BOD), none of which is a specific analysis for
chemicals used in hydraulic fracturing. The study concluded that there were no detectable
impacts to groundwater quality due to the production or stimulation activities (Cardno
ENTRIX, 2012). There was no evidence of migration of stimulation fluids, formation
fluids, or methane gas during the study’s timeframe, even though the formation contained
faults and fractures connecting shallow formations to deeper formations (Cardno ENTRIX,
2012). Monitoring found no significant differences in pre-drilling and post-stimulation
TDS levels. Trace metals were also sampled; arsenic was the only trace element that
exceeded drinking water standards. However, the study mentions that arsenic is naturally
present at high levels in Southern California, and concentrations were high in the
monitoring wells before drilling (Cardno ENTRIX, 2012). Microseismic monitoring in
the study indicated that fractures were contained within the hydrocarbon reservoir zone,
extending to within no more than 2,350 m (7,700 ft) of the base of the freshwater zone
(Cardno ENTRIX, 2012).
Outside of California, a few other studies have sampled water quality near hydraulically
fractured wells in several regions, including the Marcellus Shale, Pennsylvania (e.g.,
Boyer et al., 2011; Brantley et al., 2014 and references therein; Siegel et al., 2015), the
Fayetteville Shale, Arkansas (Warner et al., 2013b), the Barnett Shale, Texas (Fontenot et
al., 2013), and the Bakken Shale, Montana/North Dakota (McMahon et al., 2015). Many
of these studies, which largely examined groundwater quality, did not find statistically
significant changes to the water quality of nearby groundwater wells after fracturing,

11. Conventional hydraulic fracturing uses water, sand, and additives to stimulate up to several hundred feet from the
well and is typically applied in sandstone, limestone, or dolomite formations. High-volume hydraulic fracturing, by
contrast, uses more fluids and is generally applied to shales rather than sandstones.
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when compared to baseline trends. The baseline trends were determined from samples
collected before drilling (if available) or alternatively from background sites with
comparable geology and geochemistry that were considered to be relatively un-impacted
by hydraulic fracturing operations.
In an extensive review, Brantley et al. (2014) found that stimulation in Pennsylvania
has never been conclusively tied to an incident of water contamination, and that this
could indicate that incidents are rare, and that contaminant release was diluted quickly.
However, the review notes that it was not possible to draw firm conclusions due to
several challenges, including (1) variable background concentrations of constituents in
the groundwater and little knowledge of pre-existing contaminant concentrations; (2)
lack of information about the timing and locations of drilling and production incidents;
(3) withholding of water quality data from specific incidents due to liability concerns;
(4) limited sample and sensor data for the constituents of concern; (5) possibility of
sensor malfunction or drift. An extensive field study in the Marcellus Shale in southwest
Pennsylvania was recently completed, but has not been peer-reviewed (NETL, 2014).
The study combined microseismic monitoring of fracture propagation with sampling of
produced gas and water from overlying conventional reservoirs. They found no evidence
of gas, brine, or tracer migration into the monitored wells. A more recent study by
Siegel et al. (2015) that examined an extensive industry dataset in the Marcellus Shale
concluded that there was no correlation between the methane concentrations in domestic
groundwater wells and hydraulic fracturing operations. However, the findings are
questionable, due to the sampling strategy and techniques used (the samples were
provided by the operator, Chesapeake Energy) and the lack of true baseline measurements.
In another study, 127 drinking water wells in the Fayettesville Shale were sampled and
analyzed for major ions, trace metals, CH4 gas content and its C isotopes (δ13CCH4), and
select isotope tracers (δ11B, Sr87/Sr86, δD, δ18O, δ13CDIC). The data were compared to
the composition of flowback samples directly from Fayetteville Shale gas wells. Methane
was detected in 63% of the drinking-water wells, but only six wells had concentrations
greater than 0.5 mg CH4 L-1. No spatial relationship was found between CH4 and salinity
occurrences in shallow drinking water wells with proximity to shale-gas drilling sites.
They concluded, based on the analyses of geochemical and isotope data, that there was
no direct evidence of contamination in shallow drinking-water aquifers associated with
nearby stimulation operations (Warner et al., 2013b).
Another recent study conducted in the Bakken Shale sampled 30 domestic wells for major
ions, nutrients, trace elements, 23 volatile organic compounds (VOCs); methane and
ethane; and hydrocarbon-gas chemical (C1–C6) and isotopic (δ2H and δ13C in methane)
compositions in 2013 (McMahon et al., 2015). This study also concluded that there had
been no discernible effects of energy-development activities on groundwater quality, but
also mentioned that the results had to be considered in the context of groundwater age
and velocity. The groundwater age of the domestic wells ranged from <1,000 years to
>30,000 years, based on 14C measurements, and thus it was suggested that domestic wells
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may not be as well suited for detecting contamination from recent surface spills compared
to shallower wells screened near the water table. The horizontal groundwater velocities,
also calculated from 14C measurements, implied that the contaminants would only have
travelled ~0.5 km (0.3 mi) from the source, and thus a more long-term monitoring plan
was suggested to truly assess the effects of energy development in the area.
In general, it is difficult to detect groundwater contamination, especially in situations
where there has not been adequate baseline water quality data or monitoring. In cases
where some monitoring has been conducted, potential contaminant release may not have
been detected for a number of reasons, such as inappropriate locations for testing, slow
transport of contaminants, and high analyte detection limits.
2.7.3. Quality of Groundwater Near Stimulated Oil Fields in California
In order to know if poor groundwater quality is due to oil and gas development activities,
the natural quality (background quality) of the groundwater needs to be understood.
Contaminants associated with oil and gas development wastewaters, including TDS, trace
elements, and NORM, occur naturally in California groundwater, and regional surveys
are needed to establish background concentrations in areas of oil and gas development
in order to determine how this activity is impacting groundwater. Elevated levels of trace
elements, such as arsenic, boron, molybdenum, chromium, and selenium, have been
measured in shallow groundwater in several regions in California (e.g., Schmitt et al.,
2006; 2009). High levels of uranium, frequently exceeding U.S. EPA MCLs, have also been
noted in the Central Valley, and are correlated with high bicarbonate concentrations in
the groundwater (Jurgens et al., 2010). Similarly, several counties in California, including
Santa Barbara, Ventura, and Kern counties, are considered to be in the U.S. EPA’s radon
zones 1 and 2, which indicates that they have a high to moderate potential of having
radon in soils and groundwater (http://www.epa.gov/radon/zonemap.html).
In studies mostly conducted outside of California, methane concentrations in groundwater
have been used as an indicator of unconventional oil and gas development impacts on
household sources of drinking water, and as evidence of leakage around active and
abandoned wells (Osborn et al., 2011a; Jackson et al., 2013a; Lleweyln et al., 2015). A
survey of methane concentrations in Southern California identified eight high-risk areas
where methane could pose a safety problem (Geoscience Analytical, 1986). These include
the Salt Lake Oil field in Los Angeles; the Newport Oil field; the Santa Fe Springs Oil field;
the Rideout Heights area of the Whittier Oil Field; the Los Angeles City Oil field; the BreaOlinda Oil field; the Summerland Oil field; and the Huntington Beach Oil field. Similar
surveys for methane have not been conducted in other parts of California.
Salt content, measured as TDS, is a critical limiting factor for the quality of groundwater.
Uses of groundwater typically have a threshold over which higher TDS is aesthetically
undesirable or will result in impairment. For instance, the taste of water may become
unpleasant and plant growth reduced if TDS levels are above certain thresholds. For these
reasons, there are various regulatory limits regarding water quality based on the total
138

Chapter 2: Impacts of Well Stimulation on Water Resources

dissolved solids content, some of which are listed in Table 2.7-2.
Table 2.7-2. Some regulatory limits regarding total dissolved solids in water.
Maximum TDS
(mg L-1)
500
1,000
1,500

Applicability
Water supplied
by a community
water system

Enforceability

Overseeing
Agency

Not enforceable, but
recommended

Federal EPA
and CDPH

Upper limit1
Short term limit2

CDPH

3,000

All surface and
groundwater

Limit of suitability3

SWRCB

10,000

Groundwater

Protected, unless
exempted4

Federal EPA,
DOGGR, and
SWRCB

TDS – Total Dissolved Solids
EPA – Environmental Protection Agency
CDPH – California Department of Public Health
SWRCB – State Water Resources Control Board
DOGGR – California Division of Oil, Gas and Geothermal Resources

1

Acceptable if it is neither reasonable nor feasible to provide more suitable water (Cal. Cod. Reg. § 64449)

2

Acceptable only for existing systems on a temporary basis pending construction of new treatment facilities that will

reduce the TDS to at least the upper limit or development of acceptable new water sources water (Cal. Cod. Reg. §
64449)
3

All groundwater meeting this threshold, along with various other criteria, should be designated by the Regional

Boards as considered suitable, or potentially suitable, for municipal or domestic water , with the exception that
groundwater designated previously designated as unsuitable may retain that designation under certain conditions
(SWRCB Res.No. 88-63 as modified by Res No. 2006-0008)
4

An underground source of drinking water (USDW) is defined as groundwater with TDS less than 10,000 mg L -1 in

an aquifer with sufficient permeability and of sufficient volume to supply a public water system. Such water must be
protected unless otherwise exempted (40 CFR § 144)

The California State Water Resources Control Board (SWRCB) operates a groundwater
quality and water level portal named the GeoTracker GAMA Information System
(“GAMA,” which stands for Groundwater Ambient Monitoring & Assessment; data portal
available at http://www.waterboards.ca.gov/gama/geotracker_gama.shtml) (SWRCB,
2014a). This portal provides access to data extending back several decades.
We conducted an analysis of water quality near oil and gas operations in California, based
on the minimum concentrations of TDS reported in the GAMA database. All the TDS data
available from GAMA on October 10, 2014, were downloaded. The minimum value was
determined in each 5 km by 5 km (3 mi by 3 mi) square area with groundwater wells in
sedimentary basins with wells associated with oil and gas production starting operation
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from 2002 through late 2013. Figure 2.7-1 shows the results for southern California
binned by the TDS thresholds shown in Table 2.7-1. None of the areas with a TDS value
has a minimum greater than 10,000 mg L-1, and few have a minimum greater than
3,000 mg L-1. This is likely because groundwater of this quality is of limited use, and so
groundwater wells would not tend to exist in these areas.
In general, the minimum TDS is below 500 mg L-1 in any area where a result is available
(Figure 2.7-1). This is true even in many areas along the west side of the San Joaquin
Valley, where Bertoldi et al. (1991) mapped the TDS as greater than 1,500 mg L-1.
Groundwater with less than 500 mg L-1 TDS occurred in many of the oil fields in this
portion of the basin (Figure 2.7-1).

Minimum Total Dissolved
Solids (mg/L)
<=500
>500 to <=1,000
>1,000 to <=1,500
>1,500 to <=3,000
>3,000 to <10,000

Oil & gas fields with
hydraulic fracturing
Groundwater monitoring plan filed
Groundwater monitoring exemption
No groundwater
monitoring decision
Basin with a new oil or
gas well since 2001

±
0
0

50
12.5

25

100
Kilometers
50

75

Miles
100

Figure 2.7-1. Minimum total dissolved solids concentration from GAMA in 5 by 5 kilometer (3

by 3 mile) square areas in central and southern California geologic basins with oil production.

The status of groundwater monitoring for well stimulation projects is indicated for each field in
which they have been filed.
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SB 4 exempts groundwater with greater than 10,000 mg L-1 TDS from the monitoring
requirement, as well as groundwater exempted pursuant to Section 146.4 of Title 40
of the Code of Federal Regulations. The alternative criteria described there include
groundwater that occurs with hydrocarbon resources that can be economically produced,
as well as groundwater that can be demonstrated to be uneconomical for use. As of
October 10, 2014, operators had in some cases applied for and been granted groundwater
monitoring exemptions under the TDS and hydrocarbon resource exemption provisions.
The fields for which the SWRCB has approved a groundwater monitoring plan or a
groundwater monitoring exemption, according to files posted by DOGGR as of October
10, 2014, are shown in Figure 2.7-1. For the projects that were granted exclusions for
groundwater monitoring from the SWRCB, the TDS data available from GAMA were either
limited or indicated that the minimum TDS was greater than 1,500 mg L-1 (Figure 2.7-1).
A possible exception is the North Belridge field.
Figure 2.7-2 shows the locations of unlined percolation pits in the Central Valley and
along the Central Coast. According to this figure, percolation pits are active in areas
overlying protected groundwater aquifers, especially along the eastern side of the San
Joaquin Valley. In some cases, TDS levels are less than 500 mg L-1. It is important to note
that groundwater quality beneath the majority of active disposal pits, especially along the
West San Joaquin Valley, is not known.
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±
0

15

30

0

10

60
Kilometers

20

Miles
40

Minimum Total Dissolved
Solids (mg/L)
<=500
>500 to <=1,000
>1,000 to <=1,500
>1,500 to <=3,000
>3,000 to <10,000

Percolation pits by status
Active
Unknown
Inactive
Basin with a new oil or
gas well since 2001

Figure 2.7-2. Minimum total dissolved solids concentration from GAMA in 5 by 5 kilometer (3

by 3 mile) square areas in central and southern California geologic basins with oil production.
The location and status of unlined percolation pits in the Central Valley and Central Coast

used for produced water disposal is shown. Many unlined pits are located in regions that have
potentially protected groundwater.

Figure 2.7-3 provides information about the depth of hydraulic fracturing in each
field. Comparison of Figures 2.7-1 and 2.7-2 indicates at least one field, Lost Hills,
with hydraulic fracturing of shallow wells (<300 m [1,000 ft] deep) and groundwater
of sufficient quality to require monitoring. The minimum depth of fracturing from
completion reports discussed in Section 2.6 further supports this. The distribution of
minimum fracturing depths indicates most are shallow, and the dataset includes reports
of shallow fracturing from fields where groundwater monitoring has been required,
indicating protected groundwater is present. The existence of shallow fracturing
operations in areas with protected groundwater elevates concern for the hazard of
subsurface migration of fluids into groundwater as a result of hydraulic fracturing.
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Minimum Total Dissolved
Solids (mg/L)
<=500
>500 to <=1,000
>1,000 to <=1,500
>1,500 to <=3,000
>3,000 to <10,000

Depth of shallowest fracturing
since 2001 (m [ft])
<=300 m (<=987 ft)
>300-600 m (>987-1,974 ft)
>600-900 m (>1,974-2,961 ft)
>900-1,200 m (>2,961-3,948 ft)
>1,200-2,400 m (3,948-7,896 ft)
>2,400 m (>7,896 ft)
No fracturing reported
Basin with a new oil or
gas well since 2001

±
0
0

50
12.5

25

100
Kilometers
50

75

Miles
100

Figure 2.7-3. Minimum total dissolved solids concentration from GAMA in 5 by 5 kilometer (3

by 3 mile) square areas in central and southern California geologic basins with oil production.
The available minimum depth of hydraulic fracturing in each field available in Appendix M

to Volume I is shown. For most fields, this is the depth of a well in which hydraulic fracturing
occurred, so the upper limit of the hydraulic fracture may be in a shallower category. Figure
3-15 of Volume I indicates the type of depth information plotted for each field.

2.8. Alternative Practices and Best Practices
In previous sections, we have examined (1) water use and sources for well stimulation;
(2) the known and unknown environmental properties of various chemicals and substances
used for well stimulation; (3) the quantities and characteristics of wastewater generated from
stimulated wells; (4) the potential surface and subsurface release mechanisms and transport
pathways associated with well stimulation; and (5) evidence of possible surface and
groundwater contamination from sampling studies conducted near stimulation operations
in California and elsewhere. In this section, we describe alternative and best practices that
could minimize use of freshwater resources and reduce the risk of water contamination.
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2.8.1. Best Practices for Well Drilling, Construction, Stimulation, and Monitoring Methods
Application of good practices while conducting well stimulation can reduce impacts from
injected or mobilized fluids. Environmental impacts can be related to surface activities
as well as the subsurface aspects of well stimulation. One important concern is the
potential loss of containment of subsurface fluids that could result in the contamination of
groundwater. Loss of containment is a significant concern for hydraulic fracturing since it
is performed at high pressures. Lower-pressure injections (below fracture pressure) of acid
for matrix acidizing are less likely to result in loss of containment.
Fracturing in shallower reservoirs has greater potential to result in fractures that have
sufficient length to cause loss of containment and possibly impact usable groundwater.
The principal way to avoid loss of containment is careful, site-specific characterization of
the geologic environment, including determination of the hydrological and geomechanical
properties of all stratigraphic layers. This information is then used to develop fracturing
models to predict the extent of hydraulic fracturing. The model can then be used to design
the injection fluid types, volumes, and rate of injection that should result in fracturing that
remains contained within the target reservoir. It should be noted that current industrystandard fracture modeling typically assumes simple bi-wing fracture geometry that is
most realistic for gelled fracture treatments (Cipolla et al., 2010; Weng et al., 2011).
Tools to model complex fracture geometries (typical of slickwater hydraulic fracturing
treatments in very low permeability systems) are relatively less mature (Weng et al.,
2011). Traditional bi-wing fracture geometry models tend to overestimate the fracture
penetration distance into the reservoir if complex fracture patterns are generated (Smart
et al., 2014).
Analysis discussed above has shown that induced fractures that connect with highpermeability structures, such as adjacent wells, are a potential pathway for the
contamination of groundwater or the ground surface. Clearly, to avoid problems with
leakage along these types of structures, careful characterization of the system is necessary
to identify any wells or geologic features within the area expected to be affected by the
well stimulation treatment (Shultz et al., 2014). Bachu and Valencia (2014) recommend
conducting hydraulic fracturing from offset wells at a safe distance, which is not specified,
but would need to be evaluated using fracture modeling and field experience.
Leakage along the well receiving the well stimulation treatment could cause a loss of
containment. This is an issue of proper well construction and testing, discussed in detail in
Appendix 2.D and reviewed here. The key issue is the isolation of fluid movement up (or
down) the well inside the casing, or tubing internal to the casing. Fluid movement along
the outside of the casing or fluid exchange between inside and outside the casing, except
in zones where such exchange is intended, should be prevented by the casing and cement
that bonds the casing to the formation. This aspect of well construction is termed zonal
isolation. Factors to be considered as part of well drilling and well construction that are
important for achieving zonal isolation are discussed in Appendix 2.D and are available in
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technical documents describing accepted industry practices (e.g., API, 2010; ISO 10426
standards) and other technical literature (e.g., Aldred et al., 1999; Cook et al., 2012;
Khodja et al., 2010; Lal, 1999; McLellan, 1996). Both internal and external well
integrity tests can be performed to check on the integrity of the well and the quality of
the zonal isolation.
Hydraulic fracturing treatments are routinely monitored through the pressure and
flow rates of injected fluids. These monitoring tools can be used to help prevent loss of
containment or identify if treatments remain within the targeted formation. Monitoring
the pressure and flow rates into the well are fundamental response parameters that can be
used to determine if the hydraulic fracturing treatment is proceeding properly. Both the
pressure of the injection fluids and the casing pressure between the production casing and
intermediate casing should be monitored. The fluid-injection pressure profile should be
compared with the expected pressure profile basing on modeling. If significant deviations
from the expected pressure profile are found, the hydraulic fracturing operation should
be halted, to gather more information about the system and revisit the fracturing model.
For instance, an unexpected drop in pressure could indicate a leak of the fracturing fluids
through the casing outside the target formation. Similarly, if pressure builds in the casing
annulus, treatment should be halted. This indicates flow behind the production casing,
either from the targeted formation, from casing leaks above this zone, or directly from
overlying formations into the annulus.
Monitoring can also be performed using geophysical measurements of microseismic
(acoustic) signals from the fracturing process and from volumetric responses (dilation
or compaction) that occur in response to the fracturing treatment. Such monitoring
activities are typically used when new techniques or production areas are being evaluated
for development, or if models of hydraulic fracturing require more detailed input (API,
2009), but they are not routine measurements. This type of monitoring provides the most
detailed map of the locations where fractures generated of any monitoring method. It is
performed using microseismic receiver arrays to detect the very small microseisms (or
earthquakes) generated by the fracturing process (Warpinski et al., 2009). Such arrays
can be placed in a monitoring hole nearby, in the well being fractured, on the ground
surface, or buried in the shallow surface (Gilleland, 2011). The measurement is improved
when conducted downhole, closer to where fracturing is taking place. This can be used
as an after-the-fact assessment of where fractures were generated, but can also be used
interactively, where real-time fracture mapping provides information to adjust the
hydraulic fracturing treatment as it proceeds (Burch et al., 2009).
Another geophysical measurement device that can assess the extent of fracture growth
is called a tiltmeter. This measurement detects the deformation of the earth associated
with fracturing, which can then be interpreted in terms of the fracture orientation and
geometry (Cipolla and Wright, 2000). Tiltmeters can be deployed in shallow boreholes
or in deeper boreholes and, as for microseismic monitoring, better measurements can
be obtained when the device is closer to where fracturing is taking place. Tiltmeters
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and microseismic monitoring have some different sensitivities in terms of the types of
geometry that can be deduced from the measurements (Cipolla and Wright, 2000).
Tiltmeters have also been used in a real-time mode to help guide fracture treatments as
they proceed (Lecampion et al., 2004).
Monitoring of wells continues in the post-treatment period to ensure that well integrity
is not compromised during production. A principal method is the monitoring of casing
pressure (API, 2009). A common indication of a problem is excess pressure in casing
annular spaces, which can be accompanied by a buildup of gas. The gas composition
can be analyzed to help identify the source of the leak. Casing pressure limits should be
established. Guidelines are provided in API RP 90, Recommended Practice 90, Annular
Casing Pressure Management for Offshore Wells, which can also be used for onshore wells.
Other methods to monitor well integrity include conducting a casing inspection log and
inspection of tubulars for corrosion.
2.8.2. Best and Alternative Practices for Well Stimulation Fluids
2.8.2.1. Reuse Produced Water for Well Stimulation
Produced water from oil fields is often pumped back into the oil-bearing formation to
enhance oil recovery, maintain reservoir pressure, and mitigate subsidence. In California,
produced water that is not reused for enhanced oil recovery is sometimes used for other
purposes, such as for cooling or agricultural purposes, typically after treatment. However,
reuse of produced water for well stimulation treatments is not routine. Well completion
reports filed through mid-December, 2014, indicate that there were only 43 documented
instances of oil and gas operators using produced water for well stimulation in California,
accounting for about 13% of the water used for well stimulation in 2014. Produced water
reuse for well stimulation has been shown to be feasible (e. g. Huang et al., 2005) and is
becoming more common across the United States. For example, recycling of wastewater
for well stimulation has increased in the Marcellus Shale region: prior to 2011, 13% of
wastewater was recycled, and by 2011, 56% of wastewater was recycled (Lutz et al.,
2013). Reuse for well stimulation is occurring in Texas, New Mexico, and elsewhere.
Given constraints on water supplies and concerns about the adequacy of produced water
disposal methods, reuse of oil and gas wastewater for subsequent well stimulation may be
an attractive option for operators in California.
Reusing oil and gas wastewater for well stimulation has benefits but also some limitations.
Reuse as stimulation base fluid reduces reliance on freshwater supplies and provides
a disposal option. Additionally, reuse of wastewater for well stimulation can reduce
transportation costs, which can be high if freshwater and/or wastewater must be trucked
to and from the site, respectively. An advantage of reusing wastewater for well stimulation
is that it does not need to be treated as stringently as if it were to be released into the
environment (King, 2012). One of the main challenges with reusing produced water is
that there are high concentrations of salts, measured as TDS. Base fluids with elevated
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levels of TDS can be problematic, because the salts may precipitate in the formation,
blocking fractures and reducing formation permeability (Guerra et al., 2011). Removal of
TDS typically requires desalination, which often entails extensive pre-treatment to remove
organic chemicals that interfere with desalination (e.g., causing biofouling of membrane
surfaces). A bench-scale test in New Mexico, however, demonstrated that high-TDS water
can be used as a base fluid for cross-linked gel-based hydraulic fracturing fluids (Lebas et
al., 2013), eliminating the costly use of RO.
2.8.2.2. Use Alternative Water Supplies for Stimulation Fluids
While most oil and gas operators use freshwater as a base fluid for well stimulation,
operators can employ other water sources, such as brackish water or treated municipal
wastewater. These alternative water supplies can reduce the use of limited freshwater
resources for oil and gas production. For example, Nicot et al. (2012) reports that brackish
water accounts for about 20% of water use in the Eagle Ford Shale and 30% of water use
in the Anadarko Basin.12 There are a few documented cases where recycled water from
other municipal or industrial users was used as the base fluid for hydraulic fracturing.
Operators in the Haynesville Shale gas play in Louisiana, for example, have used treated
wastewater from a nearby paper mill (Nicot et al., 2011). A 2012 analysis found that
about 30 municipal and industrial facilities provide water to the oil and gas industry in
Texas (Nicot et al., 2012).
Use of alternative water supplies can pose a unique set of risks. First, in water-scarce
regions with limited freshwater supplies, use of brackish water may compete with more
conventional users who may tap this resource and treat it or blend it for municipal or
industrial use (Nicot et al., 2012). Second, in areas where the brackish groundwater
aquifer is connected to freshwater aquifers, withdrawing brackish groundwater could
compromise the quality and availability of water in the freshwater aquifer (Freyman,
2014). An additional risk associated with the use of brackish water is during its
transportation and storage, where a spill of this water could have an adverse impact
on the local environment. Challenges with using non-oilfield wastewater include
guaranteeing a consistent quality of water and the cost of transporting these waters to
the well site. Additional research and analysis is needed to determine whether alternative
supplies are available for use in stimulation fluids, and whether the use of these supplies
poses any concerns for nearby users, including municipalities, industry, and farmers.

12. Brackish water is generally defined as having a salinity greater than freshwater (TDS <1,000 mg L-1) but less than
saline or seawater (~35,000 mg L-1) (USGS, 2014a; NGWA, 2010).
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2.8.2.3. Apply Principals of Green Chemistry to Chemical Additives used in
Stimulation Fluids
Currently, a large number of chemicals are used in well stimulation that have poor
or unknown environmental profiles (Section 2.4). There are few controls on what
chemicals are being used in hydraulic fracturing, and some chemicals currently being
used are toxic, potentially persistent in the environment, or may degrade to toxic or
otherwise environmentally harmful products. Properties such as endocrine effects
and carcinogenesis, which complete an environmental profile, are unknown for many
chemicals listed in Table 2.A-1.
There are many opportunities to apply green chemistry principles to well stimulation
formulations and thereby mitigate many of the potential direct impacts of hydraulic
fracturing. The principals of green chemistry include developing industrial processes
that use chemicals with the best environmental and health profiles, in other words,
industrial processes that use chemicals that are non-toxic, do not have other negative or
harmful hazardous properties, do not persist in the environment, and do not degrade to
undesirable products (U.S. EPA 2011). Some toxic chemical additives that are used in well
stimulation could potentially be replaced by non-toxic alternatives. Ideally, the most toxic
and/or persistent chemicals could be replaced first. Determination of alternatives for toxic
stimulation chemicals would be beneficial, but there currently is very little incentive for oil
and gas producers to employ less toxic additive or to invest in research and development
of alternatives.
The sheer number of chemicals used makes a full hazard and risk analysis difficult, if
not impossible, due in part to the complexity of understanding interactions between
chemicals in combination. Reducing the number of chemicals applied would make it
easier to evaluate hydraulic fracturing mixtures, insure public safety, and resolve public
concerns. Limiting the number of chemicals that can be used in hydraulic fracturing and
acid treatments will also assist and simplify regulation. For example, we identified over 60
different surfactants listed in Table 2.A-1, and it may be possible to limit the number of
different surfactants being used without compromising effectiveness. Currently, there is no
regulatory incentive for oil and gas producers to minimize the number of chemicals used
in well stimulation. However, the American Chemical Society (ACS), in partnership with
industry and government representatives, has implemented a Green Chemistry Institute,
which aims to address issues of pollution prevention and sustainability in chemical use.
More sustainable stimulation chemicals could be pursued within this framework.
Characterization of chemicals—including information on toxicity and environmental
persistence—is not required prior to use of these chemicals for well stimulation in
California. In some cases, data are missing that are needed in the event of an emergency.
Recent events associated with the energy industry have underscored some of the risks
of a lack of readily (and publicly available) information on chemicals. For example,
emergency response to the release of 4-methylcyclohexanemethanol into the Elk River in
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West Virginia was hampered by the absence of basic physical, chemical, and toxicological
information on that chemical. In the absence of a complete environmental and health
profile on a chemical, implementation of a timely and appropriate response by regulatory
agencies following releases of these chemicals into the environment is impeded.
The North Sea compact/OSPAR Convention is a good model for how oil and gas
production can be done with an eye towards environmental sustainability. In the compact,
it is agreed that chemicals will be tested before they are used in the North Sea. The
chemicals must pass certain criteria before they are used, and standards for environmental
persistence and acute toxicity must be met (OSPAR Commission, 2013). Similar criteria
concerning testing for toxicity and environmental persistence are suggested, but not
required, in the United States (U.S. EPA, 2011). In another example, Proctor & Gamble
established the Environmental Water Quality Laboratory (EWQL), with the mission to
measure the toxicity, environmental fate, and physical-chemical properties of chemical
ingredients before they were used in their products (http://www.scienceinthebox.com /
leadership-in-sustainability-at-pg). These approaches may represent a good model for
insuring the safety of unconventional oil and gas development in California.
2.8.2.4. Investigate Application of Waterless Technologies
Companies are developing technologies to reduce or eliminate the amount of water used
for well stimulation. Some low-water or waterless stimulation methods have been in use
for decades. Alternatives include the use of foams; pressurized gas, such as carbon dioxide
or nitrogen; or fluids other than water, such as liquid propane (see e.g., Friehauf and
Sharma, 2009; Gupta, 2010; van Hoorebeke et al., 2010). A recent magazine article cites
the case of the Marathon Oil Company, which has begun using propane for fracturing
in the Eagle Ford Basin in Texas. The company’s president stated during testimony to
a Congressional committee that the move to waterless fracturing has reduced water
consumption by 40 percent in the first 90 days of operations, and as an additional benefit,
“The companies are able to resell the propane when it comes up back from the hole”
(Wythe, 2013). One industry analyst cautioned, however, that waterless technologies are
not poised to have a large effect on water use in the oil and gas industry, barring a major
technological breakthrough (Freyman, 2014).
2.8.3. Best and Alternative Practices for Wastewater Characterization and Management
2.8.3.1. Treat and Reuse Oil and Gas Wastewater for Other Beneficial Uses
With proper treatment and monitoring, wastewater generated from oil and gas
production—including wastewater generated from stimulated wells—could be used
for various beneficial uses. Guerra et al. (2011) identified several beneficial uses
currently being practiced in the western United States, including industrial cooling,
dust control, irrigation, and water supply to constructed wetlands and wildlife habitats.
The advantages of reusing oil and gas wastewater are that the demand for freshwater
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resources is reduced, and since water is typically treated to remove contaminants prior
to reuse, the risk of water contamination from improper disposal is reduced, and the
total volume of wastewater produced is reduced. However, the reuse of produced water
that is commingled with returned stimulation fluids raises new concerns, since it is not
known how stimulation fluid additives may impact the safety of beneficial reuse. The
types and amounts of well stimulation additives found in these waters is unknown,
so it is not certain what treatment methods are adequate to allow reuse. Additionally,
potentially hazardous chemicals resulting from degradation of the added chemicals and
the interaction of the stimulation fluid with the formation need to be carefully evaluated.
Proper treatment is required to ensure that well stimulation chemicals are removed
from wastewater prior to reuse. In Section 2.5, we evaluated whether various chemical,
physical, and biological treatment technologies commonly used on produced water
in California and elsewhere will be effective in removing well stimulation chemicals.
Results of this analysis indicate that there is no single treatment technology that can
independently treat all categories of well stimulation fluid additives (also see Appendix
2.C). Adequate treatment would require the use of multiple technologies in treatment
trains to satisfy effluent requirements. Treatment trains that provide only the most basic
treatment, e.g., air stripping/gas flotation followed by filtration, will be ineffective at
removing most well stimulation chemicals. Treatment trains utilizing RO are expected to
provide the highest level of treatment, due to the effectiveness of RO at removing small
(0.001-0.0001 µm) constituents and the need for multiple pretreatment steps to prevent
membrane fouling. However, the high cost and energy requirements of RO systems may
reduce the economic viability of treating well stimulation chemicals.
2.8.3.2. Characterize and Monitor Produced Water and Other Wastewaters
More extensive characterization of the compositions of wastewater generated by
stimulated wells in California is needed. Additional testing needs to be done for
wastewater that is not being disposed into injection wells, especially to see if wastewater
that is being reused for irrigation, disposed into sewers or unlined pits have been
effectively treated. Wastewater compositions should be analyzed at several time points
to be able to identify the patterns for how they evolve over time, and to identify when
returned stimulation fluids are present in the wastewater. Analytes should include
surfactants, solvents, biocides, and other compounds used in hydraulic fracturing fluids.
Other analytes to be measured should include general water quality parameters (such as
pH, temperature, chemical oxygen demand, organic carbon etc.), major and minor cations
and anions, metals and trace elements, BTEX, gases (methane and H2S) and NORM. The
list of analytes needs to be periodically updated to reflect current scientific research, as
well as understanding of the wastewater composition patterns in California oil and gas
fields where stimulation is occurring.
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2.8.3.3. Improve Management Practices for Oil and Gas Wastewater
Disposal of wastewater from oil and gas production occurs by Class II disposal wells,
discharge into sanitary sewers, percolation in unlined pits, and treatment for reuse.
Evaporation-percolation in unlined surface impoundments (percolation pits) is a
practice that intentionally introduces wastewater and its constituents into near-surface
groundwater aquifers. The U.S. Department of Energy recommends that “all evaporation
pits should be lined … to prevent downward migration of fluids” (U.S. DOE et al., 2009).
Texas and Ohio have restricted or stopped the use of unlined pits and percolation basins
as a disposal practice for produced water, due to documented groundwater contamination
incidents (Kell, 2011). Given the concerns regarding disposal in percolation pits, injection
into properly located, constructed, and permitted Class II wells for EOR or disposal would
be a better practice (Kell, 2011; U.S. DOE et al., 2009). The reuse of wastewater should
be encouraged, but reuse of water from stimulated wells will require adequate safeguards,
including monitoring for appropriate chemical contaminants and applying multi-stage
treatment systems before reuse (e.g., Liske and Leong, 2006; Appendix C).
When oil and gas wastewater is discharged into sanitary sewers, the wastewater is
conveyed to domestic wastewater treatment plants that were not necessarily designed
to remove all of the constituents found in oil and gas wastewater from stimulated wells.
Although the discharges into the sanitary sewer must be compliant with local pretreatment ordinances, it is not clear that these requirements are sufficient to address well
stimulation chemicals.
The environmental impacts of discharging oil and gas wastewater into Class II wells
in California are not entirely understood. There are federal and state requirements for
construction and placement of Class II injection wells (Veil et al., 2004), but there are
concerns that Class II wells in California may be contaminating protected groundwater.
Site characterization requirements include a confining zone free of known open faults
or fractures that separates the injection zone from underground sources of drinking
water, and construction requirements to ensure mechanical integrity of the well (40
CFR 146.22). There are also operating requirements that limit injection pressure and
monitoring and reporting requirements (40 CFR 146.23). A recent detailed review of
California requirements for Class II injection wells suggested that current rules may not be
adequate for protection of all beneficial uses of groundwater (Walker, 2011). In addition,
EPA is expected to release (in 2015) recommendations for best practices for limiting
induced seismicity associated with wastewater injection by the oil and gas industry (Folger
and Tiemann, 2014). An alternative practice would be to determine the location of
protected groundwater in the state, to investigate and review current practices to resolve
outstanding issues concerning the use of Class II wells for disposal in California, and to
conduct site-specific studies to ensure the safety of proposed disposal methods.
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2.8.4. Best and Alternative Practices for Monitoring for Groundwater Contamination
Groundwater contamination can be difficult to detect. Comprehensive baseline and
monitoring measurements collected before and after drilling, including regional
characterization of background concentrations of groundwater constituents, are necessary
to determine impacts on groundwater quality from well stimulation or any other oil and
gas development activity.
Baseline data on groundwater quality have not been collected at appropriate locations and
in a systematic manner to allow the impacts of oil and gas development on groundwater
resources in California to be determined. Improved collection and organization of
groundwater data would be a better practice. Some information on background levels
of many inorganic and organic constituents, including TDS, trace metals, and VOCs in
California, is available from the USGS Groundwater Ambient Monitoring and Assessment
(GAMA) program (USGS, 2013). These data should be fully analyzed in future
investigations of the impact of well stimulation on groundwater quality in California.
However, the GAMA program has objectives related to monitoring drinking water and
does not currently collect data in many regions of the state with active oil and gas
development (Figure 2.7-1). Investigations of regional and site-specific groundwater
impacts from unconventional oil and gas development should be directed at determining
the importance of specific contamination pathways, and the extent of groundwater
contamination. Developing specific programs examining groundwater impacts of oil and
gas development would be a better practice.
In other parts of the country, studies have shown that measurements of methane in
groundwater and elsewhere can be an important indicator of leakage from well bores
and other sources, such as fractures. Methane levels over 45 mg L-1 (ppm) have been
observed in New York, West Virginia, and Pennsylvania groundwater (Vidic et al., 2013).
Best practice for the development of a comprehensive groundwater monitoring program
includes coordinated examination of the concentrations and isotope characteristics
of methane.
The State Water Resources Control Board (SWRCB) is issuing groundwater monitoring
regulations, due to take effect on July, 2015. The groundwater monitoring regulations
being developed by the SWRCB will include both a monitoring plan for areas where oil
and gas well stimulation are being conducted, as well as a regional monitoring plan. The
SWRCB released its draft model criteria for area-specific groundwater monitoring on
April 29, 2015 (SWRCB, 2015), which outlines the design for groundwater monitoring,
including collection of baseline data, as well as sampling and testing requirements. These
monitoring requirements are expected to develop baseline water quality information and
improve the current understanding of water quality impacts of both conventional and
unconventional oil and gas development.
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2.9. Data Gaps
Numerous data gaps were identified during the course of this investigation that can and
should be addressed in order to provide a better understanding of unconventional oil and
gas development in California, and associated impacts on water and the environment.
Overall uncertainty in our analysis was increased by reliance on voluntary reporting,
poor data quality, and missing or inaccurate information in state agency datasets. New
regulations, put in place under SB 4, are mandating reporting of more information, but
an evaluation of the completeness and accuracy of reporting, as well as the relevance and
appropriateness of information being reported, needs to occur in the future as part of the
ongoing efforts to fully understand the actual and potential environmental impacts of
unconventional oil and gas development. Data that are complete and accurate also need
to be submitted and published in a timely manner. Scientists and regulators need to be
engaged in an ongoing effort of data analysis and interpretation of information, to arrive
at a better understanding of the environmental impacts of well stimulation in California.
Below, we identify some of the most critical data gaps identified in our investigation of
water impacts of well stimulation.
2.9.1. Reports and Data Submissions Have Errors, Missing Entries, and Inconsistencies
Mandatory and voluntary reporting requires data entry by operators and other responsible
parties. It was apparent during our investigations that information submitted to the state
was not subject to systematic quality checks or verified, and, as a result, datasets resulting
from these submissions contained errors and inconsistencies. Due to data entry errors
and inconsistencies, data sets required extensive editing and organization before they
could be analyzed. Analysis of uncorrected data can and will result in significant errors
in interpretation (e.g., chemical function is routinely reported incorrectly, counts on the
number of chemicals may be exaggerated, etc.). Maintaining standardized and verified
data, ideally in electronic format, would allow rapid and accurate analysis of oil field
activities on a near real-time basis.
In many cases, the data collected by DOGGR and other government agencies contained
simple typos and other obvious mistakes. In other cases, information is missing or
meaningless. For example, DOGGR’s Production and Injection database contained records
for active production wells where the number of production days was zero and the
information on the type of produced water generated was missing or identified as “other”
or “unknown.”
Reporting units and other formats differ between important databases (e.g., FracFocus,
SCAQMD, DOGGR), complicating comparative analysis and making data integration more
difficult and prone to error. In the SCQAMD reports, units for reporting mass compositions
of fluids were non-standard and resulted in predictable data entry errors. The SCQAMD
data entry requirements are different from both FracFocus and DOGGR records, and basic
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information such as CASRN and API well number are entered in different formats or not at
all. FracFocus is not linked or standardized to other information, such as well production
information, collected by DOGGR and other agencies.
Implementation of a quality assurance program and standardization would improve
the quality of the data and allow ongoing analysis by agencies compiling the data. For
example, in the completion reports submitted to DOGGR, it could be required that the
percentage of various chemicals reported as added to each operation must always add
up to 100% (± 5%). In other cases, simple controls, such as checking that entries match
an appropriate range of possible values, would results in marked improvements in data
quality. The use of entries such as “other” or “unknown” should not be acceptable for
critical parameters or values.
The DOGGR GIS wells file has missing data for many data entry fields, which are needed
for assessment of impacts. For example, as of November 2014, only 20% of records have
values filled in for well depth. There are also incorrect data for some values; for example,
there are some wells that have a latitude or longitude value of zero.
There are also some files where the data is poorly organized, making analysis
cumbersome. For example, in the new completion reports, the “Location of Treatment”
sheet does not have the actual location of where the stimulation was conducted (such as
fields for latitude, longitude, field, area, or county). Instead, this information is located in
a different sheet in the file that is intended to list all the chemicals used in each treatment.
DOGGR and other agencies should consider normalizing data spreadsheets, and preferably
storing the data in an accessible database.
2.9.2. Information is Not Easily Accessible to the Public
Agencies responsible for collecting information do not always make the information
easily accessible to the public, limiting the use of these records to inform citizens and
policymakers. The use of the industry website FracFocus is a reasonable model for
inputting chemical data, but extracting data is difficult, and accessibility to electronic
datasets or databases is limited and not freely available to the public. Information on
water quality and the location of groundwater extraction wells in GAMA is not reported
with appropriate or accurate location information (latitude and longitude or Universal
Transverse Mercator [UTM] coordinates) to allow open and public risk analysis.
Additionally, lack of publication of well locations hinders the development and public
evaluation of monitoring plans that must be submitted under new regulations.
2.9.4. Information is Submitted in Inadequate Data Formats
In many cases, data needed for analysis are only available as PDF documents or displayed
on web pages, rather than available in well-organized electronic data structures. The
nontransferable nature of the datasets makes data entry and analysis burdensome and
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time-consuming, as records need to be retyped or extracted from PDF documents. The
use of non-standard data formats and the lack of a well-designed database system may
have also resulted in a decreased ability to detect errors in data submission, resulting in
incorrect entries, typos, and duplicate records. The use of PDF formats for data reporting
is an important problem for reporting all types of data.
2.9.4. Poor Collaboration Between State and Federal Data Collection Efforts
In collecting information for this project, we found that datasets collected by different
agencies were frequently contradictory, lacked standardization between datasets (e.g.,
reporting units differed, etc.) and difficult to harmonize. There are currently separate
initiatives by the Central Valley Regional Water Quality Control Board, the South Coast
Air Quality Management District, DOGGR, and other agencies to collect information,
with each agency having its own purposes. The lack of collaboration and standardization
between agencies resulted in duplicated efforts.
In many cases, stimulation events were described differently in different databases. For
example, we found data for the same well stimulation operation that was reported in
FracFocus, in DOGGR completion reports, and in data submitted to the SCAQMD, but
these sources sometimes reported different dates, water volumes, and other information
that made comparison or integration of information from different sources difficult.
Coordinated integration of data collection, standardization of reporting units, and
consistent unique identifiers for authorized treatments would require a new level of
interdepartmental coordination and cooperation, but would allow improved regulatory
oversight. The unique API well numbers should be included with all reports, data, and
other documents concerning activities associated with wells or groups of wells (e.g.,
wastewater management activities).
2.9.5. Chemical Information Submitted by Operators is Incomplete or Erroneous
Chemical data submitted by operators includes errors and omissions. The product CASRN
and chemical name are not always included for each chemical reported. Frequently, the
chemical purpose is incorrect or missing. Chemicals that are classified as trade secrets,
confidential business information, or used in proprietary blends are listed without
CASRNs. Products listed without CASRNs cannot be definitively identified by chemical
name alone, and thus cannot be adequately evaluated for hazards, fate, and treatment.
Even when CASRNs are provided, they are not always correct. For example, chemical
CASRNs are sometimes reversed or missing digits altogether (see comments about quality
control above). Frequently, the reported chemical purpose includes all possible uses for
the chemicals, to the point that the information provided is meaningless. Furthermore,
impurities are typically not identified as such, and are instead given the same purpose
description as the active ingredient in the chemical product. Hazard and environmental
analysis of chemicals used in stimulation fluids is hindered by the lack of quality control
and standardization in reported data.
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2.9.6. Chemicals Lack Data on Characteristic Properties Needed for Environmental
Risk Analysis
Most of the chemicals being used for well stimulation lack publicly available physical,
chemical, or toxicological measurements needed for the development of an environmental
profile. An environmental profile is needed to provide a complete hazard and risk
assessment on a chemical (OECD, 2013; OSPAR, 2013; Stringfellow et al., 2014; U.S.
EPA, 2011). At a minimum, the physical, chemical, and biological information needed
to develop an environmental profile includes log octanol-water partition coefficients
(log Kow), Henry’s constants (KH), soil organic carbon-water partition coefficients (KOC),
biodegradability, and acute toxicology. Other information on chronic effects, potential for
bioaccumulation, and other properties are also needed. The technical information in an
environmental profile is needed for developing environmental fate and transport models,
reviewing waste management plans, preparing for spills and accidents, selecting treatment
technologies, evaluating reuse projects, and conducting hazard assessments.
Chemical data generated by industrial groups are sometimes contained in material safety
data sheets (MSDS); however, these data are not always publicly available and cannot
always be confirmed or reviewed. Material safety data sheets cannot be considered
reliable sources for chemical, physical, and toxicological data without a public review and
validation of the published information.
Publicly available experimental data on the toxicity of many stimulation chemicals to
aquatic species, including algae and aquatic animals, and mammalian species are sparse.
In particular, aquatic toxicity data are missing testing of native or resident species that
are important to California. Measurement or publication of aquatic and mammalian
toxicity data is currently not required prior to using chemicals in well stimulation. This
lack of available data increases risk to human and environmental health, since the lack
of information prevents the ability to make informed decisions and apply an appropriate
response during failures and accidents.
In addition to a basic analysis of acute toxicity, data is needed on the potential impacts
of chronic exposure to well stimulation fluids in ecological receptors. Measurements
of sublethal impacts on plants and animals, such as survival potential and population
viability, are not available for most chemicals used in well stimulation. More data is needed
on potential sublethal impacts on ecological receptors due to exposures to fluid additives.
The fate and transport of chemical mixtures in the environment is not well understood.
Hydraulic fracturing fluids contain complex mixtures, and the interactions of these
chemicals in the environment is unknown. For example, easily degradable but toxic
components such as methanol are in admixture with biocides, added to prevent
biodegradation from occurring. How biocides would influence the persistence of methanol
in the environment is unknown, but the methanol might transport further in groundwater
in the presence of the biocide, presenting greater risk than methanol alone. Scientific
investigation of the environmental fate of chemical mixtures is needed.
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2.9.7. Data on Chemical Use from Conventional Oil and Gas Operations are Not
Available
Chemical use information for all oil and gas development operations is not available and
would be useful for providing context to chemical use during well stimulation. SCAQMD
is now collecting data on chemical use during well drilling, installation, and rework in
parts of southern California, but similar data are not available for the San Joaquin Valley
where the majority of oil and gas extraction takes place. To our knowledge, no data is
being collected on chemical use during other oil and gas development activities, such as
EOR. Data collected by SCAQMD do not carefully differentiate between well stimulation
treatments and other activities, such as well maintenance, making it difficult to interpret
and evaluate well stimulation chemical use in the context of overall chemical use. Many
of the same chemicals (e.g., biocides, corrosion inhibitors, surfactants, etc.) are used
for other oil and gas development activities as are used in production aided by well
stimulation. More complete and consistent reporting and tracking of chemical use for all
oil and gas development activities will allow a better understanding of the impacts of well
stimulation in the context of overall oil and gas development.
2.9.8. Lack of Data Regarding the Chemical Composition of Produced Water from
Stimulated Wells
There is a lack of information regarding the characteristics of produced water and
other wastewater generated from well stimulation in California. Produced water from
stimulated wells will contain chemicals used in hydraulic fracturing, but the amounts of
chemicals returning during production and the time period over which they return has not
been measured. Data are needed regarding how wastewater constituent concentrations
and composition change over time.
Produced waters will contain reaction products from the complex mixtures of chemicals
used in hydraulic fracturing. Lack of knowledge concerning the fate of the injected
stimulation fluids in the subsurface, and the potential for them to be transformed, or to
mobilize formation constituents over the lifetime of production from the well, needs to be
determined. The nature of the reaction byproducts, the amounts and types of materials
returning to the surface during the lifetime of the well, and hazards associated with these
reaction byproducts are entirely unknown and need to be investigated.
Poor understanding of wastewater composition is a major impediment to the safe and
beneficial reuse of produced water from stimulated wells. It is unknown how (or if) well
stimulation chemicals or their byproducts have been introduced into the environment
via disposal or reuse practices, such as percolation or water flooding. California specific
investigations of water reuse and disposal practices are needed to fill this data gap.
There are limited data concerning the composition of produced waters from conventional
wells, which prevents a comparison between the conventional and unconventional oil
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and gas development. Current practice in California mingles the produced waters from
stimulated and non-stimulated wells before treatment. If there are differences between
wastewater from conventional and stimulated oil and gas operations, the differences
would have implications for how each wastewater should be handled, treated, and
disposed. Previous studies on the chemical quality of produced waste in California were
conducted decades ago, and new studies need to be conducted characterizing produced
water and other oil and gas industry wastewaters in California.
Water quality analyses required under new regulation and submitted to DOGGR with
well completion reports do not typically measure specific stimulation chemicals, with the
exception of a total carbohydrate test for guar. Analysis is not conducted for major wellstimulation-fluid components of concern, such as biocides or surfactants, or potentially
harmful reaction products that may form within the formation following introduction
of the stimulation fluids. The operators also do not report the exact time at which the
recovered fluid sample was collected relative to the stimulation event, so it is difficult to
interpret what the samples truly represent.
2.9.9. Incomplete Information Regarding Wastewater Management, Disposal, and
Treatment Practices
Data on wastewater disposal and management are incomplete. There is conflicting or
inadequate information on current disposal and reuse practices, especially concerning
percolation pits and Class II wells. Cradle-to-grave documentation on wastewater
management would allow individual sources of wastewater, such as individual wells, to be
related to a specific disposal or reuse site, such as a percolation pit.
Systems for documentation of wastewater management practice need modernization, and
ambiguous or uninformative entries should not be allowed. For example, the third most
common disposal method reported by operators was “other.” DOGGR staff confirmed
that some operators are using the “other” category to describe disposal that is, in fact,
included in some of the other categories—for example, subsurface injection, discharge
to a surface water body, disposal to a sanitary sewer system, etc. (Fields, 2014). Some
disposal methods—such as reuse for irrigation or groundwater recharge—are not included
as separate categories in the DOGGR production/injection database. During meetings
held as part of this study, some operators have suggested that their current practices are
not consistent with the data they have reported to DOGGR. Insufficient quality control
for operator-submitted data, and inadequate categories for wastewater disposal methods,
result in an incomplete picture of current wastewater disposal practices.
There is no central resource for data concerning wastewater treatment practices. In
collecting information for this project, data sources for confirmation of common treatment
practices varied from NPDES permits and government agency reports, to personal
communications, brochures, and factsheets. Due to the lack of a centralized data resource,
the frequency of specific wastewater treatment practices and overall trends are unknown.
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2.9.10. Incomplete Information on the Impacts of Contamination from
Subsurface Pathways
Subsurface pathways and mechanisms are difficult to characterize, and information
concerning potential groundwater contamination from hydraulic fracturing is very limited.
Peer-reviewed studies investigating the possibility of contaminant transport due to
fracturing operations have not been conducted in California. Studies conducted in other
areas have suggested contamination is possible or has occurred, but the applicability of
those results to California cannot be determined without more investigation, due to the
unique conditions existing in California.
2.9.11. Lack of Accurate Information Regarding Old and Abandoned Wells
The extent to which abandoned and deteriorating wells may present a hazard in California
needs to be assessed. Documentation of the location, construction, and the method of
abandonment for currently unused wells are required before assessment of hazards
(or methods for remediation) can be performed. DOGGR has a program that requires
operators to conduct regular testing of idle wells to ensure that they are not impacting
surface and groundwater, but similar testing is not required for abandoned or buried
wells. The datasets regarding idle wells are inconsistent. For example, the DOGGR GIS
wells file lists 13,450 wells as idle, but another “Idle Wells” file on the DOGGR website
lists a total of 21,347 wells as idle.
2.9.12. Lack of Knowledge about Fracture Properties in California
The process of fracture creation and propagation is currently an area of active research,
with the bulk of the work focusing on the properties of gas shales in states other than
California. This research applies to deep formations and thus evaluates pathway formation
scenarios over large vertical distances. Fracturing has been practiced in California for
decades (Walker et al., 2002), but fundamental studies of fracturing behavior, fracture
propagation, and the orientation of fractures relative to reservoir depth for California
geology are lacking. Fully understanding this behavior is particularly important in
California due to the possibility of relatively shallow fracturing depths (200–300 m [650–
1,000 ft] from surface) compared to other regions using hydraulic fracturing technology.
Although the reporting of the extent of stimulation geometry has been required for
operations occurring after January 1, 2014, the resulting data assessed for this report
indicates it generally does not regard the extent of fracturing from single stages, limiting
what can be discerned about fracture geometry from these data. Some of the reported
data are obviously inaccurate (for example, some of the wellbore end depths are shallower
than the corresponding wellbore start depths) or inconsistent with reporting requirements
(for example, wellbore start depths are sometimes reported as zero instead of the start of
the stimulated interval within the wellbore). Further, if data regarding fracture geometry
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were reported, the accuracy of this data would be unknown unless the data supporting
the estimates of fracture geometry, and the methods used to analyze the supporting data,
were reported by operators.
2.9.13. Incomplete Baseline Data and Monitoring Studies for Surface and
Groundwater
Long-term monitoring and studies of surface and groundwater in oil and gas producing
regions of California are needed to determine if groundwater resources have been
impacted. There is a lack of information on the quality of surface or groundwater near
stimulated oil fields, and baseline (or up-gradient) data collection is needed. Significant
data gaps exist regarding current knowledge of groundwater quality in California,
including the location and extent of protected groundwater that contains less than 10,000
mg L-1 TDS. Concentrations of methane, trace metals, NORM, and organic chemicals in
groundwater in oil and gas producing regions are unknown, and are needed to assess
impacts of unconventional oil and gas development. New regulations implemented under
SB 4 and other programs are beginning to address this data gap. The effectiveness of these
regulations needs to be evaluated in the future.
2.9.14. Lack of Information on Spills
As discussed above for other types of data, there are numerous inconsistencies between
agencies concerning the information collected on spills and accidental releases in
California. Databases maintained by OES and DOGGR on surface spills and leaks
associated with oil and gas production often do not agree, increasing uncertainty in our
understanding of environmental impacts from accidents. Inconsistencies exist concerning
the number of spills that have occurred and details regarding those spills. This discrepancy
is likely due in part to the fact that OES sends spill reports electronically to DOGGR, and
then a subset of the information is entered into DOGGR’s database. Although OES is
responsible for collecting spill information and submitting it to the appropriate agencies,
there are spills in DOGGR’s database that are not in OES’s. Similarly, there are oil and
produced water spills in the OES database that are not in the DOGGR database. DOGGR
often coordinates with operators after spills—especially for large spills or when spills
impact waterways—but there is no mechanism for conveying this information back
to OES. Operators often submit corrections to OES after a spill takes place, and these
corrections are not always entered into either DOGGR’s database or the OES database that
is available online. Another major concern is that DOGGR only captures information on
oil and produced water spills, and therefore does not have record of spills associated with
chemicals used for oil and gas production.
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2.10. Main Findings
2.10.1. Water Use for Well Stimulation in California
1. We estimate that well stimulation in California uses 850,000 to 1,200,000 m³
per year (690–980 acre-feet) of water. Our estimate is based on a combination of
data sources to provide a best estimate that reflects the uncertainty in both (a) the
number of operations that are occurring, and (b) how much water each operation
uses on average.
2. Operators obtained the majority of water needed for well stimulation from nearby
irrigation districts (68%), produced water (13%), operators’ own wells (13%), a
nearby municipal water supplier (4%), or a private landowner (1%).
3. Hydraulic fracturing has allowed oil and gas production from some new
pools where it was not previously feasible or economical. We estimate that
freshwater use for enhanced oil recovery in fields where production is enabled by
stimulation was 2 million to 14 million m³ (1,600 to 13,000 acre-feet) in 2013. By
comparison, freshwater use for enhanced oil recovery in all oil and gas fields was
13 million to 44 million m³ (11,000 to 36,000 acre-feet) in 2013.
4. Local impacts on water usage appear thus far to be minimal, with well stimulation
and hydraulic-fracturing-enabled enhanced oil recovery accounting for less than
0.2% percent of total annual freshwater use within each of the state’s planning
areas, which range in size from 830 to 19,400 km2 (320 to 7,500 mi2). However,
well stimulation is concentrated in water-scarce areas of the state, and an
increase in water use or drawdown of local aquifers could cause competition with
agricultural, municipal, or domestic water users.
2.10.2. Characterization of Well Stimulation Fluids
1. Records describing the chemical composition of hydraulic fracturing fluids
between 2011 and 2014 were voluntary, and represent one-third to one-fifth of
the total hydraulic fracture treatments thought to have occurred in California
during that period.
2. Over 300 different chemicals or chemical mixtures were identified as having
been used for hydraulic fracturing in California. Of the disclosed chemicals,
approximately one third of the chemical additives lacked a CASRN, and therefore
any enumeration of the number of chemicals used in hydraulic fracturing should
be considered approximate.
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3. Information on chemical use during acid stimulation treatments is very limited.
Analysis of regional data and data collected as part of new mandatory reporting
requirements in effect since January 2014, identified over 70 individual chemicals
or chemical mixtures used during acid treatments, approximately one-third of
which were different from chemicals used in hydraulic fracturing.
4. Over 60 chemical additives with a median usage of 200 kg (440 lbs) or more
per treatment were found. At least nine of these compounds are proppants, and
many are solvents, crosslinkers, gels, and surfactants. Since these compounds
were used in significant amounts, they are considered priority compounds for
characterization of their hazards and risks.
5. Almost two-thirds of the chemicals reported to be used in hydraulic fracturing
or acid treatments did not have publicly available information allowing an
assessment of environmental toxicity. Environmental profiles need to be
developed for these chemicals.
6. Thirty-three chemicals have a GHS ranking of 1 or 2 for at least one aquatic
species, suggesting they could present an environmental hazard if released to
surface waters.
7. Significant data gaps exist concerning the hazard, toxicity, and environmental
persistence of chemicals used in well stimulation. Additionally, over 100 of
the reported materials used for well stimulation are identified by non-specific
name and reported as trade secrets, confidential business information, or
proprietary information. These materials cannot be evaluated for hazard, risk, and
environmental impact without more specific identification.
8. A full understanding of the environmental risk associated with unconventional
oil and gas development will require a full disclosure of the chemicals used
and better understanding of the environmental profile of each chemical.
Environmental profiles include an understanding of a chemical’s toxicity,
transport properties, and persistence in the environment. A formal environmental
review process for all chemicals and chemical mixtures, such as the EPA Design
for the Environment program, is recommended.
9. Methods for the detection of chemical additives, their byproducts, and degradation
products in environmental samples need to be developed. Many of the chemicals
being used do not have standard methods of analysis.
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2.10.3. Wastewater Quantification, Characterization, and Management
1. Produced water, recovered fluids, and other wastewaters from stimulated wells will
contain chemicals from hydraulic fracturing fluids and their reaction byproducts,
but the concentrations of these chemicals in wastewaters will change over time
and have not been fully characterized.
2. Produced water, recovered fluids, and other wastewaters from stimulated wells
will also contain various other contaminants in dissolved substances from waters
naturally present in the target geological formation, substances extracted or
mobilized from the target geological formation, and residual oil and gas.
3. During hydraulic fracturing, recovered fluids that are captured before production
represent a small fraction of the injected fracturing fluids (~ 5%). In contrast,
recovered fluid volumes for acid treatments tend to be a higher percentage of the
injected fluid (50–70%), but data on acid fluid recovery is limited and may not be
representative.
4. Recovered fluid volumes are a small fraction of wastewater generated within the
first month of production. These results indicate that studies from other regions
of the country showing significant recovery of “flow-back” fluids have limited
application to California.
5. Recovered fluid samples from stimulated wells have been shown to contained
high concentrations of salts, trace elements (arsenic, selenium, and barium),
naturally occurring radioactive materials, and hydrocarbons. Carbohydrates
(gels) were detected in some recovered fluid samples, and this suggests that other
stimulation chemicals may also be present. In contrast, produced waters from
stimulated wells have not been characterized.
6. Recovered fluids are typically stored in tanks at the well site prior to disposal.
According to well completion reports filed and posted through December 2014,
more than 99% of recovered fluids are injected into Class II disposal wells. A
small amount (less than 0.3%) of the recovered fluids are recycled.
7. The net produced water volumes generated in the first five months of production
from stimulated and non-stimulated wells were not substantially different, although
their distributions were different. There results suggest there are few differences
in the volume of water produced from conventional and unconventional wells, but
that some further investigation of these issues could be warranted.
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8. There is a lack of information regarding the mass of stimulation fluids recovered
after treatment. The concentration of returned stimulation fluids and their
reaction byproducts in produced water over time needs to be investigated. The
fate of the injected stimulation fluids in the subsurface, and the potential for them
to be transformed, or to mobilize formation constituents over the lifetime of the
production of the well, needs to be determined.
9. From January 2011 through June 2014, it has been reported that nearly 60%
of the produced water from stimulated wells was disposed of by evaporationpercolation in unlined pits. An estimated 36% of the active unlined pits in
California are operating without the necessary permits from the Central Valley
Regional Board.
10. Subsurface injection in Class II wells, for disposal or enhanced oil recovery, was
the second most commonly reported disposition method for stimulated wells
in California, accounting for approximately 25% of the produced water from
stimulated wells.
11. The impacts on the environment of common disposal practices for produced water
that may contain stimulation fluids, including percolation pits and well injection,
are poorly understood.
12. Information on current treatment and reuse practices for all wastewater from
oil and gas operations in California is limited. Available data suggest that simple
treatment technologies (e.g., oil-water separation, water softening, gravity
separation, and filtration) are predominantly being used for produced water in
California. More complex treatment trains—capable of removing an extensive
array of chemicals—are used sporadically.
2.10.4. Contaminant Release Mechanisms, Transport Pathways, and Impacts to
Surface and Groundwater Quality
1. Several plausible release mechanisms and transport pathways exist for surface
and groundwater contamination associated with onshore well stimulation in
California. They are depicted in Figures 2.6-1 and 2.6-2, and summarized in Table
2.6-2.
2. Release mechanisms and transport pathways of high priority for the state are
percolation of wastewater from disposal pits; injection of produced water if
conducted into protected aquifers; reuse of produced water for irrigation; disposal
of produced water into sewer systems; potential leakage through abandoned
wells; and potential leakage through fractures.
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3. Some of the release mechanisms that were identified are primarily relevant
to California, and are uncommon elsewhere, including use of percolation as a
disposal method and reuse of produced water for irrigation.
4. Percolation pits provide a direct pathway for the transport of produced water
constituents, including returned stimulation fluids, into groundwater.
5. With proper siting, construction, and maintenance, subsurface injection using
properly sited Class II wells is less likely to result in groundwater contamination
than disposal in unlined surface impoundments.
6. There is growing interest in expanding the beneficial reuse of produced water
for agriculture, particularly for irrigation. The use of produced water from
unconventional production raises specific or unique concerns. Treatment and
reuse of produced water from fields with stimulated wells should include
appropriate monitoring and treatment before reuse for irrigated agriculture.
7. According to completion reports, fracturing occurs at shallower depths in
California than is typical for other regions of the country. In approximately onehalf of the operations, fracturing may extend to depths less than 300 m (1,000
ft) from the surface. The shallow depths of fracturing, combined with the deep
groundwater aquifer in the Central Valley, raise concern that fractures may
intercept protected groundwater resources. Additional research is needed to
determine how often this occurs, if at all, and the consequences if it does occur.
8. Determining where fractures occur is an important component of determining
exposure pathways. The reliability of models used by industry to estimate a
fracture zone (axial dimensional stimulation area) should be determined.
9. In studies conducted elsewhere, water contamination associated with well
stimulation has been documented in some places, but several studies have
not found any contamination due to stimulation. No incidents of groundwater
contamination due to stimulation have been noted in California to date, although
there has been very limited monitoring conducted to detect any water quality
impacts.
10. There is a lack of information on the quality of surface or groundwater near
stimulated oil fields. Baseline data collection prior to stimulation has not been
required in the past. No cases of contamination have yet been reported, but this
may be primarily because there has been little to no systematic monitoring of
aquifers in the vicinity of oil production sites.
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11. Significant data gaps exist regarding current knowledge of groundwater quality
in California, including the location and extent of protected groundwater that
contains less than 10,000 mg L-1 TDS. Concentrations of methane, trace metals,
NORM, and organic chemicals in groundwater in oil and gas producing regions
are unknown. New regulations implemented under SB 4 and other programs are
beginning to address this data gap. The effectiveness of these regulations needs to
be evaluated in the future.
2.11. Conclusions
This chapter represents a review and analysis of what is currently known about well
stimulation technologies in relation to water resources and the water environment. The
quantity of water being used for well stimulation is relatively small and local impacts of
water usage appear thus far to be minimal. Well stimulation accounts for less than 0.2%
percent of total annual freshwater use within each of the state’s planning areas. Water use
for well stimulation, however, is occurring in water-scarce regions and, given the critical
availability of water in these areas, could reduce the water available for other uses.
A significant analysis included in this chapter is the identification of the chemicals being
used in well stimulation in California. An investigation of the properties of these chemicals
shows that many of them are poorly characterized for properties important to determining
their hazard and potential impact to the environment. A list of priority stimulation
chemicals, requiring further review, was developed based on prevalence of use and
toxicity. Additionally, it is apparent that many chemicals are being used that cannot be
evaluated for their hazards or potential environmental impact.
The chemical characteristics of produced water generated from stimulated wells in
California are largely unknown, however it is apparent that produced water from
stimulated wells will contain well stimulation chemicals or their reaction by-products.
Under SB 4, chemical data are being collected for “recovered fluids,” but recovered fluids
are not representative of returned injection fluids and other wastewater produced over
the life of a well. Time-dependent chemical characterization of produced water from
stimulated wells are needed to improve management, treatment, and disposal practices.
Additionally, mass balance analyses at individual well sites are warranted to clarify the
fate of stimulation chemicals remaining in the formation and the quantities of stimulation
chemicals in produced water. Geochemical modeling would complement these efforts to
characterize chemical fate and transport for stimulated wells.
In California priority potential environmental release mechanisms include disposal of
produced water in unlined pits, injection of produced water into potentially protected
groundwater, reuse of produced water for irrigation, and disposal of produced water in
sewer systems. Unlike in other parts of the country, contamination of water resources due
to spills of well stimulation chemicals have not been documented in California, however
spills of produced water have occurred. The transport of contaminants through induced
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fractures to groundwater has not been established, but should be evaluated in California,
where fracturing depths are much shallower than in other parts of the country. Other
potential subsurface release mechanisms include leakage through compromised wells and
leakage through natural subsurface fractures, however the importance of these pathways
is also unknown.
In California, no incidents of groundwater contamination due to well stimulation have
been documented. Historically, baseline data were not collected on groundwater quality
prior to initiating well stimulation activities, making it difficult, and in some cases impossible,
to attribute possible contamination to nearby stimulation operations. There has not been
a coordinated monitoring program for water resources located in the vicinity of oil and gas
fields where stimulation is occurring that could detect or identify sources of contamination.
Application of good practices while conducting well stimulation can reduce impacts
from injected or mobilized fluids. Practices such as collection of baseline measurements
before drilling, proper well construction, and application of green chemistry principles
are advisable. Many significant data gaps were identified. Data collection in many cases
is not systematic, of high quality, or well organized. Many of the chemicals used in well
stimulation have not been properly identified. Wastewater constituents and concentrations
are not well understood. Data on the treatment technologies being used at individual
well sites are not available. Although it is possible to identify potential chemical release
mechanisms and the associated potential contamination pathways, insufficient data exist
to confirm or refute concerns that surface and groundwater resources have been or may
be contaminated by unconventional oil and gas development.
It is expected that many of data gaps will be addressed under new regulations being
promulgated as part of implementation of SB 4 legislation, but there is a clear need for
directed scientific studies related to the water environment. These studies are needed to
answer important questions concerning the safety and sustainability of unconventional
oil and gas development. How green chemistry principals might be applied to hydraulic
fracturing requires scientific study. A better understanding of overall wastewater
management practices in the industry are needed, including understanding the fate
of injected chemicals, the chemical composition of wastewaters over varying time and
spatial scales, and a complete understanding of methods and practices of water reuse and
disposal. Mass-balance analyses at individual well sites are warranted to clarify the fate
of stimulation chemicals remaining in the formation and the quantities of stimulation
chemicals in the wastewater. The effects of legacy and current practices on local and
regional groundwater quality need priority investigation, and should be complemented
with geochemical modeling to characterize the fate and transport of well stimulation
chemicals. Coordinated investigations need to be conducted to determine which, if any,
of the identified potential pathways pose a significant risk for releasing well stimulation
chemicals or other contaminants into the environment.
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3.1. Abstract
Well stimulation has the potential to emit greenhouse gases (GHGs), volatile organic
compounds (VOCs), nitrous oxides (NOx), toxic air contaminants (TACs), and particulate
matter (PM). These pollutants can have impacts across various temporal and spatial scales
ranging from long-term, global impacts (e.g., from GHGs) to local, short-term impacts
(e.g., from TACs). Because oil and gas development in general can have these impacts,
the purpose of this chapter is to evaluate what is known about the contribution of well
stimulation to general impacts from oil and gas development. This chapter performs
analysis at the statewide scale (GHGs) and at regional air district levels (criteria pollutants
and air toxics). For an analysis of air impacts at small spatial scales, see Volume II,
Chapter 6, which covers public health aspects of oil and gas development.
Detailed air pollution inventories are performed by the California Air Resources Board
(CARB) for all major industrial sectors, including oil and gas production. Current
inventory methods provide estimates of the air quality impacts related to oil and gas
activities (see discussion of inventory data gaps below).
Statewide, oil and gas operations are small contributors to GHG emissions (4%), and most
of these GHG emissions are associated with heavy oil production in oilfields developed
without well stimulation.
In the San Joaquin Valley air district, oil and gas sources are responsible for significant
contributions to sulfur oxides (SOx) emissions (31%) and smaller contributions to reactive
organic gases (ROGs) and NOx (8% and 4%, respectively). Oil and gas activities in the
San Joaquin Valley are estimated to contribute to non-negligible (>1%) fractions of
some TAC species (benzene, formaldehyde, hexane, zylene) and the majority (70%) of
hydrogen sulfide emissions. The fractional importance of upstream oil and gas sources to
air quality concerns is higher in some sub-regions within air districts, such as western Kern
County. In the South Coast air district, the oil and gas sector is a small source (<1%) of
all studied pollutants.
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Well stimulation is estimated to facilitate about 20% of California production, and direct
well stimulation emissions represent only one source among many in the oil and gas
production process. Applying these weighting factors, well stimulation emissions (direct
and indirect) can be estimated at approximately one-fifth of emissions reported above.
Experimental studies of air quality in California suggest that current inventory methods
underestimate methane and VOC emissions from California oil and gas sources. This
suggests that the above inventory results should be considered lower-bound estimates,
and the degree of inventory underestimation varies by study type and location.
Oil and gas activities occur in California air basins that already face severe air quality
challenges. The two largest oil and gas-producing regions in California are in the San
Joaquin and South Coast air basins, which are non-compliant with federal air quality
(ozone and PM) regulations. In some cases, this non-compliance is rated as “severe”
or “extreme.”
While well stimulation emissions are a small portion of overall emissions sources in
California, they can still be improved. A significant reduction in emissions related to well
stimulation is possible using currently available technology. Some mitigation technologies
are currently mandated by federal or state regulatory requirements, such as “green
completions” technologies that capture gas produced during the flowback process (which
would otherwise be flared or vented). Current regulatory requirements do not cover or
require application of all available control technologies, and the regulatory environment
is in flux federally and in California. For example, the California Air Resources Board
is currently examining oil and gas sector emissions in order to develop standards to
supplement recent federal regulations.
Significant data gaps exist with respect to air emissions from well stimulation. It is not
clear how completely the current inventory methods cover air quality impacts from well
stimulation, although it appears that at least some well stimulation air impacts will be
covered by current inventory methods. Current inventory methods are not designed
to separately analyze well stimulation emissions. As noted above, inventories are only
infrequently verified experimentally. A small number of studies have directly measured
emissions from well stimulation or in regions where well stimulation occurs. A larger body
of studies exists on indirect (remote) estimates of oil and gas-related emissions in oil and
gas-producing regions. There is no current consensus on where well-stimulation-related
emissions specifically are largest, and significant uncertainty exists regarding emissions
sources from oil and gas activities in general, although as noted above the experimental
estimates of emissions have generally been found higher than inventory levels of emissions
from oil and gas sources.
Preliminary quantitative assessment of the impacts due to well stimulation is made in the
Volume III case studies for the San Joaquin Valley and South Coast regions.
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3.2. Introduction
Well stimulation can impact air quality via emission of a large variety of chemical species.
These species can have local, regional, or global impacts, mediated by the regional
atmospheric transport mechanisms and the natural removal mechanisms relevant for that
species. For clarity, this report groups species into four categories of interest, each with
unique potential impacts.
1. Greenhouse gases (GHGs).
2. Volatile organic compounds (VOCs), and nitrogen oxides (NOx) that cause
photochemical smog generation.
3. Toxic air contaminants (TACs), a California-specific designation similar to federal
designation of hazardous air pollutants (HAPs).
4. Particulate matter (PM), including dust.
GHGs have global impacts over long time scales through their effects on the radiation
balance of the atmosphere. GHGs can also have significant local ecosystem effects, such
as ocean acidification from rising atmospheric carbon dioxide (CO2) concentrations. VOCs
have regional impacts over the short- to medium-term through their effects on formation
of photochemical smog and exacerbation of chronic health problems. In portions of this
report dealing with California inventories of criteria pollutants, the term reactive organic
gases (ROGs) will be used instead of VOC. ROGs are a defined class of species in California
regulation, and have similar membership as other designations such as volatile organic
compounds, nonmethane volatile organic compounds or speciated nonmethane organic
compounds (ROGs, NMVOCs or SNMOCs). TACs and PM have local and regional health
impacts mediated by transport and inhalation processes.
Some chemical species have impacts across multiple categories. For example, in addition
to smog-formation potential, VOCs often also function over short and long time scales
as GHGs through their eventual decomposition into CO2. In these cases, species will be
discussed primarily in terms of their most notable impact pathway. For example, though
the degradation products of benzene can act as GHGs, benzene will be discussed as a TAC
due to its larger importance in that domain. Similarly, PM has health as well as climate
and aesthetic (visibility) impacts.
3.2.1. Chapter Structure
This introductory section first describes methods of classifying well-stimulation-related
air impacts, and the major sources and types of emissions from oil and gas activities
(remainder of Section 3.2). This is followed by an outline of current treatment of wellstimulation-related emissions in current California emissions inventories (Section 3.3).

184

Chapter 3: Air Quality Impacts from Well Stimulation

Then, the report discusses the California regions likely to be affected by the use of well
stimulation technology (Section 3.3.17) and the hazards associated with possible air
impacts (Section 3.4). Next, the report outlines current best practices for managing air
quality impacts of well stimulation (Section 3.5). This is followed by a discussion of gaps
in data and scientific understanding surrounding well-stimulation-related air impacts
(Section 3.6). Finally, a summary of findings and conclusions is presented (Sections 3.7
and 3.8).
3.2.2. Classification of Sources of Well Stimulation Air Hazards
Emissions from well stimulation can be classified as direct or indirect emissions. Direct
impacts are uniquely associated with well stimulation and do not occur when oil and
gas are produced without the aid of well stimulation. Examples of direct impacts of well
stimulation include greenhouse gas emissions from equipment used to stimulate the well,
and off-gassing of VOCs from stimulation fluids held in retention ponds and tanks. Indirect
impacts stem from the other aspects of the oil and gas production process apart from well
stimulation. Examples of indirect impacts include emissions from equipment used for
well-pad construction, well drilling, and production of oil and gas; and off-gassing from
produced water. This chapter will focus primarily on direct impacts, although important
indirect impacts will also be discussed. This is because indirect impacts play an important
role in air quality impacts in regions of significant well stimulation activities, and may be
important determinants of long-run air quality impacts of well stimulation.
3.2.3. Greenhouse Gas Emissions Related to Well Stimulation
GHG and climate-forcing emissions to the atmosphere associated with well stimulation
include the following: carbon dioxide (CO2), methane (CH4), carbon monoxide (CO),
nitrous oxide (N2O), VOCs, and black carbon (BC) (IPCC, 2013, pp. 738-740). For the
purposes of GHG accounting, IPCC practice recommends binning all VOC species by mass
of carbon (IPCC, 2013, pp. 738-740). Well stimulation practice can also result in the
emission of species with negative climate forcing (i.e., cooling impacts) such as NOx and
organic carbon (OC) (IPCC, 2013). Nevertheless, the net effect of emissions from well
stimulation is expected to be primarily warming. The climate impacts, listed using current
20-year and 100-year global warming potentials (GWPs) for well-stimulation-relevant
gases, are listed in Table 3.2-1.
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Table 3.2-1. Global warming potential of well-stimulation-relevant air emissions. (IPCC, 2013)
Gas species

GWP 20-yr

GWP 100-yr

Notes

Carbon dioxide (CO2)

1

1

a

Methane, fossil (CH4)

85

30

a

Nitrous oxide (N2O)

264

265

a

Carbon monoxide (CO)
Volatile organic compound (VOC)
Black carbon (BC)

5.6 (+/-1.8)

1.8 (+/- 0.6)

b

16.2 (+/- 9.2)

5.0 (+/- 3.0)

c

1200 (+/- 720)

345 (+/- 207)

d

Organic carbon (OC)

-160 (+/- 68)

-46 (+/- 20)

d

Nitrogen oxides (NOx)

-2.4 (+/ 30.3)

-8.2 (+/- 10.3)

e

a – From (IPCC, 2013) Table 8.A.1
b – From (IPCC, 2013) Table 8.A.4, for CO emissions in North America. CO GWP varies by the region of
emissions due to regional differences in atmospheric processes.
c – From (IPCC, 2013) Table 8.A.5. Measured on per-kg of carbon basis. Estimate for North America VOC
GWP varies by the region of emissions due to regional differences in atmospheric processes.
d – From (IPCC, 2013) Table 8.A.6. BC and OC GWPs taken from “four regions” study result, which
encompasses East Asia, European Union (EU) + North Africa, North America, and South Asia.
e – From (IPCC, 2013) Table 8.A.3. Values for NOx from North America.

3.2.4. Volatile Organic Compounds and Nitrous Oxides Emissions Related to
Well Stimulation
VOCs are a large class of organic compounds that are variously defined. Thousands
of chemical species are included in VOC definitions, with many of them present in
hydrocarbon gases and liquids. VOCs include benign compounds as well compounds that
are directly hazardous to humans. Hazardous VOCs will be discussed in the TACs section
below. In certain conditions, VOCs react in the atmosphere to increase ozone formation.
Some VOCs are transformed by atmospheric processes to particulate matter (PM).
Definitions of VOCs vary between regulatory regimes. U.S. Environmental Protection
Agency (U.S. EPA) definitions list VOCs as organic species with vapor pressure greater
than 10-1 Torr at 25°C and 760 mmHg (U.S. EPA, 1999). This regulatory definition
exempts non-photochemically active species such as CH4 and ethane (C2H6). This
definition is designed to include organic species that are likely to exist in gaseous phase at
ambient conditions. VOC emissions associated with well stimulation are numerous, with
oil-and-gas-focused air studies measuring concentrations of many dozens of species (U.S.
EPA, 1999; ERG/SAGE, 2011).
NOx emissions associated with well stimulation activities derive primarily from use of
engines powered by diesel or natural gas, which are used directly in well stimulation
applications. Examples include drilling and workover rigs, fracturing trucks with large
pumps for generating high fluid injection pressure, and other trucks of various kinds
(e.g., proppant delivery trucks). Flaring can be another source of NOx from oil and
gas operations.
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3.2.5. Toxic Air Contaminant Emissions Related to Well Stimulation
There are numerous TACs associated with well stimulation, which most commonly fall
into the category of toxic organic compounds (TOCs) (U.S. EPA, 1999). These wellstimulation-associated TACs include many of the species defined as VOCs in the Clean Air
Act (CAA) Amendments of 1990. TACs can be an acute or chronic concern for workers
in the oil and gas industry, due to possibly frequent exposure to elevated concentrations
of TACs, as well as long-term work in environments with TACs. TACs may also present a
health concern for more remote persons that are less heavily exposed, such as those who
live near oil and gas operations.
3.2.6. Particulate Matter Emissions Related to Well Stimulation
PM emissions in oil and gas development occur most commonly due to stationary
combustion sources (CARB, 2013b). Other PM sources include heavy equipment in
on-road and off-road operations, and land disturbance. Common sources of PM include
diesel-powered equipment such as trucks, drilling rigs, generators, and other off-road
equipment (e.g., preparatory land-moving equipment) (CARB, 2013b). PM may also be
emitted through combustion (flaring) of wet gas (i.e., gas containing high molecular
weight hydrocarbons). PM emissions are associated with respiratory health impacts and
increased rates of mortality (see Chapter 6 on health impacts).
3.3. Potentially Impacted Resource—Air
3.3.1. California Air Quality Concerns
California has faced air quality concerns for many decades. Historical attention has
focused primarily on smog-forming pollutants (e.g., VOCs and NOx) and toxic air
contaminants (TACs). A number of factors result in California air quality being among
the most impacted in the nation. First, a large population of 40 million residents results
in significant air emissions. Second, some California regions have unfavorable topography
for air quality management, including large urban areas surrounded by mountains that
prevent mixing and transport of emitted species. Third, the generally warm and sunny
conditions in the state promote photochemical reactions and formation of smog. In some
regions (noted below), agricultural activities can result in fine particulate pollution
of concern.
More recently, regulatory efforts at the California Air Resources Board (CARB) have
focused on GHG emissions. This has resulted in the development of broad industryspanning GHG cap and trade regulations (CARB, 2014a), as well as oil and gas-specific
regulatory efforts and ancillary transport-fuel regulations that affect oil and gas operators
(CARB, 2014b).
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CARB defines 35 Air Pollution Control Districts (APCDs) and Air Quality Management
Districts (AQMDs), which are collectively called “air districts” (CARB, 2014c). These air
districts are shown in Figure 3.3-1.
The two largest California oil and gas-producing regions are contained within the
San Joaquin Valley Unified air district (henceforth SJV) and South Coast air district
(henceforth SC). Significant oil production also occurs in the Santa Barbara and Ventura
air districts. Non-associated (dry) natural gas production occurs in a number of Northern
SJV air districts.
Large quantities of GHGs, VOCs, TACs, and PM are emitted by non-oil and gas sources in
California, including primary industry, homes and businesses, and the transport sector.

Figure 3.3-1. California Air Pollution Control Districts (APCDs) and Air Quality Management
Districts (AQMDs), collectively called “air districts.” Image reproduced from CARB (2014c).
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3.3.2. Estimating Current Impacts of Oil and Gas Operations on California Air Quality
Estimates of emissions for species of interest in California are tabulated, estimated, or
inventoried for a variety of sources in the oil and gas sector. These estimates include:
1. Field-level estimates of GHG emissions produced for transport GHG intensity
regulations (i.e., Low Carbon Fuel Standard).
2. State-level inventories of GHGs, ROGs, TACs, and PM compiled by the California
Air Resources Board (CARB)
3. State-level surveys of emissions from oil and gas operators
4. Federal databases of GHG emissions and toxics releases (U.S. Environmental
Protection Agency)
5. Detailed (spatially and temporally) inventories of air emissions for photochemical
grid-based modeling of ozone formation.
This chapter covers the first four of these sources of information, with a strong focus on
California-specific methods (first three sources in above list). These methods are described
in order below, starting with field-level GHG intensity estimates. Each section describes
the estimation methods and estimates derived for each species of interest, in the order of
GHGs, VOCs, TACs, and PM. Table 3.3-1 shows a summary of where data were obtained
for each type of assessment.
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Table 3.3-1. Coverage of different assessment methods and key sources for each method.
Estimate type

Resulting data

Data source

Field-level GHG estimates

t CO2eq . GHGs per
year

DOGGR production data

1

2

CARB and OPGEE3 model results of
GHG intensities
State-level emissions
inventory

t CO2eq. GHGs per
year
t ROG per year

Federal GHG and toxics
databases

1

(DOGGR, 2014)
(Duffy, 2013)
(El-Houjeiri et al., 2013,
2014)
(CARB, 2014d,e)
(CARB, 2013a)

CARB criteria pollutants inventory, incl.
stationary and mobile sources

(CARB, 2013b)

kg TACs per year

CARB overall toxics inventory (California
Toxics Inventory)

(CARB, 2013c)

kg TACs per year

CARB facility-level toxics reporting

(CARB, 2014j)

t PM per year
Surveys of oil and gas
operators

CARB yearly GHG inventory

Source

t CO2eq. GHGs per
year
Various

CARB criteria pollutants inventory, incl.
stationary and mobile sources
CARB special survey of oil and gas
operators
Not studied extensively in this report

(CARB, 2013b)
(Detweiler, 2013)
(U.S. EPA, 2012)

CO2-equivalent

2

Department of Oil, Gas, and Geothermal Resources

3

Oil Production Greenhouse Gas Emissions Estimator

The scale at which emissions are assessed, and how emissions and their impacts are
quantified, can influence study results. With regard to spatial scale, this chapter covers
emissions at the statewide scale (in the case of GHG emissions) and at regional air district
scales (in the case of criteria pollutants and air toxics). GHG emissions are assessed for
the state as a whole, because GHGs are a global problem largely independent of location
of emissions. In contrast, regional air districts are assessed for other pollutants, because
these regions are designated by CARB as regions where atmospheric mixing and transport
require the pollutants in a given region to be co-regulated. With regard to how emissions
are quantified in this chapter, we examine mass-emissions rates and the fractional
responsibility of oil and gas industry sources to the air quality problems studied.
Other spatial scales can matter for some pollutants. For example, emissions responsibility
for oil and gas operations over smaller spatial scales can be higher than for an air districtwide measure. For example, when emissions are assessed for Kern County alone, there
is larger responsibility of oil and gas sources than those found in this chapter for the San
Joaquin Valley air district. At an even finer spatial scale, the specific location of an air
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toxics source can be very important. These smaller-scale assessments can be found in the
following locations:
• County-scale assessment of impacts: Volume III, San Joaquin Basin Case Study;
Volume III, Los Angeles Basin Case Study.
• Local-scale assessment of emissions near sensitive populations: Volume II, Chapter
6 and Volume III, Los Angeles Basin Case Study and San Joaquin Basin Case Study.
Also, there are other ways to measure the importance of emissions than mass-emissions
rates and the fraction of responsibility for a given industry. For example, in public health
studies generally, the concentration of pollutant and the mass of pollutant being inhaled
by the studied population is of concern, not necessarily the overall mass emissions rate
in an air basin. Some health-damaging pollutants may therefore be of great concern at a
local scale, even with small mass-emissions rates (e.g., oil and gas associated TACs such
as benzene or toluene). See Volume II, Chapter 6, and Volume III, Los Angeles Basin Case
Study for more information.
3.3.2.1. California Air Resources Board Field-Level Estimates of Greenhouse Gas
Emissions from Oil Production
CARB produces an estimate of the greenhouse gas intensity of different producing oilfields
in California, as part of the Low Carbon Fuel Standard (LCFS) effort (Duffy, 2013). The
LCFS seeks to incentivize the production and consumption of transportation fuels with
lower life cycle greenhouse gas intensity compared to conventional oil resources. Because
the structure of the regulation assesses alternative fuels in comparison to oil-derived fuels,
an accurate baseline emissions intensity for oil consumed in California is required.
As part of this effort, 154 California oil fields are assessed using the Oil Production
Greenhouse Gas Emissions Estimator (OPGEE), an open-source tool produced by
researchers at Stanford University (El-Houjeiri et al., 2014, El-Houjeiri et al., 2013).
OPGEE takes the properties of an oilfield and uses them to estimate the greenhouse gas
emissions associated with producing, processing, and transporting the crude oil to the
refinery inlet gate. While OPGEE cannot be used to assess emissions individually from
pools that are facilitated or enabled with well stimulation technologies, it can be used to
assess the emissions from oilfields within which well-stimulation-enabled pools exist.
Using information from Volume I, Appendix N, a total of 45 pools across California were
determined to be facilitated by or enabled by well stimulation technologies. These pools
are located in 28 California oilfields. While the pools themselves were found to account
for ~20% of California oil production, the fields within which these pools exist were
responsible for nearly 40% of California’s oil production in 2012. The fields in which
these pools exist, in general, contain lighter crude oil and result in lower greenhouse gas
intensity than the average California oilfield (see Figure 3.3-2). The production-weighted-
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average GHG intensity for well-stimulation-enabled pools is approximately 74% that of
non-stimulated pools and 64% of California fields in general.
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Figure 3.3-2. Distribution of crude oil greenhouse gas intensity for fields containing well-

stimulation-enabled pools (left), those that are not stimulated (middle) and all California
oilfields (right).

An important question regarding GHG emissions from stimulated wells is: “What would
happen to GHG impacts if well stimulation were not practiced in the state?” If well
stimulation were disallowed and consumption of oil and gas in California did not drop in
response, the required oil would come from some other oilfields. That is, more oil and gas
would be required from non-stimulated California fields or regions outside of California.
This substitution would be the result of oil market shifts that would occur in response to
the shift in California production.
Depending on the source of substituted oil and gas, overall greenhouse gas emissions due
to oil production could increase if well stimulation were stopped. Computing the net GHG
change associated with well stimulation therefore requires understanding of both in-state
and out-of-state production, as well as the likely sources of “new oil.” Thus, estimating the
scale of impact requires a market-informed life cycle analysis (LCA). (This type of analysis
is sometimes called “consequential” LCA.)
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3.3.2.2. State-Level Emissions Inventories Produced by California Air Resources
Board (CARB)
The California Air Resources Board (CARB) produces annual inventories of emissions
of GHGs, VOCs, TACs and PM. These inventory methods and results are described in
order below. In all cases, numerical results for 2012 will be presented, due to incomplete
reporting for the year 2013 at the time of analysis.
The methods used to generate emissions inventories vary by the gas of interest. In general,
emissions inventories collect data at the district level, and aggregate results to generate
broader statewide estimates (CARB, 2014d). Direct measurements do not generally
underlie emissions estimates included in inventories. For example, stationary source
emissions are generally estimated using established emissions factors that are applied
to the number of facilities of a given type in an analyzed region for a particular year.
Similarly, rather than directly measuring vehicle emissions, databases of vehicle activities
are used along with mobile source emissions factors (CARB 2014d). A full description of
inventory methods is beyond the scope of this report, but where possible, methods and
their impacts on emissions estimates are discussed.
3.3.2.2.1. CARB GHG Inventory for Oil and Gas Operations
CARB GHG inventories are produced on a yearly basis for the “six Kyoto gases”:
carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), sulfur hexafluoride (SF6),
hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs) as well as nitrogen triflouride
(NF3) (CARB, 2014d). CARB GHG inventories report mass emissions of each gas, as well
as CO2-equivalent (CO2eq.) emissions using IPCC Assessment Report (AR4) GWP factors.
Results from CARB GHG inventories can be queried by economic sector, as well as
subsectors of various levels (CARB, 2014e). Direct well stimulation (WS) GHG emissions
would be included in the subsector “Industrial > Oil & gas extraction.” Additional indirect
well-stimulation-related emissions, such as those resulting from induced hydrocarbon
production, may occur more broadly (e.g., oil refining, refined product transport).
CARB GHG inventory methods
For each CARB-defined subsector, an “Activity” is defined. Activities with relevance for WS
and for oil and gas activities include “Fuel Combustion” and “Fugitive Emissions.” Within
the “Fuel Combustion” activity, activity subsets exist to record the type of fuel consumed
(e.g., natural gas, associated gas, distillate fuel). Each activity subset can result in
emission of numerous GHGs. Combustion processes typically result in CO2, CH4, and N2O,
while fugitive emissions are a large concern due to their CH4 content. The classification
scheme under which direct well stimulation emissions would be classified in CARB GHG
inventories is shown in Table 3.3-2. Many indirect emissions induced by WS activities
would also be inventoried in these categories.
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Table 3.3-2. CARB GHG inventory emissions of interest for WS (CARB, 2014e).
Main sector

Industrial

Sub-sector
Level 1

Sub-sector
Level 2

Sub-sector
Level 3

Main activity

Activity subset

GHG emitted

Oil & gas
extraction

Not specified

None

Fuel combustion

Associated gas

CH4, CO2, N2O

Not specified

None

Fuel combustion

Distillate

CH4, CO2, N2O

Not specified

None

Fuel combustion

Natural gas

CH4, CO2, N2O

Not specified

None

Fuel combustion

Residual fuel oil

CH4, CO2, N2O

Petroleum gas
seeps

Fugitives

Fugitive emissions

NA

CH4

Process losses

Fugitives

Fugitive emissions

NA

CH4, CO2, N2O

Storage tanks

Fugitives

Fugitive emissions

NA

CH4

Wastewater
treatment

Fugitives

Fugitive emissions

NA

CH4

The CARB oil and gas GHG emissions inventory methodology is based on two key data
sources and methodologies. First, CARB uses IPCC Guidelines with state and federal data
sources (IPCC, 2006). More recently, CARB has augmented IPCC-based methods with
more detailed reporting under the Mandatory Reporting Regulation (MRR), a state-level
regulation requiring detailed reporting of GHG emissions by large emitters.
The IPCC methodology primarily tracks energy use. Briefly, energy use is gathered for
a given sector, and this use is multiplied by a fuel-specific emissions factor for each fuel
type (CARB, 2014f, pp. 56-58). To complete its oil and gas GHG inventory, CARB obtains
fuel use data for oil and gas activities from the following state and U.S. federal sources:
U.S. Energy Information Administration (EIA), California Energy Commission, and the
California Department of Oil, Gas, and Geothermal Resources (DOGGR) (CARB, 2014f,
p. 58). Fugitive emissions are estimated in this methodology using information generated
from the California Emission Inventory Development and Reporting System (CEIDARS)
database (CARB, 2014f, p. 59), which is developed for tracking criteria pollutants such as
VOCs. See significant additional discussion of CEIDARS below.
More recently, the California GHG inventory leverages California MRR datasets relevant
to well stimulation and oil and gas activities. MRR data are gathered from the category
of processes entitled “Petroleum and Natural Gas Systems” (CARB, 2014g, sect. 95101).
MRR data reporting is required from all oil and gas operators whose stationary and
process emissions of CO2, CH4 and N2O exceed 10,000 tonnes (t) of CO2eq. per year, or
whose stationary combustion, process, fugitive, and vented emissions of the above gases
equal or exceed 25,000 tCO2eq. per year (CARB, 2014g, sect. 95101). Detailed methods
are given for estimation of emissions from various oilfield operations (CARB, 2014g,
sect. 95150), with different oil and gas subsegments required to report information
using a separate set of individual methodologies (CARB, 2014h). These methods rely
on emissions-factor-like approaches for some categories, as well as engineering-based
equations for other categories.
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Coverage of well stimulation activities in GHG inventory
The CARB GHG inventory covers oil and gas emissions using a variety of mechanisms.
With regard to combustion emissions analyzed under IPCC methods, the most important
quantities are fuel consumption during well stimulation activities (e.g., diesel fuel to
operate hydraulic fracturing operations). Distillate fuel consumption in California for the
CARB GHG inventory is taken from U.S. EIA dataset “Adjusted Sales of Distillate Fuel
Oil by End Use” (CARB, 2014f, p. 58). This dataset reports distillate fuel consumption
partitioned by sector at the state level (U.S. EIA, 2014a). The end use sector of interest is
the U.S. EIA-defined “Oil Company” sector, which is defined as per U.S. EIA definitions:
“An energy-consuming sector that consists of drilling companies, pipelines
or other related oil companies not engaged in the selling of petroleum
products. Includes fuel oil that was purchased or produced and used by
company facilities for operation of drilling equipment, other field or refinery
operations, and space heating at petroleum refineries, pipeline companies,
and oil-drilling companies. Sales to other oil companies for field use are
included, but sales for use as refinery charging stocks are excluded.” (U.S.
EIA, 2014b)
This U.S. EIA definition is sufficiently general such that it should include diesel fuel use
for WS activities. Because of the aggregated nature of the U.S. EIA diesel fuel consumption
dataset, strictly maintained to provide operator confidentially, no greater specificity can
be provided about how accurately this portion of the CARB GHG inventory accounts for
combustion GHG emissions directly related to WS. If some California WS-related
operators did not report fuel use to the U.S. EIA under these requirements, their use
would not be counted.
Non-combustion emissions estimates that are not modeled using mandatory reporting
regulation (MRR) methods are derived from the CEIDARS database of criteria air
pollutants (CARB, 2014f, p. 59). Fugitive emissions of CH4, CO2 and other gases (VOCs)
that arise during oil and gas operations are estimated using CEIDARS data. The CEIDARS
total organic gases (TOG) emissions inventory (CARB, 2014f) is used for this purpose.
This inventory is discussed further below, because this TOG inventory includes VOCs
as well as methane emissions. A speciation model (CARB, 2000) is used to estimate
emissions of GHGs from TOG emissions sources (CARB, 2014f, p. 59). As discussed
below, the coverage of well-stimulation-related activities in the criteria pollutants
inventories is uncertain.
Starting a few years ago, the above methods are being supplemented by data reported
directly by operators through CARB’s MRR program (CARB, 2014f, p. 59). MRR reporting
requires reporting of fuel consumed by operators above a size threshold. MRR sources are
also required to estimate “fugitive emissions from pipes, storage tanks, and process losses
in the oil & gas extraction…sectors” (CARB, 2014f, p. 59), using a series of methods that
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have been harmonized with federal emissions reporting requirements. It is unknown what
fraction of wells drilled in California are drilled by companies reporting to MRR databases,
although most data from inventories are still derived from non-MRR sources.
Most relevant to well stimulation activities, flowback emissions from natural-gas well
completion, post-well-stimulation activities are to be computed and reported in methods
equivalent to U.S. EPA federal reporting requirements using the U.S. EPA GHGRP (GHG
reporting program) (GHGRP Subpart W, see below). These methods are a mix of empirical
and engineering-based methods for estimating emissions given technology characteristics
and operating conditions (e.g., operating pressure).
Given the above level of detail required as part of MRR reporting, it is likely that many
well-stimulation-related emissions sources will be included in MRR data. Some wellstimulation-related emissions may not be covered if subcontractor emissions occurring
during well stimulation do not meet reporting thresholds related to operator size. It is not
possible to discern the exact coverage (or lack thereof) of well stimulation activities within
the MRR dataset, due to the aggregated nature of public data reporting.
Results of CARB GHG inventory
Statewide GHG emissions in California totaled 466 Mt CO2eq. in 2012. The “Industrial >
Oil & gas extraction” sector was responsible for ~17 MtCO2eq., or somewhat less than 4%
of statewide emissions (CARB, 2014d).
The dominant contributor to the oil and gas GHG inventory was CO2 emissions resulting
from fuel use. Fuel use in oil and gas development in California is heavily influenced by
combustion of fuels for thermal enhanced oil recovery. Fugitive emissions from oil and
gas totaled <1.5 Mt CO2eq., or 0.3% of statewide emissions (CARB, 2014d). As shown in
Figure 3.3-3, the overall trend in California oil and gas GHG emissions is downward over
time, likely due to decreasing California oil and gas production.
If more recent IPCC AR5 GWPs (see Table 3.2-1) are used instead of CARB-applied IPCC
AR4 GWPs, CO2-equivalent GHG emissions from the California oil and gas industry
increase by only a small amount between 2000 to 2012—specifically, the yearly increase
ranges from 0.5% to 1.2%. Note that emissions sources classified as “combustion”
sources can result in CH4 emissions due to incomplete combustion or direct loss from
combustion equipment.
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Figure 3.3-3. Emissions from “Oil and Gas Extraction” sources as reported in California

GHG inventory. Source: plotted from (CARB, 2014d). Emissions in million metric tonnes per
year (109 kg per year). Oil and gas extraction activities account for <4% of total statewide
GHG emissions.”

Summary of CARB GHG inventory coverage
The CARB GHG inventory is likely to include emissions from many well stimulation
activities. To summarize the discussion above:
• Baseline data for the GHG inventory data appear to derive from a combustion
emissions inventory that uses (among other sources) federally reported fuel
consumption data for a broadly defined oil and gas sector.
Oil and gas emissions are also subject to (for large producers) MRR requirements,
which specify detailed reporting methodologies and broad coverage of combustion and
noncombustion sources. Even given this broad reporting requirement and comprehensive
coverage, it is not clear that GHG emissions from all well stimulation activities are
reported as part of the CARB GHG inventory. For example:
• Smaller producers are exempt from MRR requirements. Given that the criteria
pollutants inventory does not definitively include well stimulation activities, these
operators could be a source of missing well-stimulation-related GHG emissions.
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• MRR data reporting has some known coverage gaps. For example, MRR data
reporting includes flowback emissions during completion of well stimulation
applied to natural gas wells. However, MRR does not appear to require reporting
of flowback emissions from well stimulation applied to oil wells.
3.3.2.2.2. CARB Inventories for VOC and NOx (Smog-Forming) Emissions
CARB inventories of criteria air pollutant emissions are performed on a yearly basis for
each air district. Detailed estimates of emissions by sectors, sources, and subsources
are presented for a variety of species, including total organic gases (TOG), reactive
organic gases (ROG), NOx, SOx, CO, and PM. CARB documentation suggests that CARB
ROG emissions are very similar to (though not exactly equal to) U.S. EPA-defined
VOC emissions (CARB, 2000). TOG emissions include ROGs/VOCs, as well as nonphotochemically active organic gases such as CH4 and C2H6 (CARB, 2000). For the
remainder of this section, we will use the CARB terminology of ROG.
CARB criteria pollutant inventory methods
The CARB criteria air pollutant inventory is divided broadly into three categories:
stationary sources, area-wide sources, and mobile sources. These categories are then
broken down into sectors, subsectors, and sources. Inventory methods vary for each broad
source category, as well as within each source category. The most relevant categories for
smog-forming emissions from well stimulation and oil and gas operations are given in
Table 3.3-3. It does not appear that area-wide sources are relevant for well stimulation or
oil and gas operations. Detailed lists of contributing equipment or technologies for each
subsector are presented below.
Table 3.3-3. CARB criteria pollutant inventory sector/subsector pairings
of interest for oil and gas and well stimulation emissions.

Broad category
Stationary sources
Mobile sources

Sector

Subsector

Fuel combustion

Oil and gas production (Combustion)

Petroleum production and marketing

Oil and gas production

On-road motor vehicles

Various

Other mobile sources

Off-road equipment

Compared to the GHG inventory described above, the criteria pollutants inventory
reports emissions sources in considerable detail. For example, in the stationary source
criteria pollutants inventory, emissions are tracked for multiple types of combustion
technologies (i.e., reciprocating engines, boilers, turbines, steam generators) rather
than a broad “combustion emissions” category. Also, more fuels are represented, with
fuel subspecification available for types of distillate fuel or types of gaseous fuel. Lastly,
different emissions mechanisms within a given equipment category are represented. For
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example, ROG emissions from tanks are classified into breathing and working losses for
both fixed and floating roof tanks.
To determine the coverage of stationary-source oil and gas emissions, all sources classified
in the “Stationary sources > Fuel combustion > Oil and gas production (Combustion)”
and “Stationary sources > Petroleum production and marketing > Oil and gas production”
subsectors are summed for the SJV and SC regions. The resulting sources and materials
(e.g., fuel, working fluid, or chemical) responsible for emissions in these subsectors are
listed in Table 3.3-4. While other possible sources might exist in other air basins, these
two air basins are indicative of California oil and gas operations and are responsible for
the majority of state oil production. The list of sources in Table 3.3-4 is therefore likely to
be representative of statewide oil and gas sources (CARB, 2013b).
Table 3.3-4. CARB ROG/CO stationary source inventory emissions sources and material

drivers of emissions within the broad categories “Oil and Gas Production” and “Oil and Gas
Production (Combustion). Sources and materials taken from SJV and SC air district data.
Sources

Materials

Reciprocating engines

Diesel/Distillate oil (unspecified)
Gasoline (unspecified)
Natural gas
Gaseous fuel (unspecified)
Propane

Turbine engines

Natural gas
Diesel/Distillate oil (unspecified)

Boilers

Natural gas
Propane
Process gas
Residual oil #6 (Bunker C)

Process heaters

Natural gas
Residual oil (unspecified)

Steam generators

Natural gas
Process gas

Fugitives – Oil/water separator

Crude oil (unspecified)

Fugitives – Wet gas stripping/field separator

Gaseous fuel (unspecified)

Fugitives – Pumps

Crude oil (unspecified)

Fugitives – Compressors

Crude oil (unspecified)

Fugitives – Well heads

Crude oil (unspecified)

Fugitives – Well cellars

Crude oil (unspecified)

Fugitives – Valves

Natural gas
Crude oil (unspecified)

Fugitives – Fittings

Crude oil (unspecified)

Fugitives – Sumps and pits

Crude oil (unspecified)

Fugitives – Miscellaneous

Crude oil (unspecified)

Floating roof tanks – Working

Organic chemicals (unspecified)
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Fixed roof tanks - Working

Diesel #2
Crude oil – RVP 5
Ethylene Glycol
Aromatics (unspecified)
Acid (unspecified)
Jet Naphtha (JP-4)
Glycols (unspecified)

Floating roof tanks - Breathing

Organic chemicals (unspecified)

Fixed roof tanks - Breathing

Diesel #2
Crude oil – RVP 5
Organic chemicals (unspecified)
Benzene
Methanol
Jet Naphtha (JP-4)

Tank cars and trucks - Working

Diesel/Distillate oil (unspecified)
Gasoline (unspecified)
Crude oil (unspecified)

Natural gas prod.

Natural gas

Steam drive wells

Crude oil (unspecified)

Cyclic steam wells

Crude oil (unspecified)

Oil production - Heavy oil test

Crude oil (unspecified)

Vapor recovery/flares

Process gas
Liquefied Petroleum Gas (LPG)

Other

Material not specified
Crude oil (unspecified)
Mineral and metal products (unspecified)
Natural gas

Mobile sources of criteria pollutants are estimated by air district for a variety of on-road
and “other” mobile sources.
On-road vehicles are classified by duty class (CARB, 2013b), e.g., light duty trucks,
medium-duty trucks, or heavy duty trucks. It is probable that transport of light equipment
and personnel for well stimulation activities would take place using light duty trucks,
while proppant, steel well casing, bulk materials, or chemicals would be hauled in heavy
duty trucks. On-road truck emissions are subspecified at various levels of detail. For
example, the “Heavy Heavy Duty Diesel Trucks” category has a variety of subcategories,
including agriculture, construction, and port use. In contrast, “Light Heavy Duty Diesel
Trucks” are not subspecified in results by the industry which employs them.
No on-road categories reported petroleum-related subcategories, so use of on-road trucks
for oilfield activities such as well stimulation are not able to be determined from inventory
results. At least some of the reported on-road criteria pollutant emissions are likely due
to well stimulation or oil and gas activities, but inventory results are not specific enough
to differentiate these uses. With access to the underlying models, examining truck use by
industry sector may be possible.
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The category of “Other mobile sources,” however, does present oil and gas-relevant
categorization under the heading of off-road equipment. The relevant category is
“Other mobile sources > Off-road equipment > Oil drilling and workover.” The types of
equipment in this category are listed in Table 3.3-5. A variety of oilfield equipment (e.g.,
pumps, lifts, rigs) are modeled for a variety of equipment sizes. Mobile source emissions
are modeled using a methodology that tracks populations of vehicles, vehicle usage and
load factors, and vehicle distribution within the state air districts, etc. (CARB, 2010).
The vehicle database DOORS (Diesel Off-road On-line Reporting System) tracks
the numbers of off-road vehicles in the state, as well as their rated horsepower for
categorization (CARB, 2010). In the model base year (2010), documentation states that
oilfield equipment in DOORS included 184 drilling rigs and 638 workover rigs (adjusted
from reported values based on CARB estimated non-compliance rates). The load factor
(fraction of maximum engine output) assumed is 50% for oilfield equipment (CARB,
2010, p. D-10). Oilfield rigs are assumed to operate for ~1,000 hours per year (CARB,
2010, p. D-14). Oil drilling equipment is allocated to the following air basins: SJV, 61.1%;
Sacramento Valley, 14.5%; SC, 13%; and South Central Coast, 8.5% (CARB, 2010, p.
D-33). Consulting the underlying DOORS database confirms that only these drilling rigs
and workover rigs are included in the newest (2011) version of the DOORS database.
Table 3.3-5. CARB mobile source inventory emissions sources within the category “Off road,
oil drilling and workover, diesel (unspecified)” taken from SJV and SC air district data.
Sources

Sizes

Compressor (workover)

D25, D120, D175, D250, D500, D750, D1000

Drill rig

D120, D175, D250, D500, D750, D1000

Drill rig (mobile)

D50, D120, D175, D250, D500, D750, D1000

Workover rig (mobile)

D50, D120, D175, D250, D500, D750, D1000

Generator (drilling)

D50, D120, D175, D250, D500, D750

Generator (workover)

D120, D175, D250, D500, D750, D9999

Lift (drilling)

D120, D175, D250, D500, D750

Other workover equipment

D120, D175, D250, D500, D750, D1000

Pressure washers

D250

Pump (drilling)

D120, D175, D250, D500, D750, D9999

Pump (workover)

D120, D175, D250, D500, D750, D9999

Snubbing

D120

Swivel

D120, D175, D250, D500

Coverage of WS activities in ROG inventory
From the stationary-source specification provided in Table 3.3-4, it appears likely
that at least some well-stimulation-related activities are represented in the stationary
source criteria pollutant inventory. For example, flowback emissions might be included
in the category “Fugitives—Well heads” or “Fugitives—Oil/Water Separator.” The
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fundamental data underlying these categories are summed from facility-level data. CARB
methodologies do not describe exactly what is or is not included in each source category,
nor how emissions estimates might have been updated in light of development of new
technologies such as well stimulation. Users are recommended to contact a particular air
district for more information on how a particular source was estimated.
Regarding on-road mobile sources, no information is available about how wellstimulation-related on-road emissions might be counted in the inventory.
Regarding off-road and oilfield equipment, the information presented in Table 3.3-5
suggests that at least partial coverage of well-stimulation-related equipment is provided
in the mobile source inventory (e.g., rigs, pumps, generators). The exact coverage of well
stimulation equipment in these databases cannot be determined.
CARB ROG inventory results are presented in mass of ROG per year. Calculations of
impacts based on species-specific reactivities have been used in California regulation for
assessing the actual ozone-formation potential for different species (CARB, 2011). For this
report, we use the reported mass emissions of ROGs.
Results of CARB criteria-pollutant inventory: ROG and NOx
Criteria pollutant inventory results show that oil and gas operations are generally
responsible for a minority of stationary ROG and NOx emissions. In 2012 in the SJV
Unified air district, upstream oil and gas emissions totaled 25.1 t ROG/d, representing
~7.7% of ROG emissions from anthropogenic sources and 2.3% of ROG emissions from
all sources (natural and anthropogenic). In the SC air district, the equivalent values were
0.23% and 0.16%, respectively (CARB, 2013b). A breakdown of ROG emissions from oil
and gas operations in these two air districts is shown in Figure 3.3-4 (SC) and Figure 3.3-5
(SJV) at two levels of specificity. The left-hand side of each figure groups sources listed
in Table 3.3-4 into broader categories. Major stationary sources in the SJV air district are
mixed evenly between fugitive emissions and production wells. Major stationary sources
in the SC air district include fugitive sources, tanks, and engines.
Note that these stationary emissions only include upstream oil and gas production and
surface processing emissions; they do not include petroleum refining emissions nor
consumption of the refined fuels that are produced from oil (e.g., fugitive VOC emissions
from automobile fueling).
Speciation of stationary source fugitive TOG emissions is determined based on emissions
source using established standard speciation profiles (CARB, 2014i, see Figure 3.3-6).
These speciation profiles have lower CH4 concentrations than other observations (see
below), perhaps due to the dominance of oil and heavy oil production over dry gas
production in California.
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Figure 3.3-4. Stationary source 2012 emissions of reactive organic gas (ROG) from all

stationary oil and gas production sources in the South Coast air district. Emissions in tonnes
per day (1,000 kg/d).
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Emissions in tonnes per day (1,000 kg/d).
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Figure 3.3-6. Stationary source speciation of TOG fugitive oil and gas production sources.
Source: (CARB, 2014i)

Stationary source NOx emissions from oil and gas sources can be computed similarly
to the stationary source ROG/VOC emissions methods. Using the above methods,
stationary source emissions in the “Oil and Gas Production” and “Oil and Gas Production
(Combustion)” categories make up 1.1% and 0.3% of the stationary source NOx emissions
in the SJV and SC regions, respectively (CARB, 2013b).
Emissions from on-road vehicles associated with well stimulation or with the oil and gas
industry cannot be partitioned from the inventory, but do represent some fraction of onroad ROG/VOC emissions.
ROG emissions from off-road oil and gas sources for the SJV and SC regions are shown in
Figure 3.3-7. Off-road oil and gas ROG emissions in SJV region are 0.59 t per day. In the
SJV air district, this is equivalent to 0.75% of mobile source ROG emissions and 0.18%
of ROG/VOC emissions from all sources. In the SC region, ROG emissions from off-road

205

Chapter 3: Air Quality Impacts from Well Stimulation

oil and gas sources are 0.08 t per day: 0.04% of mobile-source ROG/VOC emissions, and
0.02% of total ROG emissions from all sources.
Using a reasonable assumption of the share of in-state on-road trucks used by the oil
and gas industry, these sources will make up a small fraction of mobile source ROGs in
California. This conclusion is not surprising, due to the relatively small size of the oil and
gas sector in California compared to the many other industries supporting 40 million
California residents.

Mobile source ROG emissions (tonne/d)

0.7
Other
Pump
Lift
Generator
Rig (workover)
Rig (drilling)
Compressor

0.6
0.5
0.4
0.3
0.2
0.1
0

SJV
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Figure 3.3-7. Mobile source 2012 emissions of reactive organic gas (ROG) from all sources

within the categorization “Off road, oil drilling and workover, diesel (unspecified)” Emissions in
tonnes per day (1,000 kg/d). Source: CARB (2013b).

The oil and gas industry represents a larger fraction of mobile source NOx emissions and
total NOx emissions than ROG/VOC emissions. Using similar methods to those used above,
NOx emissions from off-road oil and gas equipment are 7.3 and 1.6 t per day in the SJV
and SC regions, respectively. In the SJV region, this represents 2.9% of mobile source NOx,
and 2.5% of total NOx emissions. In the SC region, oil and gas NOx emissions of 1.6 per
day represent 0.3% of total mobile sources and 0.3% of all NOx sources (CARB, 2013b).
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Summary of CARB criteria pollutant inventory coverage
A summary of all criteria pollutant emissions from oil and gas operations (stationary and
mobile) is shown in Table 3.3-6.
Table 3.3-6. CARB criteria pollutant overview in emissions of criteria pollutants in t per day
(1,000 kg/d). Includes all anthropogenic as well as all sources, natural and anthropogenic.
ROG

NOx

SOx

PM

PM10

PM2_5

2.9

1.9

1.8

1.8

SJV

Oil and gas - Stationary

25.1

3.2

SJV

Oil and gas - Mobile

0.6

7.3

0.0

0.2

0.2

0.2

SJV

Total anthropogenic

324.9

295.2

9.4

479.8

255.7

68.7

SJV

Total anthropogenic +
natural

1112.8

306.2

12.8

517.5

291.9

99.4

SJV

Percentage of anthropogenic

7.9%

3.6%

31.2%

0.4%

0.8%

3.0%

SJV

Percentage of total

2.3%

3.4%

23.0%

0.4%

0.7%

2.0%

ROG

NOx

SOx

PM

PM10

PM2_5

SC

Oil and gas - Stationary

1.0

1.7

0.0

0.1

0.1

0.1

SC

Oil and gas - Mobile

0.1

1.6

0.0

0.0

0.0

0.0

SC

Total anthropogenic

438.2

517.7

17.7

228.3

157.6

66.7

SC

Total anthropogenic +
natural

613.8

521.8

19.8

257.1

185.3

90.1

SC

Percentage of anthropogenic

0.2%

0.6%

0.1%

0.1%

0.1%

0.2%

SC

Percentage of total

0.2%

0.6%

0.1%

0.0%

0.1%

0.1%

The CARB criteria pollutant inventory is likely to include some emissions from well
stimulation activities, but the level of coverage is uncertain. To summarize the above:
• Oil and gas criteria pollutant emissions are estimated using detailed categorization
in stationary source and off-road mobile source databases. Criteria pollutant
emissions from on-road oil and gas sources cannot be determined because the
on-road emissions databases do not partition emissions by sector.
• Given the detailed categorization of stationary source emissions (e.g., “Fugitives—
Well head”) and off-road mobile source emissions (e.g., “Rigs—Workover”) , it is
possible that well-stimulation-related sources are being tracked. The level of wellstimulation-related coverage cannot be determined from reported data.
3.3.2.2.3. CARB Inventories for TACs
A variety of TACs can be released from well stimulation activities. Key TACs include VOC
or fugitive hydrocarbon emissions, particulate matter (discussed separately below), and
emission of substances used in hydraulic fracturing fluids.
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Because of the large scope and complexity of TACs emissions (both in number of species
and number of emissions processes), all results in this section are computed for 10
indicator TACs that can be emitted from oil and gas sources. These indicator TACs include
the largest 5 sources from a recent EPA risk assessment for oil and natural gas production
(U.S. EPA, 2011). This source lists oil and gas production associated TACs ordered by rate
of emissions across 990 facilities in an EPA dataset (U.S. EPA, 2011, Table 4.1.-1). Next,
ethyl benzene is included as in indicator TAC due to its importance in the suite of BTEX
(benzene, toluene, ethylbenzene, and xylenes) hydrocarbon emissions (ethyl benzene
was also ranked 6th in the EPA list by emissions rate). Hydrogen sulfide is included as
an important hydrocarbon-related compound with potential health effects. We note
that hydrogen sulfide is not technically classified as a TAC (U.S. EPA, 2014), but serious
human health impacts are associated with breathing small amounts of hydrogen sulfide,
resulting in stringent safety requirements and controls around hydrogen sulfide (H2S)
releases. Lastly, four indicator species are added that were found upon inspection of CARB
databases to be significantly driven by oil and gas sector sources.
The resulting 10 indicator TACs species are: 1,3-butadiene, acetaldehyde, benzene,
carbonyl sulfide, ethyl benzene, formaldehyde, hexane, hydrogen sulfide, toluene, and
xylenes (mixed). This list is not meant to be exhaustive of all possible species of interest,
but indicative of the possible contributions of oil and gas sources.
CARB TAC inventory methods
TACs emissions by species for a broad variety of sources are reported in the CARB
California Toxics Inventory (CTI). The CTI is not computed frequently: data were reported
most recently for year 2010 (CARB, 2013c). Unlike the facility-scale “hot spot” dataset
(see below), the CTI includes a variety of nonstationary sources, such as area-wide sources
and mobile sources (gasoline, diesel, off-road equipment, etc.).
The CTI reports emissions by air district for ~340 toxic species (CARB, 2013c). These data
are compiled from facility-level data noted above, as well as mobile sources and dispersed
stationary sources such as homes and nonreporting businesses. TACs from mobile sources,
which are not otherwise subject to air toxics reporting requirements, are estimated by
applying speciation factors to criteria pollutant inventories noted above (CARB, 2013d).
For example, ROG emissions from off-road combustion are obtained from the criteria
pollutant inventory described above, and speciation factors are applied to these ROG
emissions estimates to estimate emissions of a given TAC chemical species (CARB, 2000).
TACs from regulated stationary sources are recorded in CARB datasets at the facility
level (CARB, 2014j). Emissions data are reported to CARB from stationary facilities as
part of the Air Toxics “Hot Spots” program (AB 2588, enacted 1987). Various criteria are
used to determine whether a facility must report data to the CARB (CARB, 2013e; 2014j;
2014l), but a chief criterion is the manufacture, formulation, use, or release of any of 600
substances subject to the regulation. Reporting requirements differ by chemical species or
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substance. Some species/substances require reporting only with regard to air emissions,
while other species/substances are required to be reported if used or manufactured,
regardless of estimated air emissions rate.
Facility-level TACs data are searchable by Standard Industrial Classification (SIC) code,
air district, county, facility code, and chemical species. These facility-level data are further
compiled by air districts, which publish annual reports summarizing emissions of TACs
within each district from all sources (e.g., CARB, 2014k).
More recently, the South Coast Air Quality Management District (SCAQMD, or SC air
district as above) passed legislation—Rule 1148.2—which requires reporting of use of
potential TACs in oil and gas well stimulation (SCAQMD, 2013; PSR et al., 2014). This
rule goes beyond existing TACs reporting requirements by specifically requiring reporting
of the volume or mass of use of certain chemicals which are TACs, rather than reporting
the estimated emissions rate.
In 2010, in the SJV air district, TACs of importance included (in order of mass rate of
emissions): acetaldehyde, diesel PM, formaldehyde, and benzene (SJVAPCD, 2014).
Mobile sources are responsible for over half of SJV TACs, while stationary sources were
responsible for ~15% of emissions (SJVAPCD, 2014). Three of these four species are in
the set of 10 indicator TACs species, and diesel PM is discussed further below.
Coverage of WS activities in CARB TAC inventory
Direct well-stimulation-related TAC emissions will occur in the upstream portion of the oil
and gas industry. Key possible TACs impacts from well stimulation activities include:
• Release of hydrocarbons during the well completion (“flowback”) process;
• Release or volatilization of components of the fracturing fluid, which could
represent toxic hazards;
• Release of combustion byproducts or hydrocarbon (HC) fugitives from
consumption of fuels during WS activities (e.g., by pumps, generators,
compressors, or other on-site engines);
The above activities could result in TAC emissions from a mixture of point-source and
mobile source emissions. To the extent that stationary sources associated with oil and
gas report TAC emissions as part of AB 2588, these emissions will be included in the TAC
inventory. Given the detailed source categories treated in the off-road mobile source
inventory (noted above), it is likely that at least some mobile source TACs from well
stimulation activities are counted in the current inventory.

209

Chapter 3: Air Quality Impacts from Well Stimulation

It is not clear how emissions unique to well stimulation (e.g., emissions during fracturing
fluid preparation, injection or flowback) are treated in current TAC inventory methods.
No data exist in either the “hot spots” dataset or in the CTI to clearly differentiate well
stimulation from non-well-stimulation oil and gas emissions.
Results of CARB TAC inventory
Results of the CTI for the most recent year (2010) are presented in Figure 3.3-8 and
Figure 3.3-9 for the SJV and SC regions respectively. Tabular data are presented in Table
3.3-7 and Table 3.3-8 for the SJV and SC regions respectively.
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Figure 3.3-8. Total TACs releases for 10 indicator species in SJV region. Results for calendar

year 2010, most recent available (CARB, 2013c). Emissions are in tonnes per year (1,000kg/y).
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Figure 3.3-9. Total TACs releases for 10 indicator species in SC region. Results for calendar year
2010, most recent available (CARB, 2013c). Emissions are in tonnes per year (1,000kg/y).
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As can be seen from Table 3.3-7 and Table 3.3-8, key sources of the indicator TACs
species in both SJV and SC region include vehicular sources (gasoline in particular)
and aggregated (i.e., not individually reported) point sources. Some species (carbonyl
sulfide and hydrogen sulfide) are emitted primarily or completely by stationary facilities.
Facilities that report TACs emissions as part of the point-source reporting program are
discussed in more detail below.
To the extent that oil and gas development contributes to overall diesel consumption
(both on-road and off-road), some contribution of TACs from oil and gas activities in these
categories is to be expected. Note that Figure 3.3-7 and the associated discussion suggest
that the importance of ROGs from oil and gas related mobile sources is likely to be small.
It is therefore likely that TACs from mobile source oil and gas activities are also small.
However, no sector- or activity-level breakdown is available in the CTI TACs database as
was available in the ROG database.
In contrast to the overall CTI results which cover all sources (stationary, areawide, mobile,
natural), a much more detailed facility-level inventory is generated using reported data
for facilities under the “Hot Spots” program, AB 2588. Using this data, it is possible to
estimate TACs impacts of oil and gas activities from stationary source reporting facilities.
In order to do this, the facility-level TACs databases were searched using Standard
Industrial Classification (SIC) codes representing upstream oil and gas activities. Using
OSHA (Occupational Safety and Health Administration) databases of SIC codes, 12 codes
were determined to be related to oil and gas activities. Five of these codes are included in
this report’s estimates of upstream oil and gas activities (see Table 3.3-9).
It is not possible to separate these facility-level stationary-source TACs emissions by
oilfield or pools. The reporting facilities to the TACs database do not line up with
pools or fields as reported in DOGGR databases. Also TACs emissions source facilities
in the database are sometimes very generally defined (e.g., “AERA Energy LLC, heavy
oil production”)
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Table 3.3-9. SIC codes used in analysis of facility-level TAC emissions. Source:
OSHA SIC database search for “petroleum” and “oil” (OSHA, 2014).

SIC code

Description

Included as
upstream O&G?

1311

Crude petroleum and natural gas

Y

1321

Natural gas liquids

Y

1381

Drilling oil and gas wells

Y

1382

Oil and gas field exploration services

Y

1389

Oil and gas field services, not elsewhere classified

Y

2911

Petroleum refining

N

2922

Lubricants and greases

N

3533

Oil and gas machinery

N

4613

Refined petroleum pipelines

N

5172

Petroleum product wholesalers

N

5541

Gasoline stations

N

5983

Fuel oil dealers

N

Unlike the stationary source criteria pollutant inventory, no data source was found that
separates TACs emissions by subsource (CARB, 2013c).
The distribution of facility-reported emissions for the 10 indicator species is shown
in Figure 3.3-10 and Figure 3.3-11 for the SJV and SC regions, respectively. Tabular
results are shown in Table 3.3-10 and Table 3.3-11 for SJV and SC regions. These values
differentiate between emissions from the five SIC codes noted in the above table (“Y”)
and aggregate emissions from all other SIC codes. The five upstream oil and gas SIC codes
noted in Table 3.3-9 are responsible for between 0% and 70% of the emissions of these
species from stationary sources in the SJV air district. In the SC air district, these upstream
stationary oil and gas sources were responsible for 0% to 10% of the emissions of these
species from all stationary sources.
Because treatment of mobile source TACs in the CTI is derived from speciation of the
criteria pollutant inventory, coverage of TACs from mobile sources associated with well
stimulation or oil and gas activities will be subject to the same issues noted above. To
recapitulate, a variety of mobile sources relevant to oil and gas (and presumably to well
stimulation) activities are tracked, especially for off-road diesel equipment. However, it is
not clear how to apportion these activities between conventional HC production and well
stimulation activities without detailed study.
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Figure 3.3-10. Summed facility-level TAC emissions in San Joaquin Valley (SJV) air district

CARB, 2014j). Emissions plotted for indicator species for SIC codes 1311, 1321, 1381, 1382,

and 1389. Facility-level emissions derived from CARB facility emissions tool. Total emissions are
emissions from all SIC codes in the air district, including gasoline fueling stations.
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2014j). Emissions plotted for indicator species for SIC codes 1311, 1321, 1381, 1382, and 1389.
Facility-level emissions derived from CARB facility emissions tool. Total emissions are emissions
from all SIC codes in the air district, including gasoline fueling stations.
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It does not appear possible to directly compare these two datasets. While the CTI
(produced less frequently) reports emissions from “stationary point sources” that are in
theory derived from the facility-level reporting explored above by SIC code, examination
of the data for the 2010 year from both datasets shows discrepancies for all ten indicator
species. For example, benzene emissions estimated by CTI datasets for the SJV region
(defined as the San Joaquin Valley Unified APCD) in 2010 were 62.1 t/y for the category
“stationary point sources.” In contrast, querying the facility-level toxics database for
2010 for the same region, and summing resulting benzene emissions from all reporting
facilities, results in total emissions of 38.6 t/y.
Given the above caveat, an approximate estimate of the relative importance of oil and gas
stationary sources can be generated by comparing the upstream oil and gas facility level
emissions (summed by SIC code as above) to the total CTI results for the same year. These
results are shown in Table 3.3-12 and Table 3.3-13 below.
In summary, in the SJV region, upstream oil and gas point-source facilities are responsible
for the great majority of H2S emissions (>70%) and are small contributors to emissions
of benzene, formaldehyde, hexane and xylenes (1-10%). In the SC region, oil and gas
sources are negligible contributors to emissions of our ten indicator TACs.
Note again that there will also be oil and gas mobile source TACs that are not accounted
for in Table 3.3-12 and Table 3.3-13. Because oil and gas mobile sources are small
contributors to both ROG and PM emissions (see Table 3.3-6), this is unlikely to affect the
general results of this comparison.
Table 3.3-12. San Joaquin Valley oil and gas facility-reported emissions of

ten indicator TACs compared to California Toxics Inventory estimates for all
sources, both for year 2010. Emissions in tonnes (1,000 kg) per year.
SJVUAPCD

Total oil and gas
(t/y, facility-level 2010)

Total all sources
(t/y, CTI 2010)

Fraction

1,3-Butadiene

0.1

435.1

0.0%

Acetaldehyde

10.8

16061.2

0.1%

Benzene

24.2

1021.2

2.4%

Carbonyl sulfide

0.0

0.0

0.0%

Ethyl Benzene

2.3

463.1

0.5%

Formaldehyde

126.9

2318.0

5.5%

Hexane

47.2

989.3

4.8%

Hydrogen Sulfide

151.2

213.4

70.8%

Toluene

17.6

3500.7

0.5%

Xylenes (mixed)

17.6

685.6

2.6%
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Table 3.3-13. South Coast oil and gas facility-reported emissions of ten

indicator TACs compared to California Toxics Inventory estimates for all
sources, both for year 2010. Emissions in tonnes (1,000 kg) per year.
SCAQMD

Total oil and gas
(t/y, facility-level 2010)

Total all sources
(t/y, CTI 2010)

Fraction

1,3-Butadiene
Acetaldehyde

0.3

623.4

0.0%

0.0

3572.1

0.0%

Benzene

2.3

2391.5

0.1%

Carbonyl sulfide

0.0

0.1

0.0%

Ethyl Benzene

0.0

1431.1

0.0%

Formaldehyde

8.5

3568.3

0.2%

Hexane

0.1

2306.8

0.0%

Hydrogen Sulfide

0.0

10.2

0.0%

Toluene

0.1

9968.5

0.0%

Xylenes (mixed)

0.1

2012.7

0.0%

3.3.2.2.4. SCAQMD Reporting of Hazardous Materials
The South Coast Air Quality Management District (SCAQMD, or SC region as above)
recently approved regulation (Rule 1148.2), which requires the reporting of use of
potentially hazardous materials in well stimulation, drilling, or workover activities.
The chemicals which were reported in this regulation, as well as the average quantities
injected or used, are tabulated in Table 3.3-14 and Table 3.3-15.
The SCAQMD database does not directly report masses of chemicals injected. For all
operations reported in the SCAQMD database, the mass flow of each injected material
(e.g., proppant) was reported, as well as the “maximum concentration” of a number of
individual chemical constituents (e.g., proppant might be made of crystalline silica (max
95%) and phenol-formaldehyde resin (max 5%). These data are combined to determine a
maximum injection rate for individual chemicals.
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Table 3.3-14. TAC species associated with fracturing fluids extracted from SCAQMD dataset.
Toxic air contaminant

Average maximum kg injected per well

Crystalline Silica Quartz (SiO2)

67060

Phenol-Formaldehyde Resin

16369

Methanol

1619

Hydrogen Chloride

622

Ethylene Glycol

443

Hydrofluoric Acid

45

2-Butoxy Ethanol

37

Hexamethylene Tetramine

33

Sodium Hydroxide

31

Silica Fumed

2

Cristobalite (SiO2)

1

Table 3.3-15. TAC species associated in matrix acidizing extracted from SCAQMD dataset.
Toxic air contaminant

Average max. mass injected (kg)

Crystalline Silica (Quartz)

3546

Hydrocholoric Acid

1058

Phosphonic Acid

406

Aminotriacetic Acid

309

Xylene

207

Hydrofluoric Acid

179

2-Butoxy Ethanol

213

Ethylbenzene

63

Methanol

34

Thiourea Polymer

15

Isopropanol

13

Sulfuric Acid Ammonium Salt (1:2)

7

Acrylic Polymer

7

Toluene

4

1,2,4 Trimethylbenzene

2

Diethylene Glycol

1

Ethylene Glycol

1

Naphthalene

1

Cumene

<1
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These reported chemicals are not universally present in Clean Air Act lists of TACs, but
their usage is required to be reported by SCAQMD. Also, the list of chemicals reported to
SCAQMD may differ from other lists of potential toxics noted elsewhere in this report.
Additives and components of fracturing fluids could potentially be released to the air
during mixing and preparation, injection, or flowback of fracturing fluids. The volatility of
each of the additives can vary. For example, the largest mass additive is crystalline silica
quartz (proppant). This proppant is not generally volatile, and only the proppant fines are
of a concern from an air quality perspective.
3.3.2.2.5. Naturally Occurring Radioactive Materials
One possible concern about hydraulic fracturing is the release of naturally occurring
radioactive materials (NORM). NORM can result in contamination of water with
radioactive species, as well as result in air impacts through liberation of species that can
enter gaseous phase (e.g. radon).
Though NORM is a serious concern for some shale formations (in particular the Marcellus
formation of Pennsylvania, where it poses serious water quality issues), it is seen as less
concerning in California (U.S. EPA, 2015).
California does contain deposits of radioactive elements in Kern County (USGS, 1954;
USGS, 1960). However, these deposits are found to the south and east of the Kern
County oilfields (USGS,1954; USGS, 1960). EPA studies suggest that well fluids and
oilfield equipment in California are not significantly affected by radioactive species (U.S.
EPA, 2015).
3.3.2.2.6. CARB Inventories for PM emissions
As with the above-described ROG and NOx inventories, CARB criteria pollutant inventories
track PM emissions of various classifications from both stationary and mobile sources.
CARB PM inventory methods
The CARB criteria pollutant inventory also estimates emissions of total particulate matter
(PM) as well as PM10 and PM2.5.
The stationary source PM inventory is performed using the same classification and
categorization scheme noted above for the stationary source ROG and NOx inventories.
See discussion above for details of stationary source inventory construction and categorization.
The mobile source PM inventory is performed using the same classification and
categorization scheme noted above for the mobile source ROG and NOx inventories.
As noted above, on-road mobile source emissions are not clearly differentiated into oil
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and gas-associated emissions sources. Off-road mobile source emissions have a detailed
classification for oilfield equipment (see above).
Total PM emissions estimated for a given source are partitioned into PM size bins using
a set of standard PM speciation factors for ~500 stationary sources, mobile sources, or
industrial/agricultural activities (CARB, 2014m). Oil and gas-specific PM size data are not
available, but data are available for multiple categories of off-road diesel vehicles, which
will comprise the majority of well-stimulation-site emissions of PM. These emissions are
differentiated by type of vehicle and vehicle age (CARB, 2014m). Given that oil and gasor well-stimulation-specific PM will often be emitted from processes similar to those used
across industries (e.g., heavy diesel equipment), the use of non-oil and gas-specific PM
speciation factors is a reasonable approach.
Coverage of WS activities in CARB PM inventory
Coverage and scope of well-stimulation-associated PM emissions in the CARB PM
inventory should be identical to coverage and scope noted above for the ROG and NOx
inventories, because the inventory structure is similar.
Results of CARB PM inventory
Oil and gas stationary sources in the SJV region are responsible for 1.9 t per day of total
PM and a nearly identical amount of PM2.5 (see Figure 3.3-12). This amounts to 0.4%
of stationary anthropogenic emissions of total PM and 2.7% of stationary anthropogenic
emissions of PM2.5. In the SC region, total stationary oil and gas-related sources of PM
and PM2.5 equal 0.04% of stationary anthropogenic emissions of total PM and 0.13% of
stationary anthropogenic emissions of PM2.5 in the SC region.
In the SJV region, oil and gas off-road sources are responsible for 0.2 and 0.18 t per day
of total PM and PM2.5, respectively (see Figure 3.3-13). These equal 1.4% and 1.6% of
the mobile-source PM in the SJV. However, due to large area-wide sources of PM in the
SJV, off-road oil and gas sources are only responsible for 0.04% of total PM and 0.26% of
PM2.5. In the SC region, off-road oil and gas sources emit some 0.03 t per day of PM and
PM2.5 (see Figure 3.3-13). This represents ~0.3% of total mobile-source PM and 0.01%
of total PM from all sources.
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Figure 3.3-12. 2012 stationary source emissions of total particulate matter (PM) and particulate

matter of less than 2.5 micrometer (PM2.5) from all oil and gas production sources in San
Joaquin Valley and South Coast air districts. Source: CARB (2013b).
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Figure 3.3-13. 2012 off-road mobile source emissions of total particulate matter (PM) and

particulate matter of less than 2.5 micrometer (PM2.5) from all oil and gas production sources
in San Joaquin Valley and South Coast air districts. Source: CARB (2013b).

3.3.2.2.7. CARB Inventories of Dust Emissions in Rural Regions
A major concern for air quality in rural California is the presence of dust from agricultural
activities and other industrial activities occurring on non-paved surfaces. Dust is of
particular concern in the SJV, where it contributes to the high levels of PM found in SJV
air. If well stimulation technologies significantly affected regional dust levels, this could be
an important air quality impact.
CARB creates inventories of dust emissions as part of their criteria pollutant inventory,
adding dust emissions from all sources to PM, PM10, and PM2.5 totals. The breakdown
of PM from dust sources, as compared to all sources of PM in the SJV region is shown in
Table 3.3-16. All dust sources contribute a total of 86% of total PM and 41% of PM2.5
in the SJV (CARB, 2013b). Natural background dust sources are not included in the
inventory (CARB, 2013b) and are likely difficult to determine, given the large extent of
landscape modification undertaken in the SJV.
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Most of the dust sources in the SJV region are farming related. Oil and gas operations
could contribute to a variety of categories, including: “Construction and demolition
- Building and construction dust: Industrial”, “Construction and demolition – Road
construction dust”, “Fugitive windblown dust - Dust from unpaved roads and associated
areas”, “Unpaved road travel dust – city and county roads” and “Unpaved traffic area
- Private”. These sources contribute a total of 24% of total PM and 24% of PM2.5. It is
unclear in general how important oil and gas sources are in these inventory categories.
The San Joaquin Valley Unified Air Pollution Control District (SJVUAPCD) has developed
methods for assessing dust emissions in more detail than other air districts. For unpaved,
non-farm roads, a simple methodology is used that computes emissions based on an
assumed number of trips per day on each mile of unpaved county and other non-farm
road (CARB, 2004a). No specification is made about how the oil and gas industry might
contribute to these trip loads (CARB, 2004a). For unpaved private roads, a simple scaling
of the above results is performed (CARB, 2004b), assuming one-tenth the travel seen on
county and other public unpaved roads. For the “Unpaved traffic area – Private” source
category, a method was developed by SJVUAPCD to include sources such as farms, mines,
landfills, and oil and gas operations (CARB, 2003). The emphasis in this dataset is on
parking lots, working areas, and other cleared land that is driven on. The results of these
methods are shown in Table 3.3-17 for the year in which the methodology was developed.
As can be seen, the oil and gas industry contributes to a small fraction (0.6%) of the
unpaved road dust emissions in the SJV region, with farms dominating emissions again.
While exact quantification is not possible, these results suggest that farming is the
major source of anthropogenic dust in the San Joaquin Valley, and that oil and gas is a
minor contributor.
Table 3.3-16. Dust emissions contribution to overall PM emissions in the SJV
region (CARB, 2013b). Emissions in tonnes per day (1,000kg/d).
PM

PM10

PM2_5

Farming operations

155.6

70.7

10.6

Fugitive windblown dust

87.5

40.3

6.9

Paved road dust

68.6

31.4

4.7

Unpaved road dust

57.2

37.6

3.8

Other dust

17.5

8.6

0.9

Total dust

386.4

188.5

26.8

All PM sources

479.8

255.7

68.7
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Table 3.3-17. PM10 from dust emissions from unpaved traffic areas
(non-road), tonnes per year (1,000kg/y). (CARB, 2003).
PM 10

%

2073.0

86.1%

Cotton processing

31.8

1.3%

Landfills

217.9

9.1%

Mining

37.2

1.5%

Oil drilling

14.3

0.6%

Construction

32.7

1.4%

Farms

3.3.2.2.8. Natural Sources of Hydrocarbon-Related Air Emissions (Geologic Seeps)
Hydrocarbon species can be emitted to the air from natural sources by surface
expressions of hydrocarbon materials (e.g., tar pits) or geologic conduits, fractures,
or fissures connecting hydrocarbon-containing reservoirs or sediments to the surface.
This possible source is particularly important in the SJV and SC regions, where large oil
and gas deposits exist. Because of the co-location of hydrocarbon seeps and oil and gas
activities, this has been noted as a potential confounding factor in attributing atmospheric
observations to oil and gas activities (e.g., see Wennberg et al., 2012 or Peischl et al., 2013).
The CARB criteria pollutant inventory indicates that petroleum seeps were responsible
for 20.0 t per day of ROG out of a total of 6354 t per day across California from all
sources (natural and anthropogenic). This can also be compared to 1579 tons per day of
ROG from anthropogenic sources. CARB estimates that the vast majority of these ROG
emissions are emitted in the South Central Coast Air Basin from offshore seeps in the
Santa Barbara region (CARB, 1993).
3.3.2.2.9. Summary of CARB Inventories Treatment of WS Activities
A number of general conclusions can be drawn from the above discussion:
1. Oil and gas activities are responsible for small (generally <5%) fractions of
GHG, VOC and PM emissions to California air basins where oil and gas activities
are concentrated.
2. Oil and gas activities are responsible for small fractions of NOx emissions in
regions of significant oil and gas activities (<10%)
3. Oil and gas activities are responsible for significant fractions of SOx emissions in
the SJV region (~30%)
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4. Oil and gas activities are responsible for significant fractions (30%-70%+) of
some stationary source TAC emissions in the SJV (see Figure 3.3-10). Because
of large mobile sources and dispersed sources of our indicator TACs, fractions of
overall TACs contributions are smaller (see Table 3.3-12).
5. Oil and gas activities appear responsible for large fractions of total hydrogen
sulfide and hexane emissions in the SJV region.
6. While dust is a major air quality concern in the SJV region, all evidence points
to oil and gas sources being a minor contributor to overall anthropogenic dust
emissions and PM from dust.
7. Current inventory methods do not generally allow for clear differentiation of well
stimulation from non-well-stimulation oil and gas activities. Better understanding
of sources for emissions (e.g., produced hydrocarbon release, processing, other
ancillary processes) would allow for further differentiation between stimulation
and non-stimulation sources.
8. In some categories (e.g., off-road mobile source), evidence points to some
coverage of well-stimulation-related emissions sources, although the exact
coverage of well-stimulation-related emissions cannot be determined from
the inventory.
9. For some category/pollutant combinations (e.g., crystalline silica dust), coverage
of the well-stimulation-associated emissions is unclear or uncertain.
10. Given the relatively small contributions of overall oil and gas activities to most
pollutant inventories, treatment of well stimulation emissions is not likely to result
in significant changes to larger-scale inventories (e.g., regional or state level).
11. Given the major contribution of overall oil and gas activities to emissions of some
stationary TACs in the SJV, application of well stimulation technologies could
significantly affect emissions of these TACs, either directly during well stimulation
activities or indirectly due to increased production.
3.3.2.3. State-Level Industry Surveys Produced by the California Air Resources
Board (CARB)
In 2009, CARB began a detailed survey of oil and gas producer emissions. This survey
covers the year 2007, and was released in 2011. As the survey results were further
analyzed, corrections were performed and the current version of the results is presented in
the revised version of October 2013 (Detwiler, 2013).
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3.3.2.3.1. Survey Methods
In early 2009, a survey was mailed to 325 companies representing 1,600 oil and gas
facilities. These facilities represented ~97% of the 2007 oil and gas production in
California (Detwiler, 2013). The results of the survey were used to compute emissions of
CO2eq. GHGs.
The survey coverage was designed to include all upstream, transport, and refining
processes in California. Production and processing activities included all activities
required to lift oil and gas to the surface, process it (e.g., acid gas removal), and prepare
it for transport to refineries. Oil and gas extraction facilities were included in the survey
(Detwiler, 2013, p. 1-3) as were drilling and workover companies (Detwiler, 2013, p.
1-4). In addition, companies that perform ancillary services such as produced water
disposal were also included (Detwiler, 2013, p. 1-4). It is not clear if specialized oilfield
services involved in well stimulation (e.g., companies that only perform hydraulic
fracturing services as subcontractors) were included in the survey coverage.
Related to well stimulation activities, companies were required to report number of active
wells, well cellars, and well-maintenance activities (Detwiler, 2013, p. 4-1). By CARB
definitions, hydraulic fracturing is considered a well-maintenance activity (Detwiler,
2013, p. 4-1), so results from fracturing should be included in survey results. No
discussion of acid fracturing or matrix acidization is explicitly included in the survey,
although companies may have reported such activities under “well maintenance” or
“well workover.”
Of particular importance is the fact that this survey is significantly more detailed in
coverage, scope, and specificity than the above-described inventory methods. The survey
consists of 16 tables, with very specific required reporting (e.g., presence of access hatch
or pressure relief valve on tank) (Detwiler, 2013, p. A-20). Other examples include nearly
30 types of pumps listed in survey appendices (Detwiler, 2013, p. D-4) and dozens of
types of separators included in survey definitions (Detwiler, 2013, p. E-3). The calculation
methods for determining emissions rates from reported data are included in a detailed
methodological appendix.
3.3.2.3.2. Survey Results
The survey found CO2eq. GHG emissions from the oil and gas industry to be 17.7 Mt
CO2eq. in 2007. This figure does not include refinery emissions, so results should be
equivalent to the above GHG inventory result. The emissions are partitioned by type and
gas, as shown below in Table 3.3-18. The emissions are partitioned by industry segment as
shown in Table 3.3-19. Emissions by air district are reproduced below in Table 3.3-20.
The survey also reports emissions broken down by type of equipment. The most important
emissions sources in the inventory were found to be as follows (all sources greater than
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10% of total emissions presented): steam generators (41%), combined heat and power
systems (22%) and turbines (17%) (Table 3-6 of Detwiler, 2013). Vented emissions came
primarily from automated control devices (31%), compressor blowdowns (17%), natural
gas gathering lines (14%), gas sweetening and acid gas removal (13%), well workovers
(11%) and gas dehydrators (11%). Fugitive emissions came primarily from compressor
seals (42%) and storage tanks (27%).
Table 3.3-18. Results from CARB 2007 oil and gas industry
survey. Reproduced from Detwiler (2013), Table 3-1.

Type of source

Gas

Emission (kt/y)

Emission of CO2 eq.

Combustion

CO2

16073.4

16398.3

CH4

10.8

NOX

0.3

CO2

56.0

CH4

16.0

Venting

Fugitive

NOX

0.0

CO2

107.3

CH4

37.5

NOX

0.0

392.6

895.5

Table 3.3-19. Results from CARB 2007 oil and gas industry survey, presented
by business type. Reproduced from Detwiler (2013), Table 3-2.

Type of source

Gas

Emission (kt/y)

Onshore crude production

CO2eq.

10343.1

Natural gas processing

CO2eq.

1043.4

Onshore natural gas
production

CO2eq.

547.6

Crude processing and
storage

CO2eq.

407.2

Natural gas storage

CO2eq.

334.8

Offshore crude production

CO2eq.

140.1

Crude pipelines

CO2eq.

89.8

Other

CO2eq.

4764.7
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Table 3.3-20. Results from CARB 2007 oil and gas industry survey, presented
by air district. Reproduced from Detwiler (2013), Table 3-4.

Air district

Gas

Emission (kt/y)

San Joaquin Valley

CO2eq.

14,006

South Coast

CO2eq.

1,205

Santa Barbara County

CO2eq.

1,049

Monterey Bay Unified

CO2eq.

498

Ventura County

CO2eq.

265

Other

CO2eq.

636

Total

CO2eq.

17,659

3.3.2.3.3. Survey Alignment with other California Inventories
The above reported total emissions figure of 17.7 Mt CO2eq. is slightly higher than the
reported inventory value of 17.0 Mt CO2eq. reported in the 2014 inventory for the year
2007 (CARB, 2014d). A disparity of <5% between these two estimates is consistent
with differences that would occur due to methodological differences between the two
fundamentally different studies (survey vs. inventory).
In the 2014 GHG inventory, estimated fuel combustion emissions of CO2, CH4, and N2O
totaled 15.767 Mt CO2eq, or 92.7% of the total inventory. In the CARB survey, combustion
emissions are responsible for 93% of the total inventory emissions (Detwiler, 2013, p.
3-1). In terms of emissions per gas, the GHG inventory reports 94% of total emissions
(combustion + fugitive/venting) as CO2, with the remainder from CH4 and N2O. In
contrast, the survey estimates 91.8% of statewide oil and gas emissions as CO2. Alignment
in these sub-results between two different methodologies (e.g., industry survey vs.
inventory) increases the confidence in these results.
The yearly GHG inventory is created at the state level, which does not allow for
comparison of the emissions by air district reported in Table 3.3-20. Because the GHG
inventory does not report emissions by source technology (e.g., steam generator),
no comparison between the survey and the inventory at the technology level can be
performed. In summary, there is generally very good agreement between the CARB GHG
inventory (2014 version) and the CARB oil and gas emissions survey. Such alignment
increases the confidence that GHG emissions from the oil and gas industry in California
are well understood.
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3.3.2.4. Federal Emissions Inventories
While the chief focus of this report is on California information sources, some U.S. federal
data are also available on California oil and gas operations.
The U.S. EPA GHG reporting program (U.S. EPA GHGRP) is an annual facility-levelreported inventory for GHG emissions. The requirement for reporting emissions is
currently set at 25,000 tonnes per year CO2eq., and the facilities are separated by industry
and state starting in 2008 (U.S. EPA, 2010). This is unlike the national GHG emissions
inventory, which is an inventory of GHG emissions from oil and gas production aggregated
by activity. The GHG inventory is constructed using standard emissions factors combined
with activity counts across the national oil industry. This is compared to the GHGRP,
where producers report emissions directly to U.S. EPA.
Within the U.S. EPA GHGRP, the specific section relating to the oil and gas sector is
Subpart W, which covers all emissions from the well to the refinery gate. Each operator
reports emissions for a facility, which is defined by Subpart W as all emissions associated
with wells owned by a single operator, in a producing basin. Reported emissions are
computed through a combination of direct measurement, mass balance, and emission
factors. Most venting and fugitive emissions are based upon “engineering estimations,”
which primarily utilize default emissions factors as a function of activity (U.S. EPA, 2010).
The emissions reported the GHGRP are aggregated over twenty categories (see Table 3.321). Emissions are reported by species (typically CO2, N2O, or CH4). The data also report
specific information about the equipment utilized on site (e.g., whether a vapor recovery
system is used for atmospheric storage tanks). For most operators, emissions are reported
for only a few of these categories. There is a designation for emissions that occur during
well completions from hydraulic fracturing of gas wells. However, since well stimulation
in California is utilized primarily for oil production, no well-stimulation-related emissions
are reported in the GHGRP for California producing basins.
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Table 3.3-21. Emissions reporting categories for GHGRP subpart W,
reproduced from the FLIGHT tool (U.S. EPA, 2015b).

Natural gas pneumatic devices

Associated gas venting and flaring

Natural gas driven pneumatic pumps

Flare stacks

Acid gas removal units

Centrifugal compressors

Dehydrators

Reciprocating compressors

Well venting for liquids unloading

Other emissions from equipment leaks estimated using emission factors

Gas well completions and workovers

Local distribution companies

Blowdown vent stacks

Enhanced oil recovery injection pump blowdown

Gas from produced oil sent to Atmospheric tanks

Enhanced oil recovery hydrocarbon liquids dissolved CO2

Transmission tanks

Onshore petroleum and natural gas production and distribution
combustion emissions

Well testing venting and flaring

Offshore sources

Due to the 25,000 tonnes per year requirement, emissions from small oil and gas
production will likely be undercounted. This is demonstrated in Table 3.3-22, which
shows reported GHG emissions for California oil operations separated by basin and source
of emissions. Note that these emissions are significantly below those reported by operators
in the California oil and gas survey discussed above. For example, compare the results for
the San Joaquin production basin from which GHGRP emissions are reported as ~2,050
kt/y CO2eq., while California survey emissions are reported as ~14,000 kt/y CO2eq (see
Table 3.3-20).
Table 3.3-22. Results from GHGRP subpart W, presented by production basin
for California. Reproduced from FLIGHT tool (U.S. EPA, 2015b).
Reported GHG emissions (kt CO2eq/y)
Basin

Combustion

Pneumatics

Venting &
Flaring

Tanks

Compressors

Other

Total

San Joaquin

1924

18

56

13

18

19

2048

Los Angeles

220

0

2

2

0

0

224

Offshore

235

0

4

0

0

35

274

Other

125

79

5

24

4

40

277
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3.3.2.5. Emissions From Silica Mining
One example of an offsite impact of concern is crystalline silica dust emissions during
mining and processing of proppant. Crystalline silica dust is a TAC, and can affect human
health. Silica dust can be created during the proppant mining, production, and usage
phases. Silica is a topic of concern as a WST occupational hazard; for example, see work
by Esswein et al. (2013) for exposure assessment in locations outside of California. No
oil-and-gas-associated SIC codes in the SJV or SC air districts reported emissions of silica
dust. In the SJV air district in total, facility-level total emissions of crystalline silica (CARB
species ID 1175) equaled ~749,000 lbs, with a total of 85 facilities reporting from a
variety of SIC codes. Similar values are reported for total crystalline silica emissions in the
CTI database for 2010 in the SJV region. However, none of the five upstream (or 12 total)
SIC codes associated with oil and gas report emission of crystalline silica. In the
SJV air district, key SIC codes reporting silica emissions are as follows: construction sand
and aggregate (SIC 1442); nonmetallic minerals (SIC 1499); asphalt paving mixtures
(SIC 2951); and minerals, ground or treated (SIC 3295). It is not clear from public
documents if any of the above facilities are supplying proppant materials for well
stimulation activities, and therefore if they may be considered a well-stimulation-related
emissions source.
3.3.3. Potentially Impacted California Air Basins
While GHGs have impacts on global climate, the other three well-stimulation-related
emissions (VOC/NOx, TACs and PM) are relatively short-lived and primarily influence the
air basins where oil and gas extractions occur. According to the Department of Oil Gas and
Geothermal Resources (Figure 3.3-14), the two largest California oil and gas producing
regions are contained within the San Joaquin Valley (SJV) Unified air district and South
Coast (SC) air district. Specifically, significant oil production occurs in the Kern, Santa
Barbara, and Ventura air districts, while non-associated (dry) natural gas production
occurs in a number of Northern SJV air districts.
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Chapter 3: Air Quality Impacts from Well Stimulation

3.3.3.1. Status And Compliance in Regions of Concern
The two air basins (San Joaquin Valley and South Coast) most strongly impacted by oil
and gas production also coincide with the worst air quality in California. Both air basins
are currently out of compliance with both national ozone and PM2.5 standards.
Figure 3.3-15 shows the current designation of ozone attainment status of air districts in
California. Ozone pollution level is characterized by a “design value,” a three-year rolling
average of the fourth highest 8-hour ozone concentrations measured at the monitoring
station. The designation of attainment status is determined by comparing the design
value to the National Ambient Air Quality Standard. The nonattainment areas are further
divided into six classes from “marginal” to “extreme” depending on the extent to which
the design value exceeds the standard. Both San Joaquin Valley and South Coast are
classified as an “extreme” nonattainment area, meaning their design values are greater
than 175 ppb, which is more than double the current 8-hour ozone standard (75 ppb) and
almost three times EPA’s proposed update to the standard (65 ppb). The Sacramento air
district, located in the dry gas producing region, is also a “severe” nonattainment area for
ozone (Figure 3.3-15).
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Figure 3.3-15. Air basin designation of 2008 8-hour ozone standard. Source: U.S. EPA, 2012.

237

Chapter 3: Air Quality Impacts from Well Stimulation

The majority of the counties within the SJV and SC air basins are out of compliance with
the 24-hour PM2.5 standard (35 mg/m3), and a few with the newly established annual
PM2.5 standard (12 mg/m3) (Table 3.3-23). Sacramento is a nonattainment area for the
24-hour PM2.5 standard, but not for the annual standard.
A number of factors result in the poor air quality in the SJV and SC regions. First,
unfavorable topography creates local circulations trapping emissions in the air basins.
Second, besides the oil and gas industry, both regions host diverse emission sources
including industry, agriculture, residential homes, businesses, and the transport sector.
The SJV is among the nation’s largest agriculture areas, with emissions from dairy farms
contributing to fine particle formation. Los Angeles County is the most populated county
in the U.S. (U.S. Census, 2010) resulting in significant air emissions. Third, the generally
warm and sunny conditions in the state promote photochemical reactions and formation
of smog in the summer. Cool and humid conditions in winter promote fine particulate
formation in the winter.
Table 3.3-23. Attainment status for PM2.5 in the main oil and gas
producing regions. (Source: U.S. EPA, 2009 and CARB, 2013f)

Area name

Counties exceeding 24-h PM2.5
standard (35 ug/m3)

Counties exceeding annual PM2.5
standard (12 ug/m3)

Los Angeles-South Coast Air Basin

Los Angeles
Orange
Riverside
San Bernardino

Mira Loma, Riverside County

San Joaquin Valley

Fresno
Kern
Kings
Madera
Merced
San Joaquin
Stanislaus
Tulare

Clovis, Fresno County

Sacramento Air District

El Dorado
Placer
Sacramento
Solano
Yolo

3.3.3.2. Likely Distribution of Impacts Across Air Basins
According to the emission inventory reviewed in previous sections, the well-stimulationrelated emissions of VOC/NOx and PM are likely to be a small fraction of all the emissions
occurring in California. More specifically, oil and gas activities are generally responsible
for <5% of the emissions of VOC and PM and for <10% of NOx to the SJV and SC. Oil and
gas activities, however, are responsible for significant fractions of some TAC emissions in
the SJV with significant oil and gas activities (30–60%). This is particularly the case for
VOC-related TACs.
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As natural gas produced from a well with natural gas liquids and oil (wet gas) will be
richer in VOCs than that from a well producing mostly natural gas (dry gas) (Jackson et
al., 2014), the dry-gas producing regions, such as Sacramento Valley, are expected to have
smaller contributions to VOCs and TACs.
As noted above, the contribution of oil and emissions in SC is generally much smaller
than that in SJV. The population density in the Los Angeles region is also more than 10
times greater than the SJV region, and is largely collocated with oil and gas activities. As a
result, the health hazard from oil and gas emissions can still present a significant problem
in SC when source proximity and exposed population are taken into consideration (see
Volume II, Chapter 6).
3.4. Hazards
3.4.1. Overview of Well-Stimulation-Related Air Hazards
In this chapter, various chemical species related to well stimulation have been grouped
into the following four categories.
1. Greenhouse gases (GHGs);
2. Volatile organic compounds (VOCs) and nitrous oxides (NOx) emissions leading to
photochemical smog generation;
3. Toxic air contaminants (TACs);
4. Particulate matter (PM).
In general, GHGs impact global climate and the other three affect air quality.
GHGs: GHGs include carbon dioxide (CO2), methane (CH4), carbon monoxide (CO),
nitrous oxide (N2O), VOCs, and black carbon (BC) (IPCC, 2013, pp. 738-740). These
species absorb and emit infrared radiation and thus affect the global radiative balance
of the atmosphere. GHG emissions considered here generally produce an increase in the
average temperature of the Earth.
VOCs and NOx: VOC emissions are generated during venting of gases from the well and
evaporation of chemicals from flow-back or produced liquids. NOx emissions associated
with WS activities will derive primarily from use of engines powered by diesel or natural
gas, which are used directly in WS applications. Processing and compression facilities
can also contribute to VOCs/NOx emissions. VOCs/NOx lead to environmental and health
impacts through various pathways.
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• NOx and VOC can enhance formation of ozone, a key constituent of
photochemical smog.
• Ozone is designated as a criteria pollutant by the Federal Clean Air Act
(U.S. EPA, 1994) due to its adverse effects on human health (Bell and
Dominici, 2008) and on agriculture productivity (e.g., Morgan et al.,
2003). Children, elderly, and people with lung diseases such as asthma
are particularly sensitive to ozone concentrations.
• Ozone and its photolysis also affect climate, because ozone is a
greenhouse gas and its photolysis products strongly influence the oxidant
content of the atmosphere, which, in turn, affects the lifetimes of other
important greenhouse gases and TACs.
• The oxidation products of NOx and VOC can condense into particle phase and
lead to an increase in PM burden. PM formed during these processes is called
secondary particulate matter, including particulate nitrate and organic carbon.
Secondary particulate matter is associated with increased rates of premature
mortality through their deep penetration into the lungs.
• In addition to smog-formation potential, VOCs often also function in the short
and long-term as GHGs through their eventual decomposition into carbon
dioxide (CO2).
• Some VOCs are carcinogens or endocrine disruptors and are directly hazardous.
TACs: TACs included in a recent EPA risk assessment are listed in Table 3.4-1. These
TACs are emitted in similar processes that contribute to VOCs. TACs can be a concern for
workers in the oil and gas industry due to their frequent exposure to TACs. TACs may also
present a health concern for those who live near oil and gas operations.
PMs: Diesel equipment used to pump the fluid into the well and the diesel trucks used to
bring supplies to the well are the major sources of PM emissions directly related to WS
activities. Incomplete combustion at flaring units can also produce PM (soot). PM has both
environmental and health impacts. Note that PM considered in previous sections are direct
emissions, also known as primary PM. Particles formed through complex reactions in the
atmosphere (i.e., secondary PM), such as in NOx and VOCs oxidation products, are not
included in the estimation. Formation of secondary organic carbon is likely to be minor
(Gentner et al., 2014), because the hydrocarbons emitted from well stimulation are mostly
light alkanes whose oxidation products do not tend to condense into particle phase.
• PM is associated with respiratory health impacts and increased rates of premature
mortality through its deep penetration into the lungs. Particulate matter with
aerodynamic diameter less than 2.5 micron (PM2.5) and 10 micron (PM10) are
both regulated by U.S. EPA as criteria pollutants, due to their adverse health effects.
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• Fine particles (PM2.5) are the main cause of regional haze. Reduced visibility is a
main concern in national parks and wilderness areas.
Table 3.4-1. TAC emissions ranked by mass emissions rate from oil and natural gas production
source category, reproduced from U.S. EPA risk assessment. (U.S. EPA, 2011, Table 4.1-1)

TAC

Emissions
(tons per year)

Number of
facilities reporting
(out of 990
facilities)

Included as
TACs indicator
species in this
report?

Carbonyl sulfide

4,151

727

Y

Hexane

1,666

836

Y

Toluene

1,344

940

Y

Benzene

936

963

Y

Xylenes (mixed)

576

924

Y

Ethyl benzene

111

818

Y

Methanol

88

67

2,2,4-Trimethylpentane

30

733

Ethylene glycol

27

727

Naphthalene

17

754

Chlorobenzene

11

18

m-Xylene

11

23

1,1,1-Trichloroethane

9

4

- Glycol ethers

5

3

- Ethylene glycol methyl ether

0.1

5

- Triethylene glycol

0.02

2

- Ethylene glycol ethyl ether

0.007

4

p-Dichlorobenzene

4

13

Formaldehyde

2

255

Biphenyl

2

2

Cumene

2

23

Carbon disulfide

1

726

Diethanolamine

1

4

o-Xylene

0.8

7

1,4-Dioxane

0.6

6

o-Cresol

0.6

1

Methylene chloride

0.5

1

p-Xylene

0.3

7

Glycol ethers
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Phenol

0.2

16

Acetaldehyde

0.02

245

0.02

29

Y

Polycyclic organic matter
- PAH, total
- Benzo[a]Pyrene

0.002

3

- Chrysene

0.002

3

- Anthracene

0.000006

1

- Benz[a]Anthracene

0.000005

2

- Benzo[b]Fluoranthene

0.000003

2

- Benzo[k]Fluoranthene

0.000003

2

- Dibenzo[a,h]Anthracene

0.000003

2

- Indeno[1,2,3-c,d]Pyrene

0.000003

2

Propylene oxide

0.009

4

Cresols (mixed)

0.009

6

Ethylene dichloride

0.007

9

Chloroform

0.004

1

Hydrochloric acid

0.004

4

Acrolein

0.002

8

Dibenzofuran

0.001

1

Ethylene dibromide

0.0006

5

Styrene

0.0003

4

Vinylidene chloride

0.0003

1

Ethylene oxide

0.00002

1

Acrylamide

0.00002

1

Methyl bromide

0.0000005

1

3.4.2. Hazards due to Direct vs. Indirect Well Stimulation Impacts
Due to their different transport, transformation, and removal mechanisms, species emitted
from well stimulation have atmospheric lifetimes ranging from hours (e.g., TACs) to more
than 100 years (e.g., CO2). Accordingly, their spatial impacts range from local, regional,
to global scales. GHGs have global impacts over long time scales. As a result, for any given
amount of GHG emissions, their impact is not tied to the source locations and emitted
time. For the other three categories (NOx/VOC, TACs, and PM), with generally shorter
atmospheric lifetimes and local to regional dispersion, the impacts are closely related to
their temporal and spatial allocation at different phases of the well stimulation life-cycle.
Some TAC species, such as TAC metals species, can be persistent in the environment and
may become more widely dispersed than the reactive organic TACs.
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3.4.2.1. Direct Well Stimulation Impacts
On-site air hazards of NOx/VOC, TACs, and PM affect the surroundings of the well site
and downwind areas. Emissions from various phases of on-site activities generally affect
the concurring time periods plus a few weeks after, as their atmospheric lifetimes are not
longer than a few weeks. The phases of on-site activities and their occurring time frame
are as follows:
• Well stimulation application and well completion last days to weeks for a single
well and up to a couple of months for multiple wells. During these processes,
NOx and PM are emitted from the on-site diesel engines for trucking and
pumping. Hydrocarbons, including smog-forming VOCs and TACs, are the major
components from fugitive and vented emissions from well stimulation materials,
pipe lines, and flowback water.
• On-site handling of proppant materials could pose a health risk to workers due to
particulate matter emissions associated with silica proppant sands.
3.4.2.2. Indirect Well Stimulation Impacts
Some indirect WS hazards are described in this report:
• Well-stimulation-induced production impacts are impacts associated with
hydrocarbon production that would not have been economically viable without
application of well stimulation technology. The production of additional
hydrocarbons on-site may last years after the well completion. Production and
processing activities such as dehydration and separation can produce VOC and
TAC emissions from equipment leaks, intentional venting from produced water
storage tanks, and flaring. PM and NOx can also be produced by incomplete
combustion during flaring and use of diesel engines and compressor engines.
• Supply-chain impacts associated with well stimulation activity include air
emissions generated during the course of numerous industrial activities associated
with the preparation, distribution, and maintenance of well-stimulation-related
materials.
In summary, the well-stimulation-induced hydrocarbon production produces continued
air hazards affecting the well site and downwind areas. The supply chain impacts and
macroeconomic impacts are more distributed in time and space.
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3.4.3. Assessment of Air Hazard
3.4.3.1. Greenhouse Gas Hazard Assessment
GHGs affect global radiative balance. Due to their relatively long atmospheric lifetimes,
emissions are well mixed globally once they enter atmospheric circulation. As a result,
their impact can be well represented by the mass emitted. As described by the IPCC
(2013), the hazard is usually assessed by global-warming potential (GWP), a relative
measure of how much heat is trapped by a GHG relative to the amount of heat trapped
by the same mass of carbon dioxide. The GHG impacts, listed using current 20-year and
100-year global warming potentials for well-stimulation-relevant gases, are presented in
Table 3.2-1. When the GWP of a GHG is applied as a multiplier to its emissions, a CO2
equivalency amount is derived. Essentially, CO2 equivalency describes the amount of CO2
that would have the same GWP as the given amount of emissions of another GHG over a
specified time scale (e.g., 100 years). Using the GWP, emissions of a mixture of GHGs can
be expressed by a single quantity of CO2 equivalency to represent the time-integrated (100
years) value of radiative forcing of the mixture.
3.4.3.2. Air Quality Hazard Assessment
3.4.3.2.1. Overview of Air Quality Assessment Methods
NOx/VOCs, TACs and PM emissions have shorter-term effects than GHGs, and the spatial
impacts are not homogeneous due to their shorter atmospheric lifetimes. The air quality
of a region is characterized by measurements of ambient concentrations of specific
pollutants, including PM and ozone, from central monitors in that region. Before the
pollutants emitted from well stimulation are measured by the monitoring devices, they
are dispersed by wind and may undergo chemical transformation in the atmosphere.
The manner in which the same emissions will affect air quality will differ, depending on
the meteorological conditions and the other pollution already present in the atmosphere
(the chemical transformations depend on total pollution levels). Although oil and gas
activities have relatively low contributions to criteria air pollutant emissions (NOx, VOCs,
PM), as summarized in previous sections, they do in some cases produce relatively high
contributions to TACs. Atmospheric dispersion of TACs needs to be tracked with models in
order to determine their impacts on populations at varying distances downwind.
There are several methods one might employ to evaluate how well stimulation emissions
impact air quality. One could try to determine the impact of emissions through analyzing
air quality measurements, comparing air quality on days with high well stimulation
activity to days with low well stimulation activity. However, the variability in meteorology
and atmospheric chemistry between days would likely overwhelm any signal that might
exist from well stimulation variability. Instead of depending only on measurements,
air quality models are often used to describe how pollutants are dispersed through the
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atmosphere and chemically transformed. The models connect the pollutant emissions
to their air quality impacts. Two different air quality models are discussed below; their
suitability for application depends on the nature of the pollutant of interest.
Gaussian plume dispersion modeling is a simple yet powerful tool to calculate the
evolution of air pollutant concentrations during the course of wind-driven transport and
dispersion of non-reactive or first-order decaying pollutants, with decay rate linearly
related to concentration. Gaussian plume models (see review by Holmes and Morawska,
2006) are based on analytical solutions to the advection-diffusion equation in simplified
atmospheric conditions. Gaussian dispersion models can handle complex terrain and
can be adapted to account for some atmospheric processes such as deposition. Gaussian
plume models cannot account for interactions between plumes; they are not able to track
nonlinear chemistry that leads to secondary pollutant formation in the atmosphere, such
as ozone formation. They require relatively little data and computational resources.
A more useful method for calculating ambient pollution levels is to use chemical transport
models (CTMs). CTMs solve the advection-diffusion equation numerically for a reactive
flow on a gridded domain. CTMs implement chemical mechanisms containing hundreds
of reactions. They can also include time-resolved representations of nonlinear chemistry
and particle dynamics with various degrees of complexity. CTMs require very detailed
meteorological forcing inputs, such as wind velocity, temperature, humidity, etc., at
each grid cell of the domain, are computationally expensive, and require advanced
training. The advantages of using CTMs to estimate exposure include the capacity to
account for the effects of space- and time-resolved influential parameters (e.g., detailed
wind and temperature fields) and the capacity to model nonlinear processes such as
second-order chemistry and particle dynamics in a time-resolved manner. This approach
is suited for simulating concentrations of secondary pollutants such as ozone and
secondary organic carbon.
Air quality hazards discussed here include species of emissions associated with well
stimulation (directly emitted species) and the pollutants formed through chemical
transformation of these emissions in the atmosphere (chemically formed species).
Suitability of air quality models for assessing these two types of pollutants is discussed
further in the following sections.
3.4.3.2.2. Well-Stimulation-Induced Air-Quality Hazard Assessment: Directly
Emitted Species
Directly emitted species can be tracked with Gaussian plume dispersion models, which
link the amount of emissions from the source locations to changes in concentrations.
These species include all the air hazards considered in previous emission inventories (e.g.,
NOx/VOCs, TACs, and primary PM). These can be done for on-site emissions of selected
case studies, where a clear emission boundary can be defined. Modeling and analysis
protocol is briefly described below.
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• Required inputs:
• Meteorological data (obtained from national weather service): hourly
or daily wind speed and direction, amount of atmospheric turbulence,
ambient air temperature, inversion height, cloud cover and solar radiation
• Emission parameters: source location and height, spatial characteristic of
source as in point (i.e., smoke stack), line (i.e., highway), or area (i.e., oil
field), and exit velocity and mass flow rate of the plume
• Terrain elevations and surface characteristics: ground elevations at the
source and at the locations where pollutant level are to be computed,
surface roughness
• Model simulation: use the meteorological data and surface characteristics to drive
the dispersion model for emitted pollutant of interest, accounting for depositional
loss and first-order decay.
• Post-model analysis: enhancement in ambient concentrations of the pollutant of
interest can be plotted as a function of time and space and summarized by season.
The most impacted times and locations can be identified and used for subsequent
exposure and health studies.
3.4.3.2.3. Well-Stimulation-Induced Air-Quality Hazard Assessment: Chemically
Formed Species
Chemically formed species such as ozone and secondary PM are not directly emitted and
thus cannot be tracked by dispersion models, as there is no discrete “source location.”
Another challenge is that the formation chemistry of these pollutants is often nonlinear. In
other words, the amount of pollutant formed cannot be linearly scaled from its precursor
emission quantities, but rather depends on the pollution levels present in the air. For
example, in a NOx-rich environment such as a densely populated Los Angeles urban area,
additional NOx emissions from well-stimulation-related activities may actually decrease
ambient ozone concentration locally, while affecting downwind regions (Rasmussen
et al., 2013). In NOx-poor areas, such as a remote well pad location in the San Joaquin
Valley, the opposite is true, i.e., well-stimulation-related NOx emissions contribute to an
increase in ambient ozone levels (Rasmussen et al., 2013). Chemical transport models
(CTMs) are required in this case to simulate the formation process of these species from
their precursors. In the case of ozone, CTMs track the production and removal of ozone
as its NOx/VOC precursors disperse from the source location downwind accounting for
the nonlinear chemistry. Conducting computer simulation with CTMs is beyond the scope
of this study. Many past studies have investigated ozone and secondary PM responses to
changes in emissions (Jin et al., 2008; 2013; Rasmussen et al., 2013; Chen et al., 2014)
in California.
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3.5. Alternative Practices to Mitigate Air Emissions
This section presents a review of alternative practices that reduce emissions of pollutant
and GHG related to well stimulation with a focus on direct hazards.
3.5.1. Regulatory Efforts to Prescribe Best Practices
Many states outside of California where hydraulic fracturing takes place have begun
to regulate the overall environmental impacts of the oil and gas industry, by requiring
emission controls and best practices. As reviewed in Moore et al. (2014), Colorado,
Wyoming, Montana, and New York have taken the most aggressive regulatory steps
to reduce both pollutant and GHG emissions (Table 3.5-1). In the regulations passed
from 2007 to 2009 in Colorado, operators are required to apply alternative practices
and controls to reduce VOC emissions, including use of “green completion” or reduced
emission completion technologies at oil and gas wells when technically feasible, and
control evaporative emissions from condensate and oil storage tanks. In the northeastern
Front Range O3 nonattainment area, further actions are required, such as use of no-bleed
or low-bleed pneumatic devices.
In California, regulations are set at local air district levels. San Joaquin Valley Air Pollution
Control District Rule 4402 regulates the emissions of VOCs from crude oil wastewater
sumps. Under this rule, VOC emission control, such as a covering in place, is required for
any produced water containing over 35 mg/L of VOCs. Small oil producers and “clean
produced water” containing less than 35 mg/L are exempt from the rule. The South Coast
Air Quality Management District (SCAQMD), have more stringent regulations for open
pits. The SCAQMD (Rule 1176) for example, requires produced water in open pits contain
less than 5 mg/L VOC’s, compared to the San Joaquin threshold of 35 mg/L.
At the national level, in 2012, the U.S. EPA released a set of new source performance
standards (U.S. EPA, 2012) which were phased in starting in late 2012, with full effect in
early 2015. The standard requires the use of green completion technologies and reduced
VOC emissions from temporary storage tanks during well completion. Historically,
the fluids and gases in flowback water are routed to an open-air pit or tank to allow
evaporation. Green completion captures liquids and gases during well completion with
temporary processing equipment for productive use.
Further VOC and TACs controls are required by the rule (U.S. EPA, 2012), including
limiting emissions of VOCs from a new single oil or condensate tank to four tons per year,
and limiting the hazardous air pollutants benzene, toluene, ethylbenzene, and xylenes
(BTEX) from a single dehydrator to one ton per year. In addition to VOC reduction
through vapor controls at temporary storage tanks, green completion also benefits the
control of methane emissions by essentially requiring natural gas companies to capture the
liquid and gas at the wellhead immediately after well completion instead of releasing it
into the atmosphere or flaring it off.
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The U.S. EPA also adopted multiple tiers of emissions standards for new diesel engines
that may influence emissions incurred by the trucking and pumping processes related
to well stimulation. Vehicle and engine pollutant emissions, including NOx, nonmethane hydrocarbons, CO, and PM can be largely controlled if new engines, vehicles,
or equipment is used that meet the latest emission tier. However, the long useful life
of diesel equipment and vehicles has prompted California to add additional emission
requirements for in-use on-road diesel trucks and other diesel equipment. For example,
California requires that almost all heavy-duty trucks and buses that currently operate in
the state meet stringent particulate matter emission standards now, and meet stringent
NOx emission standards within the next decade.
3.5.2. Control Technologies and Reductions
Many emissions from the above three key processes can be addressed with best controls
and alternative practices. U.S. EPA (2012) estimates implementation of green completion
will result in a 95% reduction of VOC emissions and a 99.9% reduction in SO2 emissions.
These green completions technologies are evolving over time due to relative novelty, and
will likely improve with additional deployment (e.g., cost could be reduced). Allen et al.
(2013) reported low leakage rates from well completions after some of the controls listed
above were implemented compared to uncontrolled processes, and ICF International
(2014) analyzed the costs and viability of methane reduction opportunities in the U.S.
oil and natural gas industries. Harvey et al. (2012) reviewed 10 technologies with the
capability estimated to reduce more than 80 percent of methane emissions in the oil and
gas sector. In addition to methane emissions, many of the technologies have the co-benefit
of reducing explosive vapors, hazardous air pollutants, and VOCs.
Large reductions in pollutants and GHGs through use of new technologies and compliance
with regulations should be interpreted as best-case scenarios and should not be used to
estimate real-operation efficacy. For example, current requirement in VOC reductions
from tanks in Colorado are 90% in the summertime and 70% in other times of year of the
actual annual average reduction in emissions. However, actual reductions were estimated
to be 53% (State Review of Oil & Natural Gas Environmental Regulations, 2011). More
importantly, in fast-developing areas, increasing numbers of new wells may counter the
overall pollution-control benefits resulting from emission controls applied to individual
wells. Despite tightening of emission standards for the oil and gas industry in Colorado,
the oil and gas-related VOC measurements made in the non-attainment area in Erie
showed a continued increase (Thompson et al., 2014). System-wide emission reduction
needs careful planning and monitoring, accounting for both technology advances and
industry development and expansion.
Table 3.5-1 summarizes the control technologies and alternative practices available in
the literature according to their related processes, as reviewed in previous sections. The
national- and state-level adoptions of the various practices are also noted. Depending
on their attainment status, local air districts may have more stringent regulations of air
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emissions than the state level, such as permitting programs for new sources. For example,
while emission data from the oil and gas industry are collected in Texas, regulation of
emissions is limited to the Houston and Dallas−Fort Worth federal ozone standard nonattainment areas. These local regulations can be important, but are not included in the table.
Table 3.5-1. Best control or practices for controlling emissions from key processes.
Process

Best Control or
Practice

Description

Emissions
addressed

Trucking and
pumping
supplies/fluid to
the well

U.S. EPA tier 4 diesel
engines

Installed with control technologies
to reduce emissions from diesel
equipment by 90% compared to the
one from 1990s.

NOx, PM

Use of newest truck
built since 2010

Included exhaust controls

NOx, PM

Green completion

Capture liquids and gases coming out
of the well during completion.

CH4, VOCs, and
TACs

Plunger lift system

Collect liquids inside the wellbore and
capture methane.

CH4, VOCs, and
TACs

Dehydrator emission
controls

Capture methane with emission
control equipment placed on
dehydrators

CH4, VOCs, and
TACs

Methane capture
during pipeline
maintenance and
repair

Re-route or burn methane, use of hot
tap connections, de-pressuring the
pipeline etc.

CH4, VOCs, and
TACs

Low-bleed or nobleed pneumatic
controllers

Reduce methane release to the
atmosphere, or move away from
gas-operated devices.

CH4, VOCs, and
TACs

Colorado

Dry seal systems and
improved compressor
maintenance

Reduce emissions from centrifugal
compressors and reciprocating
compressors

CH4, VOCs, and
TACs

Montana

Tank vapor recovery
units

Capture gases released from flashing
losses, working losses, and standing
losses

CH4, VOCs, TACs.

Colorado,
Montana.

Leak monitoring and
repair

Monitoring potential leaks at
equipment locations subject to
high pressure.

CH4, VOCs, TACs.

Venting and
flaring

Fugitive and/
or evaporation
of gas and
chemicals

Regulation
adoption

U.S. EPA,
Colorado,
Wyoming,
Montana.

Montana

3.6. Data Gaps
A number of data gaps exist in understanding emissions from well stimulation activities.
The challenges that exist include:
• Few studies exist that directly measure emissions from oil and gas activities;
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• Even fewer studies exist that directly examine well stimulation activities, none of
which occurred in California; and
• It is unclear how applicable results from a given study conducted elsewhere might
be to California well stimulation activities, due to significant differences in
treatment and regulation of both air emissions and well stimulation between states.
These challenges noted, the available studies that were deemed most relevant to
understanding air impacts of well stimulation are reviewed below. These studies can be
broken down into studies that will directly measure or assess emissions at a facility or
device level (henceforth “bottom-up” studies) and studies that perform indirect or remote
measurement of gas concentrations and then estimate emissions from these measurements
(henceforth “top-down”).
3.6.1. Bottom-Up Studies and Detailed Inventories
A number of experimental studies or bottom-up inventories were performed in regions
with significant well stimulation activities. These studies include:
• Study of direct emissions from well stimulation by Allen et al. (2013).
• Study of direct emissions from hydraulically fractured natural gas wells by ERG
(Eastern Research Group) and Sage Environmental.
• Study of emissions in the Eagle Ford hydraulically fractured oil basin.
• The Barnett area special inventory.
3.6.1.1. Allen et al. (2013) Study of Hydraulic Fracturing Processes
3.6.1.1.2. Overview of Study and Goals
Aside from the Fort Worth study, the most significant scientific assessment examining
the GHG impacts of well stimulation was conducted by Allen et al., funded by the
Environmental Defense Fund and with the cooperation of operators (Allen et al., 2013).
3.6.1.1.2. Methodology
This study calculated methane emissions and emissions factors at 190 natural gas facilities
across four regions of the country where well stimulation was utilized (Appalachian, Gulf
Coast, Mid Continent, and Rocky Mountain). Of these natural gas facilities, they examined
150 production facilities with 489 wells, along with 27 well completion flowbacks, nine
well unloadings, and four well workovers across nine different operators.
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In order to capture emissions from flowback, completion, unloading, and workover
operations, they bagged and diverted all hatches to temporary stacks, where the emissions
were analyzed and fluxes calculated. For the production facilities, they utilized an IR
camera and recorded leaks for equipment that were detected by the camera. If leaks
were detected, they utilized a Hi Flow sampler to measure emissions rates. All of these
leaks were reported under the category “Equipment Leaks.” (Included in this category are
valves, connectors, and well equipment.) In addition, Allen et al. reported detailed results
for pneumatic devices, all of which were analyzed with a high-flow sampler.
3.6.1.1.3. Key Findings
The most significant finding was that, overall, methane emissions were found to be
slightly lower than the 2011 U.S. EPA inventories. This was the result of measured
methane emissions from completion flowbacks that were an order of magnitude lower
than the U.S. EPA inventory, offset by higher emissions rates for chemical pumps,
pneumatic controllers, and equipment. The overall emissions estimates report a methane
leakage rate of 0.42% compared to the U.S. EPA value of 0.47%.
3.6.1.2. City of Fort Worth Air Quality Study
3.6.1.2.1. Overview of Study and Goals
A comprehensive study of direct measurements of emissions from natural gas production
in a region of hydraulic fracturing is the “City of Fort Worth Natural Gas Air Quality
Study.” This was commissioned in 2010 by the city of Forth Worth, TX, and prepared
by Eastern Research Group along with Sage Environmental Consulting, LP (ERG/SAGE
2011). The goals of the study were to quantify the environmental and public health and
safety impacts of hydrocarbon production activities. They measured leaks from 388 sites,
which included 375 well pads with 1,138 wells. The results of this study were published in
a report as well as spreadsheets that detail component-level emissions for each site.
3.6.1.2.2. Study Methods
At each of the well locations, leaks were recorded with the following methodology.
Initially a FLIR infrared camera was utilized to detect large leaks. The emissions flux for
these large emitters was measured with a Hi Flow Sampler. In addition to recording these
large leaks, 10% of all valves and connectors were recorded with a toxic vapor analyzer,
and any leak greater than 500 ppmv was recorded and measured with a Hi Flow Sampler.
Additionally, Summa Canisters were utilized to provide gas speciation.
Leaks were placed into three broad categories: “valves,” “connectors,” or “other.” Leaks
were also classified by study authors using detailed categorization with 94 designations.
Neither of these categorization schemes align well with U.S. EPA or other established
methodologies, making construction of emissions factors difficult from this dataset.
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3.6.1.2.3. Study Findings
As is typical for analysis of gas leakage, emissions are driven by a small percentage of
leaks. In this case, 6% of wells account for half of the total measured emissions in the
study on a well basis, and the average emissions rate (~1×104 kg/year) aligns with the
75th percentile.
While this study represents a large group of measurements on a significant number
of wells that were hydraulically fractured, it is not clear how applicable the observed
emissions rates are to California. Also, since the Barnett shale studied in the report is a dry
gas region, data would be most applicable to analogous types of environments, such as gas
production in the northern SJV region.
3.6.1.3. Alamo Area Council of Governments Eagle Ford Emissions Inventory
3.6.1.3.1. Overview of Study
The Alamo Area Council of Governments (AACOG) conducted an oil and gas emissions
inventory for criteria air pollutants. Though some work is still in progress, the bulk of
the results were released as a technical report in 2013 (AACOG, 2014). The purpose of
the report was to quantify criteria air pollutants (CO, NOx, and VOCs in particular) from
oil and gas drilling, completion, production, and processing (midstream) operations in
the Eagle Ford shale formation. Due to regulatory constraints, they did not conduct any
measurements of GHG emissions.
3.6.1.3.2. Methods
As part of the study, the authors developed detailed activity counts of drilling rigs,
compressors, compressor stations, equipment at production facilities, as well as timelines
for production activities (such as drilling and completions). Emissions were calculated
from these activity counts with existing emissions factors from the literature or from the
Texas Commission on Environmental Quality. Specific emissions factors were calculated
for compressor stations as well as drilling rigs, while activity counts and emissions
factors for production facilities were aggregated at the county level. They then utilized
these aggregated data as inputs to an air-quality impact model, and also provided an
uncertainty analysis discussing potential future scenarios of well stimulation air quality
impacts in the Eagle Ford.
3.6.1.4. Barnett Shale Special Inventory
3.6.1.4.1. Overview of Study
In response to observing VOC leakage from surface equipment coinciding with the growth
of gas production in the Barnett shale, the Texas Commission on Environmental Quality
(TCEQ) conducted an emissions inventory of upstream and midstream sources in the
252

Chapter 3: Air Quality Impacts from Well Stimulation

twenty-three counties that overlie the Barnett shale. The study was conducted over two
phases between 2009 and 2011 and presented county-aggregated emissions factors and
activity counts covering the 2009 production year. The pollutants reported in the publicly
available summary are NOx, VOCs, and HAPs (though more detailed information can be
requested and are included in the internal TCEQ database).
3.6.1.4.2. Methods
TCEQ collected these data through operator self-reporting. The first phase of the project,
which covered activity counts, acquired data from 9,123 upstream and 519 midstream
facilities. Results were generated for twenty-two different equipment categories. Produced
water storage tanks and piping components are the largest sources of activity, with over
15,000 tanks and 12,500 piping component fugitive areas in the sample data (TCEQ,
2010). Part one of the special inventory included activity counts of higher emissions
equipment (TCEQ, 2010).
The second phase of the project was conducted over 2010–2011 and accounted for
emissions estimates for sites and equipment at 8,500 sites (TEQ, 2011). The emissions
rates for NOx, VOCs, and HAPs were computed either through taking site-specific samples
or through the utilization of TCEQ emissions factors which were provided in the surveys.
This allowed for emissions rates as categorized by equipment type across the Barnett
region (tons per year). More detailed speciation and some site-level emissions rates can be
obtained through contacting TCEQ, but this was determined to be beyond the scope of this
work. Maps of results from the TCEQ Barnett inventory are available (TCEQ, 2014).
3.6.2. Top-Down Studies and Experimental Verification of California Air
Emissions Inventories
Understanding the accuracy of emissions inventories is an important factor in understanding
the impact of well stimulation on air quality in California. If experimental evidence
suggests that inventories of the air pollutants of concern (GHGs, VOC/NOx, TACs, PM)
are inaccurate, then this could point to the need for improved understanding of poorly
understood or novel contributors to air emissions, such as well stimulation.
Using observations to determine the accuracy of inventories is difficult, and such
experimental studies tend to be expensive and performed in a sparse set of locations
and time periods. Thankfully, California air quality is the topic of a significant number
of experimental studies, over many decades. For this reason, observations that allow
assessment accuracy of inventories are numerous in California compared to other regions.
A prime example of such activities is the recent large CalNex effort, funded by CARB
and NOAA (National Oceanic and Atmospheric Administration), to examine a number
of scientific questions at the interface of climate and air quality. CalNex resulted in the
publication or submission of approximately 100 peer reviewed scientific papers over a
four-year period, with flights and samples occurring in 2010 (Ryerson et al., 2013). A
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key scientific goal of CalNex was the assessment of CARB inventory accuracy. For more
information, the CalNex campaign is introduced in Ryerson et al. (2013) and summary
results to scientific questions are presented in a synthesis report (Parrish, 2014).
Using observations to check the accuracy of CO2 inventories is difficult (Ryerson et al.,
2013). This is because CO2 sources are ubiquitous, and natural diurnal variation in sources
and sinks of CO2 makes discerning a signal challenging. Noting these challenges, CO2
observations from CalNex agree within experimental error with scaled inventory results
(Parrish, 2014, Finding F1). Similar accuracy was found for the CARB CO inventory
(Parrish, 2014, Finding F5). NOx emissions were also found to be in general agreement
with CARB inventories, with some caveats about spatial distributions of emissions
(Parrish, 2014, Finding F6). No studies of PM or TACs with specific implications for oil
and gas or well-stimulation-related emissions were found.
Notably, in CalNex, significant divergence or error was found in comparing CH4 and VOC
observations to inventories. Importantly, in each of these cases, oil and gas sources were
examined as specific possible contributors to excess emissions.
Numerous studies, including some before CalNex, examine CH4 concentrations in
California. Some of these studies make explicit comparison to CH4 inventories, with some
specifically examining the role of oil and gas sources in California CH4 emissions.
CH4 relevant studies reviewed below are:
• Wunch et al. (2009): Emissions of greenhouse gases from a North American megacity
• Zhao et al. (2009): Atmospheric inverse estimate of methane emissions from
Central California
• Hsu et al. (2010): Methane emissions inventory verification in Southern California
• Wennberg et al. (2012): On the sources of methane to the Los Angeles atmosphere
• Peischl et al. (2013): Quantifying sources of methane using light alkanes in the
Los Angeles basin, California
• Jeong et al. (2013): A multitower measurement network estimate of California’s
methane emissions
• Jeong et al. (2014): Spatially explicit methane emissions from petroleum
production and the natural gas system in California
• Johnson et al. (2014): Analyzing source apportioned methane in northern California
during Discover-AQ-CA using airborne measurements and model simulations
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VOC-relevant studies include:
• Gentner et al. (2014): Emissions of organic carbon and methane from petroleum
and dairy operations in California’s San Joaquin Valley
These studies are reviewed below including their methods and their key results as
related to oil and gas CH4 sources in California. Findings are summarized to determine if
there is a consensus regarding the accuracy of California inventories, and whether wellstimulation-associated emissions could be responsible for inventory discrepancy.
Note that top-down atmospheric studies typically report emissions in Tg of CH4. At typical
upstream (production) compositions, 1 Tg of CH4 (or 52.2 BCF of CH4) is equal to about
60 BCF (billon cubic feet) of produced natural gas.
3.6.2.1. Wunch et al. (2009)
Wunch et al. (2009) analyzed air column concentrations of CH4 and CO2 in the
atmosphere of the south coast air basin (SoCAB) in 2007–2008 (Wunch et al., 2009).
Fourier transform spectroscopy of sunlight was performed for 131 days of observations.
This study cannot reliably partition CH4 emissions into oil and gas and non-oil and gas
sources, due to lack of isotopic sampling and lack of observations of higher alkanes which
may provide a chemical “fingerprint” of an oil-and-gas-associated source of CH4.
Wunch et al. estimate CH4 emissions in the SoCAB region of 0.6 (+/-0.1) or 0.4 (+/-0.1)
Tg CH4 per year, depending on whether the CARB CO2 inventory or CARB CO inventory
is used to provide temporal scaling of emissions to relate atmospheric concentrations to
emissions rates. They compare this result to the CARB CH4 inventory as follows: CH4 from
all “urban sources” (non-forestry, non-agriculture sources of CH4) is scaled to the region
using the fraction of California population in the SoCAB region. Thus, they argue that the
CARB CH4 inventory underpredicts CH4 emissions.
3.6.2.2. Zhao et al. (2009)
Zhao et al. (2009) utilized data from a tall tower in the northern SJV, with measurements
taken at ~90 m and ~480 m heights. Observations were performed from October to
December 2007. A high precision (0.3 ppbv) cavity ring-down spectrometer was used to
measure CH4 concentrations at five-minute intervals. These observations were coupled to
an atmospheric transport model. The model was used in an inverse approach to estimate,
for a given gas concentration observation, where the gases observed are likely to have
been emitted (parcels of air are modeled backward in time for five days). The coupling of
tower observations of gas concentrations with simulation allowed an estimate of the likely
emissions rates in a spatially resolved manner. They compared their emissions estimates
to the Emissions Database for Global Atmospheric Research (EDGAR) spatially resolved
emissions inventory (EDGAR v. 3.2).
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Zhao et al. find that for the region (central California) and time period (October–
December 2007) of analysis, actual emissions are estimated to be 37% +/- 21% higher
than annually averaged inventory estimates from the EDGAR inventory. In particular,
they believe that livestock emissions are underestimated by an even larger fraction.
They do not compare their results to the CARB inventory, as at the time of their
study, there existed no spatially resolved version of the CARB inventory (see below for
more discussion).
3.6.2.3. Hsu et al. (2010)
Hsu et al. (2010) performed analysis of captured flasks of air from a remote location (Mt.
Wilson observatory) to estimate the concentrations of gases in a well-mixed sampling
of air from the Los Angeles region. Their study is the Los Angeles County portion of the
SoCAB region. In order to estimate CH4 flux from CH4 concentrations, they used observed
ratios of CH4 to CO in the atmospheric observations, and coupled this ratio to the CARB
CO inventory to estimate CH4 emissions rate.
Hsu et al. estimated methane emissions of 4.2 +/- 0.12 Mt CO2 eq. GHGs per year. They
then compared this to the CARB inventory of the time, which estimated CH4 emissions of
~3 Mt CO2 eq./y from the study region. Thus, they argued that the CARB CH4 inventory
underpredicts CH4 emissions from the study region.
3.6.2.4. Wennberg et al. (2012)
Wennberg et al. (2012) combined observations of a variety of types to estimate emissions
of methane in the SoCAB region. They included air flasks from remote observation
locations, aircraft observations from a set of flight campaigns, as well as ground-based
Fourier transform spectroscopy to estimate air-column concentrations of CO2, CO, and
CH4. This study can be seen as an extension and improvement of the work of Wunch et al.
(2009) and Hsu et al. (2010). In a novel advance from those previous studies, Wennberg
et al. used C2H6 concentrations to attempt to partition emissions into various sources.
Wennberg et al. estimated CH4 emissions in the study region to be 0.44 +/- 0.15 Tg
CH4/y. They compared this to an inventory based largely on CARB sources, which has a
scaled emissions estimate for the study region of 0.21 Tg CH4/y. Thus, they argued that
CH4 emissions may be approximately two times larger than an inventory approach would
produce in the region.
3.6.2.5. Peischl et al. (2013)
Peischl et al. (2013) use a variety of sampling methods with aircraft data to estimate
CH4 emissions in the SoCAB region. Similar to other studies noted above, they used CO
concentrations and the CO inventory to estimate CH4 fluxes from CH4 concentrations.
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Peischl et al. created estimates for all sources of CH4 (0.41 +/- 0.04 Tg CH4/y) and oil and
gas sources (0.22 +/- 0.06 Tg CH4/y). Their estimate of oil and gas sources was based on
concentrations of seven alkanes observed in the air, apportioned to sources using assumed
compositions of emissions from those sources in a least-squares-fitting approach. They
compared this oil and gas result to a CARB-inventory-estimated quantity of 0.064 Tg
CH4/y. Thus, they estimated that in the SoCAB region, inventory methods underestimate
CH4 emissions by a factor of 3.5 (2.5 to 4.4).
3.6.2.6. Jeong et al. (2013)
Jeong et al. (2013) used observations from five locations in California’s central valley
(SJV), including one tall tower (samples at ~90 and 480 m) and four small towers
(samples at ~10 m). They combined these observations with aircraft observations of the
Pacific boundary (i.e., incoming CH4 concentrations) and urban regions. They compared
these observations to a spatially resolved version of the CARB inventory, in which the
CARB 2008 inventory was scaled to a detailed spatial emissions model. They also used
the EDGAR spatially resolved inventory as a source of comparison emissions estimates,
but this report focuses on California Greenhouse Gas Emissions Measurement program
(CALGEM) comparisons, as these are more consistent with CARB inventory methods.
In this study, atmospheric transport was modeled using an inverse approach with the
WRF-STILT model (coupled weather research and forecasting–stochastic time-inverted
lagrangian transport model). This approach traced “particles” of air backward through
time in a time-inverted weather simulator, to estimate from where gases observed in
particular locations were likely to have been emitted. This approach has been used in a
number of national and regional atmospheric studies of GHGs.
The “prior” model in the Bayesian analysis of Jeong et al. (2013) is the spatially resolved
CALGEM inventory, which predicts CO2eq. CH4 emissions of 28 TgCO2eq./y. The emissions
estimated incorporating the observations (the posterior estimate) is 48.3 Tg CO2eq./y (+/6.5 at 1σ level). Thus, they argued that the CALGEM inventory is likely underpredicting
California methane emissions.
3.6.2.7. Jeong et al. (2014)
Jeong et al. (2014) generated a much more detailed spatially resolved estimate of emissions
from the California oil and gas industry than used in other studies. For example, well-level
activity data (production of oil, gas, and water) were compiled from DOGGR data sources,
while gas processing data were derived from federal U.S. EPA reporting. Also, pipeline
fugitive emissions were modeled using detailed spatial representations of the California
oil and gas distribution system. These activity factors were coupled to emissions factors
(i.e., emissions per unit of activity) generally derived from U.S. EPA emissions factors.
Lastly, they augmented this detailed “bottom-up” approach with data from the SoCAB
region collected in atmospheric studies noted above (Wunch et al., 2009; Hsu et al., 2010;
Wennberg et al., 2012; Peischl et al., 2013).
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Jeong et al. (2014) found that using non-CARB emissions factors with detailed California
activity data results in emissions estimates that are significantly larger than either the
CARB GHG inventory or the CARB oil and gas survey. For example, the initial bottom-up
result from their study was 330 Gg CH4/y of emissions from all portions of the California
oil and gas sector (uncertainty range 220-518 Gg CH4/y). This compared to CARB GHG
inventory and survey results of 210 and 204 Gg CH4/y respectively. When they scaled
their bottom-up approach to better match atmospheric observations, they found that their
bottom-up estimate increases to 541 +/- 144 Gg CH4/y. Thus, Jeong et al. (2014) found
that the CARB inventory significantly under-predicts CH4 emissions compared to what
would be expected using existing U.S. EPA emissions factors or using atmospheric data.
3.6.2.8. Johnson et al. (2014)
Johnson et al. (2014) utilized aircraft observations in a series of flights taken in January
and February of 2013 in the San Francisco Bay Area and northern San Joaquin Valley.
They then coupled these observations to a 3-d atmospheric chemical transport model
(GEOS-Chem) to derive flux estimates for CH4 in the study region. They compared their
results to the EDGAR spatially explicit emissions inventory.
They found that the EDGAR emissions inventory must be scaled by a factor of 1.3 to
arrive at results that agree with atmospheric observations. They found that increasing oil
and gas and waste (landfill) emissions by a factor of two results in a decrease in overall
model bias, but degrades the model fit by overpredicting background CH4 values. They
found that increasing livestock emissions between a factor of two to seven would result
in reduced overall model-observation bias and decrease overall RMSE (root mean square
error). They argued that a correction factor of two for livestock emissions is not sufficient
to correct overall underprediction, while a factor of seven is an upper limit. Therefore,
Johnson et al. argued that in the SFBA and northern SJV region, it was likely that livestock
CH4 emissions were underestimated in existing spatial inventories. They did not directly
compare their results to CARB inventories.
3.6.2.9. Gentner et al. (2014)
Gentner et al. (2014) used ground-based measurements with a meteorological transport
model to examine the role of petroleum operations on emissions of hydrocarbon-derived
VOCs. The meteorological model was used similarly to other studies above: back
trajectories of parcels of air were traced over 6- and 12-hour periods to estimate sources
of measured VOCs at the sampling location. These sources were then compared to spatial
distributions of petroleum production operations (as well as dairy operations).
Gentner et al. found reasonable agreement between their sampling efforts in Bakersfield
and the CARB inventory results. They found that 22% of VOC measured at their site
could be attributed to petroleum operations, which was similar to their reported CARB
partitioning for the SJV air district of 15%. Dairy sources were found to contribute 22%
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(compared to 30% for CARB inventory) and motor vehicles 56% (compared to 55% for
CARB inventory). In contrast, a smaller inventory comparison to just the Kern County
portion of the SJV air district implies less petroleum emissions observed than expected in
the inventory (as should be expected, given large petroleum operations in Kern County).
Gentner’s explained fraction of ROG emissions in the SJV region, partitioned 15% to
petroleum operations, is not in alignment with our computed value of 8% above. The
causes for these differences were unable to be determined.
3.6.2.10. Summary Across Studies: How do Experimental Observations Align With
California Inventory Efforts?
Taking the above experimental efforts in the aggregate, some general conclusions can be
drawn about the California GHG inventory:
• Experimental evidence points to CARB inventories generally underpredicting CH4
emissions in California. The degree of estimated underprediction varies by study,
and no scientific consensus has yet emerged.
• Uncertainties are not reported for CARB inventories, and uncertainties for
experimental studies are typically on the order of 15–30%.
• Studies point to livestock and oil and gas sources as drivers of these excess
CH4 emissions. There may be a regional effect observed here: livestock
underprediction may be more important in studies focused on the northern SJV,
while oil and gas under-prediction may be more important in studies focused on
southern SJV and SC air districts.
• There is still considerable uncertainty in the observational literature about the
precise level of CH4 emissions from the California oil and gas industry.
• None of the experimental studies performed in California targeted well
stimulation activities, so none of these studies provides evidence as to the
accuracy of potential inventory treatment of well stimulation activities.
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3.7. Findings
• Fields that are currently produced with well stimulation technologies in
California have, on average, lower greenhouse gas emissions from oil production
than a typical California oil field, and lower than fields produced without
well stimulation.
• Because California produces a significant amount of high carbon intensity heavy
crude oil in non-stimulated fields, reducing the use of well stimulation could result
in an increasing reliance on more GHG-intensive sources of crude oil. More analysis
involving market-based life cycle analysis is required to understand the potential
impacts of removing hydraulic-fracturing-induced oil from California’s oil supply.
• Current California air quality inventory methods likely include at least some wellstimulation-related emissions in their results. Inventory methods are not designed
to estimate well stimulation emissions directly, and it is not possible to determine
well stimulation emissions from current inventory methods.
• Using current inventory methods, the oil and gas sector is a minor contributor to
GHG, emissions in California, contributing about 4% to state emissions.
• In the San Joaquin Valley, the oil and gas sector is a material contributor to TAC
emissions, especially hydrogen sulfide, which is emitted mostly from oil and gas
sources. In the San Joaquin Valley, the oil and gas sector contributes 30% of SOx
and 8% of ROG emissions.
• In the South Coast region, the oil and gas sector emits less than 1% of all
studied species.
• Due to the fact that about 20% of California production is induced by well
stimulation, direct and indirect impacts from well stimulation should be
approximately 1/5 of above impacts.
• Local effects of air emissions can be more significant than the above analyses
at the air basin scale. See Volume II, Chapter 6 for more discussion of local air
impacts and impacts on populations that live near production sites.
• More research is required on overall leakage rates from oil and gas systems to
better understand the breakdown of VOC and TAC emissions between sources
(e.g., produced hydrocarbons, solvents, other process chemicals).
• Regulatory processes are currently in flux in a number of U.S. states, as well as
federally. Current regulatory processes (e.g., federal EPA regulations) will greatly
reduce some previously large emissions sources from well stimulation.
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• Technologies exist to greatly reduce GHG and VOC emissions from well
stimulation. Well stimulation direct emissions can be controlled through reduced
emissions completions technologies.
• There are currently a number of significant gaps in the scientific literature with
respect to the air emissions from well stimulation in particular, as well as in
understanding air emissions from the oil and gas sector more generally.
3.8. Conclusions
Well stimulation is a potential source of air quality impacts in California. The oil and gas
industry in general is a minor source of California’s GHG emissions. In regions with large
oil and gas sectors, such as the SJV region, the oil and gas industry is a major contributor
to some TAC emissions and to SOx emissions. The oil and gas industry materially
contributes to ROG emissions as well. Because current inventory methodologies used in
California were not designed to differentiate well stimulation emissions from other oil
and gas emissions, it is not currently possible to estimate direct air emissions from well
stimulation in California.
A number of regulatory and technical approaches to reducing emissions from well
stimulation (and oil and gas production more generally) are available and currently used
in at least some jurisdictions. The regulation of well stimulation emissions is still in flux at
state and federal levels, and California is no exception.
The few studies that have examined well stimulation emissions directly have found that
emissions are generally small, especially if control technologies are applied (as required by
federal regulations for stimulated natural gas wells). These studies are few in number, so
uncertainty still remains about the sources of air emissions from well stimulation. Given
the importance of the California oil and gas sector for some emissions sources (e.g., TACs
in the San Joaquin Valley), a significant induced increase of oil and gas production due
to well stimulation could result in meaningful additional indirect air impacts. For other
air quality concerns, or for smaller induced production volumes, it is unlikely that well
stimulation will materially affect air quality.
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4.1. Abstract
Induced seismicity refers to seismic events caused by human activities. These activities
include injection of fluids into the subsurface, when elevated fluid pore pressures can
lower the frictional strengths of faults and fractures leading to seismic rupture. The vast
majority of induced earthquakes that have been attributed to fluid injection were too
small to be perceptible by humans. However, events induced by injection have on several
occasions been felt at the ground surface, and in extremely rare cases have produced
ground shaking large enough to cause damage. These larger events can occur when large
volumes of water are injected over long time periods (months to years) into zones in or
near potentially active earthquake sources.
The relatively small fluid volumes and short time durations (hours) involved in most
hydraulic fracturing operations are generally not sufficient to create pore-pressure
perturbations of large enough spatial extent to generate induced seismicity of concern.
Current hydraulic fracturing activity is not considered to pose a significant seismic hazard
in California. To date, only one felt earthquake attributed to hydraulic fracturing in a
California oil or gas field has been documented, and that was anomalous because it was
a slow-slip event that radiated much lower energy at much lower dominant frequencies
than ordinary earthquakes of similar size.
In contrast to hydraulic fracturing, earthquakes as large as magnitude 5.7 have been
linked to injection of large volumes of wastewater into deep disposal wells in the
eastern and central United States. Compared to states that have recently experienced
large increases in induced seismicity, water volumes disposed per well in California are
relatively small.
Despite decades of production and injection in oil and gas fields, extensive seismic
monitoring, and vigorous seismological research in California, there are no published
reports of induced seismicity associated with wastewater disposal related to oil and gas
operations in the state. However, the potential seismic hazard posed by current water
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disposal in California is uncertain because possible relationships between seismicity
and wastewater injection have yet to be studied in detail. Injection of larger volumes of
produced water from increased well stimulation activity and the subsequent increase in
oil and gas production could conceivably increase the hazard. Given the active tectonic
setting of California, it would be prudent to carry out assessments of induced seismic
hazard and risk for future injection projects, based on a comprehensive study of spatial
and temporal relationships between wastewater injection and seismicity.
The closest wastewater disposal wells to the San Andreas Fault (SAF) are located in
oilfields just over 10 km (6.2 mi) away in the southern San Joaquin Valley. It is unlikely
that current wastewater injection in these wells would induce earthquakes on the fault.
If in the future significantly higher-volume injection were to take place in or close to these
existing oilfields, then it is plausible that the likelihood of inducing earthquakes on the
SAF could increase.
The probability of inducing larger, hazardous earthquakes by wastewater disposal could
likely be reduced by following protocols similar to those that have been developed for
other types of injection operations, such as enhanced geothermal. Even though hydraulic
fracturing itself rarely induces felt earthquakes, application of similar protocols could
protect against potential worst-case outcomes resulting from these operations as well.
4.2. Introduction
Induced seismicity refers to seismic events caused by human activities, which can include
injection of fluids into the subsurface. The vast majority of induced earthquakes that have
been attributed to fluid injection were too small to be perceptible by humans. However,
seismic events induced by fluid injection have on several occasions been felt at the ground
surface, and in extremely rare cases have produced ground shaking large enough to cause
damage. This chapter reviews the current state of knowledge about induced seismicity,
and discusses the data and research that would be required to determine the potential
for induced seismicity in California, including along the SAF. Measures to assess and, if
necessary, to reduce the risk from induced seismicity are also discussed.
4.2.1. Chapter Structure
This introductory section provides a brief overview of the general characteristics of
earthquakes and the basic cause of earthquakes induced by subsurface fluid injection,
followed by a summary of observed cases of induced seismicity related to well stimulation
activities. Section 4.3 first discusses the potential impacts of induced seismicity in terms of
the risks of nuisance and structural damage caused by ground shaking, and then describes
the mechanics of fluid-induced earthquakes and the characteristics of seismicity sequences
related to well stimulation. Section 4.4 considers factors that could influence the potential
for well stimulation in California to induce seismicity, and describes the studies needed to
assess that potential. Suggested measures to lower the likelihood of induced earthquakes
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occurring and hence reduce the risks are described in Section 4.5. Section 4.6 identifies
gaps in the available data that presently limit our ability to evaluate induced seismicity
in California, and then discusses potential actions to address those gaps. A summary of
findings and conclusions are presented in Sections 4.7 and 4.8, respectively.
4.2.2. Natural and Induced Earthquakes
An earthquake is a seismic event that involves sudden slippage along an approximately
planar fault or fracture in the Earth. This process occurs naturally as a result of stresses
that build up owing to deformation within the Earth’s crust and interior. The size of an
earthquake depends primarily on the area of the patch on the fault that slips and the
amount of relative displacement across the slip patch. Earthquake sizes range over many
orders of magnitude. There are many more small events than large events; a decrease of
one unit in the magnitude scale (see below and Appendix 4.A) corresponds roughly to a
ten-fold increase in the number of events. As a result, the vast majority of earthquakes
can only be detected by sensitive instruments. If, however, the slip area is sufficient to
generate an earthquake larger than magnitude 2 to 3, the energy released during the
event can generate seismic waves sufficient to produce ground motions that can be felt
by humans, and larger events (usually about magnitude 5 and above) can in some cases
cause structural damage. Over one million natural earthquakes of magnitude 2 or more
occur worldwide every year (National Research Council (NRC), 2013).
As discussed in Appendix 4.A, several alternative magnitude scales are commonly used
to express earthquake sizes. These employ different methods to compute magnitude,
but all of the scales are roughly consistent with each other (within one-half magnitude
unit) for earthquakes smaller than about magnitude 7. Henceforth in this report, we use
published moment magnitudes, Mw. When discussing specific earthquakes for which Mw
was not reported, we use the published magnitude, which, for the earthquakes discussed
below, include only local magnitude, ML and body-wave magnitude, mb. In published
cases when the scale was not specified, or to refer to magnitude in a general sense, we
use the designation “M”. Definition of the term “microseismicity” is somewhat arbitrary;
for example, in earthquake seismology microseismicity usually refers to earthquakes
smaller than Mw2-3, whereas in hydrofracture monitoring it commonly refers to events
smaller than Mw0. In this report, we use microseismicity to describe earthquakes having
magnitudes less than Mw3.
Earthquakes caused by human activity are termed induced seismicity. Activities that
can induce earthquakes include underground mining, reservoir impoundment, and the
injection and withdrawal of fluids as part of energy production activities (NRC, 2013).
Note that some authors distinguish between “induced” and “triggered” events according
to various criteria (e.g., McGarr et al., 2002; Baisch et al., 2009). In this report we do not
make this distinction, but refer to all earthquakes that occur as a consequence of human
activities as induced seismicity.
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4.2.3. Induced Seismicity Related to Well Stimulation
Induced earthquakes related to well stimulation can be caused by injection of fluids
into the subsurface, both for hydraulic fracturing stimulation itself and for disposal of
recovered fluids and produced wastewater during stimulation and subsequent production.
The predominant mechanism responsible for a fluid injection-induced earthquake is an
increase in the pore-fluid pressure within a fault that reduces the confining stress that
holds the two sides of the fault together, thus reducing its frictional resistance to slip
(Hubbert and Rubey, 1959). Applying this mechanism to estimate the probability that
seismic events of concern will be caused by a particular operation requires measurement
or calculation of (1) the development of the subsurface pore-pressure perturbation in
time and space, (2) characterization of faults likely to experience elevated pressures, and
(3) characterization of rock material properties and in situ stress conditions. Because in
practice these input parameters are often known only within broad bounds, an important
part of the analysis is to properly constrain the uncertainties in order to correctly
determine uncertainty bounds on the calculated event probabilities.
To date, the largest observed event attributed to hydraulic-fracture well stimulation
is an ML3.8 earthquake that occurred in the Horn River Basin, British Columbia, in
2011 (BC Oil and Gas Commission, 2012). The generally lower magnitudes of events
associated with hydraulic fracturing relative to those induced by wastewater disposal
are usually attributed to the short durations, smaller volumes, and flowback of injection
fluids following stimulation, which result in smaller regions affected by elevated fluid
pressures compared with the longer time periods and much higher volumes of wastewater
injection. None of the events related to hydraulic fracturing reported in the literature have
occurred in California and (with the possible exception of one paper that discusses an
abnormal slow earthquake) we have found no published study that addressed this topic
in California. If hydraulic fracturing operations carried out in California to date have, in
fact, not induced normal seismic events above M2, possible explanations are that most of
the well stimulation takes place in vertical wells at relatively shallow injection depths and
employs relatively small injected volumes (Chapter 2). Volume I of this report concludes
that salient features of hydraulic fracturing in California in the near- to mid-term are
expected to be similar to those experienced thus far. If in the longer term hydraulic
fracturing in the state shifts to larger injected volumes and deeper stimulation, then the
likelihood of induced seismicity from hydrofracturing could increase.
The largest observed earthquake suspected to be related to wastewater disposal in
the U.S. to date is a 2011 Mw5.7 event near Prague, Oklahoma (Keranen et al., 2013;
Sumy et al., 2014), although the cause of this event is still under debate (Keller and
Holland, 2013; McGarr, 2014). The largest earthquake clearly linked to stimulationrelated wastewater injection is a 2011 Mw5.3 event in the Raton Basin of Colorado and
New Mexico (Rubinstein et al., 2014). Despite decades of oil and gas production and
wastewater injection, extensive seismic monitoring and exceptional in-depth research into
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the occurrence and mechanics of regional and local earthquakes, there are no published
reports of induced seismicity caused by wastewater disposal related to oil and gas
operations in California. However, there has been no comprehensive, in-depth study of the
relationship between seismicity and disposal operations in the state.
Typical wastewater volumes injected per well in California are generally less than those
associated with well stimulation operations in other parts of the country where induced
seismicity has occurred. For example, typical wastewater volumes injected in Kern
County to date have been about one fourth of those resulting from well stimulation in
the Barnett shale and injected in the Dallas-Fort Worth area in Texas, where induced
seismicity has been reported from ongoing observational studies. This might suggest that
at the present time the potential for induced seismicity related to wastewater disposal in
California may be relatively low compared with some other regions in the U.S. However,
because the possible relationship between injection and seismicity in California has yet
to be investigated, the potential seismic impact is at present unknown. Expanded well
stimulation activity would require disposal of larger volumes of fluid, which would
potentially increase the impact. Given the active tectonic setting of California, it will
be prudent to carry out an assessment of induced seismic hazard and risk as part of the
permitting process for future injection projects, particularly in areas where there are active
faults and that experience naturally occurring seismicity. A comprehensive study of spatial
and temporal relationships between wastewater injection and seismicity is necessary
to provide a basis for such assessments. The chance of inducing larger, hazardous
earthquakes would most likely be reduced by following protocols similar to those that
have been developed for other types of injection operations, such as those for enhanced
geothermal energy production (e.g. Majer et al., 2012).
4.3. Potential Impacts of Induced Seismicity
Induced seismicity can produce felt or even damaging ground motions when large
volumes of water are injected over long time periods into zones in or near potentially
active earthquake sources. The relatively small fluid volumes and short time durations
involved in most hydraulic fracturing operations themselves are generally not sufficient
to create pore-pressure perturbations of large enough spatial extent to generate induced
seismicity of concern. In contrast, earthquakes as large as Mw5.7 have been linked to
injection of large volumes of wastewater into deep disposal wells in the eastern and
central United States (Keranen et al., 2013; Sumy et al., 2014).
Seismic hazard is defined as the probability that a specific level of ground shaking will
occur at a particular location during in a specified interval of time. This formal definition
is a departure from the meaning of the more general term “hazard”, which refers to
possible negative outcomes or impacts. In this chapter, the word hazard alone indicates
the more general possibility of impact, while the term seismic hazard will be used to
refer to the formal definition used by the seismic hazard community. Seismic risk is the
probability of a consequence, such as deaths and injuries or a particular degree of building
damage, resulting from the shaking. Risk, as defined with regard to seismic ground
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motion, therefore combines the seismic hazard with the vulnerability of the population
and built infrastructure to shaking, so that for the same seismic hazard, the risk is higher
in densely populated areas. This use of the word risk is consistent with that used in other
fields and involves both likelihood (probability of occurrence) and impact severity.
4.3.1. Building and Infrastructure Damage
Conventional seismic hazard and risk assessment deal with building and infrastructure
damage—and the possible resulting injuries and loss of life—caused by strong ground
shaking generated by naturally occurring earthquakes. The threshold magnitude for
earthquakes to be capable of causing structural damage is generally considered to be
about Mw5. Ground shaking from induced seismicity poses a potential incremental hazard
above the natural background that needs to be considered in assessing the overall risk of
an injection operation.
4.3.2. Nuisance from Seismic Ground Motion and Public Perception
Unlike assessing risk from naturally occurring seismicity, in the case of induced seismicity
the likelihood of causing public nuisance from small events that are felt in nearby
communities also has to be considered. This seismic risk includes minor cosmetic damage
such as cracked plaster, as well as annoyance, alarm, and other adverse effects such as
disrupted sleep. The magnitude threshold for felt events can be as low as M1.5–2.0 for the
shallow depths of seismicity that are typically associated with fluid injection. In general,
small earthquakes occur more frequently than large ones (see Section 4.2.2). Therefore,
the frequency of occurrence of felt events can be relatively high, so that they may pose an
ongoing impact on the quality of life in nearby communities.
4.3.3. Mechanics of Earthquakes Induced by Subsurface Fluid Injection
This section summarizes the physical mechanisms responsible for earthquakes induced by
fluid injection. Fluid injection related to well stimulation takes place both for hydraulic
fracturing and for wastewater disposal. In general, induced seismicity related to well
stimulation is dominated by perturbations in fluid pore pressure, rather than by changes
in in situ principal stresses (NRC, 2013). The characteristics of pore-pressure perturbations
and induced seismicity resulting from hydraulic fracturing and wastewater disposal and
their potential impacts are discussed in Sections 4.3.4 and 4.3.5, respectively.
During fluid injection there can be two types of rock failure, tensile and shear. Below
we describe these two types of failure in the context of injection operations related to
well stimulation.
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4.3.3.1. Tensile Fracturing
The primary objective of hydraulic fracturing is to inject fluid into the earth to create a
new fracture that connects the pores and existing fractures in the surrounding rock with
the well, thus forming a permeable pathway that enables the oil and/or gas (and water)
in the pores and fractures to be recovered. Hydraulic fractures are created by the rock
failing in tension when the fluid pressure exceeds the in situ minimum principal stress
(see Appendix 4.B). In this type of failure, a roughly planar fracture forms in the rock, and
the walls of the fracture move apart perpendicular to the fracture plane at the same time
as the fracture propagates (grows) at the crack tip in the direction parallel to the fracture
plane. While there may be bursts of fracturing over short length scales at the crack tip,
large-scale hydraulic fractures form slowly (hours) and can extend up to hundreds of
meters away from the well. Although the physical processes at the crack tip are not yet
fully understood, it appears that the amount of seismic energy radiated as the tensile
fracture propagates is small and difficult to detect. Therefore, hydraulic fracture growth
itself is responsible for little, if any, of the seismicity recorded in the field, and it probably
makes little or no contribution to seismic hazard.
4.3.3.2. Shear Failure on Pre-existing Faults and Fractures
Shear failure on existing faults and fractures can occur both during stimulation by
hydraulic fracturing and during wastewater disposal. During stimulation, shear events
serve to enhance the permeability of small, existing fractures and faults and to link them
up to create conductive networks connected to the main hydraulic fracture. Shear slip is
the type of failure that occurs in most natural tectonic earthquakes, and it is shear
events on larger faults that can produce perceptible or damaging ground motions at
the Earth’s surface.
During a shear event the two faces of the fault slip in opposite directions to each other
parallel to the fault surface. The conditions for the initiation of shear slip are governed
by the balance between the shear stress applied parallel to the fault surface, the cohesion
across the fault, and the frictional resistance to sliding (shear strength). Assuming that the
cohesion is negligible, these conditions are summarized in the Coulomb criterion,
				τ = μ (σ - p)				(4-1)
in which an applied shear stress (τ) is balanced by the shear strength, which is the
product of the coefficient of friction (μ) and the difference between normal stress (σ)
and pore-fluid pressure (p). Shear stress is directed along the fault plane, while normal
stress is directed perpendicular to the plane. The quantity (σ - p) is called the effective
stress. Effective stress represents the difference between the normal stress, which pushes
the two sides of the fault together and increases the frictional strength, and the fluid
pressure within the fault, which has the opposite effect. The Coulomb criterion states that
slip will occur when the shear stress (τ) exceeds the strength of the fracture (right-hand
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side of Equation 4-1). The shear stress that drives earthquake slip results from strain
that accumulates in the Earth’s crust, primarily as a result of tectonic and gravitational
loading. An earthquake occurs when a fault fails in shear, releasing stored strain energy.
In a tectonic earthquake, fault failure occurs when the accumulated shear stress reaches
the critical value. Fault failure can also be initiated by decreasing the effective stress either
by decreasing the normal stress (σ) that holds the fault closed and unable to slip, or by
increasing the fluid pressure, which tends to push the sides of the fault apart, enabling slip.
4.3.3.3. Factors Influencing the Probability of Occurrence of Induced Earthquakes
If elevated pore pressures produced by either hydraulic fracturing or wastewater
injection reach nearby faults or fractures, the resulting decrease in effective stress on
the fault/fracture planes can cause induced seismicity. Therefore, in both activities,
one consideration in developing an injection strategy should be to prevent the pressure
perturbation from reaching larger faults capable of generating significant seismic events.
This would help to minimize the seismic hazard and, in the case of well stimulation, to
inhibit the fracture from propagating beyond the bounds of the hydrocarbon reservoir
and providing a potential leakage pathway.
The primary factors that determine the probability of inducing seismic events are the
volume of injected fluids, the spatial extent of the affected subsurface volume, ambient
stress conditions, and the presence of faults that are well oriented for slip and are nearcritically stressed (Appendix 4.B). The primary factors affecting the magnitude and extent,
shape, and orientation of a pore-pressure perturbation include the injection rate and
pressure, which are generally interdependent, the total volume injected, the hydraulic
diffusivity (a measure of how fast a pore-pressure perturbation propagates in the fluids
in the pore space), and the stress state and natural fracture orientation and conductivity
under injection conditions. At early stages of an injection, the extent of the pressure
perturbation depends on the hydraulic diffusivity and the duration of the injection, while
the maximum pore pressure depends on the product of injection rate and duration divided
by the permeability (NRC, 2013). At later stages, the induced pore-pressure field does not
depend on the injection rate or permeability, but becomes proportional to the total volume
of fluid injected.
4.3.3.4. Maximum Magnitude of Induced Earthquakes
The vast majority of earthquakes induced by fluid injection in general do not exceed M1
(e.g., Davies et al., 2013; Ellsworth, 2013). However, larger magnitude earthquakes (M >
2) have resulted from both wastewater injection and hydraulic fracturing. McGarr (2014)
proposed estimating upper bounds on induced earthquake magnitudes based on net total
injected fluid volume, observing that such a relationship is found to be valid for the largest
induced earthquakes that have been attributed to fluid injection. Shapiro et al. (2011)
proposed a similar approach to estimating maximum magnitude, based on the dimensions
of the overpressurized zone deduced from observed microseismicity. Brodsky and Lajoie
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(2013) also concluded that induced seismicity rates associated with the Salton Sea
geothermal field correlate with net injected volume. However, the approaches proposed by
both McGarr (2014) and Shapiro et al. (2011) appear to imply that fault rupture induced
by the injection occurs only within the volume of pore-pressure increase. An alternative
hypothesis is that a rupture that initiates on a fault patch within the overpressured volume
can continue to propagate beyond its boundaries, in which case the possible maximum
magnitude is determined by the size of the entire fault. Indeed, McGarr (2014) does not
regard that his relationship determines an absolute physical limit on event size.
4.3.4. Induced Seismicity Resulting from Hydraulic Fracturing Operations
Because hydraulic fracture treatments are carried with relatively small injected volumes
over short time periods and a proportion of the fluid flows back up the well following
stimulation, the volume of the subsurface affected by pressure perturbations is usually
confined within a few hundred meters of the wellbore, as shown by microseismic and
tiltmeter fracture mapping results (e.g., Shemeta et al., 1994; Shapiro and Dinske,
2009; Davies et al., 2012; Fisher et al., 2002; Fisher et al., 2004). Davies et al. (2013)
cite evidence to suggest that induced shear events in the vicinities of stimulation zones are
mainly caused by fluids leaking off into preexisting faults and fractures intersected by the
hydraulic fracture. Shear failure may also occur on nearby, favorably oriented faults and
fractures isolated from the zone of increased pressure due to perturbation of the
local stress field near the tip of the propagating hydraulic fracture (e.g., Rutledge and
Phillips, 2003).
There can be a time delay between the beginning of injection and the occurrence of larger
(M > 2) events, and in several cases the largest event has occurred after injection ceases.
The longest time delay observed to date following a well stimulation injection was almost
24 hours before the occurrence of the largest (ML3.8) event at the Horn River Basin, BC
site (BC Oil and Gas Commission, 2012). A 2011 ML2.3 earthquake in Blackpool, UK,
occurred about 10 hours after injection ceased at the Preese Hall 1 stimulation well (de
Pater and Baisch, 2011).
Overall, because of the relatively small volumes of rock that experience elevated pressures,
there is a lower potential seismic hazard from short-duration hydraulic fracture operations
than from disposal of large volumes of wastewater. The fact that, to date, the maximum
magnitudes of events caused by hydraulic fracturing have been well below those usually
considered to be capable of causing damage suggests that the likelihood of damaging
events being induced by hydraulic fracturing is very low.
Published cases of known or suspected fluid injection-induced seismicity resulting from
well stimulation and wastewater disposal that included events greater than M1.5 are
described in Appendix 4.C. Five out of the six seismicity sequences listed in Table 4.C-1
attributed to hydraulic fracturing worldwide included felt earthquakes, and in all but one
of these five cases, only one or two events were reported felt. This suggests that the risk of
nuisance is also quite low. However, it is pertinent that all but one of the cases involving
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felt earthquakes have occurred during the major upsurge in well stimulation activity since
2010, so that a further increase in activity in a particular region may increase the overall
seismic hazard and risk there beyond past experience.
4.3.5. Induced Seismicity Resulting from Wastewater Disposal
Large-scale, continuous injection of wastewater into a single formation over time periods
of months to years commonly generates overpressure fields of much larger extent than
those resulting from well stimulation. For example, at the Rocky Mountain Arsenal,
Colorado significant earthquakes caused by fluid injection occurred 10 km (6.2 mi) away
from the injection well (Healy et al., 1968; Herrmann et al., 1981; Nicholson and Wesson,
1990). Hydrologic modeling of injection into the deep well at the site indicated that the
seismicity tracked a critical pressure surface of 3.2 MPa (Hsieh and Bredehoeft, 1981).
Long time delays between the cessation of injection and the occurrence of larger events
have also been observed in several cases. For example, at the Rocky Mountain Arsenal,
the largest earthquake (Mw4.8) occurred 17 months after injection ceased (Herrmann et
al., 1981).
Generally, the likelihood of inducing larger events increases as the volume of injected
wastewater increases. The largest earthquake suspected of being related to wastewater
disposal is the 2011 Mw5.7 Prague, Oklahoma event (Keranen et al., 2013; Sumy et al.,
2014), but the causal mechanism of this event is still the subject of active research, and
the possibility that it was a natural tectonic earthquake cannot confidently be ruled out
at present. The largest earthquake for which there is clear evidence for a causative link
to stimulation-related wastewater injection is the 2011 Mw5.3 event in the Raton Basin
of Colorado and New Mexico (Rubinstein et al., 2014). It is important to note, however,
that significant induced seismicity has occurred at very few of the tens of thousands
of wastewater disposal wells currently or formerly active in the U.S. (e.g., NRC, 2013;
Ellsworth, 2013; Weingarten and Ge, 2014).
In most of the reported cases of induced seismicity associated with wastewater disposal
listed in Table 4.C-1, events occurred both in the sedimentary formation into which
the injection took place and, except in the Dallas-Fort Worth and Cleburne, Texas
sequences, in the underlying crystalline basement rocks. In all of the cases, the seismicity
illuminated planar features that were interpreted as favorably oriented faults reactivated
by injection. Most of the faults interpreted from the seismicity had not been mapped on
the ground surface. Reactivation of faults well below the injection interval can occur if
there is hydraulic communication between them and the well (Horton, 2012; Justinic et
al., 2013), and although the matrix permeability of basement rock is generally very low,
critically stressed faults and fractures in this part of the brittle crust can serve as high
permeability channels (Townend and Zoback, 2000; Fehler et al., 1998; Shapiro et al.,
2003). The maximum depth of seismicity in the cases listed in Table 4.C-1 ranged from
about 4 to 8 km (2.5 to 5 mi).
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All seven of the M4 and larger earthquakes that occurred within the fluid injectioninduced seismicity sequences listed in Table 4C-1 and that have relatively accurate
hypocentral locations constrained by local seismic networks nucleated at depths between
3 and 6 km (1.9 and 3.7 mi). This depth range is assumed to correspond to the zone some
distance below the injection interval where high fluid overpressures over relatively large
fault areas coincide with stresses that put favorably oriented faults into a near-critical
state; i.e. where the pressure reaches the critical value needed to nucleate a larger event.
Deeper seismicity corresponds both to aftershocks of the larger events and to smaller
magnitude events perhaps triggered at lower pressures.
Relatively high seismic hazard from earthquakes below Mw4.5 translates into a greater risk
of nuisance if the seismicity occurs close to inhabited areas. Of the 14 events in Table 4.C1 attributed to wastewater disposal, five were larger than Mw4.5. Only three of these, the
Mw4.8 1967 Rocky Mountain Arsenal, the Mw5.7 2011 Prague, and the Mw5.3 2011 Raton
Basin events, caused anything more significant than localized minor damage. However,
as noted above, events as small as about Mw5 are generally considered to be capable of
causing significant damage under certain circumstances (shallow focal depth, construction
that is not seismically resistant, etc.), at least in the vicinity of the epicenter. Therefore,
although it may be low in absolute terms, the seismic risk of damage associated with
wastewater injection is relatively much greater than that associated with well stimulation.
In view of the dramatic increase in seismicity—including all but one of the events greater
than Mw4.5 in Table 4.C-1—that has accompanied the upswing in wastewater disposal
in some parts of the U.S. beginning in 2010 (see U.S. Geological Survey, 2015), a future
increase in the rate of operations in a particular region may increase the likelihood of
damage there, as well as nuisance.
4.4. Potential for Induced Seismicity in California
All of the U.S. cases of induced seismicity related to fluid injection discussed in Appendix
4.C occurred within the continental interior, where tectonic deformation rates are very
low. California, on the other hand, is situated within an active tectonic plate margin,
where the rapid buildup of shear stress on the numerous active faults (Figure 4.4-1)
results in much higher seismicity rates in many areas of the state than in the continental
interior, as can be seen in Figure 4.4-2. If, as discussed in Appendix 4.B, the Earth’s upper
crust is generally in a near-critical stress state, then the high loading rates would imply
that a relatively high proportion of faults in California will be close to failure at any given
time, and hence susceptible to earthquakes triggered by small effective stress or shear
stress perturbations.
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4.4.1. California Faults and Stress Field
Unlike the central and eastern U.S., a large number of active faults have been mapped
at the Earth’s surface and characterized in California. Figures 4.4-1 and 4.4-2 show the
surface traces of active faults in central and southern California contained in the U.S.
Quaternary Fault and Fold (USQFF) database (http://pubs.usgs.gov/fs/2004/3033/fs2004-3033.html). This database contains descriptions of faults known or believed to have
been active during the Quaternary period (the last 1.6 million years). While particular
attention should be paid to these faults in assessing the potential for induced seismicity
and in siting injection operations, local faults that are suitably oriented for slip in the
prevailing in situ stress field (see Appendix 4.B) also need to be taken into account, as
does the possible presence of unmapped faults like the basement faults activated in some
of the recent cases of mid-continent induced seismicity discussed above. This is further
discussed in Section 4.6.3 below.
Figure 4.4-1 shows the relationship of faults to the higher-quality (quality A-C) stress
measurements in central and southern California taken from the World Stress Map
database (Heidbach et al., 2008), which is the most recent compilation of tectonic stress
orientations, and in some cases the magnitudes of principal stress components. These
measurements are derived from observations of wellbore breakouts, earthquake focal
mechanisms, pressure and tiltmeter monitoring of hydraulic fractures, and geological
strain indicators.
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Figure 4.4-1. High-quality stress measurements for central and southern California from

the World Stress Map (Heidbach et al., 2008), plotted with mapped faults from the USQFF

database. The line plotted at the location of each stress measurement shows the orientation of
the maximum horizontal compressive stress direction, color-coded according to stress regime.

4.4.2. California Seismicity
The generally low magnitude earthquake detection threshold in California, discussed
in Appendix 4.A, means that California earthquake catalogs provide a relatively highresolution picture of seismicity in the state as a whole. Figure 4.4-2 shows high-precision,
relocated epicenters of California earthquakes M≥3 recorded in central and southern
California between 1981 and 2011 contained in the Southern California Earthquake Data
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Center (SCEDC) 2013 catalog (Hauksson et al., 2012). Intense seismicity occurs along
segments of the major fault systems like the SAF zone in central California, in addition
to relatively frequent (10s to 100s of years), large (Mw ≥ 6) earthquakes. Large events
accompanied by aftershock sequences have also occurred during this 30-year time period
under the western slopes of the Central Valley near Coalinga (1983) and Kettleman
Hills (1985), near Northridge (1994) and Whittier (1987, M5.9) north of Los Angeles,
and along the coast near San Simeon (2003). Elsewhere, lower-magnitude seismicity is
generally more diffuse. In addition to the Los Angeles Basin, oil-producing areas of the
southernmost San Joaquin Valley and the Ventura Basin have relatively high rates of
seismicity in the M2-5 range.
The vast majority of earthquakes in California are naturally occurring, but we can still
question whether some of them may have been induced by fluid injection related to
oil and gas recovery. The bulk of the seismicity that occurs in California is located at
depths below about 2-3 km (1.2 – 1.9 mi). Therefore, the upper boundary of the main
seismogenic zone is within about the same depth range as the deepest wastewater disposal
wells for which depth information is available in the DOGGR (2014a) database, and about
1 km (0.6 mi) deeper than the depths of the wells having the highest cumulative injected
volumes (see Section 4.4.3.1). Based just on the observed depths of earthquakes relative
to injection depths in the reported cases of induced seismicity discussed in Section 4.3.5,
it would appear that the overall potential for seismicity to be induced by wastewater
injection may be at least as high in California as in the central U.S. Furthermore, some
M5-6 events are observed to occur at relatively shallow depths in California, which
suggests that induced earthquakes could be at least as large as those experienced to date
in the continental interior. For example, ten (out of a total of 98) M5-6 earthquakes in
the Hauksson et al. (2012) 1981–2011 catalog have focal depths between 3 and 6 km
(1.9 and 3.7 mi), the depth range of M4 and larger induced events in the mid-continent
(Section 4.3.5).
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Figure 4.4-2. High-precision locations for earthquakes M≥3 in central and southern California
during the period 1981-2011 (Hauksson et al., 2012), and active and previously active water
disposal wells from DOGGR (2014a). Faults as in Figure 4.4-1.

While the above argument suggests that induced seismicity could potentially be caused
by wastewater disposal in California, analysis of the relationship of seismicity to injection
operations in the state is necessary to find out if that is indeed the case and, if so, to assess
the resulting seismic hazard. Despite decades of injection in Californian oil and gas fields
and one of the most active seismological monitoring and research programs in the world,
no systematic study to explore possible associations between seismicity and fluid injection
related to oil and gas production in the state has yet been completed. Although there have
been numerous studies of induced seismicity associated with injection and production in
geothermal fields in California (e.g., Eberhart-Phillips and Oppenheimer, 1984; Majer et
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al., 2007; Kaven et al., 2014; Brodsky and Lajoie, 2013), and microseismic monitoring is
routinely used to monitor hydraulic fracturing in oilfields (e.g., Murer et al., 2012; Cardno
ENTRIX, 2012), we have found only one published paper (Kanamori and Hauksson, 1992)
in which a California earthquake greater than M2 was linked to oilfield fluid injection. In
that case, the authors attributed the occurrence of a very shallow ML3.5 slow-slip event
to hydraulic fracturing at the Orcutt oilfield in the Santa Maria Basin. This event was
anomalous in that it radiated much lower energy at much lower dominant frequencies
than normal earthquakes of similar size.
4.4.3. Correlation of Seismicity and Faulting with Injection Activity in California
One of the reasons that there have been no detailed studies of possible links between
fluid injection in Californian oilfields and seismicity until recently is that small, naturally
occurring earthquakes are very frequent in many regions of California, making it difficult
to discriminate induced events in the M2-4 range from natural events (e.g., Brodsky and
Lajoie, 2013). In contrast, natural seismicity rates are very low over most of the central
and Eastern U.S., so if an earthquake does occur it is much easier to investigate whether
the cause could be anthropogenic. However, Goebel et al. (2014) have reported initial
results of a study that suggests that wastewater injection contributes to seismicity in Kern
County, and Hauksson et al. (2014) have begun to study the relationship of seismicity to
injection and production in the Los Angeles basin.
The most direct way to identify potential injection-induced seismicity on a statewide basis
would be to conduct a comprehensive, systematic search for statistically significant spatial
and temporal correlations between earthquake occurrence and injection rate, pressure,
depth and distance from suitably oriented faults at a local scale within each oil-producing
basin. A complete correlation analysis is beyond the scope of the present review. What this
section does include is a summary of injection depths and volumes in California and an
overview of the locations of injection wells relative to mapped faults and seismicity. Then
a preliminary example of exploratory data analysis that seeks to identify relationships
between injection and seismicity is presented. Given its generally higher potential for
inducing seismicity of concern, we focus on wastewater disposal in California since 1981.
4.4.3.1. Depths and Volumes of California Wastewater Injection
The basic data required to carry out detailed correlation analyses include comprehensive
records of the volume and pressure time histories and depths of injection in wastewater
disposal wells in California. However, in the California Division of Oil, Gas and Geothermal
Resources (DOGGR) database (DOGGR, 2014a), depth information is given for only
13% (329) of water disposal wells active since 1981. Reported depths range from 60 m
(197 ft) to 4.42 km (14,500 ft). Of these, 21 currently active water disposal wells in their
present configurations have recorded depths greater than 1.8 km (5,905 ft). The depth
range for the ten highest-volume injection wells for which depth information is available is
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732–838 m (2,400–2,750 ft). Compared with, for example, permitted injection intervals of
3.3–4.2 km (10,827–13,780 ft) in the Ellenberger Formation underlying the Barnett shale
(Frohlich et al., 2010), the available data suggest that typical wastewater injection depths
in California are about 1.5–3 km (4,921–9,842 ft) shallower than in Tarrant County in
Texas, where the 2008–2009 Dallas-Fort Worth induced seismicity sequence occurred (see
Appendix 4.C). However, this comparison is based on the very limited sample of California
disposal wells for which depths are available.
Previous case studies show that the occurrence of induced earthquakes is usually closely
associated with short-term changes in injection volume and pressure. Therefore, volume
and pressure time histories sampled at intervals minutes to hours are ideally required to
carry out detailed correlation analyses. However, volumes and pressures are reported on
a monthly basis in the DOGGR database. The reported volume rates and pressures are
assumed to be monthly averages.
Currently, average annual wastewater disposal volumes per well in California are
generally less than in other regions in the U.S. where well stimulation is taking place.
According to DOGGR (2010) (the most recent annual report available), total annual
wastewater injected in 2009 in Kern County was approximately 79.4 million m3 (21 billion
gal) into 611 active wells, or an average disposal rate of about 360 m3 (95,100 gal) per
well per day. This, for example, is less than one-fourth of typical water disposal rates of
1,590 m3 (420,000 gal) per well per day in Tarrant and Johnson Counties, Texas (Frohlich
et al., 2010). In the Raton Basin of Colorado and New Mexico, an increase in the average
daily rate of fluid injection to 300 m3 /day (79,250 gal/day) per well, comparable to
California’s average daily disposal rate, was linked to a significant increase in the number
of earthquakes greater than M3 (Rubenstein et al., 2014) (see Appendix 4.C), but in this
case the increase in injection rate took place simultaneously in 21 wells within the basin.
In terms of cumulative volume, there are 27 wells in California that have cumulative
injected volumes since 1977 greater than 16 million m3 (4.2 billion gal), 13 of which are
located on the eastern side of the southern San Joaquin Valley near Bakersfield. Further
investigation is needed to determine if these 13 high-volume wells were injecting into the
same pool. If this is the case, and if the wastewater was not injected into the same interval
as it was produced from, then the aggregate injected volume into the pool between
1977 and 2013 was 334 million m3 (88.2 billion gal). This is only one-half the aggregate
injected volume reported for the Raton Basin during the main period of induced seismicity
there between 2006 and 2013, when the 21 injection wells each disposed of 33 million m3
(8.7 billion gal) (Rubenstein et al., 2014). The reported aggregate volume for the Raton
Basin does not include the volume injected between 1995 and 2006, when the field was
under development.

283

Chapter 4: Seismic Impacts Resulting from Well Stimulation

4.4.3.2. Locations of Wastewater Injection Wells Relative to Mapped Faults
and Seismicity
Many active faults in California are not confined to the basement or deeper sedimentary
layers but extend all the way to the Earth’s surface. This means that in many cases
the lateral distance from a disposal well to a fault is likely as important as the depth
of injection in determining whether a hydraulic connection is established that allows
injection-induced pressure changes to reach the fault. Although cases like the Rocky
Mountain Arsenal and Raton Basin indicate that pressure perturbations large enough to
induce earthquakes can travel distances up to10 km (6.2 mi) or more along fault zones,
in all but one of the cases of mid-continent induced seismicity discussed in Section 4.3.5
the injection wells were located less than 3 km (1.9 mi) laterally from the fault defined
by the seismicity. The exception was Paradox Valley, Colorado, where the largest event
(Mw4.0 in January, 2013) induced by 17 years of continuous high-rate injection occurred
on a fault located 8 km (5 mi) away from the well (Block et al., 2014). The cumulative
volume injected in the Paradox Valley well between 1996 and 2012 was about 8.5 million
m3 (2.2 billion gal), about half of typical cumulative volumes injected into the 27 highestvolume wastewater disposal wells in California since 1977. It is important to note that
there is a high-permeability pathway between the Paradox Valley well and the fault
activated in the 2013 event, which apparently corresponds to a regional-scale fracture
zone (King et al., 2014).
These well-fault distances provide the context for the following brief summary of spatial
relationships between wastewater injections wells and surface faults and seismicity in
oil-producing basins in California.
Figure 4.4-3 summarizes the distribution of distances between wastewater disposal
wells active since 1981 and faults in the USQFF database in six oil-producing basins in
California. Across all six basins, over 1,000 wells are located within 2.5 km (1.5 mi) of a
mapped active fault, and more than 150 within 200 m (656 ft).
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Figure 4.4-3. Distribution of distances between wastewater disposal wells active during the
period 1981-present (DOGGR, 2014a) and Quaternary active faults in the six major oilproducing basins in California.

The maps in Figures 4.4-4 to 4.4-9 show the locations of disposal wells relative to mapped
faults and seismicity in four of the largest oil-producing basins. The faults are colored
according to the estimated time of their last earthquake activity as follows: historic (red),
<~150 years; Holocene/latest Pleistocene (orange), <15,000 years; latest-Quaternary
(yellow), <130,000 years; Quaternary (blue), <1.6 million years. The most recently
active faults and those with the highest long-term slip rates are considered to be the ones
most likely to experience future earthquakes. Long-term slip rates of California faults
range from less than 0.1 mm/yr to 34 mm/yr on the SAF.
The historically active trace of the White Wolf fault (slip rate 2 mm/yr) delineates the
southeastern boundary of the San Joaquin Valley (Figures 4.4-4 and 4.4-5). This fault
last ruptured in the 1952 M7.3 Kern County earthquake. (Other red traces on Figures
4.4-5 and 4.4-6 are ground fractures mapped following the 1952 earthquake or have
been linked to oilfield subsidence, and so they might not correspond to active faults.) The
closest well to the White Wolf fault is about 5 km (3.1 mi) south the surface trace (Figure
4.4-5). The densest concentration of seismicity is located to the southwest, where two
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Quaternary faults continue the trend of the historic White Wolf trace, and Holocene and
Quaternary traces of the Pleito fault system are also mapped. In addition to abundant
microseismicity, M4.7 and M5.1 earthquakes occurred in this area in 2005. Several
injection wells are located within 1 km (0.6 mi) of a Quaternary strand of the Pleito
system. Clusters of microearthquakes have occurred close to several of the injection wells
in this area, but others are located away from the wells.
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Figure 4.4-4. Earthquakes M≥1.5 in the southern San Joaquin Valley and Cuyama Basin from
Hauksson et al. 2012, plotted with active and previously active water disposal wells from

DOGGR (2014a) and faults from the USQFF database. Faults colored according to the time of

most recent activity. The White Wolf fault is the red trace in the southeast corner of the Valley.
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Figure 4.4-5. Earthquakes M≥1.5 in the southernmost San Joaquin Valley from Hauksson et al.
(2012). Wells and faults as in Figure 4.4-4.

Quaternary and latest-Quaternary faults are mapped at the surface near the dense
concentrations of disposal wells towards the eastern margin of the San Joaquin Valley in
the vicinity of Bakersfield (Figure 4.4-6). Many of the Quaternary faults strike roughly
north-south and are not favorably oriented for reactivation within the prevailing stress
field (Figure 4.4-1). The green triangles show the locations of 13 of the 27 disposal wells
in California having cumulative injected volumes greater than 16 million m3 (4.2 billion
gal). Earthquakes are observed only infrequently in this area. There is also only sparse,
scattered seismicity near the long chain of disposal wells along the southwestern margin
of the San Joaquin Valley (Figure 4.4-4). Most of the earthquakes in the dense cluster
further northwest are aftershocks of Mw6.5 and Mw6.1 earthquakes that occurred in 1983
and 1985, respectively on deeply buried (blind) faults (U.S. Geological Survey, 1990;
Ekström et al., 1992).
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In the Santa Maria Basin, numerous wastewater disposal wells are located within 1–2
km (0.6–1.2 mi) of the surface traces of favorably oriented northwest-striking latestQuaternary and Quaternary fault systems (Figure 4.4-7). All of the faults close to oilfields
in the Santa Maria Basin have estimated slip rates less than 1 mm/yr (see California
Geological Survey, 1996). The only dense cluster of seismicity is in the vicinity of the
group of wells in the east-central part of the basin located in the Zaca oilfield. This cluster
is discussed in Section 4.4.3.3 below. Numerous disposal wells in the Ventura Basin are
sited very close to mapped Holocene-active faults, most notably along the major, weststriking Holocene San Cayetano system (slip rate 6 mm/yr) in the northern part of the
basin, and to latest-Quaternary faults (Figure 4.4-8). Pockets of dense seismicity are
located both close to and remote from injection wells. Most of the events in the dense
cloud of seismicity at the eastern end of the basin are aftershocks of the deep (21 km; 13
mi) 1994 Northridge earthquake.
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Figure 4.4-6. Earthquakes M≥1.5 in the southeastern San Joaquin Valley near Bakersfield from
Hauksson et al. (2012). Wells having cumulative injected wastewater volumes >16 million m3

(4.2 billion gal) shown in green. Other wells and faults as in Figure 4.4-4.
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In the Los Angeles Basin (Figure 4.4-9), disposal wells are concentrated mainly in oilfields
located along the Holocene Newport-Inglewood fault zone (slip rate 1.5 mm/yr), a
segment of which was the source of the destructive 1933 Mw6.4 Long Beach earthquake,
and in the Wilmington oilfield. Several wells in the Wilmington field are located within
4 km (2.5 mi) of the Holocene Palos Verdes fault (slip rate 3 mm/yr). Only scattered
seismicity has occurred near any these fields except Inglewood and Cheviot Hills at the
northwestern end of the Newport-Inglewood trend. As in the Ventura Basin, clusters of
seismicity are located close to some disposal wells but also elsewhere. The cluster at the
top-center of the figure are aftershocks of the 2014 La Habra earthquake.
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Figure 4.4-7. Earthquakes M≥1.5 in the Santa Maria Basin from Hauksson et al. (2012). Wells
and faults as in Figure 4.4-4.
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Figure 4.4-8. Earthquakes M≥1.5 in the Ventura Basin from Hauksson et al. (2012). Wells and
faults as in Figure 4.4-4.

While numerous disposal wells in some of the basins are located very close to active
faults, not all of those necessarily have the potential for inducing seismicity. In some
cases injection may be into a depleted zone, in which years of oil production has reduced
the pressure below its pre-drilling state, thus increasing the resistance to slip on faults in
hydraulic connection with the reservoir (NRC, 2013). (Note that disposal into depleted
reservoirs is distinct from reinjection of wastewater for enhanced oil recovery by water
flooding; waterflood wells are listed separately in the DOGGR database.) In these cases,
the potential for induced seismicity will not exist until the pressure buildup resulting
from injection exceeds the original reservoir pressure. The DOGGR Online Well Record
Search (DOGGR, 2014b) tool details the pool(s) into which each disposal well injects, so
it should be possible to determine which wells inject into depleted zones by examining the
production records for the same pool.
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Figure 4.4-9. Earthquakes M≥1.5 in the Los Angeles Basin from Hauksson et al. (2012). Wells
and faults as in Figure 4.4-4.

4.4.3.3. Preliminary Example of a Spatiotemporal Correlation Analysis
To analyze potential correlations of seismicity with water injection, we first identify
clusters of earthquakes and then examine the relationships of the clusters to injection
volumes and pressures. This is illustrated for the Santa Maria Basin in Figure 4.410. Figure 4.4-10a shows 1981–2011 Santa Maria Basin earthquake epicenters in the
Hauksson (2012) catalog. To easily identify event clusters, each epicenter is color coded
according to the slant distance (i.e., including event depth) of the event hypocenter to its
nearest neighbor. Figure 4.4-10b shows the highly clustered seismicity contained in the
green rectangle in 4.4.10a at expanded scale and the spatial relationship of the events to
the locations of injection wells in the Zaca oilfield. Figures 4.4-10c and 4.4-10d compare
the occurrence history of these 66 earthquakes with injected fluid volume and pressure
histories for the four injection wells shown colored in Figure 4.4-10b. All of the events
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occurred between October 1984 and March 1987, and all but a few are clustered in two
bursts of activity in October 1984 and October-November 1986. Both bursts include one
event greater than M4.

Figure 4.4-10. Spatiotemporal analysis of a seismicity cluster in the Santa Maria Basin.

Earthquakes shown by solid circles in a and b are color-coded to show their closest slant

distances to neighboring events. Wastewater injection wells are shown as triangles. Events and
wells within the green rectangle in a are shown in b. Monthly injected volumes and wellhead
pressure taken from the DOGGR (2014a) database for the four wells colored in b and

identified by API number are plotted in c and d, respectively, along with the earthquakes in
b shown in black.
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The first burst of seismicity occurred about one month after the pressure in well
8301777 (magenta) reached its first peak following the abrupt increase in injection
rate and pressure that began in June 1984, and also coincides with the beginning of a
modest increase in pressure in well 8301784 (light green). These correlations suggest a
relationship between the event sequence and the combined effect of the pressure increases
in these two wells, which are the wells closest to the most densely clustered seismicity
in Figure 4.4-10b. The second burst of activity was not associated with pressure changes
apparent in the DOGGR database, but occurred shortly after a major decrease in injection
rate in well 8304562 (dark green). In this case, no immediate correlation with changes
in pressure in any of the wells is evident. However, all 66 earthquakes occurred during
a period when the pressures in wells 8301777 and 8301784 (and also in well 8304562)
were high, which further suggests a relationship between local seismicity and elevated
fluid pressure. These evident relationships merit further detailed analysis that includes
tests of statistical significance to investigate whether there is a causal link between the
seismicity and pressure changes. Note that the flat portions of the pressure histories for
the three wells mentioned above between May and December 1986 suggest missing data
for this period, so that the pressure increase in well 8304562 (and in 8300260) evident
after December 1986 may have begun earlier, perhaps following a pressure decrease
sometime after May 1986.
This simple example demonstrates that analysis of the spatial and temporal relationship
of earthquakes to wastewater injection has the potential to detect and characterize
induced seismicity in California. However, the apparent gaps in the pressure data for
several periods evident in Figure 4.4-10d, and the lack of depth information for any of the
disposal wells in the Zaca field, illustrate two of the deficiencies in the present DOGGR
well database that impede this kind of correlation analysis (see Section 4.6.1 below).
4.4.4. Potential for Induced Seismicity on the San Andreas Fault
The existing oilfields and disposal wells closest to the SAF are located just over 10 km
(6.2 mi) away along the western margin of in the San Joaquin Valley (Figure 4.4-4). This
is significantly greater than typical lateral well-fault distances of less than 3 km (1.9 mi)
for the fluid injection-induced seismicity cases observed in the continental interior (see
Section 4.4.3.2). It is similar to the 8 km (5 mi) distance between the Paradox Valley
injection well and the fault that was the source of the 2013 Mw4.0 earthquake, but in
that case a high-permeability pathway connects the well to the fault (Section 4.4.3.2).
Therefore, while the possibility that current, relatively low-volume, wastewater injection
in the San Joaquin Valley could induce earthquakes on the SAF cannot be entirely
discounted, we judge that that it is unlikely.
Using the Paradox Valley case as a benchmark, it is plausible that the likelihood of
triggering earthquakes on the SAF could increase if future high-volume wastewater
injection took place in or close to existing disposal wells along the western margin of
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the San Joaquin Valley. Future injection projects that could potentially alter fluid
pressures in the SAF or the other most active (high slip rate), major fault zones should
be subject to particularly rigorous screening and permitting procedures, as described in
the following section.
4.5. Impact Mitigation
Even if a comprehensive investigation of the relationship of seismicity to oilfield injection
were to conclude that the overall potential for induced seismicity in California is low, it
would be prudent to adopt measures to mitigate the risks from induced seismicity that
may be associated with new stimulation-related injection projects. It will be particularly
important to adopt such measures if there is an increase in stimulation activity and
expanded production, resulting in higher per-well volumes of injected wastewater
approaching those employed elsewhere in the U.S. In this section, we discuss measures
that should be considered before injection begins to reduce the likelihood of induced
earthquakes, and to manage seismicity during and following injection.
Initial, low-level hazard and risk assessment during site screening could be used to place
each site into one of a few risk categories (e.g., low, moderate, high), based on the
following recommended criteria:
• Planned injection rate, cumulative volume, duration, and depth.
• Distance from active or potentially active faults, and recency and rate of fault activity.
• Existence of potential high-permeability pathways between the well and faults
• Estimation of pressure changes on nearby faults.
• Background seismicity.
• Proximity to population centers and critical facilities.
Decisions regarding permitting and regulation of a site in one of the higher risk categories
could then be based on a level of probabilistic seismic hazard and risk assessment
determined to be appropriate for that category. The final permit would specify operating
parameters such as maximum injection rate and pressure adjusted to achieve an
acceptable level of risk. An important part of the permit would be specifications for
monitoring requirements and operating procedures to manage and, if necessary, mitigate
induced seismicity during injection, and perhaps for a period after the well is shut
down. Methods for induced seismicity hazard and risk assessment and management are
discussed in Section 4.5.1 below.
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If future large-volume wastewater disposal were to be planned at sites along the western
margin of the San Joaquin Valley, and especially if new injection locations closer to the
SAF and other major active faults were contemplated, these wells should be subject to
the most stringent risk assessment and permitting requirements. These should include
detailed modeling to estimate the probability that the pressure changes on the fault over
time would remain below a predetermined, conservative maximum bound.
4.5.1. Induced Seismic Hazard and Risk Assessment
Maps of seismic hazard from naturally occurring earthquakes in California are developed
by the U.S. Geological Survey (USGS) and California Geological survey (CGS) as part of
the National Seismic Hazard Mapping Project. The hazard maps and technical details of
how they are produced can be found at http://earthquake.usgs.gov/hazards/index.php.
Of the areas in which water disposal wells are currently active, seismic hazard
from naturally occurring earthquakes is high in the Los Angeles, Ventura, Santa Maria,
Salinas and Cuyama Basins and in the Santa Clarita Valley, and moderate to high along
the western and southern flanks of the southern San Joaquin Valley. The hazard is
moderate in the Bakersfield area and decreases towards the center and north of the
San Joaquin Valley.1
Approaches to assessing induced seismicity hazard can be developed by adapting
standard probabilistic seismic hazard assessment (PSHA) methods, such as those used by
the USGS and CGS. The standard methods cannot be applied directly, however, because
conventional PSHA usually is based only on mean long-term (100s to 1,000s
of years) earthquake occurrence rates; i.e., earthquake occurrence is assumed to be
time-independent. Induced seismicity, on the other hand, is strongly time- and spacedependent because it is dependent on the evolution of the pore pressure field, which must
therefore be considered in estimating earthquake frequencies and spatial distributions.
Developing a rigorous PSHA method for short- and long-term hazards from induced
seismicity presents a significant challenge. In particular, no satisfactory method of
calculating the hazard at the planning and regulatory phases of a project is available at the
present time; whereas in conventional PSHA earthquake frequency-magnitude statistics
for a given region are derived from the record of past earthquakes, obviously no record
of induced seismicity can exist prior to well stimulation or wastewater disposal. Using
seismicity observed at an assumed “analog” site as a proxy (e.g., Cladouhos et al., 2012)
would not appear to be a satisfactory approach, as induced seismicity is in general highly
dependent on site-specific subsurface structure and rock properties.

1. Moderate and high seismic hazard are defined here as a 2% probability of exceeding peak ground accelerations of
0.1-0.3g and greater than 0.3g, respectively, in 50 years, where g is the acceleration due to gravity. The threshold of
damaging ground motion is about 0.1g.
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Physics-based approaches to generate simulated catalogs of induced seismicity at a
given site for prescribed sets of injection parameters are under development (e.g., Foxall
et al., 2013). Such approaches rely on adequate characterization of the site geology,
hydrogeology, stress, and material properties, which are inevitably subject to significant
uncertainties. However, large uncertainties in input parameters are inherent in PSHA
in general, and techniques for propagating them to provide rigorous estimates of the
uncertainty in the final hazard have been developed (e.g. Budnitz et al., 1997).
There has been more progress in developing methods for short-term hazard forecasting
based on automated, near-real time empirical analysis of microseismicity recorded by
a locally deployed seismic network once injection is under way (e.g., Bachmann et al.,
2011; Mena et al., 2013; Shapiro et al., 2007). Continuously updated hazard assessments
can form the input to a real-time mitigation procedure (Bachmann et al., 2011; Mena
et al., 2013), as outlined in Section 4.5.2. Using two different time-dependent empirical
models, Bachmann et al. (2011) and Mena et al. (2013) retrospectively were able to
obtain acceptable overall fits of forecast to observed seismicity rates induced by the 2006
Enhanced Geothermal System (EGS) injection in Basel, Switzerland, over time periods
ranging from 6 hours to 2 weeks. However, the models performed relatively poorly in
forecasting the occurrence of the largest event (ML3.4), which occurred after well shutin; this event was forecast with a probability of only 15%, and the forecast probability of
exceeding the ground motion it produced was calculated at only 5%. The performance
of this empirical method could probably be improved by incorporating a more physically
based dependence on injection rate or pressure.
4.5.2. Protocols and Best Practices to Reduce the Impact of Induced Seismicity
In 2004, the U.S. Department of Energy (DOE) and the International Energy Agency (IEA)
sponsored an effort to develop a protocol and best practices to monitor, analyze, and
manage induced seismicity at geothermal projects (Majer et al., 2007; 2012; 2014). The
protocols/best practices are not intended to be either regulatory documents or universally
prescribed sets of procedures for induced seismicity management, but rather to serve as
a guide to enable stakeholders to tailor operating procedures to specific projects. Many
geothermal operators in the western U.S. are implementing either all or parts of the most
recent U.S. DOE protocol (Majer et al., 2012), and the U.S. Bureau of Land Management
(BLM) has adopted it as the basis for developing criteria for geothermal project permitting
on the federal lands administered by them.
Largely spurred by the dramatic increase in seismicity in the mid-continent discussed in
Appendix 4.C, oil-producing states and the petroleum industry are beginning to develop
similar protocols, such as those being developed by the Oklahoma Geological Survey
and by a consortium of member companies in the American Exploration and Production
Council (AXPC) (see Appendix 4.D). Zoback (2012) also describes a series of mitigation
steps that operators could use as a guide. All of the protocols currently under development
contain, in some combination, the steps that comprise the U.S. DOE geothermal protocol,
described in Appendix 4.D.
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Current real-time induced seismicity monitoring and mitigation strategies used by most
enhanced geothermal system (EGS) operators employ a “traffic-light” system similar to
the one implemented by Bommer et al. (2006). The traffic-light system may incorporate
up to four stages of near-real time response to recorded seismicity, ranging from normal
operation (green) to bleeding off to minimum wellhead pressure and shutting down
the well (red). The response trigger criteria are generally based on some combination
of maximum observed magnitude, measured peak ground velocity and public response,
although definition of the criteria is usually somewhat ad hoc and depends on the project
scenario. The traffic-light procedure implemented at the 2006 Basel EGS project was not
successful in preventing the occurrence of the ML3.4 earthquake that led to the eventual
abandonment of the project, even though the well was shut down following an earlier
ML2.7 event. The EGS community is beginning development of traffic-light methods that
employ near-real time hazard updating like that reported by Bachmann et al. (2011)
and Mena et al. (2013). These will provide risk-based forecasting based on the evolving
seismicity and state of the reservoir to inform decision-making.
4.6. Data Gaps
4.6.1. Injection Data
There are two important gaps in the current DOGGR (2014a) injection database that
seriously limit its usefulness for investigating induced seismicity in California. First,
injection rates and wellhead pressures are reported monthly. These are presumably
monthly averages, since water disposal rates and pressures are rarely constant over
month-long intervals. Significant short-term variations in peak pressures and injection
rates are relevant to detecting the effects of fluid injection on seismicity in the vicinity
of the well, in addition to long-term rates and cumulative volumes that can potentially
impact seismicity on more distant faults. Therefore, monthly averages are usually too
coarse to carry out correlation analyses against incremental increases in seismicity above
the high seismic background in many areas of California.
The second data gap is consistent and accurate reporting of injection depth and geological
interval. Currently, depth information of any kind is provided for less than 15% of active
and plugged wastewater disposal wells in the database. Furthermore, currently available
information is ambiguous because the parameter “WellDepthAmount” in the database
can refer to injection depth, top or bottom of the perforation interval, or the total vertical
depth of the well. Correlating injection depth with stratigraphy and the depth of seismicity
has been shown to be critical in identifying induced events (e.g., Keranen et al., 2013).
Although it may be feasible to conduct spatiotemporal correlation analyses to identify and
provide a basic characterization of more prominent cases of potentially induced seismicity
using the current DOGGR (2014a) database, filling these two data gaps to some extent in
the existing catalog would permit a much more comprehensive analysis. More complete
reporting in the future would enable risk assessment and mitigation of induced seismicity
for new stimulation-related injection operations.
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4.6.2. Seismic Catalog Completeness
Although only earthquakes greater than about M2 are generally relevant to seismic
hazard, M1 or even smaller earthquakes are important in analyzing potential induced
seismicity. As discussed in Appendix 4.A, the estimated minimum magnitude of complete
detection (Mc) of the USGS Advanced National Seismic System (ANSS) network is M1 or
less in large areas of California, and less than M2 over most of the state. However, Figure
4A-1 shows that Mc is between 2 and 2.5 in the interior of the southern San Joaquin Valley
and at some locations along the coast of southern California. Estimated mean, minimum
and maximum Mc values in the main onshore oil-producing basins are summarized in
Table 4.6-1; note that these values have not been adjusted to account for the tendency of
the calculation method employed to underestimate Mc (see Appendix 4.A). Some wells in
the southern San Joaquin Valley and the Los Angles and Ventura Basins are within areas
having Mc2 or greater, so that microseismicity that may have been induced by injection
into those wells might not have been recorded.
Ideally, a sensitive local seismic network comprising five or more seismic recording
stations deployed at a spacing on the order of one kilometer or less is required to provide
an adequate characterization of both the background activity and any induced seismicity
at an injection site. Deploying sensors in deep boreholes is relatively expensive, but greatly
enhances the signal-to-noise ratio, enabling very small earthquakes (often M < 0) to be
recorded. While installation of a local network may not be feasible or necessary at many
injection sites, it should be considered for sites in higher risk categories (Section 4.5).
4.6.3. Fault Detection
The USQFF fault inventory described in Section 4.4.1.2 contains the parameters of
Quaternary-active faults in California. While it will be important to consider these faults
in siting possible new injection operations, smaller local faults in the site vicinity will
likely be of more direct relevance in assessing the potential for induced seismicity. These
include faults having lengths on the order of 1 to 10 km (0.6–6.2 mi) capable of producing
earthquakes between about Mw3.5 and 5, and even smaller ones that are potential sources
of felt earthquakes. The fault inventory should also include inactive faults (i.e., activity
predates the Quaternary) that are suitably oriented relative to the in situ stress field
for shear failure. Both major and local faults that outcrop at the surface are shown on
published geologic maps at scales as large as 1:24,000 (USGS 7.5 minute quadrangles).
Unmapped faults on the kilometer scale, including buried structures, may be detectable
in seismic and well data acquired during field exploration or characterization of specific
injection sites. Faults on the 100-meter scale may be detectable depending on specific
circumstances, but in general present a greater challenge. Finally, faults that are
potential sources of induced earthquakes of concern and that escape detection during site
characterization may often be illuminated by low-magnitude microearthquakes recorded
during the initial stages of injection.
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Table 4.6-1. Summary of minimum magnitudes of complete detection, Mc, in onshore oil-

producing basins. Mc values not adjusted to accountt for underestimation bias (see Appendix 4.A).
Basin

Mean Mc±1s

Min Mc

Max Mc

Los Angeles

1.5±0.2

1.1

2.0

Ventura

1.5±0.3

0.8

2.1

Santa Maria

1.6±0.3

1.1

2.1

Cuyama

1.4±0.2

0.9

1.7

San Joaquin

1.6±0.3

0.6

2.0

Salinas

1.0±0.3

0.3

1.3

4.6.4. In-situ Stresses and Fluid Pressures
Although there are a large number of stress measurements in California compared
with other regions of the U.S., the point measurements in the World Stress Map database
provide only a sparse sampling of the stress field. While overall trends in Figure 4.4-1
appear relatively uniform, significant variations are to be expected because stress states
at the local scale are influenced by heterogeneously distributed fractures of varying
orientation and by changes in lithology and rock material properties (e.g., Finkbeiner
et al., 1997). Ideally, stress measurements at a given injection site are needed to assess
the potential for induced seismicity. To achieve this, it may be possible to employ other
measurement techniques in addition to borehole data and analysis of hydraulic fracture
breakdown and shut-in pressures. For example, in a hydraulic fracturing experiment in
the Monterey formation, Shemeta et al. (1994) studied the geometry of the hydrofracture
using continuously recorded microseismic data, regional stress information, and well
logs. They found that the microseismic and well data were consistent with both the
regional tectonic stress field and fracture orientations observed in core samples and
microscanner and televiewer logs. The results of this study suggest that observations
of the natural fracture system can be used as indicators for the orientations of induced
fractures and hence of the in situ stress. As with local microseismic monitoring, in situ
stress measurements may be justified only at higher-risk sites. However, measurement
or estimation of stress orientations prior to well stimulation is critical for selecting a
development well pattern and the design of hydraulic fractures for effective hydrocarbon
recovery. Such measurements can be used to inform induced seismic hazard assessment
for well stimulation activities within a field, and also for any nearby wastewater
disposal operations.
4.7. Findings
The dramatic increase in the rate of earthquake occurrence that has accompanied the
boom in unconventional oil and gas recovery in the central and eastern U.S. since 2009
has highlighted the fact that injecting fluids into the subsurface for well stimulation by
hydraulic fracturing—and, in particular, for disposal of recovered fluids and produced
wastewater—can cause induced seismicity. Induced seismicity can occur when fluid
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injection results in increased pore pressure within a fault. This reduces the force holding
the two sides of the fault together, allowing the fault to slip.
Hydraulic fracture treatments inject relatively small volumes injected over short time
periods. As a result, the subsurface volume affected by pressure perturbations is normally
within hundreds of meters from the injection well, which, current experience suggests,
limits the size of induced seismic events caused by well stimulation. To date, the largest
event generally considered to have been caused by hydraulic fracturing is the 2011 ML3.8
earthquake in the Horn River Basin in British Columbia (BC Oil and Gas Commission, 2012).
Injection of large volumes of wastewater over long time periods increases pressures over
much larger distances than those resulting from hydraulic fracturing, which increases the
likelihood of inducing larger seismic events. Therefore, injection of wastewater presents
a much larger potential seismic hazard than hydraulic fracturing. The largest earthquake
suspected of being related to wastewater disposal is the 2011 Mw5.7 Prague, Oklahoma
event (Keranen et al., 2013; Sumy et al., 2014), but the causal mechanism of this event
is still the subject of active research. The possibility that this was a naturally occurring
tectonic earthquake cannot yet be confidently ruled out. The largest earthquake for which
there is clear evidence for a causative link to stimulation-related wastewater injection is
the 2011 Mw5.3 event in the Raton Basin, Colorado (Rubinstein et al., 2014).
The potential impacts from ground shaking caused by induced seismicity are structural
damage—and possibly injuries and loss of life—and nuisance resulting from seismic
events that are felt in nearby communities. While the vast majority of fluid injectioninduced earthquakes are too small to be perceptible at the ground surface, some are
strongly felt and on rare occasions can be large enough to cause damage (e.g., Kerenan et
al., 2013; Rubinstein et al., 2014). The magnitude threshold for local structural damage is
generally considered to be about Mw5, depending on the depth of the earthquake, surface
site conditions, and the fragility of nearby structures. To date, the maximum magnitudes
of earthquakes induced by hydraulic fracturing worldwide have been substantially below
this threshold, which suggests that the likelihood of seismic damage resulting from
hydraulic fracturing in general is very low.
The likelihood of damaging events resulting from wastewater disposal is much higher than
that from hydraulic fracturing. Four earthquakes greater than M4.5 related to wastewater
disposal have occurred in the U.S. since 2011 (see Appendix 4.C), of which the 2011
Prague and Raton Basin events mentioned above caused localized structural damage.
However, given that induced seismicity has been associated with only a small fraction of
the tens of thousands of injection wells currently or formerly active in the U.S., viewed in
a global context the overall likelihood of a damaging event being induced by wastewater
injection is low in absolute terms.
The magnitude threshold for felt events can be as low as M1.5–2.0 for the shallow
depths of seismicity that are typically associated with fluid injection. There are only five
documented cases of seismicity related to hydraulic fracturing worldwide that included
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felt events, but numerous cases related to wastewater injection. Because, in general, the
rate of earthquake occurrence increases by about a factor of ten for every decrease of one
magnitude unit, the overall likelihood of nuisance from wastewater injection-induced
earthquakes is relatively high.
4.8. Conclusions
Although induced seismicity occurs at several geothermal fields in California, there
have been no published reports of felt seismicity linked to either hydraulic fracturing or
wastewater disposal in the state, apart from one highly anomalous event reported by
Kanamori and Hauksson (1992). However, in many areas of California, discriminating
induced events in the M2-4 range from frequently occurring natural events is difficult,
and the systematic studies necessary have begun only recently.
The lack of reported felt seismicity related to hydraulic fracturing is consistent with
injection into predominantly vertical wells at relatively shallow depths in California
and the small injection volumes currently employed. Therefore, based on experience
elsewhere, hydraulic fracturing as currently carried out in California is not considered
to pose a high seismic risk.
The total volume of wastewater injected in California is much larger than the volume used
for well stimulation, but current volumes are relatively small compared to the regions in
the U.S. that have recently experienced large increases in induced seismic activity related
to wastewater disposal. Although this might imply a lower current potential for induced
seismicity than in the mid-continent, the relationship between seismicity and wastewater
injection in California has not been fully evaluated. Therefore, the potential level of
seismic hazard posed by wastewater disposal is at present uncertain. A comprehensive, indepth study of spatial and temporal correlations, if any, between wastewater injection and
seismicity will be required to provide a firm basis for assessment of seismic hazard related
to induced seismicity.
As evidenced by the upswing in induced seismicity in the central and eastern U.S.
since 2010, an increase in hydraulic fracturing activity and expanded production in
California could increase the seismic hazard from wastewater disposal and perhaps also
from hydraulic fracturing, particularly if they involve higher per-well injected volumes
approaching those employed elsewhere in the U.S. and a shift to deeper stimulation.
However, based on the data presented in Volume I of this study, such shifts in well
stimulation in California are not expected in the near or mid term.
The closest wastewater disposal wells to the SAF are located in oilfields just over 10 km
(6.2 mi) away in the southern San Joaquin Valley. It is unlikely that current wastewater
injection in these wells would induce earthquakes on the fault. If future high-volume
injection took place in or close to these existing oilfields, it is plausible that the likelihood
of triggering earthquakes on the SAF could increase.
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Even if the overall potential for induced seismicity in California proves to be low, some
level of incremental seismic hazard and risk assessment to inform permitting and
regulation of stimulation-related injection projects is justified. Initial low-level assessment
during site screening could be used to place each site into one of a few risk categories,
based on planned injection rate, cumulative volume and depth, distance from active
or potentially active faults, estimated pressure changes on those faults, background
seismicity, and proximity to population centers and critical facilities. An appropriate level
of probabilistic seismic hazard and risk assessment would then be carried out for sites in
higher risk categories, and the permit would specify bounds on injection parameters to
achieve an acceptable level of risk. For these sites, monitoring requirements and operating
procedures to manage and, if necessary, mitigate induced seismicity during injections
would also be specified.
Injection projects that could possibly cause significant pressure changes on the most active
major faults like the SAF should be subject to the most stringent risk assessment and
regulatory requirements.
The mechanics of fluid-induced seismicity are fairly well understood, and, as such, it is
theoretically possible to carry out full hazard assessments at higher-risk sites. However,
much more detailed information on injection than is currently available in publicly
available databases will be required, first to gain an understanding of the potential for
induced seismicity in California oil-producing basins, and then to carry out hazard and
risk assessments. Site-specific investigations will also require definition of local faults, the
state of stress on those faults, characterization of rock, fault, and hydrological properties,
measurement or modeling of the subsurface pressure perturbation based on injection
rates, and characterization of the seismicity at the site and in the surrounding area.
Two aspects of the current DOGGR (2014a) database limit its usefulness in identifying
past induced seismicity. First, injected volume rates and wellhead pressures are reported
only as (presumed) monthly averages, whereas peak volumes, rates and pressures,
and significant short-term variations are of relevance in detecting effects on seismicity.
Secondly, depth information is not available for the majority of wastewater injection wells.
Filling these gaps in the existing database would facilitate a much more comprehensive
analysis of the correlations of injection with seismicity. More complete reporting in the
future would enable hazard and risk assessment and mitigation of induced seismicity for
new stimulation-related injection operations.
Adequate characterization of local seismicity requires recording of local microearthquakes
as small as about M1 or less. Existing regional and local networks provide this detection
capability in some areas of California, but the threshold for complete detection in some
oil-producing basins is M2 or higher, which presents an obstacle to discriminating
potential past induced seismicity in these areas. Moving forward, local microearthquake
networks should ideally be installed to monitor seismicity at higher-risk sites located in
areas currently having detection thresholds higher than about M1.
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The current compilation of stress data for California provides only a sparse sampling of the
regional in situ field in most areas within oil-producing basins. Therefore, detailed analysis
of the potential for induced seismicity and seismic hazard assessment at higher-risk sites
would ideally utilize site-specific stress measurements obtained from borehole data and
other techniques. Similarly, detecting faults that are potential sources of felt or perhaps
damaging induced earthquakes will require site-specific characterization to augment the
existing active fault database and geologic maps. Advanced detection of faults on the 100
m to 1 km (328 to 3280 ft) scale that may be sources of small felt earthquakes presents a
particular challenge, but these may be revealed by low-magnitude microseismicity during
the initial stage of injection.
Inevitably, many of the parameters needed for induced seismicity hazard calculations
will be poorly constrained. However, seismic hazard assessment in general is invariably
subject to considerable uncertainty, and an important and mature part of the PSHA
procedure is to properly characterize the uncertainties in the input parameters, and then
propagate them through the calculation to provide rigorous uncertainty bounds on the
final hazard estimates.
Induced seismicity that could potentially accompany an increase in well stimulation
activity in California could likely be managed and mitigated by adopting a protocol similar
to the one developed by the U.S. DOE for enhanced geothermal systems. In addition to
hazard and risk assessment, one of the core recommendations in the U.S. DOE protocol
is provision of a set of procedures to modify an injection operation in response observed
changes in seismicity. These entail staged reduction in injection flow rate and pressure
up to and including well shutdown. The procedures should be based on quantitative
forecasts of the probability of inducing earthquakes of concern derived from observations
of evolving seismicity and changes to the state of the reservoir, rather than the essentially
ad hoc criteria that have been employed to date.
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5.1. Abstract
In this chapter, we examine the impact of well stimulation on California’s wildlife and
vegetation. Potential impacts to wildlife and vegetation from oil and gas operations using
well stimulation considered in this chapter are: (1) habitat loss and fragmentation, (2)
introduction of invasive species, (3) releases of harmful fluids to the environment, (4)
diversion of water from waterways, (5) noise and light pollution, (6) vehicle collisions,
and (7) ingestion of litter by wildlife.
In this chapter we focus on habitat loss and fragmentation, because it was the only impact
for which we had sufficient data to quantify impacts, and because our analysis indicates
that habitat loss and fragmentation caused by production enabled by hydraulic fracturing
is large enough to be of concern for habitat conservation in Kern and Ventura counties.
The degree to which hydrocarbon production and natural habitat come into contact
depends on two major factors: (i) the density of oil and gas production infrastructure,
and (ii) other human land uses in the area. Areas dominated by near-continuous well
pads are largely inhospitable to native wildlife and vegetation. In other places, oil and
gas production, including operations that use well stimulation, is interspersed with
agricultural and urban development that has already displaced native habitat. In contrast,
large portions of some oil fields have little other development and a relatively low density
of oil wells. Native species inhabit the areas in and around these oil fields.
In areas where there is natural habitat, new oil and gas development impacts native
species via a variety of mechanisms, the most well-understood of which is habitat loss
and fragmentation. New wells bring new well pads, new roads, more vehicle traffic, and
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other human activities that alter open land in ways that can make it uninhabitable to most
wildlife and vegetation. In California, most hydraulic-fracturing-enabled-development
takes place in and around areas that were already producing oil and gas without the
application of well stimulation. Well stimulation, in particular hydraulic fracturing, has
enabled an increased density of oilfield development and alight increases in the footprint
of developed areas. Our analysis of habitat types, vegetation cover, well density and well
stimulation activity in California indicates that impacts of well stimulation to wildlife and
vegetation are most pronounced in the southwest portion of the San Joaquin Basin and
the transverse ranges in the Ventura basin.
Aside from habitat loss and fragmentation, we are unable to quantify the impacts of well
stimulation on wildlife and vegetation in California using available data, and we restrict
our discussion of them to general description and literature review.
We also discuss the relevant rules and regulations governing impacts to wildlife and
vegetation from oil and gas activities. Although regulations exist to evaluate and
mitigate site- or project-specific impacts when new oil and gas development is proposed,
the agencies of jurisdiction have not routinely evaluated the incremental impacts of
individual oil and gas development projects within the larger context of habitat loss and
fragmentation at the regional level. We also discuss the most commonly implemented best
practices and mitigation measures. We conclude with a discussion of important data gaps,
particularly a lack of information to more precisely quantify impacts of well stimulation
on population growth rates of species, a poor understanding of the degree to which
abandoned oil and gas leases can be restored, and a lack of studies evaluating the efficacy
of best practices and mitigation measures.
5.2. Introduction
There are a number of potential ways that well stimulation can affect wildlife and
vegetation. In this chapter we discuss potential impacts due to: (1) loss and fragmentation
of habitat, (2) introduction of invasive species, (3) contamination of the aquatic
environment, (4) diversion of water from waterways, (5) noise and light pollution, (6)
vehicle traffic, and (7) ingestion of litter. Most of these impacts are not directly caused by
the process of well stimulation, but are common to any form of oil or gas production.
Many of the impacts to wildlife and vegetation require an intermediary such as water use
or contamination, light and noise pollution, or increases in traffic that are discussed in
other chapters in this volume: water use or contamination in Chapter 2, and noise, light
and traffic in Chapter 6. This chapter examines these topics with an eye to their potential
effect on wildlife and vegetation. We also explore the following potential impacts that are
not discussed elsewhere in Volume II: habitat loss, introduction of invasive species, and
ingestion of litter by wildlife. We focus most of our quantitative analysis on the impact
of well-stimulation-enabled hydrocarbon production on habitat loss for three reasons.
First, of the seven potential impacts listed in Table 5.2.1, habitat loss was the only impact
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with sufficient data available to conduct a statewide quantitative assessment. Second,
habitat loss is a well-documented impact of oil and gas development in the terrestrial
environment (Weller et al., 2002; Northrup, 2013). Last, habitat loss is generally regarded
as the leading cause of biodiversity loss on the planet, followed by invasive species,
pollution, and commercial exploitation (Moyle and Leidy, 1992; Wilcove et al., 1998).
Closely related to habitat loss is fragmentation. The general principle behind habitat
fragmentation is that the configuration as well as the quantity of habitat remaining
affects the survival of species. Habitat fragmentation is not discussed in depth here, but is
discussed in the San Joaquin Case Study in Volume III.
We note whether impacts are direct or indirect throughout the chapter. Direct impacts are
uniquely associated with well stimulation and do not occur when oil and gas are produced
without the aid of well stimulation. Examples of direct impacts of well stimulation include
a spill of stimulation chemicals, or noise generated by equipment used in hydraulic
fracturing. Indirect impacts stem from other aspects of the oil and gas production process
apart from well stimulation. Examples of indirect impacts include the construction of a
well pad and other infrastructure necessary for oil and gas production (resulting in habitat
loss), and disposal of produced water (which can contaminate habitat). If these impacts
are incurred by a well that is only economical to produce with the enabling technology
of hydraulic fracturing, then they are indirect impacts. In other words, a proportion (but
not all) of the indirect impacts to wildlife and vegetation caused by oil and gas production
are enabled by hydraulic fracturing, since certain low-permeability reservoirs are not
economical to produce without the technology. Matrix acdizing and hydraulic fracturing
are not important drivers of increased production in California.
Habitat loss and fragmentation, introduction of invasive species, and litter are indirect
impacts of hydraulic fracturing: they are not caused uniquely by hydraulic fracturing, but
by expanded development and production allowed by hydraulic fracturing. Contamination
of the aquatic environment, diversion of water from waterways, noise and light pollution,
and vehicle traffic can be direct or indirect impacts, depending on context – for example,
a spill of stimulation chemicals would be directly attributable to well stimulation, whereas
a spill of produced water would be an indirect impact. The distinction between direct
and indirect impacts is important because it has policy implications. Banning hydraulic
fracturing would eliminate direct impacts. It would reduce indirect impacts, but not
eliminate them, since indirect impacts are also caused by other forms of oil and gas
production. For a more detailed discussion of direct and indirect impacts, please see the
Summary Report.
Volume I of the report found that hydraulic fracturing is an important driver of expanded
production in the state, whereas acid stimulations are not (Volume I, Chapter 1, Finding
5). Consequently, hydraulic fracturing is the only well-stimulation technology driving
expanded hydrocarbon production in the state and thereby causing indirect impacts such
as habitat loss and fragmentation. We discuss well stimulation as a whole, including acid
stimulations, when addressing direct impacts, such as potential releases of stimulation
fluids to the environment.
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5.2.1. Overview of Chapter Contents
This chapter covers five major topics. In Section 5.2, the Introduction, we describe the
ecology of Kern and Ventura counties, the two regions where we found major impacts
from hydraulic fracturing-enabled production. We also describe land use patterns within
the administrative boundaries of oil fields. In Section 5.3, “Assessment of Well Stimulation
Impacts to Wildlife and Vegetation,” we describe how well stimulation can impact wildlife
and vegetation in California. Each potential impact is defined and relevant literature is
reviewed. Whenever possible we discuss studies conducted in California, although most
of the available work was not peer reviewed, and the majority focus on one region in the
San Joaquin Valley. Because habitat loss and fragmentation is likely to have the greatest
impact on wildlife and vegetation, we explore this topic in greater depth by quantifying
habitat loss and fragmentation attributable to well-stimulation-enabled hydrocarbon
production. We also summarize the potential future impacts to wildlife and vegetation.
In Section 5.4, we describe how oil and gas production activities are regulated with
respect to their impacts on wildlife and vegetation. In Section 5.5, we discuss measures to
mitigate oil field impacts on terrestrial species and their habitats. In Section 5.6 we assess
major data gaps and ways to remedy the gaps. In Sections 5.7 and 5.8, we summarize the
major findings and conclusions of the chapter.
5.2.2. Regional Focus: Kern and Ventura Counties
In our analysis, we focused on the areas in the state where substantial amounts of well
stimulation occurred in the context of undeveloped areas of natural habitat. We evaluated
the ecological impacts of hydraulic-fracturing-enabled development with respect to the
impact to loss of natural habitat, the rarity of that habitat statewide, and occurences of
endangered species and designated critical habitat in the vicinity. Two regions emerged as
locations where hydraulic-fracturing-enabled development was heavily impacting natural
habitat. The first was southwest Kern County in the vicinity of Elk Hills, North and South
Belridge, Buena Vista, and Lost Hills Fields. The second key region was along the southern
perimeter of Los Padres National Forest in Ventura County, in the Ojai and Sespe Fields,
within the Santa Barbara-Ventura Basin (referred to for brevity as the Ventura Basin).
Matrix acidizing is much rarer and tends to be concentrated in southwestern Kern county.
As a result, we focus our discussion primarily on Kern County, and secondarily on Ventura
County, followed by other counties in the state.
5.2.2.1. Kern County: Ecology, Oil and Gas Development, and Well Stimulation
Kern County lies in the southern portion of the San Joaquin Valley, which was a region
once dominated by lakes, wetlands, riparian corridors, valley saltbush scrub, and native
grasslands. Most of the natural habitat has been converted to agricultural or urban use
since the mid-19th century (Figure 5.2-1). Owing primarily to loss of habitat, there are
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approximately 143 federally-listed species, candidates and species of concern1 with
distributions wholly or partially in the San Joaquin Valley (Williams et al., 1998). For
comparison, there were 568 state and federally listed and candidate species in California
as of 2015 (Biogeographic Data Branch DFW, 2015a; b). The majority (76%) of
California’s remaining valley saltbush scrub habitat and its associated endangered species
persists in southwestern Kern County. This area also has major petroleum resources. As a
result, forty-two percent of California’s remaining valley saltbush scrub habitat is within
the boundaries of a Kern County oil field (Appendix 5.D, Table 5.D-1). The relationship
is not entirely coincidental. The giant oil fields of the southwestern San Joaquin Valley
such as Midway-Sunset, North and South Belridge, Elk Hills, Buena Vista and Lost
Hills were discovered between 1894 and 1912 and were controlled by oil development
interests before agriculture dominated the region. Within large portions of those oil fields,
development is sparse enough that native habitat, principally valley saltbush scrub and
non-native grassland, persists. Very little of the original aquatic and wetland habitats of
the San Joaquin Valley remain, with more than 90% of open water, wetlands, and riparian
habitat converted to farmland and cities (Kelly et al., 2005).

1. “Federally-listed” refers to species listed as endangered or threatened under the Endangered Species Act. “Candidate
species” are organisms for which the U.S. Fish and Wildlife Service has sufficient information on their biological status
and threats to propose them as endangered or threatened under the Endangered Species Act, but for which development
of a proposed listing regulation is precluded by other higher priority listing activities. “Species of concern” are deemed to
be potentially in decline, but are not presently candidates for listing.
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Figure 5.2.1. Maps of the San Joaquin Valley from pre-European settlement to the year 2000.
The majority of natural habitat in the region has been converted to human use, principally

agriculture, over the past century. The bulk of remaining valley saltbush scrub habitat is in

the southwestern San Joaquin, where a combination of hillier terrain and ownership by oil

developers prevented conversion to agriculture. Reprinted with permission from Kelly et al. (2005).
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Kern County has the highest density of hydraulic fracturing and matrix acidizing in
the state. More than 85% of hydraulic fracturing in the state occurs in six fields in
southwestern Kern County: North and South Belridge, Elk Hills, Lost Hills, Buena Vista,
and Midway-Sunset (Volume I Section 3.2.3.2, “Location).” More than 95% of matrix
acidizing occurs in three fields in the same region: Elk Hills, Buena Vista, and Railroad
Gap (Summary Report).
5.2.2.2. Ventura County: Ecology, Oil and Gas Development, and Well Stimulation
Ventura County is dominated by chaparral and Venturan coastal sage scrub with some
dispersed riparian and annual grassland areas. The southern portion of the county has
largely been converted to urban and agricultural use, while the northern half overlaps
with Los Padres National Forest. Because much of southern California has been so heavily
altered by human use, the national forest serves as an important refuge for species
extirpated elsewhere in the region. It provides habitat for 468 permanent or transitory
species of fish and wildlife, over 100 of which are listed as federally- or state-endangered,
threatened, or sensitive2 (CDFW, 2014a; 2014b; USFWS, 2014b). Listed species in the
region include the vernal pool fairy shrimp, the Southern willow flycatcher, the California
red legged frog, the California condor, southern steelhead, Least Bell’s Vireo, and the
Santa Ana sucker. Typical habitat types are buck brush chaparral, chamise chaparral, and
Venturan coastal sage scrub (UCSB Biogeography Lab, 1998).
While the total number of wells and hydraulic fracturing is much lower in Ventura than
Kern County, a high proportion of the activity was enabled by hydraulic fracturing in
eleven oil fields in the Ventura Basin (Volume I, Appendix N). Two fields, the Ojai and
the Sespe, fall at least partially within the Los Padres National Forest and abut the Sespe
Wilderness, home to the Sespe Condor Sanctuary. The Sespe Oil Field is also adjacent to
the Hopper Mountain National Wildlife Refuge.
5.2.2.3. The Ecology of Kern and Ventura County Oil Fields
There is a common misperception that there is little or no natural habitat in areas
developed for oil and gas production. In fact, oil and gas production, including operations
that use well stimulation, is often interspersed with natural habitat (Fiehler and Cypher,
2011; Spiegel, 1996). As a result, native biota, including listed species, can be found in
and around some areas developed for oil and gas, notably in Kern and Ventura Counties
(USFWS, 2005; Fiehler and Cypher, 2011). However, other oil fields are dominated by
human land uses to the exclusion of natural habitat.

2. Sensitive plants include those plants listed as endangered, threatened or rare (Section 670.2, Title 14, California Code
of Regulations; Section 1900, Fish and Game Code; ESA Section 17.11, Title 50, Code of Federal Regulations) or those
meeting the definitions of rare or endangered provided in Section 15380 of the CEQA Guidelines.
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The degree to which natural habitat persists on oil fields depends primarily on two factors:
(i) the density of oil and gas production infrastructure, and (ii) other human land uses
in the area. Areas dominated by near-continuous well pads, such as large expanses of the
North and South Belridge, Lost Hills, and Ventura Oil Fields, are largely inhospitable to
native wildlife and vegetation (Fiehler and Cypher, 2011 and Figure 5.2.2a). In other
places, oil and gas production is interspersed with agriculture and urban development
that by themselves displace the native habitat. Oil fields such as Rose and North Shafter
are dominated by agriculture and urban development with scattered oil wells; there is
virtually no intact natural habitat remaining in those regions, so oil development in those
areas has little impact on wild animals and vegetation (Figure 5.2.2b).
In contrast, large portions of oil fields such as Elk Hills, Lost Hills and Buena Vista in Kern
County and Ventura, Ojai and Sespe in Ventura are otherwise unimpacted by human
development and have a relatively low density of oil wells (Figure 5.2.2c). Native species
can survive on and around these oil fields. For example, outside of the Carrizo Plain
Natural Area in San Luis Obispo County, the largest extant populations of the federally
endangered/state threatened San Joaquin kit foxes are in the Elk Hills and Buena Vista
oil fields in Kern County (USFWS, 2005). Figure 5.2.3 and Figure 5.2.4 depict areas of
varying well density and land use in the southern San Joaquin Valley and Ventura County.
Areas denoted as having medium or low well density that are not developed for human
use are areas where habitat interacts with oil and gas production.
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A

B

C

Figure 5.2.2. (a) An area of high well density at Lost Hills field is largely inhospitable to the

native biota. (b) Pump jacks in the North Shafter field are surrounding by a fallow field and an
orchard; there is little or no native habitat. (c) The Elk Hills Oil Field in Kern County has areas

of low well density surrounded by large areas of intact valley saltbush scrub vegetation, habitat

for a number of threatened and endangered native species. While well stimulation takes place in
all three fields, activities in areas surrounded by native habitat are more likely to have ecological
impacts. Photo credits: (a) C. Varadharajan, (b) L. Feinstein, (c) C. Varadharajan, 2014.
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Figure 5.2.3. Well density in the southern San Joaquin (and Cuyama) basins. Opaque blue,

yellow and red indicate the density of wells, both stimulated and unstimulated; all wells that

had recorded activity recorded activity from January 1977 through September 2014 are shown.
Background shading indicates land use and cover categories. Larger versions of these maps, and
maps of other basins, can be found in Appendix 5.B. Data from California Division of Oil, Gas
and Geothermal Resources (DOGGR), 2014a; 2014b; 2014c; UCSB Biogeography Lab, 1998;
California DOC, 2012.
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Figure 5.2.4. Well density in Ventura Basin. Opaque blue, yellow and red indicate the density of
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use and cover categories. Larger versions of these maps, and maps of other basins, can be found
in Appendix 5.B. Data from DOGGR, 2014a; 2014b; 2014c; UCSB Biogeography Lab, 1998;
California DOC, 2012.

318

Chapter 5: Potential Impacts of Well Stimulation on Wildlife and Vegetation

5.3. Assessment of Well Stimulation Impacts to Wildlife and Vegetation
In this section we describe the following ways that well stimulation can impact wildlife
and vegetation: habitat loss and fragmentation, facilitating invasive species, discharging
potentially harmful fluids, use of water, noise and light pollution, traffic, and litter.
Because we expect habitat loss and fragmentation to have the greatest effect on wildlife
and vegetation, and adequate data was available, we conduct an original quantitative
analysis on the topic, in which we identify the areas where well stimulation has had the
greatest impact, how much of various habitat types were affected, and describe in detail
the special-status species that occur in the vicinity.
5.3.1. Land Disturbance Causes Habitat Loss and Fragmentation
5.3.1.1. Overview and Literature Review of Habitat Loss and Fragmentation
Oil and gas production contribute to habitat loss and fragmentation through the
construction of well pads and support infrastructure and related land disturbance, not
directly by hydraulic fracturing itself (Jones and Pejchar, 2013). Expanding production of
unconventional resources in new areas, often in areas of open habitat relatively unaffected
by people, is resulting in habitat loss and fragmentation in areas such as Canada (Council
of Canadian Academies, 2014), Wyoming (Thomson et al., 2005), Colorado (Jones and
Pejchar, 2013), and Pennsylvania (Johnson et al., 2010). Unlike California, in regions
where the only hydrocarbons produced are from source rock, all oil and gas production
is indirectly attributable to hydraulic fracturing. For example, Pennsylvania’s Marcellus
Shale is only producible with hydraulic fracturing, and it underlies valuable forest and
freshwater habitat. In regions outside of California, there are a number of locations
where hydraulic fracturing enables production in areas never before developed for oil
and gas. When these areas happen to underlie areas of relatively pristine habitat, the oil
and gas production enabled by hydraulic fracturing causes habitat loss and fragmentation
(Slonecker et al., 2013; Roig-Silva et al., 2013; Johnson et al., 2010).
In California, it is difficult to isolate the impact of hydraulic fracturing on habitat from the
impacts of oil and gas production in general. This is because most hydraulic fracturing is
occurring on lands that would be used for oil and gas production regardless of hydraulic
fracturing. This is because hydraulic fracturing is necessary for production from certain
types of low-permeability reservoirs. In many places in California, these low-permeability
reservoirs are stacked vertically with reservoirs that do not require hydraulic fracturing. As
a result, at the land’s surface, wells that are hydraulically fractured are interspersed with
wells that are not, because they are tapping different vertical layers of rock with different
geologic properties.
Roughly half of the wells installed in California in the past decade were hydraulically
fractured, and about one in fifteen were acidized; 85% of this activity is the North
Belridge, South Belridge, Elk Hills and Lost Hills fields. These fields were discovered more
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than a century ago (Volume I, Executive Summary; California Division of Oil, Gas and
Geothermal Resources (DOGGR), 1998). We found that hydraulic-fracturing-enabled oil
production is occurring within regions with a wide spectrum of existing habitat, including:
(1) relatively intact habitat, (2) areas already disturbed by other oil and gas production,
and (3) locations dominated by human uses such as agriculture or urban development.
We attempted to isolate the impact of hydraulic-fracturing-enabled production on natural
habitat by analyzing hydraulic-fracturing-enabled production in the context of the
underlying land use.
Over the last century, habitat loss has been the largest documented impact to wildlife
and vegetation stemming from oil and gas production activities in California. The extent
of the impact was dependent upon the amount and the location of disturbances. Fiehler
and Cypher (2011) found that valley saltbush scrub specialists such as San Joaquin
antelope squirrels, short-nosed kangaroo rats and San Joaquin kit foxes disappeared
from high density oil development, but persisted in areas with less than 70% disturbance.
Construction activities that destroyed active den or burrow sites had significant impacts
on San Joaquin kit fox populations (O’Farrell and Kato, 1987; Kato and O’Farrell, 1986;
O’Farrell et al., 1986). On the other hand, nightly movements (Zoellick et al., 1987), den
use patterns (Koopman et al., 1998), and reproductive and survival parameters of the San
Joaquin kit fox did not differ between an undeveloped area and an intensely developed
area of an oil field (Spiegel and Tom, 1996; Spiegel and Disney, 1996; Cypher et al., 2000).
Smaller species such as blunt-nosed leopard lizards and giant kangaroo rats were
minimally impacted by oil and gas production because most of the activities were outside
the core habitat areas for both species (O’Farrell and Kato, 1987). In areas where highquality habitat and activities overlapped, the intensity of development and amount of
habitat disturbed determined the carrying capacity3 (Kato and O’Farrell, 1986). It has
been documented that abandoned oil and gas fields undergoing revegetation can be
recolonized by blunt-nose leopard lizards as long as densities of shrubs and ground cover
do not become excessive (O’Farrell and Kato, 1980).
The studies we surveyed for impacts of oil and gas production to habitat loss and
fragmentation within California were all conducted at the Elk Hills oil field, therefore it
is difficult to assess the generality of the results to the rest of the state. There also were
some limitations to the study designs, principally that the non-developed areas used for
comparisons were not equivalent in habitat quality when compared to the developed
areas, even prior to any activity.

3. The carrying capacity is the number of individuals of a species that an area can support.
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5.3.1.2. Quantitative Analysis Of Hydraulic Fracturing-Enabled Production On
Habitat Loss
Our analysis addressed three major questions:
1. How has hydraulic-fracturing-enabled oil production altered well density in
California?
2. How are the areas with increased well density distributed across counties, land
uses, and habitat types in California?
3. What special-status species occurred in the vicinity of oil fields highly impacted by
well stimulation?
5.3.1.2.1. Methods
Here we briefly summarize our methods for the quantitative analysis of the impact of
hydraulic fracturing on habitat loss; more information is given in Appendix 5-C, “Detailed
Methods for Quantitative Analysis of Hydraulic Fracturing-Enabled Production On
Habitat Loss.”
For our analysis, we looked at well density as a proxy for habitat loss. As well density
increases, the amount of intact habitat tends to decrease; see Figure 5.3.1. for an
illustration of how plant cover is affected by increasing well density. We examined 506
plots at least 10 hectares (ha) in size for well density and bare (unvegetated) ground and
found that well density predicted 95% of the variation in presence of bare ground. We
concluded that well density is an accurate indicator of habitat loss.4 For this analysis we
did not look at how well density correlated with habitat fragmentation; we will look
more closely at the issue of fragmentation in the San Joaquin case study in Volume III of
this report.
In order to assess the impact of hydraulic-fracturing-enabled oil production on habitat,
we set out to quantify the density of hydraulically fractured wells in the state. This was
challenging given that reporting of hydraulic fracturing was not required until 2013,
so records of the activity are likely incomplete. We used a compilation of well records,
voluntary reporting to FracFocus, and recent mandatory reporting to estimate the
proportion of hydraulically fractured wells tapping each pool (also called reservoirs). We
then generated two alternate scenarios: actual well density, and a “without hydraulic
fracturing” well density. Actual well density is the true density of wells in California

4. We performed a linear regression of proportion of bare ground as predicted by well density for 506 plots at least
10 hectares in size. The relationship was highly significant; F(1,504) = 9107, p=<2.48x10-7, adjusted r2 = 0.95. See
Appendix 5.C for further details.
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as of September 2013. Background well density represents a hypothetical scenario
representing the well density of California as of September 2014 if every well that had
been hydraulically fractured vanished. The difference between the two is the marginal
impact of hydraulic fracturing-enabled production on well density and, by proxy, habitat
loss and fragmentation.
An important point to understand about this analysis is that hydraulic fracturing
compared to background well density does not represent a change over time. That is, well
density was not at the background level at some point in time, then hydraulic fracturing
increased the density from that time forward. Hydraulically fractured and unstimulated
wells continue to be drilled and produced simultaneously. The main reason why wells that
are hydraulically fractured are geographically interspersed with other wells in California
is because low-permeability reservoirs that require hydraulic fracturing are often stacked
above and below reservoirs that do not require hydraulic fracturing. For example, in the
South Belridge field, the Tulare pool is above the Diatomite pool. 91% of well records in
the Diatomite report hydraulic fracturing, as compared to only 1% in the Tulare. This
creates a patchwork of wells at the surface that are and are not hydraulically fractured.
Even if all hydraulically fractured wells disappeared from South Belridge, the well
density in much of the field would still be high, and there would be little usable habitat
for native organisms.
We split well density into four categories comparable to those used in Fiehler and
Cypher (2011): Control – less than one well/km2; Low – 1-15 wells/km2; Medium - 1577 wells/km2; High - more than 77 wells/km2. We chose to use the same categories
because Fiehler and Cypher (2011) conducted the only previous work we could find
systematically associating land disturbance from oil and gas activities with the decline of
natural communities in California5. We then calculated the number of hectares that either
were unchanged or increased in density category because of hydraulic fracturing-enabled
production. We refer to areas that did not change categories as “not noticeably impacted,”
areas that moved from the control group to a higher category as “newly impacted,”
and areas that shifted from the low and medium categories to a higher category as
experiencing “increased intensity” of production. We refer to the newly impacted and
increased intensity areas collectively as “altered” areas. Table 5.3.1 summarizes how we
categorize changes in well density.

5. Our categories differ from Fiehler and Cypher (2011) in two respects. First, Fiehler and Cypher had a gap between
the medium and high categories: the medium category ended at 77 wells/km2 and high began at 150 wells km2; we
reassigned the lower end of the high category as 77 wells/km2 to eliminate the gap. Second, Fiehler and Cypher counted
wells in study areas of around 0.648 km2 in size while we estimated the number of wells/km2 in a moving window of
comparable size.
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Table 5.3.1. Description of well density categories used in this study. We divided the
effect of hydraulic-fracturing-enabled production on well density into three major

categories: newly developed, increased intensity, and not noticeably impacted areas.

The three categories are defined in terms of the types of shifts between density classes.
We use blue, yellow, red and gray consistently to color-code the three categories

throughout this chapter. For simplicity, we refer collectively to areas that were newly

developed or increased in intensity as showing an increase in hydraulic fracturing, with
the caveat that our results do not factor in areas that increased in well density due to
hydraulic-fracturing-enabled-production, but not enough to move up a category.

Altered

Category

Change between density classes

Newly developed

Control -> Low, Med, High

Increased intensity

Low -> Med, High
Med ->High

Unaltered

Either no change in well density, or no
noticeable change in well density (that is,
not enough to shift the density to a higher
class).
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Figure 5.3.1. Aerial photos of each well-density category. The off-white areas are well

pads, roads, and other unvegetated, highly disturbed areas. The gray, blotchy regions are

vegetated areas that represent a natural habitat type. As well density increases, the amount of
unvegetated land increases. (A) Control – less than one well per / km2. (B) Low – 1-15 wells /

km2). (C) Medium - 15-77 wells / km2 (D) High - more than 77 wells / km2.

We classified areas first by land use (developed, agricultural, or natural areas); for natural
areas, we looked more closely at broad land cover types, which refer to functional types
of vegetation: shrubland and grassland, forest and woodland, open water, and so forth
(UCSB Biogeography Lab, 1998). We further subdivided land cover types into natural
communities, which subdivides the state into common plant associations such as valley
saltbush scrub, non-native grassland, and so forth (Holland 1986). There are more than
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200 natural community categories; as a result, we focused on the four with more than
1,000 hectares of altered area plus two aquatic habitat types, and grouped the remainder
under “other natural communities.” Table 5.3.2. gives the categories and classifications
we used in our assessment.
Table 5.3.2. Categories of land use, land cover, and natural
communities used in this assessment.

Category

Classifications

Data Source

Land Use

1. Developed and other human use
2. Agricultural, introduced, or modified vegetation
3. Natural habitat, subdivided by the classifications given in
Land Cover and Habitat Type

Land Cover

1.
2.
3.
4.
5.

Shrubland and grassland
Semi-desert
Forest and woodland
Open water
Polar, high montane, and barren

UCSB Biogeography
Lab (1998)

Natural
Community*

1.
2.
3.
4.
5.
6.
7.

Valley saltbush scrub
Non-native grassland
Venturan coastal sage scrub
Buck brush chaparral
Water
Riparian and wetland
Other natural communities

Holland (1986)

California DOC (2012)

* Some of our “Natural Community” groups are equivalent to the natural communities described in Holland (1986),
while others (water, and riparian and wetland) group a number of Holland natural communities under one header.

5.3.1.2.2. Results and Discussion of Quantitative Analysis of Well Stimulation
Impacts to Habitat Loss and Fragmentation
We estimated that 33,000 hectares shifted to a higher well density category with
hydraulic-fracturing-enabled oil production; of this, about 21,000 hectares (60%) was
natural habitat. About 1% of California’s land is developed for oil and gas production
(with a well density greater than 1/km2), compared to 5% for urban development and
14% for agriculture. About 3.5% of the habitat loss due to oil and gas production as a
whole is attributable to hydraulic-fracturing-enabled activity.
The impacts of oil and gas production in general, and well stimulation in particular, are
concentrated in a few areas of the state. Of the 33,000 hectares statewide that shifted to a
higher well density category with hydraulic-fracturing enabled production, about 27,000
hectares (81%) were in Kern and Ventura Counties. About 8% of Kern and 4% of all lands
in Ventura Counties are developed for oil and gas production (with a well density greater
than 1/km2).
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The main habitat types disturbed by hydraulic fracturing-enabled production are valley
saltbush scrub, non-native grassland, Venturan coastal sage scrub, and buck brush
chaparral. These habitat types are mainly found in Kern and Ventura Counties. Twentyfour federally and/or state-listed threatened and endangered species have documented
occurrences in oil fields where at least 200 hectares have reached a higher well-density
class with hydraulic-fracturing-enabled production.
Question 1: How has hydraulic fracturing-enabled production altered well density
in California?
Well density has increased in California due to hydraulic-fracturing-enabled production
(Table 5.3.3). We estimate that about 33,000 hectares of land in the state have shifted
into a higher-density category due to hydraulic-fracturing-enabled production (Table
5.3.3, red, yellow, and blue cells). 15,196 hectares were newly impacted by oil and gas
development because of hydraulic-fracturing-enabled development (Table 5.3.3, blue
cells). About 18,999 hectares already had wells present, but hydraulic fracturing enabled
an increase in density (Table 5.3.3, yellow and red cells).
Table 5.3.3. The effect of hydraulic-fracturing-enabled production on well density in California
oil and gas fields. The table shows the number of hectares in the state in a given category

of well density without hydraulic-fracturing-enabled-production along the rows, and with

hydraulic-fracturing-enabled-production along the columns. For example, 13,075 hectares in
California had a control well density without hydraulically fractured wells, and a low well

density with hydraulically fractured wells. Blue backgrounds indicate the area that was newly

impacted by oil and gas production because of hydraulic-fracturing-enabled production. Yellow
and red backgrounds show areas that were more intensively developed for oil and gas with

hydraulic-fracturing enabled production. Gray backgrounds show the area where well density
was not noticeably affected by hydraulic-fracturing-enabled production. The sum of blue,

yellow, and red cells equals the total area altered by hydraulic-fracturing-enabled production.
Well Density With Hydraulic-Fracturing-Enabled Production (ha)
Background Well
Density (ha)

Control
Low

Control

Low

Medium

High

41,958,038

13,075

2,114

7

301,709

11,773

772

70,044

5,308

Medium
High

31,799

The majority of altered area in the San Joaquin Valley occurred around the southern
perimeter of the valley in fields dominated by shrubland and grassland such as Elk Hills,
Buena Vista, Midway-Sunset, Lost Hills, Mt. Poso and Round Mountain. Figure 5.3.2 (a)
and Figure 5.3.3 (a). There are smaller amounts of altered habitat in the central portion
of the valley where agriculture is the dominant land use in oil fields such as North Shafter
and Rose.
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The inner core of fields such as Lost Hills and North and South Belridge Fields, where
production of diatomite pools requires hydraulic fracturing, were considered unaltered
(for the purposes of habitat quality) by well stimulation because they were already highdensity regardless of hydraulic-fracturing-enabled-development. Lost Hills, North and
South Belridge collectively represent 79% of reported hydraulic fracturing in the state
(Volume I, Chapter 3, Table 3-1). Because these fields are also the location of intensively
developed pools that do not require hydraulic fracturing, much of this area is already
largely inhospitable to most native wildlife and vegetation, regardless of the added well
density attributable to hydraulic fracturing. Thus, the additional impact of hydraulic
fracturing to habitat degradation in these areas is probably minimal.
In Ventura County, the majority of altered area occurred in a string of three fields along
the transverse mountain range: the Sespe, Ojai, and Ventura fields. Although the total
well densities of the Ojai and Sespe are not very high, nearly all of the development is
enabled by hydraulic fracturing. The Ventura field is a bit different as it already had a
moderate level of development and hydraulic-fracturing-enabled-development increased
the intensity. The portions of the Ojai and Sespe altered by hydraulic-fracturing-enableddevelopment overlap mostly with natural habitat; in the Ventura Field, the altered areas
were mostly in urban and built-up land.
Appendix 5.B, Maps of Well Density in California, shows larger versions of these maps for
the major hydrocarbon-producing basins of California.

327

Chapter 5: Potential Impacts of Well Stimulation on Wildlife and Vegetation

Raisin
Raisin
Cit
C ityy

A

Oil and Gas administrative field boundaries

Well density class change
Bur
Burrel
rel
Cant
Cantua
ua
Creek
Creek
(Abd)
(Abd)

Helm
Helm

Kings
Canyon
National
Park

Land Use/Land Cover

Developed & Other Human Use

Seq uo ia

No change

Nation al
Agricultural, Introduced, or Modified
Park

Shrubland & Grassland

Less than 1/km2 to Low

Semi-Desert

2

Less than 1/km or Low to Medium

Lake
Forest & Woodland

From Low or Medium to High

Open Water
0

Coalinga
Coalinga
Guijarral
Guijarral
Hills
Hills
Jacalitos
Jacalitos

5

0

Arroyo
Pasajero
Westside
Detention
Basin

Kaweah

10

4

20

8

Giant
Sequoia
°
NM

30
Kilometers
Miles
16

Success
Lake

Ket
Ketttleman
leman
Nort
Northh Dome
Dome

Tulare
Tulare
Lake
Lake

Deer
Deer
Creek
Creek

Pixley
NWR

Pyramid
Pyramid
Hills
Hills

Trico
Trico
Gas
Gas

Kern
NWR

Devils
Devils
Den
Den

Beer
Beer
Nose
Nose

Lost
Lost
Hills
Hills

Santa
Margarita
Lake
Regional
Park and
Natural
Area

Santa
Santa
Maria
Maria
Valley
Valley

Rose
Rose

Semitropic
ER

Shaft
Shafter,
er,
North
North

Bow
Bowerbank
erbank

Lokern
Preserve

Elk
Elk
Asphalt
Asphaltoo Hills
Hills
Buena
Buena
Vist
Vistaa
Midw
Midway
ay -Sunset
Sunset

Carrizo
Plains
ER

C a r r i z o
P l a i n
N M

Los Pa d re s
National
Forest

Mount
Mount
Pos
Posoo
Pos
Posoo
Creek
Creek
Ker
Kernn
Round
Round
Front
Front
Mount
Mountain
ain
Ker
n
Ker n
River
River Kern
Kern
Bluff
Ant
Bluff Ant
Hill
Fruit vale
vale
Hill

Rio
Rio
Bravo
Bravo

Mc
McKitt
Kittririck
ck

Huasna
Huasna

United
States
Bureau of
Reclamation

Wasco
Wasco
Semit
Semitropic
ropic

Belr
Belridge,
idge, Cal
Cal
Sout
Southh Canal
Canal
Gas
Gas
Cymric
ic
Lokern Cymr
ER

California
Valley

Jas
Jasmin
min

Semitropic
Ridge
Preserve

Belr
Belridge,
idge,
Nort
Northh

Lopez Lake
Regional
Park and
Natural
Area

Allensworth
ER

Greeley
Greeley

Yowlumne
Yowlumne
Los
Los
Lobos
Lobos
Wind
Wolves
Preserve

Cuyama,
Cuyama,
Sout
Southh

328

Union
Union
Ave.
Ave.

Str
Strand
and
Coles
Coles
Ten
Ten
Levee,
Levee, Section
Section
Nort
h
Nort h
Coles
Coles
Levee,
Levee,
Sout
Southh
Paloma
Paloma

Edis
Edison
on
Mountain
Mountain
View
View

Rio
Rio
Viejo
Viejo

Plei
Pleito
to

Sequoia
National
Forest

Tejon,
Tejon,
North
North
Tejon
Tejon

Tejon
Tejon
Hills
Hills

Chapter 5: Potential Impacts of Well Stimulation on Wildlife and Vegetation

Raisin
Raisin
Cit
C ityy

B

Kings
Canyon
National
Park

Vernal pool complexes

Low to high well density
Oil and gas administrative field boundaries

High density

Vegetation
Bur
Burrel
rel
Cant
Cantua
ua
Creek
Creek
(Abd)
(Abd)

Helm
Helm

Valley Saltbush Scrub

Low density

Non-Native Grassland

Disturbed

Wetlands or riparian

0

Land Use/Land Cover
Coalinga
Coalinga
Guijarral
Guijarral
Hills
Hills
Jacalitos
Jacalitos

Arroyo
Pasajero
Westside
Detention
Basin

Sequoia
National
Park

Medium density

5

0

10
4

20

Lake
Kaweah
30

Kilometers
Miles
16

°

8

Developed & Other Human Use

Shrubland & Grassland

Forest & Woodland

Agricultural, Introduced, or Modified

Semi-Desert

Open Water

Giant
Sequoia
NM

Success
Lake

Ket
Ketttleman
leman
Nort
Northh Dome
Dome

Tulare
Tulare
Lake
Lake

Deer
Deer
Creek
Creek

Pixley
NWR

Pyramid
Pyramid
Hills
Hills

Trico
Trico
Gas
Gas

Kern
NWR

Devils
Devils
Den
Den

Beer
Beer
Nose
Nose

Lost
Lost
Hills
Hills

Semitropic
ER

Belr
Belridge,
idge, Cal
Cal
Sout
Southh Canal
Canal
Gas
Cymric
ic Gas
Lokern Cymr

California
Valley

ER

Santa
Margarita
Lake
Regional
Park and
Natural
Area

Bow
Bowerbank
erbank

Lokern
Preserve
Elk
Elk
Asphalt
Asphaltoo Hills
Hills
Buena
Buena
Vist
Vistaa
Midw
Midway
ay -Sunset
Sunset

Carrizo
Plains
ER

C a r r i z o
P l a i n
N M

Los Pa d re s
National
Forest

United
States
Bureau of
Reclamation

Rio
Rio
Bravo
Bravo
Greeley
Greeley

329

Union
Union
Ave.
Ave.

Str
Strand
and
Coles
Coles
Ten
Ten
Levee,
Levee, Section
Section
Nort
h
Nort h
Coles
Coles
Levee,
Levee,
Sout
Southh
Paloma
Paloma

Yowlumne
Yowlumne
Los
Los
Lobos
Lobos
Wind
Wolves
Preserve

Cuyama,
Cuyama,
Sout
Southh

Mount
Mount
Pos
Posoo
Pos
Posoo
Creek
Creek
Ker
Kernn
Round
Round
Front
Front
Mount
Mountain
ain
Ker
n
Ker n
River
River Kern
Kern
Bluff
Ant
Bluff Ant
Fruit vale
Hill
vale
Hill

Shaft
Shafter,
er,
North
North

Mc
McKitt
Kittririck
ck

Huasna
Huasna

Santa
Santa
Maria
Maria
Valley
Valley

Jasmin
Jasmin

Semitropic
Ridge
Rose
Rose
Preserve
Wasco
Wasco
Semit
Semitropic
ropic

Belr
Belridge,
idge,
Nort
Northh

Lopez Lake
Regional
Park and
Natural
Area

Allensworth
ER

Edis
Edison
on
Mountain
Mountain
View
View

Rio
Rio
Viejo
Viejo

Plei
Pleito
to

Sequoia
National
Forest

Tejon,
Tejon,
North
North
Tejon
Tejon

Tejon
Tejon
Hills
Hills

Chapter 5: Potential Impacts of Well Stimulation on Wildlife and Vegetation

California tiger
Salamander
Low
to high

Raisin
Raisin
Cit
Cityy

C

Oil and gas administrative field boundaries

Critical habitat

Bur
Burrel
rel
Cant
Cantua
ua
Creek
Creek
(Abd)
(Abd)

Kings
Canyon
National
Park

well density

Sequoia
National
Park

Buena Vista Lake ornate Shrew

Helm
Helm

Vernal
pool
fairy
California
shrimp

Vernal
pool fairy
shrimp

condor

Lake
California red-legged frog

Kaweah

California tiger Salamander
Other
Coalinga
Coalinga
Guijarral
Guijarral
Hills
Hills
Jacalitos
Jacalitos

Arroyo
Pasajero
Westside
Detention
Basin

0

5

0

10
4

20

30
Kilometers
Miles
16

°

8

Giant
Sequoia
NM

California
condor
Vernal
pool fairy
shrimp

Ket
Ketttleman
leman
Nort
Northh Dome
Dome

Success
Lake

Tulare
Tulare
Lake
Lake

Deer
Deer
Creek
Creek

Pixley
NWR
Pyramid
Pyramid
Hills
California
red-legged
frog

Trico
Trico
Gas
Gas

Kern
NWR

Devils
Devils
Den
Den

California
tiger
Salamander

Beer
Beer
Nose
Nose

Lost
Lost
Hills
Hills

Santa
Margarita
Lake
Regional
Park and
Natural
Area

ER

Mc
McKitt
Kittririck
ck

Elk
Asphalt
Asphaltoo Hills
Hills
Buena
Buena
Vist
Vistaa
Midw
Midway
ay -Sunset
Sunset

Carrizo
Plains
ER

Huasna
Huasna

Santa
Santa
Maria
Maria
Valley
Valley

Bow
Bowerbank
erbank

C a r r i z o
P l a i n
N M

California
red-legged
frog
Cat
Cat
Canyon
Canyon

Los Pa d r e s
Natio nal
Fo re s t

330

Mount
Mount
Pos
Posoo
Pos
Posoo
Creek
Creek
Ker
Kernn
Round
Round
Front
Front
Mount
Mountain
ain
Ker
n
Ker n
River
River Kern
Kern
Bluff
Ant
Bluff Ant
Fruit
Hill
Fruitvale
vale
Hill

Rio
Rio
Bravo
Bravo
Greeley
Greeley

Str
Strand
and
Coles
Coles
Ten
Ten
Levee,
Levee, Section
Section
Nort
h
Nort h
Coles
Coles
Levee,
Levee,
Sout
Southh
Paloma
Paloma

Yowlumne
Yowlumne
Los
Los
Lobos
Lobos
Wind
Wolves
Preserve

Cuyama,
Cuyama,
Sout
Southh

California
condor

United
States
Bureau of
Reclamation

Shaft
Shafter,
er,
North
North

Lokern
Preserve

Vernal
pool fairy
shrimp

Lopez Lake
Regional
Park and
Natural
Area

Semitropic
ER

Belr
Belridge,
idge, Cal
Cal
Sout
Southh Canal
Canal
Gas
Cymric
ic Gas
Lokern Cymr

California
Valley

California
red-legged
frog California
condor

Jasmin
Jasmin

Semitropic
Ridge
Rose
Rose
Preserve
Wasco
Wasco
Semit
Semitropic
ropic

Belr
Belridge,
idge,
Nort
Northh

Purple
amole

Allensworth
ER

Union
Union
Ave.
Ave.

Edis
Edison
on
Mountain
Mountain
View
View

Buena Vista
Lake ornate
Rio
Rio Shrew
Viejo
Viejo

Plei
Pleito
to

Sequoia
National
Forest

Tejon,
Tejon,
North
North
Tejon
Tejon

Tejon
Tejon
Hills
Hills

California
condor

Chapter 5: Potential Impacts of Well Stimulation on Wildlife and Vegetation

Raisin
Raisin
Cit
C ityy

D

Kings
Canyon
National
Park

Low to high well density

Oil and gas administrative field boundaries
Sequoia
Cant
Cantua
ua
Creek
Creek
(Abd)
(Abd)

1 - 2 species

Helm
Helm

3 - 8 species

Lake
Kaweah

9 - 34 species
0

Coalinga
Coalinga
Guijarral
Guijarral
Hills
Hills
Jacalitos
Jacalitos

National
Park

Density of rare species records

Bur
Burrel
rel

Arroyo
Pasajero
Westside
Detention
Basin

5

0

10
4

20

30
Kilometers
Miles
16

°

8

Giant
Sequoia
NM
Success
Lake

Ket
Ketttleman
leman
Nort
Northh Dome
Dome

Tulare
Tulare
Lake
Lake

Deer
Deer
Creek
Creek

Pixley
NWR

Pyramid
Pyramid
Hills
Hills

Trico
Trico
Gas
Gas

Kern
NWR

Devils
Devils
Den
Den

Beer
Beer
Nose
Nose

Lost
Lost
Hills
Hills

Semitropic
ER

Belr
Belridge,
idge, Cal
Cal
Sout
Southh Canal
Canal
Gas
Cymric
ic Gas
Lokern Cymr

California
Valley

ER

Santa
Margarita
Lake
Regional
Park and
Natural
Area

Bow
Bowerbank
erbank

Lokern
Preserve
Elk
Elk
Asphalt
Asphaltoo Hills
Hills
Buena
Buena
Vist
Vistaa
Midw
Midway
ay -Sunset
Sunset

Carrizo
Plains
ER

C a r r i z o
P l a i n
N M

Los Pa d re s
National
Forest

United
States
Bureau of
Reclamation

Rio
Rio
Bravo
Bravo
Greeley
Greeley

331

Union
Union
Ave.
Ave.

Str
Strand
and
Coles
Coles
Ten
Ten
Levee,
Levee, Section
Section
Nort
h
Nort h
Coles
Coles
Levee,
Levee,
Sout
Southh
Paloma
Paloma

Yowlumne
Yowlumne
Los
Los
Lobos
Lobos
Wind
Wolves
Preserve

Cuyama,
Cuyama,
Sout
Southh

Mount
Mount
Pos
Posoo
Pos
Posoo
Creek
Creek
Ker
Kernn
Round
Round
Front
Front
Mount
Mountain
ain
Ker
n
Ker n
River
River Kern
Kern
Bluff
Ant
Bluff Ant
Fruit vale
Hill
vale
Hill

Shaft
Shafter,
er,
North
North

Mc
McKitt
Kittririck
ck

Huasna
Huasna

Santa
Santa
Maria
Maria
Valley
Valley

Jasmin
Jasmin

Semitropic
Ridge
Rose
Rose
Preserve
Wasco
Wasco
Semit
Semitropic
ropic

Belr
Belridge,
idge,
Nort
Northh

Lopez Lake
Regional
Park and
Natural
Area

Allensworth
ER

Edis
Edison
on
Mountain
Mountain
View
View

Rio
Rio
Viejo
Viejo

Plei
Pleito
to

Sequoia
National
Forest

Tejon,
Tejon,
North
North
Tejon
Tejon

Tejon
Tejon
Hills
Hills

Chapter 5: Potential Impacts of Well Stimulation on Wildlife and Vegetation

Figure 5.3.2. Maps of the San Joaquin Basin showing the increase in well density attributable
to hydraulic fracturing-enabled development and key ecological features (a) Change in well

density due to hydraulic fracturing-enabled production. Colors show areas that increased in

well density due to fracturing-enabled production. Blue indicates areas that increased to low

density with the addition of hydraulically fractured wells, yellow shows areas that increased to
medium, and red indicates areas that increased to high well density. (b) Selected habitat types

for the San Joaquin Basin, including dominant types (non-native grassland and valley saltbush
scrub), wetland and riparian habitat, and vernal pools complexes are indicated. Black outlines
indicate areas developed for oil and gas production (with at least 1 well per km2). (c) Critical
habitat in the region, shown as colored polygons. Despite a high concentration of threatened
and endangered species, little critical habitat has been designated in the San Joaquin Valley.

Critical habitat for the Buena Vista Lake ornate shrew is south of Bakersfield, it is labeled to but
too small to be visible. Black outlines indicate areas developed for oil and gas production. (d)

Density of rare species records recorded in the CNDDB. Black outlines indicate areas developed
for oil and gas production. Data sources: DOGGR, 2014a; 2014b; 2014c; UCSB Biogeography
Lab, 1998; California DOC, 2012; USFWS, 2014b, Biogeographic Data Branch DFW, 2014.
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Figure 5.3.3. Maps of the Ventura Basin showing the increase in well density attributable to
hydraulic fracturing-enabled development and key ecological features. (a) Change in well

density due to hydraulic fracturing-enabled production. Blue indicates an area changed from
control to low or medium density with the addition of hydraulically fractured wells. Yellow

shows areas that changed from low to medium or high. Red indicates areas that changed from
medium to high. Shrub and grassland were the land cover types most impacted by fracturingenabled production. (b) Vegetation in the Ventura Basin. Dominant habitat types (buck brush

chaparral and Venturan coastal sage scrub), wetland and riparian habitat are indicated. Black
outlines indicate areas developed for oil and gas production. (c) Designated critical habitat

shown as colored polygons. Critical habitat for California condor and steelhead salmon overlap
with impacted areas. Black outlines indicate areas developed for oil and gas production. (d)

Density of rare species records recorded in the CNDDB. Black outlines indicate areas developed
for oil and gas production. Data sources: DOGGR, 2014a; 2014b; 2014c; UCSB Biogeography
Lab, 1998; California DOC, 2012; USFWS, 2014b, Biogeographic Data Branch DFW, 2014.
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Question 2: How are the areas with increased well density distributed across habitat types
and counties in California?
Of the 33,000 hectares in the state affected by hydraulic-fracturing-enabled production,
60% was natural habitat, 32% was agricultural, and 8% was urban, built-up, or barren.
Nearly 90% of natural habitat impacted by hydraulic fracturing was in Kern and Ventura
Counties, 64% in Kern and 24% in Ventura (see Table 5.3.4). This finding motivated us to
focus principally on Kern and Ventura Counties for the remainder of our assessment of the
effect of hydraulic fracturing on habitat loss and fragmentation.
Table 5.3.4. Hectares by county and all of California for areas developed for oil and
gas production (with a well density of at least 1 well per km2), altered area (areas

that shifted up in well density category with hydraulic fracturing-enabled production),
and altered natural habitat (areas classified as natural habitat that shifted up in

well density category with hydraulic fracturing-enabled production). All numbers
rounded to the hundreds place; some numbers may not sum due to rounding.
Developed Area
Hectares
Kern
Ventura

163,100

Altered Natural
Habitat

Altered Area

% of
Column

Hectares

37%

20,100

% of
Column

Hectares

% of
Column

61%

13,400

64%

23,200

5%

6,900

21%

5,000

24%

All Other Counties

250,300

57%

6,000

18%

2,500

12%

State Total

436,600

100%

33,000

100%

20,900

100%

The habitat types that were most impacted were those that occur in oil fields of Kern and
Ventura Counties where a large proportion of wells are stimulated: valley saltbush scrub,
non-native grassland, Venturan coastal sage scrub, and buck brush chaparral all had over
1,000 hectares increase in well density. The maps in Figure 5.3.2 (b) and Figure 5.3.3(b)
show the locations of the key altered communities in the southern San Joaquin and Ventura
Counties. Figure 5.3.4 shows impacts to land use and habitat types broken out by county.
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Figure 5.3.4. Land use and habitat types impacted by hydraulic-fracturing-enabled production
in California. A large amount of the area that increased in well density due to hydraulic

fracturing is agricultural or urban land already highly disturbed by humans and generally
unsuitable as habitat for native wildlife and vegetation. Areas designated as natural

communities are important habitat for wildlife and vegetation. The counties that had the

greatest amount of impacted area are color-coded. The data used to generate this figure are in
Appendix 5.D, Table 5.D.2.

The rate of natural habitat areas newly impacted by hydraulic-fracturing-enabled
production is a larger proportion of recent activity (from Oct 1, 2012 – Sep. 30, 2014).
Of the 1,400 hectares that were newly developed for oil and gas production during the
period from Oct. 1, 2012 to Sep. 30, 2014, about 300 hectares (18%) could be attributed
to hydraulic fracturing.
Habitat loss caused by hydraulic-fracturing-enabled-production is highly localized
and has disproportionate effects in a few areas and for a few habitat types. For valley
saltbush scrub, 6% of its statewide extent was impacted by hydraulic-fracturing-enabledproduction, and 2% for Venturan coastal sage scrub (Appendix 5.D, Table 5.D.1). In
proportion to the total amount of habitat in the state, the amount of habitat impacted by
hydraulic-fracturing-enabled-production is small: on the order of less than one-tenth of
one percent.
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The area of altered aquatic habitat was quite small. Statewide, there were about 300
hectares of altered open water habitat and 140 of riparian and wetland habitat. While
the impacts to aquatic habitats was small in terms of total area affected by hydraulicfracturing-enabled-production, even small impacts to aquatic areas merit consideration
because they are generally considered high-value habitats and are accorded special
protections under the Federal Clean Water and Coastal Zone Management Acts, as well
as the State Lake and Streambed Alteration, Porter-Cologne Water Quality Act, and
California Coastal Acts. Most of the altered riparian and wetland habitat was in Ventura
County, followed by Los Angeles County (Appendix 5.D, Table 5.D.2(a)). For open water,
altered areas were concentrated in Orange County, followed by Ventura County. Despite
the high intensity of hydraulic fracturing activity in the San Joaquin Valley, there is
little impact in terms of increased well density in aquatic habitat because the two do not
overlap geographically. Potential impacts to aquatic habitats are discussed further in the
chapter in the sections on fluid discharges and water use associated with well stimulation,
in Sections 5.3.3 and 5.3.4, below.
Our results should be interpreted with caution, as the resolution of the data on natural
communities is coarse relative to the size of a well pad. The natural community data is
given on a scale of tens to 400 hectares (from one-tenth to four square kilometers). Well
pads for a single well are typically smaller than a tenth of a square kilometer (SHIP,
2014). Therefore, when we find that well density increased in an area of a given habitat
type, this may mean that the wells were in the vicinity of these habitat types, but not
directly in them.
Question 3: What special-status species occurred in the vicinity of oil fields highly impacted
by well stimulation?
Under the Federal and California Endangered Species Acts (ESA and CESA), threatened
and endangered species, referred to collectively as “listed” species, are entitled to special
legal protections. Species are listed as endangered because they are at risk of extinction;
they are listed as threatened because they are likely to become endangered. In Table
5.3.5 we identify threatened and endangered species with occurrences recorded in the
California Natural Diversity Database (CNDDB) on or within 2 km of oil and gas fields
with at least 200 hectares impacted by hydraulic fracturing.
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Table 5.3.5. Number of occurrences of listed species within 2 km of a field with at least
200 hectares of altered habitat. Table based on detections of rare species submitted to
the California Natural Diversity Database (Biogeographic Data Branch DFW, 2014).

San Joaquin kit fox (Vulpes macrotis mutica)

234

Nelson’s antelope squirrel (Ammospermophilus nelsoni)

189

blunt-nosed leopard lizard (Gambelia sila)

78

giant kangaroo rat (Dipodomys ingens)

68

Kern mallow (Eremalche kernensis)

32

Tipton kangaroo rat (Dipodomys nitratoides nitratoides)

15

least Bell’s vireo (Vireo bellii pusillus)

13

coastal California gnatcatcher (Polioptila californica californica)

11

California jewelflower (Caulanthus californicus)

4

Bakersfield cactus (Opuntia basilaris var. treleasei)

3

California red-legged frog (Rana draytonii)

3

giant garter snake (Thamnophis gigas)

3

San Joaquin woollythreads (Monolopia congdonii)

3

Santa Ana sucker (Catostomus santaanae)

3

southern steelhead - southern Calif. DPS (Oncorhynchus mykiss irideus)

3

Swainson’s hawk (Buteo swainsoni)

3

Buena Vista Lake ornate shrew (Sorex ornatus relictus)

2

California condor (Gymnogyps californianus)

2

Ventura Marsh milk-vetch (Astragalus pycnostachyus var. lanosissimus)

2

California Orcutt grass (Orcuttia californica)

1

slender-horned spineflower (Dodecahema leptoceras)

1

southwestern willow flycatcher (Empidonax traillii extimus)

1

tidewater goby (Eucyclogobius newberryi)

1

unarmored threespine stickleback (Gasterosteus aculeatus williamsoni)
Total

1
676

An important indicator of valuable habitat is whether it has been designated as critical
habitat for the recovery of a federally listed species. Critical habitat should be taken as a
conservative indicator of valuable habitat; that is, there are likely to be habitats necessary
for the survival of endangered species that have not been designated as critical habitat
due to the legal and administrative difficulties in finalizing the process. The United States
Fish and Wildlife Service (USFWS) has designated critical habitat for only 44% of all listed
species in the U.S.
The only designated critical habitat in the southern San Joaquin Valley is for the Buena
Vista Lake ornate shrew. Four small patches on the scale of a few square kilometers each
are scattered through the southern portion of the valley in the vicinity of Coles Levee
North and South, Buttonwillow Gas, Semitropic, and Semitropic Gas fields. Little to no
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well stimulation occurs in these fields; the only reported hydraulic fracturing events in
these five fields were two in the Semitropic field in 2012 (Volume I, Appendix M) and
four notices of planned jobs at Coles Levee North (DOGGR, 2015).
Critical habitat has been designated for a number of species in Ventura County. Areas
where substantial amounts of hydraulic-fracturing-enabled production has taken place in
the Ojai and Sespe fields overlap with critical habitat for the California condor (Gymnogyps
californianus) and steelhead salmon (Oncorhynchus mykiss irideus) (Figure 5.3.3c).
5.3.2. Human Disturbance Can Facilitate Colonization by Invasive Species
Hydraulic-fracturing-enabled production, like any other oil and gas production, can
facilitate the introduction of invasive species, including non-native species (Hobbs and
Huenneke, 1992). This occurs because human disturbances such as clearing and levelling
land tend to open new niches, and humans and their vehicles can act as vectors for
colonizers (Didham et al. 2005). Colonization by invasive species would largely be an
indirect impact of well stimulation, given that most of the surface disturbance and vehicle
traffic not directly in the service of well stimulation, but there would be some truck traffic
that would be directly related to transporting materials and workers to implement a
stimulation operation.
Invasive species are defined as non-native organism that reproduce and spread rapidly.
They are typically habitat generalists and they frequently displace native species
(Rejmánek and Richardson, 1996; Belnap, 2003; Coffin, 2007; Jones et al., 2014).
Among plants, these species usually are typical of early successional stages in vegetation
communities. Thus, any soil disturbances such as grading, disking, earthmoving, or
vegetation clearing result in conditions that favor invasive species (Tyser and Worley,
1992; Gelbard and Belnap, 2003). In oilfields, such activities also can create novel microhabitats such as borrow areas that collect moisture, berms along roads and around tank
settings, and so forth, that provide colonization opportunities for species not native
to an area. In the Elk Hills oilfield, the diversity of grasses and forbs (both non-native
and native) increased on higher intensity oilfield plots, probably due to the increase in
micro-habitats (Fiehler and Cypher, 2011). Also, seeds of species not native to an area
are commonly transported in on equipment, vehicles, and boots, further increasing the
opportunities for colonization.
Non-native animals also are able to colonize areas disturbed by humans. Rodents such
as rats and house mice are common around developments. In western Kern County,
Spiegel and Small (1996) found that house mice were extremely abundant in highly
developed oilfields, but did not occur in nearby undisturbed habitat. Fiehler and Cypher
(2011) found that bird abundance and species richness increased with level of oilfield
development. They attributed this to increased contact between areas of intact habitat
and human-disturbed areas, increased structural diversity resulting from the presence of
facilities such as buildings, facilities, power lines, and pump jacks, and also to increased
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vegetation diversity both from colonization by non-native plants and landscape plantings.
They also found that non-native bird species were more abundant in highly developed
areas whereas certain sensitive native species were much less abundant. In the San
Joaquin Valley, another potential concern is colonization by non-native red foxes. This
species has been increasing in this region, particularly in human-altered areas where its
natural predator, the coyote, is less abundant (B. Cypher, CSU-Stanislaus, pers. observ.).
Red foxes can compete with and even occasionally kill endangered San Joaquin kit foxes
(Ralls and White, 1995; Cypher et al., 2001; Clark et al., 2005).
Occasionally, anthropogenic disturbances can benefit native species, including rare or
sensitive species. In western Kern County, a federally threatened plant, Hoover’s woolystar (Eriastrum hooveri) quickly colonized disturbed sites and was commonly found on
abandoned roads and well pads (Hinshaw et al., 1998; Holmstead and Anderson, 1998).
Also in western Kern County, endangered blunt-nosed leopard lizards (Gambelia sila)
commonly used dirt roads for foraging and movements in areas where dense ground cover
impeded such activities (Warrick et al., 1998).
5.3.3. Discharges of Wastewater and Stimulation Fluids Can Affect Wildlife and
Vegetation
The discussion in this chapter on discharges of fluids summarizes information presented
in Chapter 2, with an expanded discussion of the literature relevant to assessing potential
impacts to wildlife and vegetation. We review the potential pathways for release of
fluids to the environment, the ecotoxicology of well stimulation fluids and wastewater,
and consider the potential impacts of fluid releases to terrestrial, freshwater and marine
ecosystems. Discharges of fluids can be a direct or indirect impact of well stimulation.
The brines and hydrocarbons produced from the formation are part of any oil and gas
production and are considered an indirect impact, while the a release to the environment
of a stimulation fluid is a direct impact of well stimulation.
5.3.3.1. Potential Pathways for Release of Fluids to the Environment
Discharges of fluids related to well stimulation can occur intentionally through discharges
of waste products to the surface, or by accidental spills and leaks. Chapter 2, Figure
2.6.1 shows surface (and near-surface) contaminant release mechanisms of concern in
California related to stimulation, production, and wastewater management and disposal
activities. The additives for stimulation fluids and proppant are typically transported by
truck to a stimulation site (see Chapter 2, 2.4.3, “Evaluation of the Use of Additives in
Stimulation Fluids,” for more detail). They are diluted with water and injected into the
stimulated well. Some portion of the stimulation fluids returns to the surface, mixed with
hydrocarbons, formation water and possibly well clean-out fluids (see Chapter 2 Section
2.5.2, “Description of Wastewaters Generated by Well-Stimulation Operations”).
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The fluid produced from a well that remains after the marketable hydrocarbons are
separated out is referred to as wastewater. For the purposes of this report, we are
interested in any release of stimulation fluids to the environment as a direct impact of
well stimulation. We are also interested in discharge of wastewater from stimulated wells
to the environment, whether or not it contains stimulation fluids, as an indirect effect of
well-stimulation enabled production.
Stimulation fluids and wastewater can potentially come into contact with wildlife and
vegetation in a number of ways. Accidental releases can occur at any stage of the process,
from transport of chemicals to the site, at the site during a stimulation operation, through
an underground pathway, or once the fluids return to the surface after well completion.
Wastewater can also be legally discharged to the terrestrial or freshwater environment
under certain conditions to unlined surface pits, used for groundwater discharge, or
applied to agricultural land for irrigation. In federal waters, treated wastewater can legally
be discharged to the ocean.
5.3.3.1.1. Exposure to Stimulation Fluids and Wastewater in Land and Freshwater
Ecosystems
Potential routes of environmental exposure to hydraulic fracturing chemicals include
accidental spills and intentional discharges to surface storage ponds. Outside of California,
Bamberger and Oswald (2012) documented a number of observations of harm to
livestock, domestic animals, and wildlife that correlated with surface spills or intentional
surface applications of wastewater from hydraulically fractured wells; however, these case
studies were analyzed retrospectively through interviews, veterinary reports and other
sources, and did not distinguish hydraulic fracturing flowback from produced
water, so they cannot be taken as definitive evidence of direct harm from hydraulic
fracturing operations.
Wildlife can suffer negative effects or mortality by drinking from or immersing themselves
in wastewater storage or disposal ponds (Ramirez, 2010; Timoney and Ronconi, 2010). In
the limited studies available of ecological impacts of oil field activity in California, there
are a few documented cases of giant kangaroo rats, blunt-nosed leopard lizards and San
Joaquin kit foxes drowning in accidental spills of oil and oil-laden wastewater (Kato and
O’Farrell, 1986; O’Farrell and Kato, 1987). Suter et al. (1992) examined the elemental
content of fur samples from San Joaquin Kit Foxes inhabiting two oil fields (one active,
one inactive), and two control areas. They found that foxes on the developed sites had
elevated levels of a number of elements which may be attributable to oil field materials.
However, their results must be interpreted with caution because of flaws the authors
themselves acknowledge in sampling design and statistical methods.
As described in Chapter 2, Section 2.5, discharge of wastewater to percolation pits, also
called evaporation-percolation ponds, is the most commonly reported disposal method for
stimulated wells in California. Percolation pits are primarily regulated by the state’s nine
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Regional Water Quality Control Boards. Much of the state’s well stimulation takes place
within the jurisdiction of the Central Valley Regional Water Quality Control Board. Within
its jurisdiction, wastewater can legally be disposed of in percolation pits with a permit
from the regional water board. However, it was recently found that an estimated 36% of
sumps have been operating without the necessary permits (Holcomb, 2015). The Central
Valley Regional Water Board requires that the fluid in the pits meet certain water quality
standards for salinity (measured as electrical conductivity), chlorides, and boron. Oil field
wastewater that exceeds the salinity thresholds may be discharged in percolation pits,
or to local streams or ponds “if the discharger successfully demonstrates to the Regional
Water Board in a public hearing that the proposed discharge will not substantially affect
water quality nor cause a violation of water quality objectives.” There is no testing
required, or thresholds specified, for other contaminants. However, oil field wastewater
typically contains other chemicals such as volatile organic compounds (VOCs), benzene,
and naturally occurring radioactive material (NORM) that are of concern for human and
environmental health.
Based on information obtained from the Central Valley Regional Water Quality Control
Board and the State Water Resources Control Board, there are 950 known evaporationpercolation ponds in eight California counties, listed in Table 5.3.5 (Borkovich 2015a and
b, CVRWQCB 2015). In Kern County, there were 484 active pits, 221 inactive, and 138
of unknown status, for a total of 843. There were no sump locations in Ventura County
in the datasets we obtained. However, these datasets must be treated with caution as
likely representing a minimum, but not necessarily a comprehensive list of percolation pit
locations in the state. Chapter 2 discusses the caveats for these datasets.
Table 5.3.5. Reported sump locations in California. Locations were coded by
status: active indicates that the location contained produced water, inactive
sumps were empty, and the rest are unknown status. Data from CVRWQCB
2015 and Borkovich 2015a and 2015b (Appendix Chapter 2, 2.G).
Status
County

Active

Inactive

Unknown

Total

484

221

138

843

Fresno

31

16

Tulare

30

Kern

Santa Barbara

9

Kings

9

4

13
9

San Benito

1

3

Monterey

1

1

San Luis Obispo

1

Grand Total

47
30

1

5
2
1

566

245

342

139

950
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To reduce access to sumps by animals, California regulations require that any pond
containing oil or a mixture of oil and water must be covered with a net with no more
than a two-inch mesh (California Code of Regulations Title 14 § 1770 on Oilfield Sumps).
Ponds not containing oil are not subject to such a requirement. We used the reported
locations of percolation pits gathered by the Central Valley Regional Water Quality
Control Board to plot the locations of sumps in Google Earth and survey the pits for nets.
We randomly selected 200 sumps to survey. Of these, 114 contained fluid at the time the
aerial photograph for Google Earth was taken. Twenty-seven of the 114 pits in use (24%)
were covered with nets. We could not determine whether unnetted pits had trace oil in
the water or whether they all met the legal requirements to be unnetted. Nonetheless,
other constituents besides oil could impact the health of organisms that come in contact
with the sumps, particularly if the produced water contains traces of stimulation chemicals.
While there are at least 950 known sumps in eight counties, not all of these have
necessarily received produced water from stimulated wells. As discussed in detail in
section 2.5.3.3 of this volume, “Management of Produced Water,” and 2.6.2.1, “Use of
Unlined Pits for Produced Water Disposal,” reports of disposal of wastewater specifically
from stimulated wells to unlined pits was limited to Kern County and was associated with
the Elk Hills, South Belridge, North Belridge, Lost Hills, and Buena Vista fields. Very few
operators are discharging wastewater from stimulated wells to creeks or streams, with two
stimulated wells reported to be discharging a total of 2,060 m3 (2 acre-feet) of wastewater
into surface water bodies during the first full month following stimulation.
As described in depth in section 2.6.2.9 of this volume, “Spills and Leaks,” there are two
databases maintained by the state on spills of oil and produced water, one by DOGGR and
one by California Governor’s Office of Emergency Services (OES). The OES database also
documents chemical spills on oil fields. Neither dataset provides information, such as an
American Petroleum Institute (API) number, that would allow a spill to be associated with
a stimulated well. The databases also do not give precise identification nor concentrations
of the chemical constituents of spilled substances, giving very general descriptions such
as “produced water” or “acid” that do not allow evaluation of the ecological impacts.
Between January 2009 and December 2014, a total of 575 produced water spills were
reported to OES, or an average of about 99 spills annually. The majority (55%) of these
spills occurred in Kern County, followed by Los Angeles (16%), Santa Barbara (13%),
Ventura (6%), Orange (3%), Monterey (2%), and San Luis Obispo (1%), and Sutter
(1%) counties. Nearly 18% of these spills impacted waterways. Chemical spills were
also reported in California oil fields, including spills of chemicals typically used in well
stimulation fluids, e.g., hydrochloric, hydrofluoric, and sulfuric acids. Between January
2009 and December 2014, a total of 31 chemical spills were reported to OES. Forty-two
percent of these spills were in Kern County, followed by Los Angeles (16%), Sonoma
(16%), and Lake (3%) counties. Chemical spills represent about 2% of all reported spills
attributed to oil and gas development during that period. 10% of the chemical spills were
reported to enter a waterway.
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At present there is insufficient data available to determine the concentration and volume
of the chemical constituents in wastewater intentionally and accidentally released to the
environment. The impact to the environment will depend on a multitude of unknown
factors including the volume and chemical content of the wastewater, how it is treated,
where it is released, and transformations in the environment.
5.3.3.1.2. Discharges to the Ocean
Although ocean discharge from platforms in State waters (within 3 nautical miles of the
coast) is prohibited, platforms operating in federal waters off California’s coast are legally
allowed to discharge treated produced water which may contain flowback containing
stimulation chemicals to the ocean. Chapter 2 Section 2.5.3.3.2, “Wastewater from
Offshore Oil and Gas Operations,” describes the scope of the discharge and the regulations
on its volume, composition, and monitoring. Accidental discharge of fluids to the ocean is
also possible, although we are not aware of any data indicating that the rate of accidental
spills, such as blowouts, differs for stimulated and unstimulated wells. As such, the main
difference between a spill from a stimulated versus unstimulated well would be the
potential presence of stimulation fluids. The potential impacts to the marine ecosystem of
intentional and accidental discharge will be examined in-depth in the Volume III Offshore
Case Study.
5.3.3.2. Ecotoxicology of Well Stimulation Fluids and Wastewater
Adverse impacts on wildlife and vegetation can result from exposure to chemicals in
stimulation fluids and wastewater from stimulated wells. The data on the chemical
content of these substances is discussed in depth in Vol II Chapter 2 Sections 2.4,
“Characterization of Well Stimulation Fluids,” and 2.5.4, “Wastewater Characteristics.”
In that chapter, environmental hazards of well stimulation additives and wastewater
were evaluated in detail with respect to acute and chronic toxicity, bioaccumulation,
and environmental persistence. In this section, we briefly revisit the topic with a focus
on potential impacts to wildlife and vegetation if organisms are exposed to these fluids.
However, our understanding of the long-term impacts of low-level exposure to these
chemicals is limited, because much of the information on toxicity to organisms is collected
in the laboratory using relatively high concentrations of individual chemicals. Impacts
to organisms from a release of well stimulation and/or wastewater to the environment
will depend on the actual concentration of chemicals and the reactions they undergo in
the environment. In addition, standard toxicity tests are conducted on a limited suite of
organisms that may not reflect the biology of California’s native biota (see Vol II Chapter 2
Section 2.4.4.4, “Characterization by environmental toxicity,” for more detail).
5.3.3.2.1. Stimulation Fluids
Exposure to chemicals used in well stimulation has been shown to adversely affect
mammals, fish, invertebrates and algae in acute toxicity tests. Environmental toxicity
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of stimulation fluids is discussed in depth in Volume II Chapter 2 Section 2.4.4.4,
“Characterization by Environmental Toxicity” and Section 2.4.7, “Other Environmental
Hazards of Well Stimulation Fluid Additives.”
5.3.3.2.2. Inorganics in Wastewater
Wastewater from stimulated wells is made up of a mixture of stimulation fluids, formation
fluids, and well clean-out fluids (see Chapter 2 Section 2.5.2, “Description of Wastewaters
Generated by Well-Stimulation Operations).” Some inorganic chemicals in underlying
rock formations that are brought to the surface through oil and gas production can be
hazardous to wildlife and vegetation. Some geologic formations associated with well
stimulation activity in California contain relatively high levels of trace elements and
radionuclides (Piper et al., 1995; Presser et al., 2004). Inorganics mobilized by well
stimulation may pose a risk to California wildlife and vegetation. Selenium enrichment
is particularly problematic in the western San Joaquin Valley, including Kern County
(Presser and Ohlendorf, 1987). Selenium exposure can cause developmental toxicity in
birds and fish at environmentally relevant levels (Presser and Barnes, 1985). Several
other trace elements (e.g., Cd, Cu, Ni, V) that are enriched in well stimulation areas are
known to cause adverse effects in wildlife and vegetation at environmentally relevant
levels (e.g., Eisler 1998; Larison et al., 2000; Rattner et al., 2006; Shahid et al., 2014).
Formation water is also typically high in salt content; many plants and aquatic organisms
in particular are highly sensitive to salt concentrations (Allen et al., 1975; Pezeshki et al.,
1989; Ruso et al., 2007). Among the metals copper, selenium, titanium and vanadium
are the most likely to accumulate (Love et al., 2013). Persistence, biodegradation, and
bioaccumulation are discussed in more detail in Chapter 2 Section 2.4.7.1,
“Environmental Persistence.”
A major gap in knowledge of the ecotoxicology of stimulation fluids and associated
wastewater is how the number of toxic and/or persistent compounds already used in well
stimulation fluids might alter the toxicity and persistence of the chemical compounds
in produced waters. The literature on possible additivity and synergistic interactions of
persistent/toxic compounds is scarce and a proper risk assessment of chemical mixtures is
currently hampered by the lack of data (Martins et al., 2009; Shen et al., 2006; Stelzer &
Chan, 1999; Pellacani et al., 2012).
5.3.3.2.3. Hydrocarbons in Wastewater
Produced water generally contains a number of soluble hydrocarbons, along with metals
and other compounds used in well treatment (Benko & Drewes, 2008; Clark & Veil, 2009).
In California most information on produced water in the marine environment is from oil
production facilities in the Santa Barbara Channel. Most of the toxicity of produced water
is attributed to the water-soluble fractions of the hydrocarbons (Garman, et al., 1994). At
a well blowout site in Kern County, Kaplan et al. (2009) found evidence that Heermann’s
kangaroo rats (Dipodomys heermanni) incorporated into their livers a set of chemicals,
polycyclic hydrocarbons, that originated from crude oil.
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5.3.3.3. Summary of Impacts of Discharges of Stimulation Fluids and Wastewater to
Wildlife and Vegetation
When handled without accident, wastewater can be either reused or disposed of. One type
of reuse involves re-injecting produced water into the formation to enhance oil recovery
and counteract subsidence. Occasionally wastewater is used for irrigation or industrial
purposes. Alternatively, wastewater may be disposed of in pits or injection wells, referred
to as Class II wells in the USEPA’s Underground Injection Control Program. A very small
amount is disposed of by discharging it directly into the ocean. No matter how wastewater
is reused or disposed of, there is the potential for spills and environmental releases of
chemicals used in the well stimulation process. Laws and regulations seek to minimize
the occurrence and consequences of environmental releases of inadequately treated
fluids, however releases of chemicals to the environment can and do occur. Chapter 2 of
this volume analyzed the potential effects of these releases by considering the toxicity of
the most commonly used chemicals for well stimulation, and the chemicals used in the
greatest mass. The evaluation considered toxicity of relatively high concentrations of
the chemical, and therefore represents a worst possible scenario. In practice, the
chemicals are often diluted or removed by treatment practices before fluids are released
to the environment.
Our understanding of the impacts of discharges of stimulation fluids and wastewater
to wildlife and vegetation is hampered by lack of data on multiple levels. Based
on ecotoxicology data on stimulation fluids and wastewater, we can state that the
discharge of stimulation fluids and wastewater from stimulated wells has the potential
to harm wildlife and vegetation, but the actual magnitude of the impacts will depend
on the frequency, location, volume, and chemical concentrations of discharges. We
lack substantive data on the frequency of releases, the volumes and concentrations of
discharges, and the long-term impacts on wildlife and vegetation once the fluids enter
the environment. More is known about the potential indirect impacts of inorganics
and hydrocarbons in formation waters and production fluids than the direct effect of
stimulation fluids. Mammalian wildlife can be more susceptible to adverse effects of
inorganics and hydrocarbons due to higher exposure levels than the human population.
Increased data collection on potential releases of stimulation fluids and wastewater to
the environment and refinement of the ecotoxicological analysis would lead to a better
understanding of this risk.
5.3.4. Use of Water Can Harm Freshwater Ecosystems
Water is the main constituent of stimulation fluids, and water use to make stimulation
fluids is a direct impact of well stimulation. Well stimulation can also in some situations
enable production from reservoirs that also require enhanced oil recovery for effective
production (EOR). Common forms EOR such as water flooding, steam flooding, and cyclic
steaming require. Use of water for EOR enabled by hydraulic fracturing is an indirect
impact of well stimulation. Competition for water with human uses is a major cause in the
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alteration and decline of the state’s aquatic ecosystems (Moyle and Leidy, 1992). Water
use for well stimulation is discussed in detail in Chapter 2 Section 2.3, “Water Use for
Well Stimulation in California.” Water for well stimulation is a small fraction of freshwater
used in the state. Chapter 2 reports that well stimulation in the state uses 850,000 to
1,200,000 m³ (690–980 acre-feet) annually; this is about 0.01% (one ten-thousandth) of
California’s annual human water use. Even factoring in EOR enabled by well stimulation,
the proportion of water use for both well stimulation and well stimulation – enabled EOR
is 0.03% (three ten-thousandths) of annual human water use in the state. However, well
stimulation is a highly geographically clustered activity, so it is important to consider
water use in a regional context. Chapter 2 looks at water use for well stimulation and EOR
enabled by well stimulation within planning areas. There are 56 planning areas in the
state, ranging in size from 320 to 7,500 square miles, with an average size of 2,600 square
miles. The planning area with the largest proportion of its water used by well stimulation
and EOR enabled by well stimulation is the Semitropic Planning Area in the western
portion of Kern county. In the Semitropic, .19% of the annual water use, or 2,900,000
m3, is for well stimulation and EOR enabled by well stimulation. Thus, even in the region
where most of the well stimulation in the state occurs, it represents a small proportion of
total water use.
The statistics on water use for well stimulation on a state-wide and regional scale indicate
that well stimulation represents a small percentage of water diverted from large sources.
Of the 495 well stimulation completion reports filed with DOGGR between January 1 and
December 10, 2014, all but two were for operations in Kern County. Most of the Kern
County operations (397, or 83%) used water from the Belridge Water Storage District,
which sources water from the State Water Project. The State Water Project delivers about
470 million m3 (2.3 million acre-feet) in average years, which dwarfs the amount of water
used for well stimulation; as a result, a very small proportion of the impact to ecosystems
by the State Water System can be attributed to withdrawals for well stimulation.
The available data on water use for stimulation does not allow us to do is to determine
whether water diversions for well stimulation cause very small-scale, local impacts
on surface waterways. The main pathway for water use to impact the health of an
ecosystem is if water use is a large proportion of streamflow for a surface waterway, or
if groundwater is drawn down locally so that it substantially decreases baseflow to a
stream. While water use for well stimulation is of a small enough volume that it is unlikely
to have a substantial impact on large bodies of water, it is conceivable that an operator
could divert a large proportion of a small waterway or locally draw down groundwater
enough to affect small bodies of surface water. In order to understand very local impacts
such as these, data on the source of well stimulation water would need to be reported
on a finer spatial scale than it is at present. In well stimulation disclosures, operators
report the source of water by category such as irrigation districts (68%), produced water
(13%), operators’ own wells (13%), a nearby municipal water supplier (4%), or a private
landowner (1%). This level of reporting does not allow us to establish if, for example,
a proportionately large amount of water is being withdrawn from the groundwater by
private wells in one small area, or diverted from a small surface waterway.
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5.3.5. Noise and Light Pollution Can Alter Animal Behavior
Oil and gas operations are sources of anthropogenic noise caused by equipment and
night-time lighting. Some noise is generated by the equipment used specifically for well
stimulation, chiefly the hydraulic fracturing pumps, and would be considered an indirect
impact. Noise is also generated at other stages of process such as site preparation, drilling,
and production and would be considered an indirect result of well stimulation. Nighttime lighting for production enabled by stimulation would be an indirect impact. Well
stimulation operations typically last on the order of hours (King, 2012), so the duration
of noise and light directly caused by well stimulation is brief compared to the months to
years of noise and light associated with ensuing production.
Noise and artificial night lighting have been shown to effect the communication, foraging,
competition, and reproduction of organisms. Sound is an important sensory tool for
animals and noise pollution from oil and gas production has been shown to alter their
behavior, distribution, and reproductive rates (Blickley et al., 2012a and b; Francis et
al., 2012). Noise is generated at all stages of the oil and gas production process, from
construction of the well, stimulation, and production, until the well is abandoned. We
could find only one reported measurement of noise specifically during hydraulic fracturing
in California. Noise levels of 68.9 and 68.4 decibels (dBA) were measured 1.8 m (5 ft)
above the ground 33m (100 ft) and 66 m (200 ft) away from a high-volume hydraulic
fracturing operation in the Inglewood Field (Cardno ENTRIX, 2012). These levels are
substantially lower than those found to disturb wildlife and ecosystem processes in
Blickley et al. (2012a and b) and Francis et al. (2012). Observational data collected in
the Elk Hills region of western Kern County between 1980 and 2000 suggested that the
San Joaquin kit fox and other wildlife appeared to have habituated and acclimated to the
regimen of noise, ground vibrations, and human disturbances associated with an active oil
field (O’Farrell et al., 1986).
Ecological light pollution is a specific term describing chronically increased illumination
and temporary unexpected fluctuations in lighting (Longcore and Rich, 2004). Sources
of ecological light pollution include lighted buildings, streetlights, security lights, vehicle
lights, flares on off-shore oil platforms, and lights on well pads. Light pollution has
been shown to extend diurnal or crepuscular foraging behaviors (Hill, 1990; Schwartz
and Henderson, 1991), reduced nocturnal foraging in desert rodents (Kotler, 1984),
disorient organisms who hatch at night such as sea turtle hatchlings (Salmon, 2003;
Witherington, 1997) and disorient nocturnal animals such as birds (Ogden, 1996) and
frogs (Buchanan, 1993) leading to mortality or predation. Many studies have also noted
changes of breeding and migration behaviors (Rydell, 1992; Eisenbeis, 2006; Stone et
al., 2009; Titulaer et al., 2012; Bergen and Abs, 1997). Ecological light pollution can also
disrupt plant by distorting their natural day-night cycle (Montevecchi et al., 2006). It is
considered an important force behind the loss of light-sensitive species and the decline
of nocturnal pollinators such as moths and bats (Potts et al., 2010) and can change the
composition of whole communities (Davies et al., 2012).
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There are no specific studies on the effect of artificial lighting on wildlife on or around
well pads, however, some states like Maryland have implemented best management
practices for oil and gas development to mitigate any potential effects. These include using
only night lighting when necessary, directed all light downward, and using low pressure
sodium light sources when possible (Maryland Department of the Environment and
Maryland Department of Natural Resources, 2014).
5.3.6. Vehicle Traffic Can Cause Plant and Animal Mortality
Vehicles impact natural habitats by striking and killing animals; vehicles traveling off-road
can cause plant mortality and compact the soil. The proppant, and occasionally water,
required for well stimulation is transported via trucks; vehicles are also an integral piece
of equipment in all other stages of oil and gas production. Road mortality is noted as a
major factor affecting the conservation status of two state and federally listed species in
California known to occur on the oil fields of the San Joaquin Valley: the San Joaquin
kit fox and the blunt-nosed leopard lizard (Williams et al., 1998). Vehicle traffic is
inherent in most stages of the oil and gas production process, including, but not limited to
stimulation; therefore it is both a direct and indirect impact.
Road mortality on oil fields has specifically been studied in the San Joaquin kit fox. In one
study at the Elk Hills Oil Field, the proportion of San Joaquin kit fox deaths due to road
accidents was four times greater in developed areas versus in undisturbed areas (O’Farrell
et al., 1986). A later study at the same field found vehicle-related mortality rates for
endangered San Joaquin kit foxes were approximately double in oil-developed areas
versus non-developed areas, although overall rates were considered low (20 of 225 deaths
during 1980-1995; (Cypher et al., 2000). Similarly, (Spiegel and Disney, 1996) found that
none of 29 foxes found dead during 1989-1993 in the highly developed Midway-Sunset
and McKittrick-Cymric oilfields had been killed by vehicles. Restrictions on speed limits
and off-road driving that are imposed in many oil fields as a measure to mitigate vehicle
strikes may explain the low mortality rates.
5.3.7. Ingestion of Litter Can Cause Condor Mortality
As with many sites of human activity, oil and gas pads can become deposits for litter.
While there may be marginally more litter as a result of the process of preparing a site for
production taking slightly longer and requiring more staff when stimulation is involved,
litter is presumably mainly an indirect impact that is associated with all stages of the
hydrocarbon production process, not just well stimulation.
Critical habitat for the California Condor overlaps with the Sespe Oil Field in the Los
Padres National Forest, and the Sespe Condor Sanctuary is adjacent to the oil field of the
same name. U.S. Forest Service guidelines that well pads be maintained free of debris.
Nonetheless, oil operations are nonetheless potential sources of microtrash that can cause
mortality in condors (Mee et al., 2007a and b; USFWS, 2005). Microtrash consists of
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any man-made item that is sufficiently small to be ingested by a condor, up to about 4
cm in diameter. Items found in condors have included nuts, bolts, washers, copper wire,
plastic, bottle caps, glass, and ammunition cartridges (Mee et al., 2007a and b; Walters
et al., 2010). For reasons that are unclear, adults will collect such items and feed them to
nestlings (Mee et al., 2007a and b; Rideout et al., 2012). Of 18 nestlings for which cause
of death could be determined, 8 (44%) deaths were attributable to microtrash ingestion
(USFWS, 2013). The national forest, the U.S. Bureau of Land Management (BLM) (which
administers the mineral rights in the forest), and the USFWS all have imposed measures
to minimize or eliminate the presence of microtrash (USFWS, 2005).
5.3.8. Potential Future Impacts to Wildlife and Vegetation
In this report we predict that the main focus for hydraulic fracturing in the state
will continue to be in and around the areas where it is already used, principally the
southwestern San Joaquin Basin (Volume I Chapter 4). The possibility of a sudden
development of new areas with hydraulic fracturing-enabled production hinges largely on
the possibility of developing Monterey source rock, which is a highly uncertain possibility
at this stage. Here we briefly summarize what we know and the data gaps about potential
future well stimulation impacts to wildlife and vegetation and refer the readers to the
relevant sections of other volumes for more detail.
• Hydraulic fracturing will likely continue to be an important part of oil and gas
production in California. In this report we predict that it will continue in and
around the fields where it is already routinely used, principally in the San Joaquin
Valley (Volume I Chapter 4, Volume II Chapter 5). However, we cannot predict
the future location and density of hydraulically fractured wells. As a result we
refrain from making detailed forecasts about future habitat loss and fragmentation
caused by hydraulic fracturing.
• The degree to which new development will affect habitat loss and fragmentation
will depend on whether future development is “infill” (an increased density of
already-developed areas) or expansion (growth in undeveloped areas), and the
degree to which wells and other infrastructure are clustered or evenly distributed
across the landscape. Volume III Chapter 5 examines production as a function of
well density in one pool of the Lost Hills oil field and concludes that production
increases linearly with well density, suggesting that operators will continue to
drill new wells in already-developed areas to increase total yields. The lease with
the highest yield in the Cahn pool has a well density of approximately 200 wells
per km2; we would predict that, as long as the activity remains profitable, the
remainder of this pool will reach similar densities. A study in another San Joaquin
oil field found that native species disappeared at well densities of about 100 wells
per km2 (Fieler and Cypher, 2011). We do not know if all hydraulically fractured
pools show a similar linear relationship between yield and well density, but the
study of the Cahn pool suggests a possible way to examine this question on a
pool-by-pool basis in future research.
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• We do not know the limit of the surface footprint of pools requiring hydraulic
fracturing. Volume III, Chapter 5 examines two pools in detail, the Cahn Pool
at Lost Hills field and the Pyramid Hill-Vedder pool in Mount Poso field, and
notes that there is a mix of curved and linear borders of wells producing from
these pools. The linear borders suggest that development was limited by a legal
boundary (such as a lease) and that the geological resource extends further. This
suggests that there are untapped resources just beyond the reach of existing wells
that can be developed in the future with the application of hydraulic fracturing.
• While we identify potential pathways for impacts of well stimulation to
wildlife and vegetation besides habitat loss and fragmentation in this chapter,
the available information is insufficient to quantify past or future impacts
to populations. For example, while we know that the release of stimulation
chemicals is a possible impact, we do not know to what degree it occurs nor
whether it causes declines in population sizes. Without adequate information on
past and present impacts, we cannot hope to predict the future impacts.
• It is possible that hydraulic fracturing could open large new areas for development
if operators learned how to effectively develop Monterey source rock, although
these areas would still be in the general vicinity (within 20 kilometers) of existing
oil fields in the six largest oil-producing basins in the state (Volume III Chapter 3).
At present there is no reliable resource assessment of Monterey source rock. Based
on the documented challenges in developing Monterey source rock, economic
production of Monterey source rock appears to be a remote possibility at present,
and one which would require technological innovations that may change the
profile of impacts from oil and gas production (such as greater reliance on
clustered, horizontal wells). Because of these many uncertainties, we did not
perform a detailed prediction of future well density in the Monterey source rock
footprint, although we did examine the biological resources present in the area to
consider the environmental context in which the development could occur. The
footprint of Monterey source rock is in the San Joaquin, Ventura, Los Angeles,
Salinas, Santa Maria, and Cuyama basins. Within the footprint, about 60% of the
area is used intensively by people (i.e. for cities, agriculture, or industry), and
about 40% is open space (grass and shrublands, forest, and open water). The
footprint of potential Monterey source rock underlies the area of the southwestern
San Joaquin identified as highly sensitive in this chapter.
5.4. Laws and Regulations Governing Impacts to Wildlife and Vegetation from Oil
and Gas Production
While the preceding has outlined the major potential hazards to wildlife and vegetation,
the degree to which these hazards actually impact wildlife and vegetation is mitigated to
some extent by the numerous federal and state laws governing how human activities such
as well stimulation must be carried out to minimize impacts on wildlife and vegetation.
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For example, the National Environmental Policy Act (NEPA), the Federal Endangered
Species Act (ESA), the Migratory Bird Treaty Act, the California Endangered Species Act
(CESA), California Fully Protected Designations, and the California Environmental Quality
Act (CEQA) are directed at protecting the natural environment. In this section, we briefly
review regulations applicable in California in order to describe the regulatory system
as it pertains to impacts to wildlife and vegetation of oil and gas production and wellstimulation-enabled oil and gas production.
A detailed description of the regulatory setting for biological resources in California
is given in the SB4 Draft Environmental Impact Report (Aspen Environmental Group,
2015a and 2015b). However, the pertinent laws do not consistently establish practices
that all California oil and gas producers must enact to reduce their impacts on wildlife
and vegetation. The relevant laws are brought to bear differently depending on which
agencies have jurisdiction over the project and site-specific circumstances. This results
in a patchwork of agreements that are not necessarily consistent with one another on a
statewide or even regional scale, and that are not compiled in one central repository that
is publicly available, but rather exist in the records of a multitude of federal, state, and
local agencies, and the private entities who entered into the agreements. For example,
Occidental Petroleum and the California Department of Fish and Game6 entered into a
memorandum of understanding and take authorization governing activities at Elk Hills oil
field (California Department of Fish and Game, 1997). This document does not apply to
any of the other fields in the state.
The process by which environmental regulations are applied to minimize impacts to
wildlife and vegetation varies depending upon the landowner and the mineral rights
owner at a given location. Not uncommonly, a “split estate” situation exists whereby
the owner (s) of the land and the owner (s) of the mineral rights beneath that land are
different. If the land or mineral rights are federally owned, then the process is more
consistent. In these situations, the federal agency that owns the surface and/or mineral
estate must authorize any oil and gas development projects and grant permits. These
actions necessitate formal review of the proposed project under NEPA. The federal action
agency, often with a project description and site-specific information provided by the
project proponent, prepares an Environmental Assessment or Environmental Impact
Statement under NEPA to analyze the effects of the project. Appropriate terms and
conditions are attached to the federal authorization to avoid or mitigate project effects on
natural resources.
Ideally, this document describes how the project will comply with all applicable
environmental laws. Also, the federal agency is responsible for ensuring that the project
proponent complies with all applicable laws and regulations (see Aspen Environmental
Group 2015a and b for a list of applicable laws and regulations).

6. Now known as the California Department of Fish and Wildlife.
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If the land and mineral rights are privately owned, then the process depends upon the
nature of the proposed project. If the project is to drill a new well, the well must be
permitted by DOGGR. Before DOGGR can issue a permit, the project is required to be
subjected to review under CEQA. The project proponent prepares an Environmental
Impact Report, and this is the document that is subject to review. Ideally, this document
describes how the project will comply with all applicable environmental laws. If the
project is something other than a new well (e.g., construction of infrastructure such
as pipelines, facilities, etc.), then the responsible agency usually is a county or local
municipality. The requirements and process are then very variable with some agencies
providing little to no requirements or oversight with regards to environmental regulations,
and others imposing rigorous requirements and oversight. Even when agency oversight is
minimal or non-existent, project proponents still are required to comply with all laws and
regulations, but such compliance tends to be variable.
Given the patchwork of regulatory agreements pertaining to oil and gas activities
throughout the state and the lack of any centralized collection for such agreements, it is
not possible for us to fully evaluate the regulations that the various oil and gas operators
may or may not be operating under, nor evaluate the degree to which these agreements
are consistent or complementary with one another. We emphasize that the lack of
consistency in the application of regulatory requirements is in no way unique to oil and
gas operations, but instead is common to all activities evaluated under the acts listed at
the beginning of this section. The requirements tend to vary among habitats, species,
agency staff conducting the evaluations, and precedents established among offices within
agencies. Finally, requirements for a given oil and gas project may vary depending upon
whether the project was initiated before or after a given regulatory act was passed and
implemented.
5.5. Measures to Mitigate Oil Field Impacts on Terrestrial Species and Their Habitats
The potential hazards to wildlife and vegetation posed by well stimulation and the
production it enables can be reduced through application of the appropriate mitigation
measures. A variety of measures are frequently required in oil fields in California to
avoid or mitigate impacts to terrestrial species and their habitats resulting from oil and
gas extraction activities. To our knowledge, no mitigation measures for the protection
of terrestrial species and their habitats are specific to well-stimulation activities, but
apply to oil and gas production activities that can be enabled by well stimulation such as
construction of well pads, roads, facilities, and pipelines; maintenance and operations;
and seismic surveys.
The list of measures presented in this section is largely derived from examples in the
San Joaquin Valley, where oil field activity is extensive and where sensitive biological
resources are abundant (see Introduction, Section 5.2, for synopsis of San Joaquin Valley
biological values). Measures implemented in other regions probably are similar with
nuances specific to the species and habitats in those regions.
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Below, we list and describe commonly implemented mitigation measures in oil fields. This
list was compiled from documents that addressed oil and gas production in large oil fields
or over large regions. The primary documents were U.S. BLM, 2010; U.S. DOE, 1991;
2001; US DOI, 2012; USFWS, 2001. The documents used in this compilation addressed
large, extensive oil and gas production operations conducted over multiple years. All of
the information presented below was distilled from the sources above unless otherwise
cited. The measures are grouped into broad categories based on their intended purpose.
Here we focus principally on impacts to the terrestrial environment; the alternative and
best practices given in Volume II, Chapter 2 focus on strategies for reducing risks to water
supply and quantity that can impact the aquatic environment.
5.5.1. Habitat Disturbance Mitigation
5.5.1.1. Compensatory habitat
In an effort to compensate for habitat destruction resulting from oil field activities,
project proponents commonly are required to permanently conserve undisturbed habitat
elsewhere. Such habitat is referred to as “compensatory habitat.” This requirement can
be satisfied by project proponents in various ways including using lands they already
own, purchasing lands, and purchasing credits in an approved habitat mitigation bank.
For lands owned or purchased, the project proponent can retain and manage the lands,
or transfer them to a natural resources agency (e.g., CDFW) or an approved conservation
organization (e.g., Center for Natural Lands Management). The lands must be protected in
perpetuity and managed appropriately. Agency-approved management plans typically are
required for lands retained by project proponents, and endowment funds for management
must be provided along with lands transferred to another agency or organization.
This approach to mitigation uses what are generally referred to as “environmental offsets,”
and has become a common form of environmental regulation in the United States and
Europe. The goal of offsets is to counteract the impact of development to achieve a net
neutral or beneficial outcome. For example, beginning in the 1970s, most states adopted
a “no net loss” policy for wetlands. Rather than banning all development in wetland
areas, developers were given the option of compensating for wetland loss by creating new
wetlands elsewhere on an acre-for-acre basis. The mitigation approach is not without its
detractors, however; see e.g. McKenney (2005), Race and Fonseca (1996).
For California oil and gas projects, the ratio of compensatory land to altered land is
variable. In the San Joaquin Valley, a common ratio is 3:1, meaning three units of
compensatory habitat for every one unit of habitat disturbed. For “temporary” habitat
disturbances (usually defined as disturbances lasting less than two years), the ratio is
1.1:1. Examples of temporary disturbances include the installation of buried pipelines and
equipment staging areas. In such situations, the disturbed area is allowed to revegetate
through natural or active habitat restoration, and then is again available for use by
species. Other ratios have been required, including 4:1 in cases where protected lands are
disturbed (USFWS, 2001). (Many lands in the San Joaquin Valley are “split estates” in
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which one party owns the surface of the land and another party owns the mineral rights
underlying the land. In such situations, access to the minerals must be granted. Thus,
mineral extraction activities are not uncommon on protected lands.) A ratio of 6:1 was
required for any projects that disturbed habitat for federally endangered Kern Mallow
(Eremalke kernensis; USFWS, 2001). In the case of an oil field waste-processing facility
constructed in highly sensitive habitat used by multiple listed species in Kern County, the
required ratio was 19:1 (D. Mitchell, Diane Mitchell Environmental Consulting, personal
communication).
Compensatory habitat is typically “in kind;” that is, the habitat must be of equal or higher
value than the habitat that was disturbed. Furthermore, listed species present on the
disturbed habitat also must be present on the compensatory habitat.
5.5.1.2. Disturbance minimization
Measures commonly are implemented to reduce the amount of habitat disturbed by oilfield activities. Some of the measures are implemented in the planning phase of a project
(e.g., planning to drill multiple wells from a single pad). Other measures constitute best
management practices implemented during the construction or operations phases.
• Use existing roads to the extent possible.
• Use previously disturbed areas to the extent possible.
• Try to aggregate facilities to the extent possible.
• Drill multiple wells from a single pad by using directional and horizontal drilling.
• Route pipelines along existing roads whenever possible.
• Elevate pipelines to minimize surface disturbance and allow animals to freely
move under the pipeline.
• If off-road travel is necessary and permitted (e.g., seismic surveys), use all-terrain
vehicles (ATVs) instead of full-sized vehicles when possible for cross-country
travel, as ATVs are smaller and lighter and therefore cause less damage when
driven across habitat.
In some situations, the total habitat disturbance permitted in a given area is restricted.
Lands administered by the U.S. BLM in the southern San Joaquin Valley have been
categorized based on the suitability of the lands for listed species. In “Red Zones,” which
are within identified reserve areas, surface disturbance from oil and gas extraction
activities may not exceed 10%. In “Green Zones,” which are identified as dispersal
corridors between reserve areas, surface disturbance cannot exceed 25% (USFWS, 2001).
This policy takes into account cumulative impacts from all projects on BLM land in the region.
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5.5.1.3. Habitat degradation mitigation
Measures commonly are implemented to reduce habitat degradation. These measures are
different from disturbance minimization measures in that they are intended to avoid or
mitigate transient or accidental impacts that can degrade habitat quality.
• Prohibit off-road travel. Vehicles are restricted to use of existing roads.
• Contain and remediate fluid spills. Various types of fluids are used or produced
in oil fields. Many of these fluids are highly toxic, but even clean water in
inappropriate situations can cause flooding of burrows, drowning of individuals,
and soil erosion. Control strategies can include building berms around
facilities that hold fluids. If spills do occur in habitat, then clean up, removal of
contaminated soils, and restoration may be required.
• Prevent and suppress fires. Fires can significantly degrade habitat quality,
particularly in regions like the San Joaquin Valley where vegetation communities
are not fire-adapted. Thus, oil field operators may implement a variety of
measures to prevent fires, including use of spark arrestors on equipment,
prohibiting open flames, restricting smoking at field sites, equipping all vehicles
with fire extinguishers, and staging fire suppression equipment at field work sites.
• Prohibiting or restricting public access. Access to oil fields by the general public
may be prohibited or at least limited. Access by the public can potentially result
in environmental impacts, such as off-road vehicle use, shooting of animals,
trampling of sensitive plant populations, wild fires, and trash dumping.
5.5.2. Avoidance of Direct Take
Measures commonly are implemented in oil fields to avoid the “taking” of listed species.
According to the ESA and CESA, “taking” can include direct mortality, injury, harassment,
or other actions that may adversely affect individuals of a listed species. This list was
compiled from documents that addressed oil and gas production in large oil fields or over
large regions. The primary documents were U.S. BLM, 2010; U.S. DOE, 1991; 2001; US
DOI, 2012; USFWS, 2001.
• Conduct surveys to determine whether listed or sensitive species are present on
or near sites where habitat will be impacted or where activities potentially put
individuals at risk.
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• Avoid to the extent practicable any sensitive habitat areas or biological features
important to listed or sensitive species. Sensitive habitat areas can include vernal
pools, riparian areas, wetlands, and rare plant locations. Important biological
features can include dens, burrows, and roosting sites. Avoidance commonly is
achieved through the establishment of exclusion zones that are closed to entry by
humans and vehicles.
• Exclude, remove, or relocate individuals that cannot be avoided. If individuals or
features cannot be avoided, then measures are usually required to remove them to
avoid injury or death of individuals.
• Use signage to protect sensitive areas. Permanent signage sometimes is used to
indicate sensitive habitat areas or important biological features and exclude entry
by humans.
• Use fencing to exclude animal entry into dangerous areas. Fencing is sometimes
used around project sites to exclude entry by rare animals. Typically, this
strategy is applied to relatively small sites (e.g., well pads) that can be effectively
fenced and that are not so extensive (e.g., long, linear projects) that the fencing
would severely inhibit animal movements through the area. Occasionally, more
extensive (e.g., long, linear projects) are fenced in segments so as to permit
animal movements through an area. Examples of species commonly excluded
with fencing include blunt-nosed leopard lizards (Gambelia sila), kangaroo rats
(Dipodomys spp.), and California tiger salamanders (Ambystoma californiense).
• Install fencing and netting around and over sumps to exclude entry by animals.
Sumps are commonly constructed to contain fluids produced in oil fields, in
particular produced water that is pumped from wells along with oil and gas. Such
water can include a variety of chemicals potentially harmful to animals. Animals
can be attracted to sumps filled with produced water mistaking them for a source
of drinking water or wetland habitat. Fencing and netting is placed around and
over these sumps to prevent animals from accessing the water in which they could
drown, or if ingested or absorbed, could cause injury or death.
• Cap all pipes to prevent entry by animals. Pipes are used in abundance in oil fields
for drilling wells, constructing pipelines, and other purposes. Animals occasionally
seek shelter in pipes, and then can be harmed or killed if they become entrapped
in the pipe or the pipe is moved. Capping the ends of pipes prevents use by animals.
• Prevent animal entrapment in open trenches and pits. Trenches and pits are
commonly dug in oil fields for a variety of purposes. Strategies to prevent animal
entrapment include (1) covering them when work is not being performed, (2)
monitoring, usually at the beginning and end of the work day, and removal of any
animals, (3) reducing side slopes to 45 degrees or less, and (4) building ramps to
allow any trapped animals to escape.
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• Limit vehicle speeds. To reduce the potential for animals to be struck by vehicles,
speed limits are commonly imposed in oil fields. In areas with listed or sensitive
species, limits are typically no more than 25 mph and sometimes as low as 5 mph.
Lower speed limits may be required at night when animals are active.
• Remove all trash and food that might attract animals to work sites. Typically at
the end of the work day, all trash and food is removed from the site so as not to
attract animals.
• Prohibit dogs or other pets. Domestic animals, particularly dogs, potentially
could pursue, capture, and kill wildlife species. Even just the presence of dogs
potentially could alter wildlife behavior in a detrimental manner. Domestic
animals also could carry and introduce diseases into local wildlife populations.
• Prohibit firearms. This restriction is imposed to prevent the shooting of wildlife.
• Restrict pesticide use. Use of pesticides (e.g., rodenticides, insecticides, herbicides,
etc.) may be prohibited or strictly regulated to avoid poisoning of wildlife and plants.
• Mitigation measures for rare plants. In areas where rare plant populations are
known to occur, mitigation measures specifically for plants may be required.
These measures include (1) complete avoidance of oil field activities, where
possible, (2) limiting activities in plant populations to the period between seed
set and germination, (3) collecting seeds and redistributing them in nearby
undisturbed areas, (4) collecting and storing top soil, and then redistributing it in
disturbed areas or back on the original site if the disturbance is temporary, and
(5) prohibiting the use of herbicides in or near plant populations.
• Use of biological monitors. Biological monitors may be required to be present
when work is being conducted. This is a common requirement in areas where
listed species are known to be present. Biological monitors must be qualified
biologists (i.e., trained to recognize species of interest and knowledgeable
of applicable laws and regulations as well as appropriate responses to the
appearance of species on work sites or non-compliance by workers). Monitors
ensure that exclusion zones are avoided by workers, monitor activity by sensitive
animals, monitor worker compliance, participate in worker education and
awareness programs, and prepare compliance reports. Monitors commonly have
the authority to halt work in situations such as (1) the appearance of a listed species
on site, (2) death or injury of a listed species, or (3) non-compliance by workers.
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5.5.3. Environmental Restoration
Restoration involves environmental remediation and recovery of ecological functions on
sites where habitat has been disturbed. DOGGR provides some guidance and requirements
(California Code of Regulations Title 14 § 1776 on Well Site and Lease Restoration). In
essence, upon abandonment, wells must be plugged and all structures and materials on
the surface must be removed. Any toxic or hazardous materials must be cleaned up. Any
excavations must be filled and compacted, and any unstable slopes must be mitigated.
Finally, the site should be “returned to as near a natural state as practicable.”
Otherwise, requirements for restoration are inconsistent and range widely from none to
extensive. On U.S. BLM lands in the southern San Joaquin Valley, intensive restoration
is required and detailed protocols and procedures are provided to project proponents
(USFWS, 2001). In other instances, project proponents are asked to prepare a restoration
plan and submit it for agency approval (Padre Associates, 2014). The purpose of
restoration efforts is to try to reestablish sufficient ecological function on previously
disturbed lands such that they can again be used by local native species. Restoration
usually is conducted whenever a disturbed area (e.g., road, well pad, facility site, pipeline)
is no longer needed for oil and gas production activities.
Elements of restoration could include the following:
• Removal of all anthropogenic materials.
• Removal of any contaminated soil.
• Ripping/disking the site to reduce soil compaction.
• Earthwork to restore natural contours of a site.
• Seeding with native plants (seed mixes vary immensely but usually include one or
more shrub species).
• Application of sterile straw or other cover material to inhibit erosion.
• Monitoring restoration success. A typical performance measure is to restore
vegetative cover on a disturbed site such that it is equal to at least 70% of the
cover on nearby undisturbed sites.
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5.5.4. Employee Training
A common requirement for oil and gas production operations is to provide environmental
training for employees. Such training generally is required of any individual that works
on a given project, even if employee responsibilities do not include field work. Employee
education and awareness programs commonly include information on:
• How to recognize listed and sensitive species.
• How to recognize sensitive habitats.
• Mandatory mitigation measures and their implementation.
• Applicable laws and regulations, and consequences that could result from
non-compliance.
5.5.5. Regional Species-Specific Measures
Most of the measures described above are relatively general and therefore widely applied.
In addition to these general measures, there may be measures required that are specific
to local listed or sensitive species. Appendix 5.A gives specific measures that have been
required in oil fields occurring within the range of California condors (Gymnogyps
californianus), Arroyo toads (Bufo californicus), red-legged frogs (Rana aurora draytonii),
and fairy shrimp (Castle Peak Resources, 2011; USFWS, 2009; 2005).
5.5.6. Efficacy of Mitigation Measures
As detailed above, numerous measures have been implemented in oil fields to mitigate
impacts to terrestrial species and their habitats from oil and gas production activities.
However, rarely has the efficacy of any of the measures been assessed. In general, most
of the measures have not been subject to systematic studies quantifying the contribution
of the measures to the conservation of biological resources. However, a small number of
assessments have been conducted, and these are summarized below.
5.5.6.1. Use of Barriers to Exclude Blunt-Nosed Leopard Lizards
Germano et al. (1993) evaluated the use of barriers to exclude endangered blunt-nosed
leopard lizards from a 2-km pipeline trench and associated right-of-way. Prior to erecting
barriers, lizards were getting trapped in the trench and were observed along the rightof-way used by construction vehicles. They used strips of aluminum flashing and plastic
erosion cloth, and both materials effectively excluded lizards from the construction area,
although the flashing was cheaper and less likely to collapse.
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5.5.6.2. Use of Topsoil Salvage to Conserve Hoover’s Wooly-Star
Hinshaw et al. (1998) investigated the salvage of topsoil to establish threatened Hoover’s
wooly-star (Eriastrum hooveri) on disturbed sites. Topsoil laden with Hoover’s wooly-star
seeds was collected from within population areas and redistributed on disturbed sites in
areas with and without the species. Within populations, reestablishment rates were similar
between plot that received topsoil and control plots. In areas where the species was not
present, Hoover’s wooly-star was successfully established in low densities.
5.5.6.3. Habitat Restoration for San Joaquin Valley Listed Species
Hinshaw et al. (2000) assessed sites on Naval Petroleum Reserve No. 1 (Elk Hills Oil
Field) on which habitat reclamation had been conducted. Reclamation methods had
included site preparation and seeding with annual plants and shrubs. They examined 996
sites five years and 10 years post-reclamation. After five years, 47.2% of the sites met the
success criterion of vegetative cover equal to or exceeding 70% of the cover on reference
or adjacent undisturbed sites. After 10 years, 77.4% of the sites met the criterion.
However, they cited unpublished data from a study in which a subset of the sites had been
compared to sites on which no reclamation was conducted but instead were allowed to
revegetate naturally. Revegetation occurred at least as rapidly on non-reclaimed sites as
on reclaimed sites. Furthermore, reclaimed sites commonly had shrub densities exceeding
those on reference sites, and these dense shrubs provided optimal cover for predators of
endangered San Joaquin kit foxes, possibly to the detriment of the kit fox. Reclamation
costs averaged $11,827 per successfully revegetated hectare. The authors concluded
that at least in the southern San Joaquin Valley, habitat restoration could be achieved
by simply preventing additional disturbance of sites and allowing them to revegetate
naturally, and any conservation funding might be better spent on acquiring additional
undisturbed habitat versus reclaiming disturbed habitat.
5.6. Assessment of Data Quality and Data Gaps
• For all the potential impacts of well stimulation to wildlife and vegetation
identified in, there are major data gaps in understanding the actual extent of the
impacts. Of all the impacts, the most data were available to quantify habitat loss
caused by hydraulic-fracturing-enabled-production; even here we were hampered
by the lack of comprehensive historical data on the frequency and location of
hydraulic fracturing. For all other impacts the data gaps were even larger. For
introduction of invasive species, releases of harmful fluids to the environment,
water use, litter, noise, light and traffic, there are insufficient data on how well
stimulation alters the environment and if and how wildlife and vegetation in
California are actually affected.
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• While we have data that allows us to make a reasonable estimate of habitat loss
caused by hydraulic fracturing enabled production, we have very little information
on other important pathways of impacts of well stimulation to wildlife and
vegetation such as the kinds and quantities of hydraulic fracturing chemicals that
enter the environment; the degree to which local streams could be impacted by
water withdrawals for stimulation; the noise caused by well stimulation; litter,
traffic, noise and light generated at well stimulation sites.
• While we know that an increasing density of wells causes loss and fragmentation
of habitat, we have a very limited understanding of how this in turn affects the
local organisms that inhabit the area. How does the increasing density of oil wells
affect local population sizes, behavior, habitat selection, and migratory patterns of
organisms? What are the mechanisms of any impacts to wildlife and vegetation –
loss of habitat, water use, water contamination, noise, light, traffic, litter, or other
causes?
• Most of the literature on ecological impacts of oil and gas production in California
was conducted in order to comply with regulatory requirements and thus tends
to focus on threatened and endangered species protected under the United States
and California Endangered Species Acts. There has been relatively little work
on species that are not listed as endangered or threatened, or on more general
ecosystem properties such as biodiversity.
• To date, there has been little evaluation of the effectiveness of mitigation
measures. Rigorous evaluation of the various, commonly prescribed mitigation
measures would allow regulators to identify and require only those methods with
proven value. The contribution of mitigation measures to overall conservation
efforts is unknown. Even assuming that all mitigation measures are effective
in achieving their intended purpose (e.g., avoiding take, preventing additional
habitat disturbance, restoring habitat), there has been no assessment of whether
such measures contribute significantly to the conservation of species.
• Habitat restoration of abandoned oil and gas well sites can be an important tool
for conservation, but the very limited studies available in the San Joaquin Valley
found that neither passive revegetation nor active restoration efforts restored
sites to their pre-disturbance value for native species. More experimentation
in this arena would tell us if restoration is possible, and if so, what approaches
are effective.
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• Cumulative effects analyses, which look at the additive impacts of multiple
projects over regional scales and time scales of years or longer, are inadequate.
Environmental impact reviews are conducted for most oil and gas production
activities and these reviews typically include a cumulative effects analysis,
but most are conducted on a project-specific or site-specific basis with little
consideration of the larger regional landscape. No comprehensive analysis has
been conducted on cumulative environmental effects. Such analyses are critical,
particularly in regions like the San Joaquin Valley where profound habitat loss
from a variety of sources including oil and gas production may have already
precluded the recovery of some listed species.
5.7. Findings
• While some portions of oil and gas fields are dedicated nearly exclusively to
hydrocarbon production, in other areas oil and gas production is interspersed with
human development, agriculture, and natural habitat.
• There are a number of places in the state where valuable natural habitat is
interspersed or adjacent to well-stimulation-enabled production. In those areas
where hydraulic fracturing-enabled production occurs in a landscape of natural
habitat, the additional production causes habitat loss and fragmentation. The
counties with the greatest amount of habitat loss and fragmentation attributable
to well-stimulation enabled production were (with hectares of altered habitat in
parenthesis): Kern (13,400), and Ventura (5,000).
• Compared to the total area of natural habitat in the state, the amount altered
by hydraulic-fracturing-enabled-production is modest, less than one-tenth of
a percent of the total area of natural habitat. However, the effects are highly
localized and have disproportionate effects in a few areas and for a few habitat
types. For valley saltbush scrub, 6% of its statewide extent was impacted by
hydraulic-fracturing-enabled-production, and 2% for Venturan coastal sage scrub.
• The natural communities most disturbed by well-stimulation-enabled production
were valley saltbush scrub and non-native grassland (mainly in Kern County), and
Venturan coastal sage scrub and buck brush chaparral (largely in Ventura County).
• We found recorded instances of 24 listed species on or within 2 km of oil fields
with at least 200 hectares altered by hydraulic-fracturing enabled production.
Threatened and endangered species occurring in the vicinity of areas highly
altered by hydraulic-fracturing-enabled-production are the San Joaquin Valley
upland species such as the San Joaquin kit fox, Nelson’s antelope squirrel, bluntnosed leopard lizard, and the giant kangaroo rat, and the California Condor in
the Ventura Basin.
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• Little data are available to assess the potential impacts of well stimulation on
wildlife and vegetation by pathways other than habitat conversion. Factors such
as introduction of invasive species, pollution from fluid discharges, water use,
noise and light pollution, and vehicle traffic are known to affect wildlife and
vegetation, but the extent to which well stimulation affects wildlife and vegetation
by those pathways is unknown.
5.8. Conclusions
• With respect to habitat loss and fragmentation, the impact of stimulated wells is
not inherently different from that of unstimulated wells. The construction of wells
and their support infrastructure disturbs habitat regardless of whether a well is
stimulated. Other potential impacts to wildlife and vegetation, such as pollution,
could differ between stimulated and unstimulated wells, but we have insufficient
data to quantify the effects.
• During the period of 1977 – September 2014, hydraulic fracturing enabled a
modest proportion (about 3.5%) of the production that impacts natural habitat
in California because most of it occurred in areas that are already highly altered
by human activities such as other forms of oil and gas production, agriculture,
or urbanization. In turn, oil and gas production as a whole has a much smaller
footprint in the state than cities and cultivated land.
• Hydraulic fracturing is becoming an increasingly important driver for enabling oil
and gas production in the state. During the period of October 2012 – September
2014, 20% of the land area that was newly developed for oil and gas production
could be attributed to hydraulic fracturing.
• Hydraulic-fracturing-enabled activity can be locally important in certain regions,
chiefly the southwestern San Joaquin Valley, where frequently stimulated fields
overlap with high-quality habitat for rare species, and in Ventura County, where
regularly stimulated fields overlap with critical habitat for the California condor
and steelhead salmon.
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6.1. Abstract
This chapter addresses environmental public health and occupational health hazards
that are directly attributable to well stimulation or indirectly associated with oil and
gas development facilitated by well stimulation in California. Hazards that are directly
attributable to well stimulation primarily consist of human exposures to well stimulation
chemicals through inadvertent or intentional release to water, air, or soil followed
by environmental fate and transport processes. Hazards that are indirectly associated
with well-stimulation-enabled oil and gas development also include chemicals and
environmental releases. Such hazards may not be directly related to well stimulation, but
rather could result from expanded development that is enabled by well stimulation.
The risk factors directly attributable to well stimulation stem largely from the use of a very
large number and quantity of stimulation chemicals. The number and toxicity of chemicals
used in well stimulation fluids make it impossible to quantify risk to the environment and
to human health. To gain insight on the potential of chemicals used in stimulation to harm
human health, we used a ranking scheme that is based on toxic hazards of chemicals and
reported quantities used in well stimulation operations. The ranking includes both acute
and chronic toxicity. (Note that these same chemicals were ranked for aquatic toxicity in
Volume II Chapter 2.)
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Important pathways for human exposure to well stimulation chemicals and emissions
include both water and air pathways. For water, possible pathways leading to exposure
in California were identified in Volume II Chapter 2. These pathways include (1) the
possibility of shallow hydraulic fractures intersecting protected groundwater, (2) the
possibility of hydraulic fracturing intersecting other wells that could provide leakage
paths, (3) the potential for spills and leaks of stimulation fluids, (4) injection of produced
water, which could contain stimulation chemicals, into protected aquifers, (5) use of
produced water that may contain stimulation chemicals in agriculture, (6) disposal of
produced water that may contain stimulation chemicals in unlined sumps, and (7) the
impact of strong acid use in recovered fluids and produced water. Wastewater generated
from stimulated wells in California includes “recovered fluids” (flowback fluids collected
into tanks following stimulation, but before the start of production) and “produced water”
(water extracted with oil and gas during production). Air pathways that could result in
human exposure to chemicals used in well stimulation include atmospheric dispersion
of air pollutant emissions to communities near production sites. Studies have found
human health risks attributable to emissions of petroleum-related compounds associated
with oil and gas development in general. However, public health impacts associated
with proximity to oil and gas production have not been measured in California. As such,
detailed studies of the relationship between health risks and distance from oil and gas
development sites are warranted. In the interim, increased application and enforcement of
emission control technologies to limit air pollutant emissions and science-based minimum
surface setbacks between oil and gas development and human populations could help to
reduce these risks.
Our assessment of the scientific literature for community and occupational exposures and
health outcomes indicates that there are a number of potential human health hazards
associated with well-stimulation-enabled oil and gas development, but that Californiaspecific peer-reviewed studies are critically scarce, and that air, water, and human health
monitoring data have not been adequately collected, analyzed, verified, or reported.
6.2. Introduction
This chapter addresses environmental public health and occupational health hazards
that are directly attributable to well stimulation or indirectly associated with oil and gas
development facilitated by well stimulation in California.
Hazards that are directly attributable to well stimulation primarily consist of human
exposures to well stimulation chemicals through inadvertent or intentional release to
water, air, or soil followed by environmental fate and transport processes. Hazards that
are indirectly associated with well-stimulation-enabled oil and gas development also
include chemicals and environmental releases. Such hazards may not be directly related
to well stimulation, but rather result from expanded development that is enabled by
well stimulation. A number of potential contaminant release mechanisms and transport
pathways have been described in Volume II, Chapters 2 and 3. In this chapter, we extend
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the previous discussion of environmental release and environmental transport mechanisms
to include potential human exposure pathways, and summarize the hazards in the context
of community and occupational health.
Hydraulic fracturing enables some oil and gas development that would not occur without
this technology, but any oil and gas development presents hazards to human health
through exposure to chemicals. Thus, to the extent that stimulation increases oil and gas
development, hazards associated with development will also be increased. For example,
additional emissions of toxic air contaminants (TACs) that are directly or indirectly
attributable to well stimulation might be small relative to other regional sources (see
Volume II, Chapter 3), but might have a higher local health impact near to the point
of release. In addition, air pollution associated with the entire operation of oil and gas
production can create significant human exposures. Therefore, we extend the discussion
of indirect air pollution and emissions from Chapter 3 to consider potential human
exposure pathways, and summarize the indirect hazards in the context of community
and occupation health.
California-specific data on the impacts of well-stimulation-enabled oil and gas development
is insufficient to provide a conclusive understanding of potential hazards and risks
associated with well stimulation. Studies conducted outside of California consider health
impacts near oil and gas development that are enabled by hydraulic fracturing, but do
not differentiate the association of observed health risks between hydraulic fracturing
stimulation and oil and gas development in general. Thus, the same health impacts that
have been found near oil development enabled by hydraulic fracturing may exist in any
oil and gas development.
The approach we take to assess human health hazards follows the general recommendations
of the National Research Council (NRC, 1983; 1994; 1996; 2009) to compile, analyze,
and communicate the state of the science on the human health hazards associated with
well stimulation.
We begin with a summary of all hazards that have been described in earlier chapters of
this volume, with an emphasis on human health aspects and risk factors. This provides a
single comprehensive list of human health risk factors and hazards for well stimulation
activities in California, with reference to the specific locations in the report where each
hazard is discussed. We then carry out a detailed assessment of human-health-relevant
hazards from chemicals, and from water and air pollution.
Because it is extremely difficult to identify specific causal relationships for a given hazard
and health outcome, we employ two alternative approaches to explore hazards associated
with a given activity, a bottom-up and top-down approach. The bottom-up approach
follows the standard risk assessment framework. In this approach, we characterize the
composition of well stimulation fluids and toxic air contaminants associated with well
stimulation activities, and then identify chemical-specific human-health-relevant toxicity
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data, where available, and rank the chemical hazards based on a combined hazard
metric that includes frequency of use, mass used, and toxicity. Our second approach,
the top-down assessment, evaluates chemical and physical hazards associated with well
stimulation activity by starting with population health outcomes and working backwards
to evaluate potential associations between health outcomes and well stimulation activity
(or oil and gas development activity, more broadly). To apply the top down approach,
we draw from the peer-reviewed literature, where individual outcomes and potential
hazards are studied, and findings provide evidence of possible associations between public
health hazards and risks. We conclude with a review of occupational-health-relevant
regulations and studies and a discussion of noise- and light-pollution health hazards.
We identify potential mitigation strategies that, if properly deployed and enforced, may
reduce occupational and community health impacts. Finally, we discuss well-stimulation
information gaps related to environment protection in California.
As explained in Volume II, Chapter 1, there are both direct and indirect impacts of wellstimulation-enabled oil and gas development that influence public health risks. Based
on available evidence, public health risks associated with direct impacts (which are the
incremental impacts of oil and gas development attributable to the stimulation process
itself and activities directly supporting the stimulation) appear to be small relative to the
indirect impacts. To say it another way, the majority of public health risks associated with
well stimulation are likely to be indirect, in that they arise from the additional oil and gas
development that is enabled by well stimulation. All forms of oil and gas development, not
just that enabled by well stimulation, may cause similar public health risks.
As an example, Volume II, Chapter 3 (air) found that benzene and formaldehyde
emissions from oil and gas development is a significant fraction of stationary source
emissions and may result in elevated atmospheric concentrations in places where people
live, work, play, and learn. The current scientific literature has established that benzene
is emitted from nearly all oil and gas development (Pétron et al., 2012; Pétron et al.,
2014; Helmig et al., 2014). Studies show elevated health risks near hydraulic-fracturingenabled oil and gas development attributable to benzene (McKenzie et al., 2012). Benzene
and formaldehyde are not intentionally added to hydraulic fracturing or other well
stimulation fluids, but may be a component of some of the petroleum-based mixtures
used in hydraulic fracturing fluids. Overall, the health risks associated with benzene and
formaldehyde occur because oil and gas is co-produced—and co-emitted—with these
compounds. If public health investigations of benzene exposure were to be conducted only
for those exposures near stimulated wells, then such investigations would result in a very
poor understanding of both the extent of these risks and potentially effective mitigation
measures that could protect public health. Concern about the health effects from benzene,
formaldehyde, and many other health risks associated with oil and gas development
should be approached through studies of oil and gas development from all types of
reservoirs, not just those that are stimulated.
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6.2.1. Framing the Hazard and Risk Assessment Process
The terms hazard, risk, and impact are often used interchangeably in everyday
conversation, whereas in a regulatory context they represent distinctly different concepts
with regard to the formal practice of risk assessment. A hazard is defined as any biological,
chemical, mechanical, environmental, or physical stressor that is reasonably likely to cause
harm or damage to humans, other organisms, or the environment in the absence of its
control (Sperber, 2001). Risk is the probability that a given hazard will cause a particular
harm, loss, or damage as a result of exposure (NRC, 2009). Impact is the particular
harm, loss, or damage that is experienced if the risk occurs. Hazard can be considered an
intrinsic property of a stressor that can be assessed through some biological or chemical
assay. For example, a pH meter can measure acidity, disintegration counters can detect
ionizing radiation, cell or whole animal assays, etc. can detect biological disease potency.
These types of tests allow us to declare that a substance is acidic, radioactive, a mutagen,
a carcinogen, or other hazard. However, defining the probability of harm requires a
receptor (e.g., human population) to be exposed to the hazard, and often depends on the
vulnerability of the population based on age, gender, and other factors. As a result, risk is
extrinsic and requires detailed knowledge about how a stressor agent (hazard) is handled,
released, and transported to the receptor populations.
In its widely cited 1983 report, the National Research Council (NRC) first laid out
the now-standard risk framework consisting of research, risk assessment, and risk
management as illustrated in Figure 6.2-1 (NRC, 1983). The NRC proposed this
framework to organize and evaluate existing scientific information for the purpose of
decision making. In 2009, the NRC issued an updated version its risk assessment guidance
titled “Science and Decisions: Advancing Risk Assessment” (NRC, 2009). This report
reiterated the value of the framework illustrated in Figure 6.2-1, but expanded it to
include a solutions-based format that integrates planning and decision making with the
risk characterization process. The NRC risk framework illustrates the parallel activities
that take place during risk assessment and the reliance of all activities on existing
research. These activities combine through the risk characterization process to support
risk management.
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Hazard identiﬁcation	
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Risk Characterization	
  

RISK MANAGEMENT	
  

Figure 6.2-1. The NRC (1983) Risk Analysis Framework.

In using the framework in Figure 6.2-1, the first task in the risk analysis process is to
identify any feature, event, or process associated with an activity that could cause harm.
These are called “hazards.” Any given hazard may or may not be a problem. It depends
on the answers for two additional questions. First, is the hazardous condition likely to
result in a population being exposed to the hazard? Second, what will be the impact if the
hazardous exposure does occur (dose-response)? If we know the magnitude of a specific
hazard exposure and the relationship between the magnitude of exposure and response
or harm, then we can estimate the risk associated with that hazard. In cases where the
hazardous condition is unlikely or where, even if it did occur, the harm is insignificant,
then the risk is low. Risk is only high when the hazardous condition is both likely to occur
and would cause significant harm if it did occur. Of course, there are many combinations
of likelihood and harm possible.
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Formal risk analysis presents difficulties, because we often lack:
• Data on all the possible hazards;
• Information on the likelihood and magnitude of exposure; and
• Data to support an understanding the relationship between exposure (dose) and
harm (response).
If a hazard has not been identified, then it is difficult to develop steps to mitigate potential
harm. In this case, a useful approach is to avoid the problem where possible, for example
by choosing chemicals that are better understood, less toxic, or more controllable rather
than choosing ones for which there is little toxicity information or poor understanding
of the relationship between the hazard and risk to the environment and/or to public
health. These options for both known and unknown hazards are discussed further in the
mitigation section of this chapter as well as in Volume II, Chapter 2, Section 2.4 and in the
Summary Report Conclusions.
Although one can attempt to identify all hazards associated with well-stimulation-enabled
oil and gas development in California, it is important to note that this does not mean
that all hazards that are identified present risks. A formal risk assessment is required
to estimate risk associated with any given hazard. Although operators can make use of
chemicals identified “acceptable” by programs such as the U.S. Environmental Protection
Agency (U.S. EPA) Design for Environment Program or the North Sea Gold Ban list,
uncertainties about exposure and impact can remain. A formal risk assessment is a
significant undertaking that is beyond what was possible in this report. Among the goals
of this chapter are to identify community and occupational hazards and highlight those
where additional study may be warranted in the context of developing and implementing
policies for well stimulation operations.
6.2.2. Scope of Community and Occupational Health Assessment
We consider and include both intentional and unintentional releases of chemical hazards
to surface water, groundwater, and air as a direct and indirect result of well stimulation
activities. These activities include the transport of equipment and materials to and from
the well pad; mixing, handling, and injection of chemicals; and management of
recovered fluids/produced water, drill cuttings, and other waste products (NRC, 2014;
Shonkoff et al., 2014). In addition, we consider chemical hazards that are produced and/
or released during support activities for well stimulation and from stimulated wells,
such as: reaction products and mobilized chemical and/or radioactive hazards from
the stimulated wells; emissions from generators, compressors, and other equipment
during and after stimulation activity; leakage from transfer lines and infrastructure; and
accidental spills. Finally, we consider other physical hazards related to well stimulation
activity, including elevated noise and light. These hazards are relevant to both community
and occupational health.
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We exclude hazards associated with the manufacturing of materials, supplies, or
equipment that are used in well stimulation activity; hazards from transport of oil
and gas to refineries; hazards related to refining; or hazards from the combustion of
hydrocarbons as fuel. These hazards, though important, are far removed both temporally
and geographically from activities related to the well-stimulation-enabled oil and gas
development process. We also exclude economic and psychosocial hazards that may be
related to oil and gas development activities and may be important considerations in
specific areas, but are beyond the scope of this chapter.
We focus primarily on hazards identified in relevant California-specific datasets and/or
in the peer-reviewed literature that is specific to California. We augment this information
with hazards identified in peer-reviewed studies conducted outside of California. As
pointed out in Volume I and in other chapters in Volume II, geologic conditions and
current practice with well stimulation in California can be different from that performed
in other states, so not all hazards associated with well-stimulation-enabled oil and gas
development outside of California are generally applicable to the California context.
6.2.3. Overview of Approach and Chapter Organization
The objective of this chapter is to catalogue and highlight important community and
occupational health hazards associated with well stimulation activity in California. This is
in contrast to earlier chapters of this volume that focused on environmental hazards in
general and specifically those with water, air, and ecological pathways. There is significant
overlap among the water, air, and ecological hazards described in earlier chapters and
human-health-relevant hazards discussed in this chapter. Therefore, we begin in Section
6.2.4 with a summary of all hazards that have been described in earlier chapters of this
volume, with an emphasis on human health aspects and risk factors, and we merge these
with hazards that are identified and described in subsequent sections of this chapter.
This provides a single list of human-health-relevant risk factors and hazards for wellstimulation-enabled oil and gas development activities in California, with reference to the
specific locations in the report where each hazard is discussed. We also link the identified
human health hazards to the case studies in Volume III of this report, where some of
these hazards are illustrated and/or assessed in specific geographic places. Following
the table of human-health-relevant hazards, we provide additional details on each risk
factor/hazard combination from the list as well as other hazard/risk factors that are
not listed (e.g., coccidiomycosis from exposure to San Joaquin Valley dust) along with
recommendations for mitigating of risk.
After reporting and reviewing all human-health-relevant hazards in Section 6.2.4, we
conduct a more detailed assessment of human-health-relevant hazards. The remainder of
this chapter follows the issues summarized in the table, with the human health hazards
(both community and occupational) defined and grouped into the following categories
(and the section in which they are discussed):

379

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

• Well stimulation chemicals (Section 6.3)—includes both hydraulic fracturing
and acidization chemicals intentionally injected to stimulate the reservoir or to
improve oil and gas production. These chemicals are known and reported by
industry on a mostly voluntary basis and more recently under Senate Bill 4 (SB 4,
2014) on a compulsory basis.
• Recovered fluids and produced water (Section 6.4)—includes some fraction of the
well stimulation chemicals but can also include mobilized chemical compounds,
naturally occurring toxic materials (such as radionuclides), and degradation
and synergistic by-products from well stimulation chemicals, naturally occurring
chemical constituents, and hydrocarbons.
• Air pollutant emissions associated with well stimulation-enabled oil and gas
development (Section 6.5)—includes combustion products and/or chemical
emissions from pumps, generators, compressors and equipment; venting and
flaring emissions; dust from well stimulation and land-clearing activities; leaks
from transfer lines and/or well heads; longer-term leakage of oil and gas from
stimulated wells. (This category does not include emissions from refining and use
of the hydrocarbon products.)
• Occupational Health (Section 6.6) —includes hazards such as exposure to
respirable silica, volatile organic compounds (VOCs), and acids.
• Other (Section 6.7)—includes physical hazards such as light and noise and heavy
equipment activity, industrial accidents (e.g., loss of well control, explosions),
biological hazards such as valley fever in areas where surface soil is disturbed
by well stimulation activity, spills from trucks transporting chemicals that can
contaminate private wells.
We use the above categories to differentiate hazards that have similar release mechanisms
and time of release, such that all chemicals in a given category are likely to be released
into the environment by the same mechanism or activity and in the same location. These
categories enable us to group hazards identified in this report that are relevant to human
and occupational health risk in the summary table below (Table 6.2-1). The specific
hazards are listed in terms of the four categories above, along with California-specific
factors or conditions (risk factors) that are expected to increase or decrease the human
health risk associated with the hazards. All of these risk factors identified in the summary
table are applicable to the San Joaquin Valley (SJV), where more than 85% of the well
stimulation events in California occur. Some factors also apply to other oil and gas
producing regions where well stimulation is used.
In the sections that follow the summary table, we expand on the specific human health
hazard categories identified above. In general, when evaluating population-level humanhealth impacts, it is extremely difficult to identify specific causal relationships for a given
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health hazard and impact. As a result, risk assessors consider alternative approaches
to assess the likelihood of harm. The first approach, sometimes referred to as “bottomup,” starts with a cause, such as chemical hazard, and attempts to track emissions and
exposure pathways along with dose-response modeling to characterize population
impact. This approach often must confront uncertainties identifying exposures and
actual health impacts. The second approach, sometimes referred to as “top-down,” starts
with an impact—for example disease incidence—and attempts to track it back to some
source chemical or activity. For the “top-down” approach, uncertainty arises from the
lack of statistical power in making associations with low disease rates, as well as from
the considerable lag times between exposure and occurrence of diseases (e.g., cancer).
Because of their significant but different types of limitations, it is useful to consider both
approaches. These alternate ways of exploring hazard are illustrated in Figure 6.2-2. In
this chapter, we use both approaches.
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Figure 6.2-2. Illustration of two approaches used to identify human health hazards associated
with an activity.
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We conduct a bottom-up assessment in Section 6.3, 6.4, and 6.5 where we evaluate
chemical and physical hazards associated with well stimulation chemicals and potential
contamination pathways. We build on the discussions in Volume II Chapters 2 and 3
that characterize the composition of well stimulation fluids and toxic air contaminants
associated with well stimulation activity. We extend this data by identifying chemicalspecific human-health-relevant dose-response information where available, and rank the
chemical hazards based on a combined hazard metric that includes frequency of use,
mass used, and toxicity. We also discuss potential exposure factors to further extend the
bottom-up assessment.
The most relevant approach for top-down hazard assessment would be to conduct a
formal epidemiological study that attempts to pull out specific cause-effect relationships
within a population. However, these studies require that the “effect” already be expressed
(and measured) in the population, and that the effect is both unique and common enough
to identify. A more general top-down approach draws from the peer-reviewed literature,
where individual outcomes and potential hazards are studied, and findings provide
evidence of possible associations between hazard and public health risk. We include a
top-down hazard assessment in support of each section focusing primarily on California
and health-outcome studies and, where studies from outside of California are relevant,
we review and summarize the evidence for hazards based on experience and observations
from outside California. A detailed summary compilation of the literature is provided in
Appendix 6.A for public health, Appendix 6.D for occupational health and Appendix 6.F
for noise.
We wrap up the chapter with a summary of critical data gaps (in addition to those
identified in earlier chapters) and then with conclusions and recommendations for
community and occupation health.
6.2.4. Summary of Environmental Public Health Hazards and Risk Factors
The geology and history of hydrocarbon development, along with current practices and
current regulatory framework for well stimulation-enabled oil and gas development in
California, give rise to the potential public health risks associated with well stimulation
activities. Table 6.2-1 summarizes all human health relevant hazards identified in this
chapter and in previous chapters of this volume. We also provide reference to the location
in this volume where each risk factor and hazard is discussed in more detail. Although we
include possible mitigation strategies in Table 6.2-1, data on the adequacy and effectiveness
of regulations to achieve these goals is often not available, requires more study, and/or is
beyond the scope of this report.
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Hazard

Well
stimulation
chemicals

Recovered
fluids &
produced
water

Risk Factor

Number and
toxicity of
chemicals
in well
stimulation
fluids

Disposal
of water in
unlined sumps

The disposal of contaminated
water in unlined pits is banned
in nearly all other states because
such fluids can migrate out
of sumps into groundwater
and move along with this
water to wells or surface water
where contamination can be a
serious problem. Nearly 60% of
wastewater from stimulated wells
in California was disposed in
unlined sumps.

Operators have few restrictions on
the types of chemicals they can
use for hydraulic fracturing and
acid stimulation. In California, oil
and gas operators have reported
the use of over 300 chemical
additives. About 1/3 have not
been assessed for toxicity. Of
the chemicals for which there is
basic environmental and health
information, only a few are
known to be highly toxic, but
many are moderately toxic. There
is incomplete information on
which of the chemicals used have
the potential to persist or bioaccumulate in the environment
and may present risks from
chronic low-level exposure.

Description of the issue
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Well stimulation and naturally occurring
chemical constituents can evaporate
from these ponds to the atmosphere
as air pollutants, leak into aquifers, or
migrate through the soil which could
lead to food chain exposure to biota and
humans. Chemicals in recovered fluids and
produced water may be toxic, persistent,
or bioaccumulative.

If these chemicals are not released into
usable water, including agricultural water
and to the atmosphere then the risk is
minimal. However, if there are leakage
and emission pathways then it is nearly
impossible to assess the risk because of
the large number of chemicals, incomplete
knowledge about which chemicals are
present, how long these compounds
persist and what their environmental and
human health impacts are. Researchers
and the public need access to sufficient
levels of information on all chemicals
involved in well stimulation, to begin an
assessment of the toxicity, environmental
profiles, and human health hazards
associated with hydraulic fracturing and
acidizing stimulation fluids.

How the risk factor is expected to
influence public health risks

Test and appropriately treat water
going in to unlined pits, or phase
out the use of unlined sumps in the
SJV for wastewater disposal.

Invoke Green Chemistry principles
to reduce risk, that is, use smaller
numbers and amounts of less toxic
chemicals, and avoid chemicals with
unknown impacts. Mitigate exposure
pathways. Limit the chemical use in
hydraulic fracturing to those on an
approved list that would consist only
of those chemicals with known and
acceptable toxicity profiles.

Possible mitigation

California substantiated with California-specific data.

Table 6.2-1. Summary of human health hazards and risk factors in
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Summary Report
S. 3.2
&
Vol. II Ch. 2
S. 2.6.2.1
&
Vol. III Ch. 5

Vol. II
Ch. 2
S. 2.4
&
Summary Report
S. 3.1

Volume and Section
in this Report

Hazard

Recovered
fluids &
produced
water

Well
stimulation
chemicals

Risk Factor

Beneficial use
of produced
water

Shallow
hydraulic
fracturing

The majority of hydraulic
fracturing in California is
conducted from shallow vertical
wells. These operations present
a larger probability of fractures
intersecting near-surface
groundwater compared to high
volume fracturing from deep longreach horizontal wells commonly
used elsewhere.

California is a water-short state
and California’s oil reservoirs
produce about 10 times more
water than oil. Produced water is
sometimes reused, for example
to irrigate crops. If this produced
water comes from stimulated
wells or oil wells producing from
a reservoir where stimulation was
used, stimulation chemicals could
be present in the produced water.

Description of the issue
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The groundwater in the vicinity of much of
the shallow hydraulic fracturing operations
in California has high salinity and has
no beneficial uses that might constitute
environmental exposure pathways to
humans.

The groundwater in the vicinity of
some shallow fracturing is protected.
Contamination of usable groundwater
presents environmental public health risks.
Groundwater monitoring requirements
are likely insufficient to determine
whether water has been contaminated
by well stimulation-enabled oil and gas
development or not.

Well stimulation chemicals and their
reaction products may be toxic, persistent
or bioaccumulative. Current water district
requirements for testing such waters
before they are used for irrigation are not
sufficient to guarantee that stimulation
chemicals are removed, although some
local treatment plants do use adequate
protocols. If produced water used in
irrigation water contains well stimulation
and other chemicals, this would provide a
possible exposure pathway for farmworker
and animals and could lead to exposure
through the food chain. Currently, more
than 60% of the fruits and vegetables
consumed domestically come from the
Central Valley.

How the risk factor is expected to
influence public health risks

The focus of regulations should be
on preventing contamination of
aquifers, not just monitoring for it.
Operators should be required to
demonstrate that stimulations could
not intersect usable groundwater
to receive a permit. A higher level
of scrutiny should be applied to
shallow stimulations. Groundwater
monitoring plans should be adapted
as part of the corrective action, to
improve the monitoring system and
specifically look for contamination in
close proximity to possible fracture
extensions into groundwater.

Water districts in the SJV should
explicitly disallow the use for
irrigation of produced water from
wells that have been hydraulically
fractured, or demonstrate that their
monitoring and treatment methods
ensure that hydraulic fracturing
chemicals and other contaminants
are not present in water destined for
irrigation.

Possible mitigation
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Vol. I Ch. 3
S. 3.2.3.3
&
Vol. II Ch. 2
S. 2.6.2.5

Vol. II Ch. 2
S. 2.6.2.3
&
Summary Report
S. 3.2

Volume and Section
in this Report

Injection of
recovered
fluids and
produced
water into
aquifers used
for drinking,
agriculture,
and other
direct and
indirect uses by
humans

Well
stimulation
chemicals

Hydraulic
fracturing in
reservoirs with
long history
of oil and gas
production

Recovered
fluids &
produced
water

Well
stimulation
chemicals

Other

Air and other
pollutant
emissions
associated
with wellstimulationenabled oil
development

Recovered
fluids &
produced
water

Hazard

Risk Factor

Produced water from stimulated
fields has been injected into
aquifers that are suitable for
drinking water, irrigation, and
other beneficial uses.

Many of the issues faced by other
states arise because hydraulic
fracturing has opened up oil
and gas development in regions
that previously had little or no
experience with production.
When the US Energy Information
Agency issued a report indicating
that a large amount of such
development was also possible
in California from the Monterey
Formation (subsequently revised
dramatically downward), many
were concerned about the
development of oil and gas in
new geographies. This assessment
finds that the most likely future
use of hydraulic fracturing is in
and around the reservoirs where
it is currently being used.

Description of the issue
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Prevent injection of well stimulation
chemicals to usable groundwater
in the future. In the process,
of reviewing, analyzing and
remediating the potential impacts of
wastewater injection into protected
groundwater, consider the possibility
that stimulation chemicals may have
been present in these wastewaters.

Regulations should explicitly require
an assessment of the integrity
and leakage risk of existing wells
that might be encountered by a
hydraulic fracture, and remediation
of wells which create a high risk of
leakage into water less than 10,000
milligrams/liter total dissolved
solids.

Older existing infrastructure (e.g. pipelines,
storage tanks) may increase the likelihood
of failures or leakage.

If water from contaminated aquifers is
used, it could expose humans to unsafe
concentrations of toxic compounds.

Locate and seal old wells in the
vicinity of hydraulic fracturing if they
would provide leakage paths to air
and usable groundwater.

Existing infrastructure reduces the
need for new pads pipelines and
other stationary infrastructure.
Existing infrastructure can often
transport fluids to and from the pad,
reducing the need for truck trips.
This reduces traffic accidents and the
emission of diesel particulates and
other health-damaging air pollutants

Possible mitigation

Old reservoirs have many existing wells.
If hydraulic fractures intersect or come
near these old wells, the wells could form
leakage pathways for stimulation fluids.

New production in developed fields
can use the existing roads, platforms
and infrastructure already in place. As a
result, the impacts caused by construction
and traffic are much less than in new,
previously undeveloped regions.

How the risk factor is expected to
influence public health risks
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Vol. II Ch. 2
S. 2.6.2.2
&
Vol. III Ch. 5

Vol. II Ch. 2
S. 2.6.2.6
&
Vol. III Ch. 5 and
Ch.2, Table 2.6-1.

Vol. II, Ch.. 3

Volume and Section
in this Report

Well
stimulation
chemicals

Spills and leaks

Well
stimulation
chemicals
Recovered
fluids &
produced
water
Air and other
pollutant
emissions
associated
with hydraulic
fracturingenabled
development
Other

Well
stimulation
chemical

Oil and gas
development
near human
populations

Acid use

Recovered
fluids &
produced
water

Hazard

Risk Factor

Operators in California commonly
use mixtures of hydrochloric acid
and hydrofluoric acid with other
sources of fluoride anions as the
most economical reagent for
cleaning out wells or enhancing
geological formation permeability.
Reported use of hydrofluoric acid
in the SCAQMD data lists the
concentration as percent mass in
the ingredient as 1%-3%.

California has large oil reserves
located under densely populated
areas primarily in the San Joaquin
and Los Angeles Basins. In Los
Angeles, oil and gas production
developed simultaneously with
the growth of the city. The Los
Angeles Basin has world-class
oil reservoirs, with the most
concentrated oil in the world. Los
Angeles is also a global megacity.

Surface spills and leaks are
common occurrences in the oil
and gas industry and must be
reported and cleaned up.

Description of the issue
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Spills and leaks of undiluted acids may
present an acute toxicity and corrosivity
hazard. The use of acid can also mobilize
naturally occurring heavy metals and other
compounds that are known to be health
hazards and these compounds could
therefore be present in recovered fluids
and produced water which humans could
be exposed to if treatment and disposal is
not sufficiently undertaken.

Proximity to production increases
exposures to air pollutant emissions and
other results of oil and gas development
activities (e.g., dust, chemicals, noise,
light). Households that use groundwater
from private drinking water wells in close
proximity to oil and gas development
may be at increased risk of exposure to
potential water contamination.

Information recorded on spills and leaks
is insufficient to determine whether
stimulation chemicals could be involved.

How the risk factor is expected to
influence public health risks

Evaluate the chemistry of recovered
fluids and produced water for
wells that have used acids and the
potential consequences for the
environment. Require reporting of
significant chemical use for oil and
gas development based on these
results.

Identify and apply appropriate
measures to limit exposure by
residents and sensitive receptors
such as schools, daycare facilities
and elderly care facilities such
as scientifically based setback
requirements.

Require public reporting about
whether the source of the leak could
contain well stimulation chemicals.

Possible mitigation
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Vol. II Ch. 2
Ss. 2.4.3.2, 2.6.2.9
&
Summary Report
S. 3.2

Vol. II Ch. 6S. 6.8.1
&
Vol. III Ch. 4.3
&
Summary Report
S. 3.2

Vol. II Ch. 2
S 2.6.2.9

Volume and Section
in this Report
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6.3. Public Health Hazards of Unrestricted Well Stimulation Chemical Use
Previous chapters have considered environmental and ecological hazards. In this section,
we examine the potential impact of well stimulation chemicals on human health, based on
reported use information (frequency and quantity) and on published toxicity information.
The majority of important potential direct impacts of well stimulation result from the
use of chemicals. Operators have few restrictions on the types of chemicals they use
for hydraulic fracturing and acid treatments. In California, oil and gas operators have
reported, on voluntary and mandated bases, the use of over 300 chemical additives (see
Volume II, Chapter 2 for detailed description of chemicals). Although SB 4 (2014) now
mandates reporting of chemical use by operators, the data are not subject to independent
verification, and chemicals can be reported as “trade secrets,” meaning they need not be
fully identified. The many chemicals used in well stimulation makes it very difficult to
judge the public health risks posed by releases of stimulation fluids.
In addition to the sheer number of known and unknown (trade-secret) chemical additives
used, we often lack information on potential release mechanisms and important physical
and chemical properties needed to characterize environmental fate and exposure
pathways, and toxicological characteristics (acute and chronic) needed to fully understand
chemical hazards.
The most common toxicity information about chemicals is from standardized mammalian
acute toxicity tests that measure the short-term (minutes to hours) exposure concentration
or one-time dose of a chemical required to induce a well-defined response (death,
narcosis, paralysis, respiratory failure, etc.) of a test animal, most commonly rats and
mice. Such tests are used to assess toxicity of inhalation, ingestion, and/or uptake through
the skin. Acute toxicity tests measure extreme outcomes, but the tests are useful for
ranking chemicals against each other and identifying chemicals that are clearly dangerous
if taken into the body.
More useful but less commonly available tests for health impacts are chronic toxicity
tests. These are long-term studies (often lifetime or multi-generation studies) with small
mammals to observe any increases in chronic disease incidence—including tumors and
cancer, reproductive/developmental changes, neurological damage, respiratory damage,
life shortening. Animal-based chronic toxicity results are used for assessing the hazards
and risks to communities and workers from long-term (up to lifetime) exposures to
relatively low concentrations or doses of chemicals. In addition to toxicity tests with animals,
some chemicals have occupational or community epidemiological studies that provide
useful information on chronic toxicity. Because these studies are the result of accidents or
from improperly regulated chemicals or air contaminants, there are limited numbers of
chemicals that have human-based chronic health data. Approximately two-thirds of the
reported chemicals used in well stimulation have publically available results from acute
mammalian toxicity tests (excluding material safety data sheets (MSDS) data), and only
about one-fifth of the reported chemicals have associated chronic toxicity information.
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Of the chemicals for which there is basic environmental and health information, only a
few are known to be highly toxic, but many are moderately toxic. For most substances
we consider, there is lack of toxicological testing for long-term chronic exposure at very
low levels. There is also a lack of testing on mixtures. Some of the chemicals used may
have the potential to persist or bio-accumulate in the environment and present risks from
chronic low-level exposure. Because the toxicology for multiple routes of exposure—
inhalation, ingestion, skin contact, etc.—is rarely reported, cumulative exposure
assessment is beyond the scope of our analysis.
In this section, we develop and apply a semi-quantitative ranking system for chemical
hazards associated with well stimulation activity. The ranking system is not a substitute
for field observations or a full risk assessment, but provides an initial focus on which
chemicals are of highest concern and which are of lower priority. Section 6.3.1 describes
the approach, followed by results for hydraulic fracturing chemicals, acidization
chemicals, and toxic air contaminants in Section 6.3.2, finishing with a summary of
relevant literature in Section 6.3.3.
6.3.1. Approach for Human Health Hazard Ranking of Well Stimulation Chemicals
Chemical hazards include both hydraulic fracturing and acidization chemicals that are
intentionally injected to stimulate the reservoir or to improve oil and gas production (see
Volume I, Chapter 2 for the engineering purpose of these chemicals) and unintentional
releases from spills or leaks. Chemicals are used in the drilling and well stimulation
processes for a variety of purposes, including as corrosion inhibitors, biocides, surfactants,
friction reducers, viscosity control, and scale inhibitors (Southwest Energy, 2012;
Stringfellow et al., 2014) (Section 2.4.4.1). Hydraulic fracturing uses fluids or gels that
contain organic and inorganic chemical compounds, a number of which are known to be
health damaging (Aminto and Olson, 2012).
In this section, we provide a bottom-up assessment to develop hazard priorities for
chemicals that are used in well stimulation. The ranking is based on reported information
about the specific chemical identity, the quantity and frequency of use, and available
information on both acute and chronic toxicity.
6.3.1.1. Chemical Hazard Ranking Approach
Well stimulation (e.g., hydraulic fracturing and acidization) includes processes that
use, generate, and release (intentionally and unintentionally) a wide range of chemical,
physical, and, in some cases, biological stressors. To organize the large and diverse
number of potential stressors, we use a hazard-ranking scheme that begins with a list of
all identifiable stressors, and then records for each stressor our attempts to characterize
potential outcomes, using measures of toxicity combined with information representing
the frequency and magnitude of use. Sections 6.4 and 6.5 describe potential exposure
pathways that would bring chemicals to a human population through water supply or air.
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The hazard-ranking scheme used here gives weight to three factors— the number of
times a chemical is reported in the database (a surrogate for frequency of use), mass or
mass fraction (concentration) used, and toxic hazard screening criterion. So it is not the
most toxic substances that always rank high, because weight is also given to substances
of intermediate toxicity (or even relatively low toxicity) that are used frequently and/or
in large quantities. Even with high mass and frequent use of compounds with elevated
toxicity, an exposure pathway is required to bring the compound into contact with the
human receptor for an adverse effect to be realized.
The disclosed mass and frequency of chemical use (as described in Section 2.4.3 for
hydraulic fracturing and in Section 6.3.2.2 for acidization) provides a surrogate for
potential chemical release and exposure, but this is only part of the hazard picture. It is
also important to consider the impact of exposure to a chemical. Impacts considered in
this assessment include both acute and chronic toxicity outcomes for individual chemicals.
As noted above in Section 6.3, toxicity can be characterized as acute (short-term consequences
from a single exposure or multiple exposures over a short period) or chronic (long-term
consequences from continuous or repeated exposures over a longer period). It is not
possible to evaluate potential synergistic hazards with multiple pollutants at this time.
For acute toxicity, we use a screening hazard criterion based on the Global Harmonization
Score (GHS) that combines all acute toxicity information into a single screening value
(UN, 2011). For chronic toxicity, we use published regulatory reference levels that
consider information reported for different routes of exposure (inhalation, ingestion,
dermal) and different health outcomes.
The ultimate goal of the hazard ranking is to combine the different elements that relate
to increasing hazard. In considering specific chemical stressors, we used the information
on frequency of use, mass or mass fraction used per treatment, and acute and/or chronic
health hazard criteria, to develop a potential hazard score that could be used to assign a
rank for each substance. In cases where all three pieces of information are available, the
hazard score is calculated as an Estimated Hazard Metric (EHM) given by:
EHM = (frequency of use) × (mass or mass fraction used)/(toxicity criterion)
The calculated EHM are used to rank all substances from highest estimated hazard to
lowest. For chemicals that lack sufficient information to calculate an EHM, we ranked
from most toxic to least toxic, and when toxicity information is lacking we rank from most
to least reported use. The resulting sorted list provides an indication of level of concern for
each compound.
The development of acute and chronic toxicity criteria used for calculating the EHM are
discussed in Sections 6.3.1.2 and 6.3.1.3, respectively, with the hazard ranking results for
hydraulic fracturing and acidization presented in Sections 6.3.2.1 and 6.3.2.2, respectively.

389

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

6.3.1.2. Acute Toxicity Hazard Screening Criterion
Human hazards associated with acute or short-term exposures are inferred from
laboratory studies that examine the acute toxicity of an individual compound or chemical
formulations through standardized testing procedures using mammals—typically mice,
rats, and rabbits. In these studies, the test animals are exposed to high concentrations
of the test chemical and the response of the animals as a function of the exposure is
determined, with the metric being the concentration at which some significant fraction of
the animals have a measurable outcome (05%, 10%, 50%). These effective concentrations
(EC) or effective doses (ED) are reported as respectively EC05 (EC05), EC10 (ED10), and
EC50 (ED50).
We collected acute toxicity data for the chemicals that have been disclosed in well
stimulation fluid in California that were definitively identified by their Chemical Abstract
Service Registration Numbers (CASRN). Toxicity data were gathered from publicly
available sources as described in Volume II, Chapter 2 and from MSDS. Acute toxicity data
is available for a number of exposure routes and a range of effects. To merge this diverse
data set into a single health-screening criterion, we used the United Nations Globally
Harmonized System of Classification and Labeling of Chemicals (GHS). The GHS is a
system for categorizing chemicals based upon their LD50 (lethal dose) or EC50 values
(UN, 2011). In the GHS system, lower numbers indicate more toxicity, with a designation
of “1” indicating the most toxic compounds. Chemicals for which the LD50 or EC50
exceeded the highest GHS category were assigned a value of 6 and classified as non-toxic.
Chemicals that lack data on acute effects were assigned a GHS value of zero.
We also reviewed material safety data sheets (MSDS) for each chemical and recorded
GHS values for a range of outcomes, including acute dermal, skin irritation, eye effects,
respiratory sensitization, and skin sensitization. The GHS values from publicly available
sources (oral and inhalation) were assessed separately from the GHS scores reported in MSDS.
Because the GHS is reported on a scale of 1 to 5, we found it to be ineffective for sorting
out highly toxic chemicals. To address this issue for human health impacts, we converted
the GHS category scores back to the midpoint exposure concentration for animal
oral toxicity in milligrams per kilogram (mg/kg) for the given category, based on the
definitions provided for GHS categories (Table 3.3-1 in UN, 2011). GHS categories 1, 2, 3,
4, and 5 were assigned equivalent toxicity criteria of 2.5, 25, 200, 1,150, and 3,500 mg/
kg, respectively. We refer to this as the GHS-surrogate-concentration or “GHS-sc.”
Most stimulation chemicals are used at fairly low concentrations, usually less than 0.1%.
These concentrations can be well below concentrations that would cause test animals to
have a measureable acute response. However, most chemicals that have been assessed for
toxicity are assessed with acute toxicity tests. Low-concentration responses are difficult to
measure but highly relevant to efforts to protect human health. Public health actions are
intended to prevent harm before it happens, rather than provide methods to monitor harm
as it happens. This goal reflects the need for chronic hazard screening as a key supplement
to acute hazard screening.
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6.3.1.3. Chronic Toxicity Hazard Screening Criterion
Chronic toxicity values are typically expressed using a long-term average intake that is
considered a “safe” or no-effect dose, expressed in mg/kg (body weight) per day. For
example, the state of California issues reference exposure levels (RELs) in milligrams per
kilogram per day (mg/kg/d) for a number of non-cancer chemicals. Acceptable chronic
exposure levels for cancer-causing chemicals are selected to assure a minimum cancer risk,
such as below 1 in 100,000. In developing a screening criterion for chronic toxicity, we
select a single chronic screening score (CSS), which reflects the lowest acceptable chronic
exposure in mg/kg/d across a broad range of chronic outcomes. Chronic health hazard
screening values for hydraulic fracturing and acidizing fluid-treatment chemicals were
developed from several sources of chronic toxicity information compiled by California and
federal health agencies. These values indicate the likelihood of an adverse health outcome
from repeated or continuous exposure over the long term.
Chronic toxicity screening criteria were developed separately for inhalation and oral
exposure. Details on the compilation of chronic screening scores (CSS) for well
stimulation chemicals are provided for the inhalation and oral routes of exposure in the
following sections.
6.3.1.3.1. Chronic Screen Scores for the Inhalation Route
The following sources were used to identify screening values for the inhalation route
of exposure.
1. Office of Environmental Health Hazard Assessment-derived (OEHHA) Reference
Exposure Levels (RELs) for non-carcinogenic toxicants, and inhalation Unit Risk
values (URs) for carcinogens (OEHHA, 2008; 2014a);
2. U.S. EPA toxicity criteria, which are similar to the OEHHA criteria in both form
and method of derivation. U.S. EPA develops Reference Concentrations (RfCs)
for non-carcinogens and Unit Risk Estimates (UREs) for carcinogens1 (U.S. EPA,
2014a; 2014b);
3. Agency for Toxic Substances and Disease Registry (ATSDR) Minimal Risk Levels
(MRLs) for non-carcinogens, also similar to the OEHHA REL values (ATSDR, 2014).

U.S. EPA’s Integrated Risk Information System (IRIS) was used as the primary source of
information from U.S. EPA. In some cases, additional values were based on Provisional Peer
Reviewed Toxicity Values (PPRTVs) derived by U.S. EPA’s Superfund Health Risk Technical
Support Center, or U.S. EPA’s Health Effects Assessment Summary Tables.

1.
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For purposes of comparison, the available dose-response values were converted into a
consistent scale of measurement, namely, a reference concentration in units of milligrams
per cubic meter (mg/m3). Details and assumptions for calculating screening level doseresponse values for chronic inhalation exposure are provided in Appendix 6.B. The
reference concentrations were then converted to mg/kg/d equivalent dose, assuming a
20 m3(5,283 gallons)/day inhalation rate and 70 kg (154 lbs) body weight. This value is
meant only for ranking hazards across different routes of exposure; the original regulatory
reference concentrations should be used in any subsequent assessment of risk.
6.3.1.3.2. Screening Values for the Oral Route
The following sources of toxicity information were used to identify hazard-screening
values for the oral route of exposure:
1. OEHHA-derived values: Public Health Goals (PHGs) and Maximum Contaminant
Levels (MCLs) for drinking water, “No Significant Risk Levels” (NSRLs), and
Maximum Allowable Dose Levels (MADLs) for carcinogens and reproductive
toxicants listed under Proposition 65 (OEHHA, 2014a; 2014b);
2. U.S. EPA: oral Reference Doses (RfDs) and cancer Slope Factors (SFs) (U.S. EPA,
2014a; 2014b);
3. ATSDR MRLs for oral exposure (ATSDR, 2014).
Oral route toxicity screening values are presented as mg/kg/d of oral intake. For details on
derivation of chronic toxicity screening value for oral dose in this report, see Appendix 6.B.
6.3.2. Results of Human-Health Hazard Ranking of Stimulation Chemicals
This section provides results ranking hazards for chemical additives in hydraulic fracturing
fluids (Section 6.3.2.1) and in acidization fluids (Section 6.3.2.2). In addition, we review
hazards for chemicals released during well stimulation activity that are not directly added
to the well (Section 6.3.2.3).
6.3.2.1. Hazard Ranking of Chemicals Added to Hydraulic Fracturing Fluids
The hazard ranking for hydraulic fracturing fluids is derived for all substances reported
to be used in hydraulic fracturing that were definitely identified by CASRN. Additives
without CASRN identification could not be assessed for toxicity screening values and thus
were not included in the hazard ranking analysis. However, the absence of definitive
identification for a chemical should not be interpreted as an indication that the specific
additive is not hazardous.
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For each disclosed additive, we use the available information on frequency of use in
well stimulation (Section 2.4.3.1), quantity used (median concentration used across all
well stimulation events) (Section 2.4.3.2), along with the GHS-based toxicity screening
criterion for acute mammalian toxicity (normalized to exposure concentration as
described in Section 6.3.1.2), and chronic screening values normalized to dose as derived
from published values and regulatory values. We rank the acute and chronic hazards
separately, and we include separate chronic rankings to reflect intake by inhalation or
oral routes. For the acute toxicity information, we often had to rely on information that
was only on material safety data sheets (MSDS), which is not always reliable but often the
only toxicity information for specific health outcomes (e.g., eye irritation or sensitization).
In cases where toxicity information from other published sources is available, we include
separate hazard rankings using for results from material safety data sheets (MSDS) and
from published sources. We base the ranking on the minimum, or most conservative, acute
hazard value for each hazard ranking (i.e., with and without using MSDS data).
Out of 320 substances identified in the chemical disclosures (Table 2.A-1), 227 were
definitively identified. We identified acute hazard screening values for 176 substances
and chronic screening values for 56. The acute screening values are reported in Appendix
6.C Table 6.C-1. The chronic screening values are reported in Appendix 6.C Table 6.C-2.
Four of the 56 compounds with chronic screening values did not have acute screening
values, so we had a total of 176 compounds out of 320 (55%) for which we could develop
a complete hazard ranking. There are an additional 23 compounds reported for which
we have CASRN, but no information on frequency of use or mass used. Of these 23, we
have an acute and/or chronic hazard screening value for 17. There are 121 substances
for which we have generic descriptors (“trade secrets”) and frequency of use information,
but no CASRN identifications or toxicity information (note that chemicals without
CASRN were not reviewed for toxicity). In Table 6.3-1 below, we summarize our findings
regarding the different combinations of known versus unknown factors for reported
hydraulic fracturing chemical additives.
Table 6.3-1. Available and unavailable information for characterizing the
hazard of stimulation chemicals used in hydraulic fracturing.

Number of
chemicals

Proportion of
all chemicals

Identified by unique
CASRN

Impact or toxicity

Quantity of use or
emissions

176

55%

Available

Available

Available

17

5%

Available

Available

Unavailable

6

2%

Available

Unavailable

Available

121

38%

Unavailable

Unavailable

Available

Following the approach described above, we used information on frequency of use,
quantity used, and health hazard screening criterion to derive an estimated acute hazard
metric (EHMacute) score for each of the 176 substances used in hydraulic fracturing that
had sufficient information to make this calculation. All 176 EHMacute scores are provided in
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Table 6.C-1. The scores range over six orders of magnitude from 0.003 to 4,000. These are
relative scores with higher values associated with higher concern. We used these scores to
sort the substances from high to low. Table 6.3.2 lists the 12 substances with the highest
EHMacute values and identifies what factor(s) contribute most to this score—frequency of
use, quantity used, and/or toxicity. The footnote to Table 6.3-2 indicates the acute toxicity
and source of information for each chemical. Substances that did not have sufficient
information to calculate EHMacute values are sorted from low to high on a toxicity criterion;
then for chemicals that lack a toxicity criterion, we sorted from high to low on frequency
of use, then mass used, and finally the last chemicals are simply sorted alphabetically in
Table 6.C-1.
Table 6.3-2. A list of the 12 substances used in hydraulic fracturing with the

highest acute Estimated Hazard Metric (EHMacute) values along with an indication
of what factor(s) contribute most to their ranking (from high to low).

Chemical Name

Reported frequency
of use

Reported median mass
fraction per WST (mg/kg)

Distillates, petroleum, hydrotreated light
paraffinic

✔

✔

Isotridecanol, ethoxylated

✔

✔1

Hydrochloric acid
Polyethylene-polypropylene glycol

✔
✔

✔4

Glyoxal

✔
✔

✔6
✔

✔7

Hydrofluoric acid

✔

Sodium tetraborate decahydrate

✔

5-Chloro-2-methyl-3(2H)-isothiazolone

✔

1

✔5

✔

Glutaraldehyde
Ammonium Persulfate

✔2
✔3

Sodium hydroxide

Potassium carbonate

Acute Toxicity

✔8

✔
✔9

Skin corrosion/irritation GHS = 1 per MSDS; 2 Skin sensitization and eye effects GHS = 1 per MSDS; 3 Inhalation

LC50 for rats of 45 ppm equivalent to GHS 1 from published data; 4 Skin corrosion/irritation GHS = 1 per MSDS;
5

Eye effects GHS = 1 per MSDS; 6 Inhalation equivalent to GHS 1 per published values and Eye effects GHS = 1 per

MSDS; 7 Respiratory sensitization GHS = 1 per MSDS; 8 Inhalation equivalent to GHS 2 per published values and
dermal, skin corrosion/irritation and eye effects per MSDS; 9 Inhalation equivalent to GHS 1 per published values

In developing a chronic hazard metric (EHMchronic) score, we again make use of frequency
of use, mass used per treatment, and health-hazard screening criterion for each of 55
substances used in hydraulic fracturing that had sufficient information to make this
calculation. All 55 EHMchronic scores are provided in Table 6.C-2. The scores range over
nine orders of magnitude from 200 to 400,000,000,000 and tend to be higher for the
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inhalation route compared to the oral route. These are relative scores with higher values
associated with higher concern. We used these scores to sort the substances from the
highest to lowest estimated EHMchronic sorted on the average rank across inhalation and
oral routes. The median chronic score is around 1 million. The top 12 substances for
chronic hazard all have EHMchronic values over 1 million. Table 6.3-3 lists the 12 substances
with the highest EHMchronic values and identifies what factor(s) contribute most to this
score—frequency of use, quantity used, or toxicity. Substances with neither an EHMacute or
EHMchronic value are listed in Table 6.C-1, but not repeated in Table 6.C-3.
Table 6.3-3. A list of the 12 substances used in hydraulic fracturing with the highest
chronic Estimated Hazard Metric (EHMchronic) values along with an indication
of what factor(s) contribute most to their ranking (from high to low).

Chemical Name

Reported frequency
of use

Proppant material1

Reported median conc. per
WST (mg/kg)

Chronic8 Toxicity

✔

✔1

Glutaraldehyde

✔

✔

✔

Zirconium oxychloride

✔

✔

✔2

✔

✔3

Bromic acid, sodium salt (1:1)
Hydrochloric acid

✔

✔

✔

Boron sodium oxide

✔

✔

✔4

✔

✔

Ethylbenzene
Naphthalene

✔

Sodium tetraborate decahydrate

✔

✔
✔

✔5

Boric acid, dipotassium salt

✔

✔6

Aluminum oxide

✔

✔7

Diethanolamine

✔

✔6

1

Proppant materials reported that might include Crystalline silica impurity (Mullite, Kyanite, Silicon dioxide) use

Crystalline silica impurity as reference chemical for hazard screening (inhalation); 2 Soluble Zirconium compounds
used as reference chemical for hazard screening (oral); 3 Boric Acid and Bromate used as reference compound for
hazard screening (oral) and (inhalation) respectively; 4 Boric acid used as reference chemical for hazard screening
(oral); 5 Boric Acid used as reference compound for hazard screening (oral); 6 Boric acid used as reference chemical
for hazard screening (oral); 7 The toxicity value used is only for non-fibrous forms of aluminum oxide, and does not
apply to fibrous forms; 8 Screening toxicity values for aluminum oxide, titanium oxide, propargyl alcohol, glyoxal,
butyl glycidyl ether, hydrogen peroxide, and ethanol are available for occupational health criteria but screening
values are not provided because for each of these substances, there was an indication in the literature of possible
mutagenicity or carcinogenicity such that the available occupational health criteria might not be sufficiently health
protective of workers and the general population.
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6.3.2.2. Hazard Ranking of Acidization Chemicals
The data used to characterize hydraulic fracturing fluids did not include disclosed
acidization events. However, the South Coast Air Quality Management District (SCAQMD)
rule 1148.2 mandates that operators disclose the chemicals used in oil and gas development
activities that include acidization. Acidization events are defined for the purpose of this
review as events that include hydrochloric acid (HCl) and/or hydrofluoric acid (HF). The
data that meets the definition of an acidization event were exported from data entered
into the SCAQMD database between July 2013 and May 2014. The data include 243
events in 243 wells with a total of 8,549 entries for individual chemicals or “trade secrets”
(listed by chemical family). The actual date of each event is not listed, but it appears that
most of the data was entered into the database between March and May of 2014.
As with the hydraulic fracturing fluid disclosures, not all additives in the acidization
events were clearly identified. Between 3 and 21 lines (ingredients in the acidization
event) for each event are reported as trade secret, with no information provided on mass,
composition, or definitive chemical identification. A total of 87 definitively identified
chemicals are listed for the acidization events with 33 chemicals unique to acidization
(i.e., not used in hydraulic fracturing). The remaining 54 chemicals are used in both
acidization (per SCAQMD disclosures) and hydraulic fracturing (per FracFocus disclosures).
It is unclear which if any disclosures for specific events are included in both databases.
Twenty-six chemicals were listed more than 50 times in the acidization notices, with
methanol (n = 532), hydrochloric acid (n = 436) and propargyl alcohol (n = 272) being
the most commonly reported chemicals used in acidization events (excluding water).
There are 45 chemicals listed fewer than five times. Data are not available to assess the
coverage of the SCAQMD disclosures relative to all acidization treatments in California,
but clearly the data provided in the SCAQMD database are specific for activity in the
South Coast Air Basin which includes Orange County and the non-desert regions of Los
Angeles and Los Angeles County, San Bernardino County, and Riverside County.
Twelve chemicals are reported with median application rate greater than 200 kg per
event, but several of these are either base fluid or proppant material. The reporting of
proppant indicates that there may be some overlap between acidization treatments and
fracturing treatments in the SCAQMD database. The remaining high-use chemicals in the
list include primarily acids and buffering compounds. For chemicals that are used in both
hydraulic fracturing and in acidization treatments, a comparison of the reported mass
used indicates that there is no correlation (r2 = 0.01) between median mass reported
for specific compound used in the SCAQMD acidization treatments and the FracFocus/
DOGGR (Division of Oil, Gas and Geothermal Resources) hydraulic fracturing treatments.
In order to develop a hazard ranking for acidizing fluids, we follow the procedure outlined
above for hydraulic fracturing fluids to compile a list of all substances for which we had
CASRN and provided, for each chemical, any available information on frequency of use
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in well stimulation, quantity used in each well stimulation, the GHS screen criterion for
acute toxicity, and available chronic screening criteria. The frequency used and quantity
used are specific to the acidization treatments and differ from values reported for the
same chemical in the assessment of hazard for stimulation chemicals used in hydraulic
fracturing (previous section). The data used to assess acidization did not provide
information that would allow the calculation of mass fraction or concentration as used in
the hydraulic fracturing assessment above, so the media mass (kg) used across all events
was used as a surrogate for quantity. The acute screening values for acidization chemicals
are reported in Appendix 6.C, Table 6.C-3. The chronic screening values are reported in
Appendix 6.C, Table 6.C-4. Out of 165 uniquely identified additives (or products), 78
compounds were identified with CASRN, 48 had both quantity and toxicity information,
and 39 had only quantity information. In Table 6.3-4 below, we summarize our findings
regarding these different combinations of known versus unknown factors.
Table 6.3-4. Available and unavailable information for characterizing
the hazard of stimulation chemicals use in acidizing.

Number of
chemicals

Proportion of
all chemicals

Identified by unique
CASRN

Impact or toxicity

Quantity of use or
emissions

48

29%

Available

Available

Available

0

0%

Available

Available

Unavailable

39

24%

Available

Unavailable

Available

78

47%

Unavailable

Unavailable

Unavailable

Following the approach described above and used for hydraulic fracturing chemicals, we
used the information on frequency of use, quantity used, and toxicity screening criterion
to derive an estimated acute hazard metric (EHMacute) score for each of the 48 substances
used in acidization that had sufficient information to make this calculation. All 48 EHMacute
scores are provided in Table 6.C-3 along with information for other substances for which
the score could not be determined. The scores range over eight orders of magnitude from
0.002 to 150,000. These are relative scores with higher values associated with higher
concern. We used these scores to sort the substances from high to low on the average
EHM between results, including MSDS data and results based on published toxicity data.
The median score is around 1. Table 6.3-5 lists the 10 substances with the highest EHMacute
values and identifies what factor(s) contribute most to this score—frequency of use, quantity
used, or toxicity. Substances with no EHMacute are sorted by decreasing concentration.
In developing a chronic hazard metric (EHMchronic) score for acidization chemicals, we
again make use of frequency of use, mass used per treatment, and health hazard screening
values for each of 17 substances used in acidization that had sufficient information to
make this calculation. All 17 EHMchronic scores, along with toxicity and use-frequency data
for substances that did have reported mass used, are provided in Table 6.C-6. The scores
range over eight orders of magnitude from 10 to 800,000,000, and tend to be higher
for the inhalation route than the oral route. These are relative scores with higher values
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associated with higher concern. We used these scores to rank the substances from 1 to
17, with 1 being the greatest estimated hazard rank. The median chronic score is around
10,000. Table 6.3-6 lists the 10 substances with the highest EHMchronic values and identifies
what factor(s) contribute most to this score—frequency of use, quantity used, or toxicity.
Table 6.3-5. A list of the 10 substances used in acidization with the highest

acute Estimated Hazard Metric (EHMacute) values, along with an indication of
what factor(s) contribute most to their ranking (from high to low).

Chemical Name

Reported frequency
of use

Hydrochloric acid

✔

✔1

Hydrofluoric acid

✔

✔2

Potassium chloride
Ammonium Chloride

Reported median mass per
WST (kg)

Acute Toxicity

✔
✔

✔

Citrus Terpenes

✔3
✔4

2-Butoxyethanol (Ethylene glycol butyl
ether)

✔

✔5

Propargyl alcohol

✔

✔6

Acetic Acid

✔7

Crystalline silica quartz
Citric acid

1

✔
✔

✔

✔8

Skin sensitization and eye effects GHS = 1 per MSDS; 2 Inhalation equivalent to GHS 2 per published values and

dermal, skin corrosion/irritation and eye effects per MSDS; 3 Eye effects GHS = 2 per MSDS; 4 Skin corrosion/
irritation GHS = 1 and eye effects GHS = 2 per MSDS; 5 Inhalation effects GHS 2 from published data and eye effects
GHS = 2 per MSDS; 6 Oral effects GHS 2 from published data and numerous effects with GHS = 1 or 2 per MSDS; 7
Skin corrosion/irritation GHS = 1 and eye effects GHS = 1 per MSDS; 8 Eye effects GHS = 2 per MSDS
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Table 6.3-6. A list of the 10 substances used in acidization with the highest

chronic Estimated Hazard Metric (EHMchronic) values along with an indication
of what factor(s) contribute most to their ranking (from high to low).

Chemical Name

Reported frequency
of use

Hydrochloric acid

✔

Reported median mass per
WST (kg)

Chronic Toxicity

✔

Propargyl alcohol

✔

Crystalline silica quartz

✔

Ethylbenzene

✔
✔

Ammonium Chloride

✔

✔

Hydrofluoric acid

✔

2-Butoxyethanol (Ethylene glycol butyl
ether)

✔

Acetic Acid
Methanol

✔
✔

Phosphoric acid, calcium salt (2:3)

✔

6.3.2.3. Hazard Summary of Air Pollutants that are Related to Well Stimulation Fluid
There are fifteen chemicals listed in Tables 6.C.1– 6.C.4 for hydraulic fracturing and
acidization activity that are also listed on the California Air Resources Board (CARB)
Toxic Air Contaminant (TAC) Identification List (CARB, 2015). These compounds are
listed in Table 6.3-7, along with an indication of the well stimulation activity that they are
reportedly used in. Five of the compounds listed on the TACs list are already identified in
the previous tables, but all compounds listed as TACs should be considered hazardous
and included in subsequent risk assessments. The California TACs list (CARB, 2015)
includes all Hazardous Air Pollutants (HAPs) listed by the U.S. EPA and are heavily
regulated compounds.
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Table 6.3-7. The substances used in hydraulic fracturing and acidization that are also listed
on the California TAC Identification List (http://www.arb.ca.gov/toxics/id/taclist.htm).

Chemical Name

CASRN

Used in Hydraulic
Fracturing

Used in
Acidization

Hydrochloric acid

7647-01-0

✔

✔

Methanol

67-56-1

✔

✔

Toluene

108-88-3

✔

Acetophenone

98-86-2

✔

Ethylene Glycol

107-21-1

✔

✔

Formaldehyde

50-00-0

✔

✔

Naphthalene

91-20-3

✔

✔

Diethanolamine

111-42-2

✔

Benzyl Chloride

100-44-7

✔

Acrylamide

79-06-1

✔

Volume III, Chapter 3 summarizes a list of all CARB-reported TACs air emissions
associated with all oil-well production activities including well stimulation fluids
(Chapter 3, Section 3.3.2.2). We noted that not all of the TACs listed above are reported
emissions—likely as a result of different requirements for reported use versus reported
emissions. It is not possible at this point to allocate the CARB-reported emissions
specifically to the use well stimulation fluids. In addition to chemicals added to well
stimulation fluids, there a number of TACs released during well stimulation activities that
are not added directly to the well. As TACs, these substances have all been identified as
posing human health hazards, with the actual health risk dependent on the magnitude
and duration of exposure. Among this substance list are combustion products and/or
chemical emissions from pumps, generators, compressors, and equipment; venting and
flaring; dust from well stimulation activity; leaks from transfer lines and/or well heads;
and emissions related to leakage of oil and gas from stimulated wells (this category does
not include emissions from refining and use of the hydrocarbon products). A variety of
mobile sources relevant to oil and gas (and presumably to well stimulation) activities are
tracked by CARB in its emissions inventories (See Chapter 3, Section 3.3.2.2), especially
for off-road diesel equipment. However, it is not clear how to apportion these activities
between conventional oil production and well stimulation activities without a much more
detailed study.
Several criteria pollutants (particulate matter, carbon monoxide, nitrogen oxides, and
sulfur dioxide) as well as reactive organic gases are associated with well stimulation
activities (see Section 3.3.2.2 for details on emissions estimates). Criteria pollutants are
heavily regulated and should be included in any hazard or risk assessment associated
with well stimulation. Given the known and accepted hazards associated with criteria
pollutants, no further hazard assessment is provided for these compounds in this chapter.
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6.3.3. Literature Summary of Human Health Hazards Specific to Well Stimulation
In the sections above, we made bottom-up characterizations and rankings of chemicals
used and/or emitted during well stimulation operations in California. This section
reviews and analyzes the chemical hazards of well stimulation chemicals based primarily
on published source categories related to well stimulation activities and associated
equipment. Much of the literature discussed below is associated with activities outside of
California, but offers insights on what is or could be done in California.
Colborn et al. (2011) used Chemical Abstract Service (CAS) numbers and systematic
searches in the National Library of Medicine, Toxicology Data Network (TOXNET) and
other databases to determine that (a) 75% of the identified compounds from fracturing
fluids in samples from Colorado are known to negatively impact sensory organs, the
gastrointestinal system, and/or the liver; (b) 52% of the identified chemicals have the
potential to adversely affect the nervous system; and (c) 37% are candidate endocrine
disrupting chemicals (EDCs). EDCs present unique hazards compared to other toxins,
because their effects at higher doses do not always predict their effects at lower doses
(Vandenberg et al., 2012). They are particularly hazardous during fetal and early
childhood growth and development (Diamanti-Kandarakis et al., 2009), can impact the
reproductive system, and have epigenetic mechanisms that may lead to pathology decades
after exposure (Zoeller et al., 2012).
In addition to the chemicals used in well stimulation, the major constituents of well
acidization fluid are hydrochloric acid and hydrofluoric acid. Hydrochloric acid is used
frequently in oil and gas wells in California and elsewhere as an additive to well-injection
fluids during matrix acidizing, wellbore cleanout, and other forms of acid treatments of oil
and gas wells (Colborn et al., 2011; Stringfellow et al., 2014) (also see Volume I for more
details). Hydrochloric acid is corrosive to the skin, eyes, and mucous membranes, and is
associated with a number of acute health effects (ATSDR, 2002). Oral exposure may result
in the corrosion of mucous membranes, the esophagus, and the stomach. Symptoms may
include nausea, vomiting, and diarrhea (U.S. EPA, 2000a). Dermal exposure may result
in severe burns, ulceration, and scarring. Chronic exposures in occupational settings are
associated with gastritis, chronic bronchitis, dermatitis, and photosensitization (U.S. EPA,
2000a). As discussed in the occupational health section below, we note that exposure to
acid vapors resulting in acid-vapor inhalation is a hazard for any unprotected individuals
close to the location of acid use or transfer.
Hydrofluoric acid is also used as an additive to well injection during matrix acidizing,
wellbore cleanout, and other forms of acid treatments of oil and gas wells (Colborn
et al., 2011; Stringfellow et al., 2014) (See Volume I). Acute exposure to hydrofluoric
acid in liquid and gaseous form causes irritation of the eyes and nose, and can result in
severe respiratory damage (Centers for Disease Control and Prevention (CDC), 2014). In
high doses, exposure to hydrofluoric acid can lead to convulsions, cardiac arrhythmias,
or death from cardiac or respiratory failure (U.S. EPA, 2000b). Chronic exposure to
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elevated concentrations of hydrofluoric acid is associated with adverse pulmonary effects,
renal injury, thyroid injury, anemia, hypersensitivity, and dermatological reactions (U.S.
EPA, 2000b). When inhaled at low concentrations, hydrofluoric acid can result in nose,
throat, and bronchial irritation and congestion (ATSDR, 1993; CDC, 2014). To date, no
studies on the public health dimensions of hydrofluoric and hydrochloric acid have been
conducted in the upstream oil and gas context.
6.4. Water Contamination Hazards and Potential Human Exposures
This section reviews the transport mechanisms that could cause human exposures
to stimulation chemicals through water contamination. Section 6.4.1 briefly reviews
the pathways identified in Volume II, Chapter 2, and summarized in Table 6.2-1, and
discusses implications for human health. This is followed by Section 6.4.2, which provides
a literature survey of health issues attributed to water contamination due to stimulation.
A direct impact of concern from chemical use for well stimulation is the potential for
water contamination and subsequent human exposure from accidental releases related to
the handling of the well stimulation fluids and the management of produced water that
may contain stimulation chemicals. Similarly, potential subsurface leakage pathways into
protected groundwater present a potential impact of contamination by the petroleum
constituents in the reservoir. This risk may be exacerbated by the presence of chemicals
used in hydraulic fracturing. If chemicals contained in well stimulation fluids are well
managed and not released into usable water, including agricultural water, then the public
health risks would be reduced. Acid use increases the probability that naturally occurring
heavy metals and other pollutants from the oil-bearing formation will be dissolved and
mobilized. Assessment of the environmental public health risks posed by acid use along
with commonly associated chemicals, such as corrosion inhibitors, cannot be undertaken
without a more complete disclosure of chemical use, and a better understanding of the
chemistry of treatment fluids and produced water returning to the surface, in order to
understand the risks these fluids may pose. Risk assessment would also require better
knowledge of potential transport mechanisms and pathways that could lead to human
exposure, as well as how treatment chemicals are altered during transport.
6.4.1. Summary of Risk Issues Related to Water Contamination Pathways
The potential for surface and groundwater contamination from well stimulation activities
(contamination with stimulation chemicals, recovered fluids and produced water, residual
oil, methane and other compounds) was evaluated in great detail in Chapter 2 of this
volume. Release mechanisms and environmental transport pathways associated with
well stimulation and production that are relevant to California include spills and leaks,
percolation of wastewater from unlined pits, siting of disposal wells near abandoned wells
or into protected groundwater, reuse or disposal of inadequately treated wastewater;
loss of wellbore integrity; subsurface leakage and migration through abandoned wells,
migration though faults, fractures, or permeable regions, and illegal waste discharge
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(Section 2.6.2). Some of these release mechanisms are primarily relevant to California,
and are uncommon elsewhere, such as disposal of wastewater in unlined percolation
pits, which has been banned in many states, and potential siting of disposal wells into
protected groundwater. However, many of the release mechanisms have also been noted
in other parts of the country. Below, we briefly summarize the main findings from
Chapter 2 with regard to release mechanisms and transport pathways of concern for
human health impacts.
Stimulation fluids can move through the environment and come into contact with human
populations in a number of ways, including surface spills, accidental releases (Rozell and
Reaven, 2012), loss of zonal isolation in wellbores (Chilingar and Endres, 2005; Darrah
et al., 2014), venting and flaring of gases (Roy et al., 2013; Warneke et al., 2014), and
transportation and disposal of wastes (Rozell and Reaven, 2012; Warner et al., 2012;
Warner et al., 2013a; Fontenot et al., 2013).
6.4.1.1. Disposal of Produced Water in Unlined Pits
As noted in Volume II, Chapter 2, the most commonly reported recovered fluids and
produced water disposal method for stimulated wells in California is by evaporation
and percolation in unlined surface impoundments, also referred to as unlined sumps or
pits. Operators report that nearly 60% of the produced water from stimulated wells was
disposed of in unlined sumps during the first full month after stimulation. There is no
testing required, or thresholds specified, for the contaminants found in well stimulation
fluids or other naturally occurring chemical constituents in produced water, such as
benzene, heavy metals, and naturally occurring radioactive materials (NORMs). The
primary intent of unlined pits is to percolate water into the ground, and as a result, this
practice provides a potentially direct subsurface pathway for the transport of produced
water constituents, including returned stimulation fluids, into groundwater aquifers that
are or may be used for human consumption and agricultural use. Where groundwater
intercepts rivers and streams, surface water resources could also be affected. If protected
water were contaminated and if plants (including food crops), humans, fish, and wildlife
use this water, it could introduce contaminants into the food web and expose human
populations to known and potentially unknown toxic substances.
6.4.1.2. Public Health Hazards of Produced Water Use for Irrigation of Agriculture
As noted in Volume II, Chapter 2, large volumes of water of various salinities and qualities
are produced along with oil. Most produced water is re-injected into the oil and gas
reservoirs to help produce more oil, maintain reservoir pressure, and prevent subsidence.
But some of this produced water is not highly saline, and small quantities of it are now
being used by farmers for irrigation. As discussed in Chapter 2 of this volume, concerns
arise that stimulation chemicals could be mixed with produced water and thus end up in
irrigation water. Because of the growing pressures on water resources in the state, there
is increasing interest in whether produced water could be used for a range of beneficial
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purposes such as groundwater recharge, wildlife habitat, surface waterways, irrigation,
and other uses. If produced water comes from an oil field where well stimulation has
been used, stimulation chemicals could also be present in the produced water and would
not necessarily be detected by current testing. The presence of stimulation chemicals and
other naturally occurring constituents, such as heavy metals that could be mobilized by
stimulation chemicals makes it far more difficult to determine if the produced water can
be safely reused. The presence of stimulation chemicals also makes it more difficult to
determine the amount and type of water treatment required to make the water safe for
beneficial use in agriculture from a public health perspective.
6.4.1.3. Public Health Hazards of Shallow Hydraulic Fracturing
Deep fracturing operations are unlikely to produce fractures and conduits that intersect
fresh water aquifers far above them (See Volume I of this study for more details).
However, in California, about three quarters of the hydraulic fracturing takes place in
shallow wells less than 600 m deep. Where drinking water aquifers exist above shallow
fracturing operations, there is an inherent risk that hydraulic fractures could intersect
aquifers used for drinking, agriculture, and other uses and contaminate them, thus
introducing human exposure pathways and public health risks. To the extent that human
populations are drinking, washing, or using water that has been contaminated via this
environmental exposure pathway, there exists a public health risk (See Chapter 2 of this
volume for me details water exposure pathways).
6.4.1.4. Leakage Through Wells
One of the problems faced in a number of other states is oil and gas development in
regions that have not previously had intensive oil and gas development. California’s
experience with well stimulation is the opposite: most well stimulation is occurring in
reservoirs where oil and gas has been produced for a long time. This means the operations
are taking place where many wells have previously been drilled, plugged, abandoned, and
orphaned. Leakage can occur if a hydraulic fracture intersects another well (offset well).
Offset wells can also act as a conduit through which emissions to air and water resources
can occur. If protected water is contaminated and if plants (including food crops),
humans, fish, and wildlife use this water, it could introduce contaminants into the food
web and expose human populations to known and potentially unknown toxic substances.
Because geologic conditions in California result in almost no coal mining, we did not
consider leakage facilitated by abandoned coal mines, which is a problem in other states.
6.4.1.5. Injection Into Usable Aquifers
In June 2014, the U.S. EPA expressed concerns to the state of California regarding an
EPA evaluation of injection wells in California used to dispose of oil-field waste, primarily
recovered fluids and produced water that returns to the wellhead along with oil (U.S.
EPA, 2014c). The EPA found that some wells inappropriately allowed injection of waste
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into protected groundwater. The California Division of Oil, Gas and Geothermal Resources
(DOGGR) has shut down some of these wells and is reviewing many more for possible
violations. Some chemicals that are used in well-stimulation operations are known to
be toxic, but more than 50% of reported well stimulation chemicals in California have
unknown environmental and health profiles. Some of the naturally occurring constituents
in produced water are also toxic. Introduction of recovered fluids or produced water into
protected groundwater presents a risk to the health of human populations that may drink,
bathe, or irrigate with these water supplies.
6.4.2. Literature on Water Contamination from Well Stimulation
6.4.2.1. Exposure to Water Pollutants
We identified original research, including modeling studies on the potential for exposures
to water quality impairment associated with oil and gas development enabled by well
stimulation. We excluded studies that explored only evaluative methodology or baseline
assessments, as well as papers that simply comment on or review previous studies.
Papers on the potential for exposure to well-stimulation-associated contaminated water
(a) rely on empirical field measurements, (b) explore plausibility of mechanisms for
contamination, or (c) use modeled data to determine hazard and risk associated with
potential water exposure pathways. Some of these studies explore only one aspect of
shale gas development, such as the well-stimulation process of hydraulic fracturing. These
studies do not indicate whether well-stimulation-enabled oil and gas development as a
whole is associated with water contamination and are therefore limited in their utility for
gauging water quality impacts. We are only concerned with actual findings in the field or
modeling studies that specifically identify hazard, or actually document the occurrence or
non-occurrence of water contamination.
Surface and groundwater contamination from well-stimulation-enabled oil and gas
development is extensively documented in Chapter 2 of this volume. But the question of
potential health risks remains, especially given the dearth of investigations and monitoring
on this issue in California. Some association studies have reported that well stimulation
contributes to higher levels of methane in drinking-water wells within 1 km of active
gas development sites (Darrah et al., 2014; Jackson et al., 2013; Osbourne et al., 2012).
Other studies found no association and have suggested that methane contamination of
shallow groundwater from oil and gas production may be less likely to occur in certain
shale formations, owing in part to regional geological variations, including the presence
of intermediate gas-bearing formations above target formations (e.g., in the Pennsylvania
area of the Marcellus Shale region), but not others (e.g., in the Fayetteville shale region)
(Warner et al., 2013b). The most recent study on fugitive gas contamination of drinkingwater wells used noble gas data to implicate faulty well production casings in water
contamination rather than upward migration of methane through geological strata
triggered by hydraulic fracturing (Darrah et al., 2014). While methane is not considered
to be toxic, these studies suggest that there are subsurface pathways through which
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gases and liquids, some of which may contain hazardous compounds, may be present.
Methane—particularly thermogenic methane (Stolper et al., 2014)—can migrate and
mix with protected water through natural seepages (Dusseault et al., 2014; Dusseault
and Jackson, 2014). Such seepages are common in California. Investigations of aquifer
contamination attributable to oil and gas development have not been conducted in
California. There is a need for these investigations, including studies to determine the
effect of natural seepages in methane migration.
Other studies that evaluated water quality in private drinking-water wells near natural
gas operations found higher levels of arsenic, selenium, strontium, and total dissolved
solids in water wells located within 3 km of active gas wells (Fontenot et al., 2013).
While this study used historical data from the region as a baseline to link the water
contamination to natural gas development, the specific mechanism responsible for
contamination was not determined.
Water contamination events associated with well stimulation have been documented in
geographically diverse parts of the country. In Colorado, an analysis of 77 reported surface
spills (~0.5% of active wells) within Weld County and groundwater monitoring data
revealed BTEX (benzene, toluene, ethylbenzene, xylene) contamination in groundwater
(Gross et al., 2013). Another study in Colorado measured estrogen and androgen receptor
activity in surface and groundwater samples, using reporter gene assays in human cell
lines from drilling-dense areas in the Piceance basin (Kassotis et al., 2013). Water samples
collected from the more intensive areas of natural gas extraction exhibited statistically
significantly more estrogenic, antiestrogenic, or antiandrogenic activity than reference
sites. Notably, the concentrations of chemicals detected by Kassotis and colleagues (2013)
were high enough to potentially interfere with the response of human cells to male sex
hormones and estrogen.
In August 2014, the Pennsylvania Department of Environmental Protection (PA DEP)
announced that 243 cases of water contamination attributable to oil and gas development
in the region had occurred since 2008, and as of 4 March 2015, the number of confirmed
water contamination cases was 254 (PA DEP, 2014). While this database makes clear
that these cases of water contamination were caused by oil and gas development, it is not
clear which mechanisms were most prominent. However, the presence of methane and
other VOCs in the aquifers suggests that loss of wellbore integrity was a likely mechanism
among the many of the cases. The majority of the events occurred in the northeastern
region of the state; however, reasons for this geographic trend are still unknown and are
currently being investigated. More research is needed to determine if wellbore integrity is
associated with these events and if that integrity is affected by hydraulic fracturing.
6.4.2.2. Oil and Gas Recovered and Produced Water
Well stimulation generates recovered fluids and produced water. Evidence indicates that
approximately 35% of the initial fracturing fluid volume injected underground returns to
the surface as recovered fluids and produced waters, although estimates range from 9% to
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80% (U.S. EPA, 2004, 2010; Horn, 2009). Recovered fluids and produced water contain
chemical compounds added to fracturing fluids as well as naturally occurring compounds
that are mobilized from target geological features (Alley et al., 2011; Thurman et al.,
2014; Warner, 2013a). Compounds hazardous to human health identified in produced
waters include chlorides, heavy metals, and metalloids (e.g., cadmium, lead, arsenic),
volatile organics (e.g., benzene, toluene, ethylbenzene, and xylene), bromide, barium,
and, depending upon the geochemistry of the target reservoir, naturally occurring
radioactive materials (e.g., radium-226 and radon) and other compounds (Alley et al.,
2011; Maguire-Boyle and Barron, 2014; Nelson et al., 2014). Many of these naturally
occurring compounds have moderate to high toxicity and can induce health effects when
exposure is sufficiently elevated (Balaba and Smart, 2012; Haluszczak et al., 2013).
It should be noted that no studies to date have analyzed the chemical constituents of
recovered fluids and produced water from well-stimulation-enabled oil wells in California.
Recovered fluid and produced water are sometimes treated at publicly owned treatment
works (POTWs) and then discharged into surface waters (Ferrar et al., 2013). This
practice is currently applied to a subset of recovered fluid/produced water in California
(DOGGR, 2014) (also see Chapter 2 on impacts to water resources). Warner et al. (2013a)
examined water quality and isotopic compositions of discharged effluents, surface waters,
and stream sediments associated with a Marcellus wastewater treatment facility site.
This study reported that treated recovered fluid and produced water still contained some
elevated concentrations of contaminants associated with shale gas development. The
researchers also found elevated levels of chloride and bromide downstream, along with
radium-226 levels in stream sediments at the point of discharge that were approximately
200 times greater than upstream and in background sediments, and well above regulatory
standards (Warner et al., 2013a). The study did not differentiate what amounts of these
elevated concentrations were directly attributable to hydraulic fracturing. Some papers
have noted that these types of emissions to water supplies could increase the health risks
of residents who rely on these surface and hydrologically contiguous groundwater sources
for drinking, bathing, recreation (Wilson and VanBriesen, 2012), and sources of food (i.e.,
fish protein) (Papoulias and Velasco, 2013).
6.5. Air Emissions Hazards and Potential Human Exposures
In addition to the potential direct impacts of water contamination, there is the possibility
of direct public health risks of exposures to stimulation chemicals that are known toxic
air contaminants (TACs). In Volume II Chapter 3, we analyzed the SCAQMD mandatory
oil and gas reporting database and noted TACs have been reported as used in hydraulic
fracturing and acidizing fluids. All of these TACs are hazardous to human health, yet none
of them have known emission factors. This makes it difficult to assess the extent to which
populations may be exposed and at what concentrations. Section 6.5 below expands
this topic. This section reviews the potential human health impact of air emissions
associated with well stimulation in two parts. Section 6.5.1 reviews what is known about
air emissions from the assessment in Chapter 3 and elsewhere. Section 6.5.2 reviews the
literature on human health impacts.
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6.5.1. Emissions Characterized in Chapter 3
As discussed in Chapter 3 of this volume, air emissions from oil and gas development
can come from a variety of sources, including, but not limited to drilling, production
processing, well completions, servicing, and transportation. Among known air
contaminants, compounds of particular concern that are known to be emitted during
the well-stimulation-enabled oil and gas development process (and from oil and gas
development in general) are BTEX compounds (benzene, toluene, ethylbenzene, and
xylene), formaldehyde; hydrogen sulfide; particulate matter (PM); nitrogen oxides (NOx);
sulfur dioxide (SO2); polycyclic aromatic, aliphatic, and aromatic hydrocarbons; and
volatile organic compounds (VOCs) that can contribute to tropospheric ozone formation.
Also discussed in Chapter 3 of this volume are methane emissions, which are currently
assessed as greenhouse gases but can also be used as a predictor of many VOC emissions.
Some VOCs are directly health damaging (e.g., benzene), and many others are precursors
to regional tropospheric ozone, a strong respiratory irritant. In the San Joaquin Valley
Unified Air Pollution Control District (APCD), 2012 oil and gas associated reactive
organic gas (ROG) emissions were approximately 8% of total regional ROG emissions
(see Chapter 3). In a field-based study in the San Joaquin Valley of California, Gentner et
al. (2014) found that at least 22% of all anthropogenic VOC emissions are attributable
to oil development.
The quantity of specific chemicals emitted to the atmosphere per unit of injected well
stimulation fluid is completely lacking from the existing literature. Compounds noted in
the previous paragraph can be emitted or released prior to use during transport, transfer,
blending, and injection by accidental release, intentional release or by fugitive emission
pathways. After injection of fluid into the well-bore, the release pathways and emission
rates become even more uncertain, because of a lack of knowledge about the recovered
fraction of well stimulation fluid and changes in composition of recovered fluid and
produced water at stimulated wells. There are a number of potential release pathways
to air for the stimulation fluids recovered from a treated well, including both intentional
(evaporation ponds, agricultural use, re-injection) and accidental (spills, transportation,
disposal and fugitive emissions). None of these potential emission pathways for down-hole
TACs is sufficiently characterized beyond the frequency and total mass estimates derived
in Chapter 2.
Emission rates for TACs that are indirectly related to well stimulation activity are based
on activity-specific emission factors that report the quantity of a pollutant released to the
atmosphere relative to an activity associated with the release of that pollutant. Emission
factors are provided by regulatory agencies such as the U.S. EPA. Generic or generalizable
emission rates are not available at the wellhead scale. Estimating emission rates depends
on the combination of site-specific activities and equipment (e.g., number of stationary
and mobile source, leakiness of transfer lines and connections). However, all TACs by
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definition are hazardous, so they should be included in any thorough risk assessment for
well stimulation activity using case-specific conditions and emission factors to determine
ultimate exposures and quantify risk.
6.5.2. Potential Health-Relevant Exposure Pathways Identified in the Current Literature
6.5.2.1. Air Emissions Exposure Potential
Based on the potential harm of a number of VOCs (i.e., benzene, toluene, ethylbenzene,
xylene, etc.) and the role of VOCs in the production of tropospheric ozone, we considered
studies that address methane and non-methane volatile organic compounds (VOC)
emissions. We considered papers that specifically address human exposures from well
stimulation (i.e., unconventional oil and gas development) at either a local or regional
scale. These include local and regional measurements of non-methane volatile organic
compounds and tropospheric ozone.
As discussed in Chapter 3 of this volume, emissions from oil and gas development can
come from a variety of sources including, but not limited to, drilling, processing, well
completions, servicing, and transportation. Of particular concern are BTEX compounds
(benzene, toluene, ethylbenzene, and xylene), other VOCs; formaldehyde; hydrogen
sulfide; methylene chloride; particulate matter (PM); nitrogen oxides (NOx); sulfur dioxide
(SOx); polyaromatic, aliphatic, and aromatic hydrocarbons; and tropospheric ozone.
An issue of potential concern in California is tropospheric (ground-level) ozone, which is
formed through the interaction of VOCs, and NOx in the presence of sunlight (Jerrett et
al., 2009; U.S. EPA, 2013). Tropospheric ozone is a strong respiratory irritant associated
with increased respiratory and cardiovascular morbidity and mortality (Jerrett et al.,
2009; UNEP, 2011). However, as noted in Chapter 3 of this volume, the oil and gas
industry is currently not a major contributor to tropospheric precursors in California air
basis. There is some research on tropospheric ozone production associated with oil and
gas development operations in other states. Modeling studies in the Haynesville and
Barnett shale plays have predicted substantially increased atmospheric ozone concentrations
associated with oil and gas development in Texas (Kemball-Cook et al., 2010; Olaguer,
2012; Gilman et al., 2013). Some observations in oil and gas producing basins in the
western U.S. have found high levels of ozone in the winter, often in excess of air quality
standards (Edwards et al., 2014). Nevertheless, as discussed in Volume II Chapter 3 and
in contrast to the studies noted above, the ozone levels in California air basins are mostly
dependent on an abundance of ozone precursors from outside of oil production.
As discussed in Chapter 3 of this volume, methane emissions, which are currently assessed
as greenhouse gases, can be used as a predictor of many VOC emissions. Some VOCs are
directly health damaging (e.g., benzene), and many others are precursors to regional
tropospheric ozone. In a field-based study in the San Joaquin Valley of California, Gentner
et al. (2014) found that at least 22% of all anthropogenic VOC emissions are attributable
to oil development.
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Local human exposures to emissions from oil and gas development have not been wellcharacterized, but modeling and preliminary studies have indicated that intermittent
spikes in emissions to the atmosphere may pose increased risks to local human
populations through air pollution concentrations at the regional scale (Brown et al., 2014;
Colborn et al., 2014). Few studies to date have investigated the frequency and magnitude
of air pollution emission spikes from oil and gas development, but available studies
document their occurrence and their potential frequency and magnitude (Allen et al.,
2013; Macey et al., 2014; Helmig et al. 2014).
6.5.2.2. Emissions and Potential Exposures from Equipment and Infrastructure
Oil and gas development relies on a variety of ancillary infrastructure throughout the
well stimulation and oil and gas production process. This equipment includes, but is not
limited to, diesel-powered trucks, generators, and pumps, separator tanks, condensate
tanks, pipelines, flaring/venting operations, and gas compressor stations. The deployment
and use of each of these pieces of equipment act as emissions sources that can present
risks through exposure to chemicals, air emissions, and physical stressors. Specific to well
stimulation operations is the need for heavy truck traffic to transport water, proppant,
chemicals, and equipment to and from the well pad. Well stimulation as practiced in
California typically requires about a hundred to two hundred heavy truck trips per vertical
well, and two hundred to four hundred trips per horizontal well, counting two trips for
each truck traveling to the site. This is one-third to three-quarters of the heavy truck traffic
required for well pad construction and drilling.
The pollutants of primary health concern identified in the scientific literature and
attributable to transportation and other heavy machinery associated with well stimulation
are emissions of dust, diesel particular matter (dPM), nitrogen oxides (NOx), sulfur
dioxide and secondary sulfate particles (SOx), volatile organic compounds (VOCs),
and secondarily tropospheric ozone (Roy et al., 2013; Kemball-Cook et al., 2010). A
pollutant of primary health concern emitted from the transportation component of shale
gas development is dPM with aerodynamic diameter less than 2.5 microns (PM2.5). dPM
is a California TAC and a well-studied health-damaging pollutant that contributes to
cardiovascular illnesses, respiratory diseases (e.g., lung cancer) (Garshick et al., 2008),
atherosclerosis, and premature death (Pope, 2002; Pope et al., 2004). A study by the
California Air Resources Board indicates that for each 10 μg/m3 increase in PM2.5 exposure
in California, there is an expected 10% (uncertainty interval: 3%, 20%) increase in the
number of premature deaths (Tran et al., 2008). Particulate matter can also contain
concentrated associated products of incomplete combustion (PICs), and when particle
diameter is < 2.5 μm, they can act as a delivery system of these compounds to the
alveoli of the human lung (Smith et al., 2009). In addition to dPM, NOx and VOCs, other
pollutants prevalent in diesel emissions react in the presence of sunlight and high day-time
temperatures to produce tropospheric (ground-level) ozone. Tropospheric ozone is a wellestablished respiratory irritant associated with increased respiratory and cardiovascular
morbidity and mortality (Jerrett et al., 2009). It should be noted that most of the places
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where well stimulation is known to take place in California—The San Joaquin Valley
and the Los Angeles Basin—are also the regions that are consistently out of attainment
for atmospheric concentrations of tropospheric ozone. As such, oil and gas developments
in these regions are a potentially significant factor (Gentner et al., 2013) of cumulative
environmental public health risks for populations in these areas.
Formaldehyde is a volatile compound with well-established health impacts that is
produced all along the oil and gas production chain. Notably, it is formed by incomplete
combustion emitted by natural gas-fired reciprocating engines at oil and gas compressor
stations, as well as being a component of diesel combustion. It is a suspected human
carcinogen, but it has also been associated with acute and chronic health effects (U.S.
EPA, 2013). One community-based exploratory monitoring study determined that
levels of formaldehyde exceeded health-based risk levels near compressor stations with
gas developed from wells enabled by hydraulic fracturing in Arkansas, Pennsylvania,
and Wyoming oil/gas production sites (Macey et al., 2014). It should be noted that
formaldehyde is not added to stimulation fluids, but rather is a product of combustion
associated with oil and gas development activity, including well stimulation activity.
6.5.3. Public Health Studies of Toxic Air Contaminants
Oil and gas development—including that enabled by well stimulation—creates the risk
of exposing human populations to a broad range of toxic air contaminants (TACs). Data
suggest that these TACs are likely more elevated close to compared to far from active
oil and gas development, and that emissions of TACs in areas of high population density
(e.g., the Los Angeles Basin) result in larger population exposures than when population
density is lower (See Chapter 3 of this Volume for more details).
Many of the constituents used in and emitted by oil and gas development are known to be
damaging to health, and place disproportionate risks on sensitive populations, including
children, the elderly, those with pre-existing respiratory and cardiovascular conditions,
and those exposed to multiple environmental stressors. Oil and gas development poses
more elevated population health risks when conducted in areas of high population
density, such as the Los Angeles Basin, because it results in larger population exposures to
TACs (see Los Angeles Basin Case Study in Volume III for more details).
California has large developed oil reserves located in densely populated areas. For
example, the Los Angeles Basin has the highest concentrations of oil in the world, but Los
Angeles is also a global megacity, and oil and gas development occurs in close proximity
to human populations. In the San Joaquin Valley, there are a number of communities
that live, work, and play near oil and gas development. Approximately half a million
people live within one mile of a stimulated well, and many more live near oil and gas
development of any type. In addition, large numbers schools, elderly facilities, and
daycare facilities are sited within a mile of a stimulated well. The closer citizens are to
these industrial facilities, the more potentially elevated their exposure to TACs. Volume II,
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Chapter 3 indicates that stationary source oil and gas facilities in the San Joaquin Valley
are responsible for over 70% of H2S emissions, and 2-5.5% of benzene, formaldehyde,
hexane, and xylene emissions. In the South Coast region, stationary oil and gas sources
are responsible for less than 0.25% of all ten indicator TACs studied. While these fractions
are in many cases not large as a fraction of regional impacts, they can still have important
health impacts on nearby populations.
Studies from out of state indicate that community public health risks of exposures to
toxic air contaminants, such as benzene and aliphatic hydrocarbons, are most significant
within 800 meters (½ mile) from active oil and gas development (McKenzie et al.,
2012). Atmospheric data on dilution of conserved TACs indicate that potentially harmful
community exposures can occur out to ~3 km (almost 2 miles) from the source. There
are no studies from inside California that have measured the relationship between health
impacts and the distance from active oil and gas development. The Los Angeles County
Department of Public Health conducted a peer-reviewed public health outcome study near
the Inglewood Oil Field in Los Angeles County (Rangan and Tayour, 2011). This study did
not find any health effects in populations relative to proximity to oil and gas development.
However, the study was not designed to see long-term outcomes with incidence rates
below ~ 1%. Therefore, significant questions remain about the health effects of proximity
to oil and gas production that should be the subject of further study.
6.5.3.1. Methods for Peer Review of Scientific Literature
We conducted a review of the peer-reviewed scientific literature on the environmental
public health and occupational health dimensions of well stimulation. In contrast to the
bottom-up approach based on moving from hazard to exposure to outcome, most of the
public health-relevant literature focuses on known links between population health risks
and environmental pollution that arises from the well-stimulation-enabled oil and gas
development. The best information for evaluation of the public health and occupational
health impacts of oil and gas development, including that enabled by well stimulation in
California, should be from verified California-specific datasets and peer-reviewed scientific
studies conducted in California. However, we found California-specific information on
public health risks to be extremely limited in quantity, quality, and scope. As a result, we
also assessed the relevance of environmental public health-relevant studies from outside
of California.
We included papers that consider the question of public health in the broad context of
shale gas development. Of course, research findings in other categories such as air quality
and water quality are relevant to public health, but in this subsection we only include
those studies that directly consider the health of individuals and human populations.
We only consider research to be original if it measures health outcomes or complaints
(i.e., not health research that only attempts to determine opinion or methods for future
research agendas).
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We organized this literature review in a framework that tracks pathways from community
health to various well stimulation types, in order to investigate what is known about any
associations between sources of environmental pollution, potential exposures, and human
health hazards related to well stimulation. We restricted the boundaries of our literature
review to upstream oil and gas development processes prior to hydrocarbons being sent to
market. We also only included physical health outcomes. Although some of the literature
suggests that social, psychological, and economic impacts of well stimulation are possibly
important for community health, these studies are beyond the scope of this review.
The source-to-outcome pathway is commonly used to describe associations between
pollutant sources and health effects. This approach addresses in sequence the emissions,
environmental concentrations of pollutants, pollutant exposure pathways (ambient air,
water, etc.), and dose (e.g., micrograms of pollutant ingested, inhaled or absorbed per
unit body weight per day) (Figure 6.5-1) (ATSDR, 2005). Potential sources of healthrelevant environmental pollution are present throughout the well stimulation and oil
and gas production process. Sources of environmental pollution include hydrocarbon
production and processing activities (e.g., drilling, well stimulation, hydrocarbon
processing and production, and wastewater disposal) and the transportation of water,
sand, chemicals, and wastewater before, during, and after well stimulation (Shonkoff
et al., 2014).
As noted above, the best information for evaluation of the public health and occupational
health impacts of oil and gas development, including that enabled by well stimulation in
California, should be from verified California-specific datasets and peer-reviewed scientific
studies. However, we found this California-specific information to be limited in quantity,
quality, and scope. With the exception of the Inglewood study (Rangan and Tayour,
2011), which had limited scope and statistical power, there have been no comprehensive
health outcome studies that focus directly on the health impacts of stimulated wells.
As a result, we also assessed the relevance of environmental public-health studies and
experience from outside of California. Since 2007, the rapid growth of hydrocarbon
development in shale and other low-permeability (aka, “tight”) formations across the U.S.
has been accompanied by an increase in scientific investigations of the environmental
and public health dimensions of oil and gas development, including that enabled by well
stimulation, especially hydraulic fracturing. For example, approximately 70% of the peerreviewed journal papers that are pertinent to the public health dimensions of onshore
well-stimulation-enabled oil and gas development have been published between January
2009 and December 2014 (PSE Healthy Energy, 2014)2. This body of literature is still
relatively new; many uncertainties and data gaps on the human health impacts persist on
the national scale, and especially with application to California.

2. For a near-exhaustive collection of peer-reviewed scientific literature on the subject of shale gas and well-stimulationenabled oil and gas development please see the PSE Healthy Energy Peer Reviewed Literature Database at http://
psehealthyenergy.org/site/view/1180.
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Some studies of well stimulation in other parts of the country, including Pennsylvania,
Colorado, Utah, North Dakota, and Texas, may be relevant to California. There are notable
differences between direct and indirect impacts of oil and gas development practices in
California compared to those in other states, due to differences in geology, variability and
tectonics, well-stimulation and drilling techniques, and oil production and transmission
infrastructure, such as pipelines to transport fresh water, recovered fluids, and produced
water (see Volume I).
However, in many cases, there are similarities between the types of hazards noted in
other states and those in California, although the magnitude of risks associated with these
hazards are not clear. For example, studies of oil and gas development with relevance
to public health in Colorado, Utah, and Wyoming assess oil and gas development at the
regional scale (Pétron et al., 2012; Pétron et al., 2014; Darrah et al., 2014; Thompson
et al., 2014; Helmig et al. 2014) in the context of shale and source rock formations, but
also of hydraulic-fracturing-enabled migrated oil development, much like the majority of
production in California.

Figure 6.5-1. Simplified environmental exposure framework. Source: Shonkoff et al. (2014).

6.5.3.2. Results from the Environmental Public Health Literature Review
We divide the results for our literature review into three sections. The first section
provides an overview of the peer-reviewed literature on well-stimulation-enabled shale
and tight gas, and discusses the relevance of the current literature to well-stimulationenabled oil and gas development in California. While the development of tight-gas
resources is not a perfect proxy for the resources developed by means of well stimulation
in California, the peer-reviewed literature between 1 January 2009 and 31 December
2014 (the time range we accessed) has a strong focus on tight-gas resources and provides
useful but not necessarily relevant insight. We note, however, that there are fundamental
differences between the production of tight gas and what is going on in California. Many
of the volatile organic compounds found in tight gas are also produced from and emitted
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by California oil and gas development, but the relative concentrations of these compounds
between different types of oil and gas development can differ widely, based on geology,
geography, and hydrocarbon type. In the second section, we review epidemiologic and
population health studies, and identify what these studies tell us about any potential
impacts on public health. The third section examines what the wider literature says about
health issues due to potential exposures to water and air emissions from well-stimulationenabled oil and gas development.
6.5.3.3. Public Health Outcome Studies
Within California, we could only identify one public health outcome study that has
relevance to well-stimulation-enabled oil production. This is the Inglewood study carried
out by Los Angeles County (Rangan and Tayour, 2011), which is discussed below. Outside
of California, health outcome studies and epidemiologic investigations continue to be
particularly limited, and most of the peer-reviewed papers to date are commentaries and
reviews of the environmental literature pertinent to environmental public health risks.
A cursory public health outcome study was conducted by the Los Angeles County
Department of Public Health near the Inglewood Oil Field in Los Angeles County. This
study compared incidence of a variety of health endpoints including all-cause mortality,
low birth weight, birth defects, and all cancer among populations nearby the Inglewood
Oil Field and Los Angeles County as a whole. The study found no statistically significant
difference in these endpoints between the population near the Inglewood field and the
overall county population. While this may seem to indicate that there is no health impact
from oil and gas development, as the study notes, the epidemiological methods employed
in this study do not allow it to pick up changes in “rare events” such as cancer and birth
defects in small sample sizes, as is the case in this study (Rangan and Tayour, 2011). In
addition, lacking statistical power, the Inglewood Oil Field Study is a cluster investigation
with exposure assigned at the group level (i.e., an ecological study). It also appears that
only crude incidence ratios were calculated. This type of study design is insufficient for
establishing causality and has many major limitations, including exposure misclassification
and confounding, which may have obscured associations between exposure to
environmental stressors from oil and gas development and health outcomes.
Health assessments have been confounded by the dearth of well-designed humanpopulation studies that measure both human exposure and impacts. While a number
of studies have found environmental and exposure pathways and health-damaging
compounds in environmental concentrations sufficiently elevated to induce health effects,
epidemiological studies aimed to assess and quantify the population health burden (i.e.,
impact severity) of oil and gas production remain in their infancy.
In a study that analyzed air samples from locations in five different states using a
community-based monitoring approach, it was found that levels for eight volatile
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chemicals, including benzene, formaldehyde, hexane, and hydrogen sulfide, exceeded
federal guidelines (ATSDR minimal risk levels (MRLs) (ATSDR, 2014) and EPA Integrated
Risk Information System (IRIS) cancer risk levels) in a number of instances (Macey et
al., 2014). Notably, the residents who collected the grab samples reported a number of
common health symptoms, including “headaches, dizziness or light-headedness, irritated,
burning, or running nose, nausea, and sore or irritated throat” (Macey et al., 2014). We
note that this was not a formal outcomes-based study, and the authors did not attempt
to associate the reported health effects with the chemicals measured in the samples. But
the study suggests that concentrations of hazardous air pollutants near well-stimulationenabled oil and gas operations can be elevated to levels where health impacts could occur.
We further note that such elevated levels may not be due to well stimulation itself, but to
existing petroleum production combined with enhanced petroleum production.
There have been health complaints associated with oil and gas development documented
in the peer-reviewed literature. These studies have limitations because they are mainly
provide self-reported outcomes and are based on convenience samples, which are
collected for other purposes or easily collected by or from local populations. However,
many of the reported health outcomes are consistent with what would be expected from
exposure to some of the known contaminants associated with oil and gas development,
and are consistent across geographic space. In a 2012 survey of Pennsylvania citizens,
more than half of the participants surveyed who live in close proximity to wellstimulation-enabled oil and gas development reported increased fatigue, nasal irritation,
throat irritation, sinus problems, burning eyes, shortness of breath, joint pain, feeling
weak and tired, severe headaches, and sleep disturbance (Steinzor et al., 2013). The
survey also found that the number of reported health problems decreased with distance
from facilities.
Some research has attempted to assess human-health risks related to air pollutant
emissions associated with hydraulic-fracturing-enabled oil and natural gas development.
Using U.S. EPA guidance to estimate chronic and subchronic non-cancer hazard indices
(HIs) as well as excess lifetime cancer risks, a study in Colorado suggested that those
living in closer geographical proximity to active oil and gas wells (≤ 0.8 km [0.5 mile])
were at an increased risk of acute and sub-chronic respiratory, neurological, and
reproductive health effects, driven primarily by exposure to trimethyl-benzenes, xylenes,
and aliphatic hydrocarbons. It also suggested that slightly elevated excess lifetime cancer
risk estimates were driven by exposure to benzene and aliphatic hydrocarbons (McKenzie
et al., 2012). The findings of this study are corroborated with atmospheric dilution data
of conserved pollutants; for instance, a U.S. EPA report on dilution of conserved toxic air
contaminants indicates that the dilution at 800 m (0.5 mile) is on the order of 0.1 mg/
m3 per g/s (U.S. EPA, 1992). Going out to 2,000 m increases this dilution to 0.015 mg/
m3per g/s, and going out to 3,000 m increases dilution to 0.007 mg/m3per g/s. Given that,
for benzene, there is increased risk at a dilution of 0.1, it is not clear that concentrations
out to 2,000 m (1.25 miles) and 3,000 m (1.86 miles) can necessarily be considered as
presenting acceptable risk. However, beyond 3,000 m (1.86 miles), where concentrations
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fall more than two orders of magnitude via dilution relative to the ½ mile radius, there
is likely to be a sufficient margin of safety. Nevertheless, these results indicated that any
potentially harmful community exposures could occur at 2,000 meters (1.25 miles) and as
much as almost ~3,000 meters (~2 miles) from the source. In considering these dilution
assessments, we note that—based on wind, topography, and inversion layers--dilution can
increase or decrease, and that increasing density of oil and gas development will require
greater dilution to attain the same level of risk as lower density.
In contrast, an oil and gas industry study in Texas compared VOC concentration data
from seven air monitors at six locations in the Barnett Shale with federal and state healthbased air concentration values (HBACVs) to determine possible acute and chronic health
effects (Bunch et al., 2014). The study found that shale gas activities did not result in
community-wide exposures to concentrations of VOCs at levels that would pose a health
concern. The key distinction between McKenzie et al. (2012) and Bunch et al. (2014)
is that Bunch et al. (2014) used air quality data generated from monitors focused on
regional atmospheric concentrations of pollutants in Texas, while McKenzie et al. (2012)
included samples at the community level. Finer geographically scaled samples can often
capture local atmospheric concentrations that are more relevant to human exposure
(Shonkoff et al., 2014).
This geographical correlation has been observed in random sampling efforts as well. In a
recent study in Pennsylvania, researchers evaluated the relationship between household
proximity to natural gas wells and reported health symptoms for 492 people in 180
randomly selected homes with ground-fed wells in an area of active drilling (Rabinowitz
et al., 2014). The results suggest that close proximity to gas development is associated
with prevalence of dermal and respiratory health symptoms.
In addition to population health hazards in varying distances from active oil and
gas development, other studies have assessed the effect of the density of oil and gas
development on health outcomes. In a retrospective cohort study in Colorado, McKenzie
et al. (2014) examined associations between maternal residential location and density
of oil and gas development. The researchers found a positive dose-response association
between the prevalence of some adverse birth outcomes, including congenital heart
defects and possibly neural tube defects and increasing density of development (McKenzie
et al., 2014). For instance, the observed risk of congenital heart defects in neonates was
30% (OR = 1.3 (95% CI: 1.2, 1.5)) greater among those born to mothers who lived in
the highest density of oil and gas development (> 125 wells per mile), compared to those
neonates born to mothers who lived with no oil and gas wells within a 16 km (10-mile)
radius. Similarly, the data suggest that neonates born to mothers in the highest density of
oil and gas development were twice as likely (OR = 2.0, 95% CI: 1.0, 3.9) to be born with
neural tube defects than those born to mothers living with no wells in a 10-mile radius
(McKenzie et al., 2014). The study, however, showed no positive association between the
density and proximity of wells and maternal residence for oral clefts, preterm birth, or
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term low birth weight. We also note that these indirect effects, by definition, cannot be
directly linked to stimulation technology, but to existing and well-stimulation-enhanced
petroleum production.
6.5.4. Summary of Public Health Outcome Studies
There have been few epidemiological studies that measure health effects associated with
oil and gas development, whether enabled by well stimulation or not. The studies that
have been published have been heavily focused on exposures to toxic air contaminants
(hazardous air pollutants), while fewer studies have evaluated associations between oil
and gas development and water contamination.
Each of the studies discussed above have limitations to their study designs, their
geographic focus, and their statistical power to evaluate associations. These studies
suggests that health concerns about oil and gas development may not be direct effects
specific to the well stimulation process, but rather are associated with indirect effects of
oil and gas development. For example, the studies in Colorado (McKenzie et al., 2012;
McKenzie et al., 2014) found that the most likely driver of poor health outcomes were
aliphatic hydrocarbons and benzene. Neither of these compounds is added to stimulation
fluids, but rather are mobilized in the subsurface and co-produced (and co-emitted) with
oil and gas production, processing, transmission, and consumption.
6.6. Occupational Health-Hazard Assessment Studies
Due to their proximity to hazards, workers directly involved in well stimulation processes
may have exposure to chemical and physical hazards larger than those of the surrounding
communities, and therefore have the greatest likelihood of any resulting acute and/or
chronic health effects. The expansion of well stimulation in California has the potential
to expose workers in this industry to a range of existing hazards related to oil and gas
development, and additional hazards specific to well stimulation such as elevated VOC
exposures during injection and flowback operations (Esswein et al., 2014) and the use of
proppant, which has been noted to subject workers to elevated silica exposure (Esswein
et al., 2013). Silica exposure is a major risk factor for the development of the lung
disease silicosis.
An adequate understanding of occupational health hazards requires information about
the quantities and composition of materials used, handling protocols, and emissions
factors of operations in addition to information about the tasks, protocols, and exposure
reduction control measures for activity on well pads, in and around trucks and machinery,
and in other locations throughout the oil development process related to well stimulation.
Employers can and often do implement comprehensive worker protection programs that
substantially reduce worker exposure and likelihood of illness and injury. Employers in the
oil and gas industry are required to comply with existing California occupational safety
and health regulations, and follow best practices to significantly reduce and/or eliminate
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illness and injury risk to their employees (California Occupational Safety and Health Act
of 1973 and Title 8 of the California Code of Regulations). In following these standards
and best practices in protecting workers from chemical exposures while they are involved
in well stimulation operations, employers in this industry may also reduce the likelihood
of chemical exposure to the surrounding community.
There is a large California workforce engaged in the oil development and production
industry. We reviewed available literature and the scope of this occupation group (and
the hazards they face). Although data are available on health risks faced by this work
population, little data is available on the hazards directly associated with well
stimulation activities.
6.6.1. Scope of Industry and Workforce in California
Employment numbers and occupations involved in well stimulation are impossible to
ascertain with precision, as companies engaged in drilling and support activities in well
stimulation are also involved with overall oil and gas development in California. Any
workers engaged in well stimulation are typically part of the broader oil and gas well
development/production industry. This is an industry where workers can be exposed to a
range of hazards in addition to those directly associated with well stimulation. Table 6.6-1
provides a summary of the employment in the oil and gas extraction industry in California.
Table 6.6-1. Employment in oil and gas extraction – California 2014.
Industry Title

Establishments

Average Monthly
Employment

2111111 Crude Petroleum and natural gas extraction

179

9,669

2111112 Natural Gas Liquid Extraction

10

193

213111 Drilling Oil and Gas Wells

91

3,419

213112 Support Activities, Oil/Gas Operations

240

9,162

Total

520

22,443

Source: http://www.labormarketinfo.edd.ca.gov/

A review of all data on occupational health for the oil and gas extraction industry indicates
that this industry has a high rate of worker injury and death relative to other industries,
but does not collect publicly available data on the fraction of oil and gas development
that is enabled by well stimulation (NIOSH, 2015a; 2015b; 2015c; 2015d). According to
NIOSH (2015d), the oil and gas extraction industry had an annual occupational fatality
rate of 27.5 per 100,000 workers (2003-2009)—more than seven times higher than
the rate for all U.S. workers. The annual occupational fatality rate is highly variable,
and correlates with the level of drilling activity. For example, the numbers of fatalities
increased by 23% between 2011 and 2012 to the largest number of deaths of oil and
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gas workers since 2003. Appendix 6.D provides details on occupational health data we
compiled for the U.S. oil and gas extraction industry. In the sections below, we summarize
studies that address the direct impacts of well stimulation within the oil and gas industry.
This is U.S. data, which is relevant to California operations, but not necessary fully
representative of current or future California well stimulation activities.
6.6.2. Processes and Work Practices
In seeking insight on occupational hazards from well stimulation, we identified two
review papers useful for describing occupational exposures in oil and gas development
(Mulloy, 2013; Witter, 2014), but these papers do not include job or process descriptions.
We identified two additional peer-reviewed papers describing the work processes in oil
and gas extraction that evaluate occupational exposure for silica and VOCs attributable
directly to well stimulation (Esswein et al., 2013; 2014). The Esswein et al. papers (2013;
2014) report results from the National Institute for Occupational Safety and Health study
that collected 111 personal-breathing-zone samples at 11 sites in five states during four
seasons, for investigation of crystalline silica exposure and personal and environmental
measurements at six sites in two states, for investigation of chemical exposures. We found
no other publicly available data sources that include job titles or work activities during oil
and gas extraction or well stimulation.
In the first of these two papers, Esswein et al. (2013) describe the processes of hydraulic
fracturing, in terms of the workers involved and their typical roles as:
At a typical site, 10 to 12 driver/operators position and set up equipment,
configure and connect piping, pressure test, then operate the equipment
(e.g., sand movers, blender, and chemical trucks) required for hydraulic
fracturing. Other employees operate water tanks and water transport
systems, and several control on-site traffic, including sand delivery trucks
and other vehicles. An additional crew includes well liners (typically 3–5)
who configure and assemble well casing perforation tools and operate cranes
to move tools and equipment into and out of the well. … Moving proppant
along transfer belts, pneumatically filling and operating sand movers,
involves displacement of hundreds of thousands of pounds of sand per stage,
which creates airborne dusts at the work site (Esswein et al., 2013).
Similarly, in the second paper, Esswein et al. (2014) describe flowback operations and the
associated exposures to VOCs from these operations as:
Typical flowback operations have two to four flowback personnel performing
flowback tasks; these were the typical number of workers at each of the sites
visited. Air sampling, typically collected over two days, included workers
with the following job titles and descriptions:
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• Flowback lead: recorded well pressures and temperatures, monitored
separators and other equipment
• Flowback tech: gauged flowback tanks 1–4 times per hr., recorded
volumes, assisted in tank pumping and fluid transfers to trucks
• Production watch lead: monitored rate and volume of natural gas
and liquid hydrocarbons
• Production watch technician: gauged production tanks
• Water management operator: gauged water tanks, ran pumps
Workers access the tanks through hatches located on the tops of tanks.
Periodically, recovered liquid hydrocarbons/condensate is pumped to
production tanks or to trucks, which collect and transport process fluids off
the well pad; natural gas is typically piped to gas gathering operations. Tank
gauging and other tasks required during flowback can present exposure risks
for workers from alkane and aromatic hydrocarbons produced by the well
and diluted treatment chemicals used during hydraulic fracturing (typically
a combination of acid, pH adjusters, surfactant, biocides, scale and corrosion
inhibitors, and, in some cases, gels, gel demulsifiers, and cross-linking
agents) (Esswein et al., 2014).
6.6.3. Acid Used in Oil and Gas Wells
The oil and gas industry commonly uses strong acids along with other toxic substances,
such as corrosion inhibitors, for both routine maintenance and well stimulation (see
Volume I, Chapter 2 and 3 & Volume I). These acids pose occupational hazards relevant
to well stimulation. Well acidizing requires the use of hydrochloric (HCl) and hydrofluoric
(HF) acid. In many cases, HF is created at the oilfield by mixing hydrochloric acid with
ammonium fluoride and immediately injecting the mix down the well (Collier, 2013).
Creating the HF on site may be safer than offsite production, because it reduces the risk
of transport accidents. In all uses of HF, there is the potential for worker exposure to acid
gases. According to industry protocols, safety precautions for those on site during an acid
treatment concern detection of leaks and proper handling of acid (SPE, 2015; API, 1985).
As also reported in Volume II Chapter 2, due to the absence of state-wide mandatory
reporting on chemical use in the oil and gas industry, it is not known how much acid is
used for oil and gas development throughout California.
Well-established procedures exist for mixing and handling acids (NACE, 2007). The
parent acids do not generally migrate long distances from the well, but acids formed
through a complex series of reactions during acidization can migrate deeper into the
formation (Weidner, 2011). If the acidization fluids are introduced into the well in the
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right proportions and order, and sufficient time and conditions allowed for reactions to
proceed, then the original acids are used up during the acidization process (Shuchart,
1995). The reaction of strong acids with the rock minerals, corrosion products, petroleum,
and other injected chemicals can also release contaminants of concern, such as hydrogen
sulfide from acid reaction with iron sulfides, that have not been characterized or
quantified. These chemicals may be present in recovered fluids and produced water
(NACE, 2007). We do not have data to determine how much strong acid, including
hydrochloric and hydrofluoric acid, is used in oil and gas development in California.
DOGGR has only recently required reporting of all acid use that will result in a better
understanding in the future. Hydraulic fracturing operations have only infrequently
incorporated acid use (11 voluntarily reported applications between January 2011 and
May 2014). Industry has voluntarily reported approximately twenty matrix-acidizing
treatments per month throughout California, but has not revealed detailed chemical
information. The South Coast Air Quality District requires reporting on the use of all
chemicals by the oil and gas industry. Their data suggest widespread and common use
of acid for many applications in the industry.
Environmental public health exposures to strong acids are only likely to occur at
the surface, given that migration of acids in the subsurface are limited by relatively
rapid reactions. The most likely human exposures to strong acids are to workers. The
opportunities for exposure are predominantly the following: (1) handling and mixing of
acids prior to well injection, (2) during flowback following an acid treatment, and (3)
during accidents and spills.
State and federal agencies regulate spills of acids and other hazardous chemicals,
and existing industry standards dictate standard safety protocols for handling acids
(see Section 6.6.3.4). The Office of Emergency Services (OES) between January 2009
and December 2014 reported nine spills of acid that can be attributed to oil and gas
development in California. Reports indicate the spills did not involve any injuries or
deaths. These acid spill reports represents less than 1% of all reported spills of any kind
attributed to the oil and gas development sector in the same period, and suggest that
spills of acid associated with oil and gas development are infrequent. Given the lack of
Occupational Safety and Health Administration (OSHA) reporting of worker exposures to
acids, to the extent that this reporting is comprehensive, it appears that industry protocols
for handling acids likely are protecting workers from such acute exposures.
Chapter 2 of this volume reports chemical spills in California oil fields, including spills of
hydrochloric, hydrofluoric, and sulfuric acids. Of the 31 spills reported between January
2009 and December 2014, nine were acid spills. Among these was a storage tank at a
soft water treatment plant containing 20 m3(5,500 gallons) of hydrochloric acid in the
Midway-Sunset Oil Field in Kern County that ruptured violently, releasing the acid beyond
a secondary containment wall. No injuries or deaths were associated with this or any
other acid spill.
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Work processes and health hazards associated with well stimulation are summarized in
Table 6.6-2.
The physical hazard associated with a chemical used on the job is most often characterized
by evaluating a standard selection of properties associated with the individual chemical or
chemical mixture. These properties include inflammability, corrosivity, and reactivity.
There are a number of different systems for classifying the hazardous properties of
chemicals. The American Coatings Association, Inc. developed the Hazardous Materials
Identification System (HMIS) (ACS, 2015) to aid its members in the implementation of an
effective Hazard Communication Program as required by law. Another system developed
by the National Fire Protection Association (NFPA) is directed at communicating potential
hazards during emergency situations (NFPA, 2013.) Both systems have a “0 to 4” ranking
system with a chemical ranked “4” having a severe hazard, “3” representing a serious
hazard, “2” representing a moderate hazard, and “1” a slight hazard. Materials ranked “0”
are of minimal or no hazard for the category ranked.
All of the chemicals reportedly in well stimulation in California (see Chapter 2, Appendix
2.A, Tables 2.A-3 and 2.A-5) were evaluated for this report using both the HMIS and the
NFPA systems. Approximately 20% to 30% of the additives were not categorized under
either the HMIS or NFPA systems for different hazards. Overall, only approximately 5% of
the well stimulation fluid additives were considered flammable or fire hazard, and only a
few compounds were ranked as physical or reactivity hazards (Figure 6.6-1).
Well stimulation fluid additives categorized as severe (4) or serious hazards (3) are listed
in Chapter 2, Appendix 2.A, Table 2.A-8 (Chapter 2). Since chemical hazards and fire
hazards are integral to both conventional and unconventional oil and gas extraction, the
well stimulation additives illustrated in Figure 6.6-1 are not likely to pose new or unusual
hazards that are specific to unconventional oil and gas production. However, the additives
should be considered in evaluation of occupational exposure and in assessment of the risks
associated with oil and gas production.
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Table 6.6-2. Work processes and health hazards associated with well stimulation.
Work processes

Health hazards

Fed OSHA Standards

Mixing and injecting of
chemicals and dusts i.e., proppants, acids,
pH adjustment agents,
biocides etc.

Irritation and burns to skin and eyes
Acute and chronic respiratory disease
(COPD, asthma, silicosis, lung
cancer)
Low pH recovered fluid

Hazard Communication, Safety Data Sheets - 29 CFR
1910.1200(g)
Personal Protective Equipment - 29 CFR Subpart I
Specifications for Accident Prevention Signs and Tags
-29 CFR 1910.145
Toxic and Hazardous Substances - 29 CFR 1910
Subpart Z
Hazard Communication - 29 CFR 1910.1200
Emergency Response Program to Hazardous
Substance Releases - 29 CFR 1910.120(q)
Medical Services and First Aid - 29 CFR 1910.151(c)

Pressure pumping

Explosions
Acute and chronic inhalation
exposure due to high pressure
from uncontrolled releases, use
of flammable fluids, gases, and
materials

Personal Protective Equipment, General
Requirements - 29 CFR 1910.132

Recovered fluids

Explosions
Acute and chronic inhalation
exposure due to high pressure
from uncontrolled releases, use
of flammable fluids, gases and
materials

Personal Protective Equipment - 29 CFR 1910
Subpart I
Portable Fire Extinguishers - 29 CFR 1910.157
Welding, Cutting, and Brazing - 29 CFR Subpart Q, 29
CFR 1910.252, General Requirements

Multiple operations:
hydrogen sulfide,
volatile organic
compounds (VOCs),
combustion products
and elevated noise

Asphyxia
Nervous system, liver and kidney
damage
Cancer (blood)

Respiratory Protection, General Requirements - 29
CFR 1910.134(d)(iii)
Air contaminants - 29 CFR 1910.1000

Transport, Rig-Up, and
Rig-Down

Injuries and fatalities (struck-by,
caught-in, crushing hazards, and
musculoskeletal injuries) from
off-site and on-site vehicle and
machinery traffic or movement;
heavy equipment, mechanical
material handling, manual lifting, and
ergonomic hazards (these are mostly
indirect hazards with respect to well
stimulation)

Electrical - 29 CFR 1910.307 – Hazardous (Classified)
Locations
Powered Industrial Trucks - 29 CFR 1910.178
Crawler, Locomotive, and Truck Cranes - 29 CFR
1910.180
Slings - 29 CFR 1910.184(c)(9)
Walking-Working Surfaces - 29 CFR 1910 Subpart D
Permit-Required Confined Spaces - 29 CFR 1910.146
Occupational Noise Exposure - 29 CFR 1910.95
Electrical: Selection and Use of Work Practices - 29
CFR 1910.33

Source: Adapted from U.S. OSHA (2014) and Esswein et al. (2013; 2014)
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Figure 6.6-1. Evaluation of the flammability, reactivity, and physical hazards of chemical

additives reported for hydraulic fracturing in California using the Hazardous Materials
Identification System (HMIS) and the National Fire Protection Association (NFPA)
classification system.
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6.6.3.1. Occupational Health Outcomes Associated With Well Stimulation-Enabled
Oil and Gas Development
There are few peer-reviewed health outcomes studies among workers in the oil and
gas development industry that are specific to well-stimulation-enabled oil and gas
development. For well stimulation, there are effectively no health outcome studies and
only two studies addressing health risks (Esswein et al., 2013; 2014). The results of these
two studies are summarized above.
6.6.3.2. Worker Protection Standards, Enforcement, and Guidelines for Well
Stimulation Activities
The U.S. Occupational Safety and Health Administration (OSHA) has identified multiple
hazards and enforces numerous standards for oil and gas extraction (OSHA, 2015a;
2015b). There are several specific OSHA exemptions for the oil and gas development
industry, including:
• Process safety management (PSM) of highly hazardous and explosive chemicals
(29 CFR 1910.119). The PSM standard requires affected facilities to implement
a systematic program to identify, evaluate, prevent, and respond to releases of
hazardous chemicals in the workplace. The PSM standard exempts oil and gas
well drilling and servicing operations (OSHA, 2015c)
• Comprehensive General Industry Benzene Standard (29 CFR 1910.1028). Under
the Comprehensive Standard, the limit for workers’ exposure is 1 part per million
(ppm)—the occupational exposure limit is the same. The exemption allows worker
exposures up to 10 ppm in oil and gas. The exemption also eliminates requirements
for medical monitoring, exposure assessments, and training (OSHA, 2015d).
• Hearing Conservation Standard (29 CFR 1910.95). This standard, designed to
protect general industry employees, establishes permissible noise exposure limits
and outlines requirements for controls, hearing protection, training, and annual
audiograms for workers. Many sections of the standard do not apply to employers
engaged in oil and gas well drilling and servicing operations (OSHA, 2015e).
• Control of Hazardous Energy Sources, or “Lockout/Tagout” (29 CFR 1910.147).
The standard requires specific practices and procedures to safeguard employees
from the unexpected energization or startup of machinery and equipment, or
the release of hazardous energy during service or maintenance activities. The
standard does not cover the oil and gas well drilling and servicing industry
(OSHA, 2015f).
The U.S. OSHA has issued an alert on the hazards of silica exposure (OSHA, 2015g) and
guidance to employers on other safety and health hazards during hydraulic fracturing
and fluid recovery (OSHA, 2015h). The National Institute for Occupational Safety and
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Health (NIOSH) has identified exposure to silica dust and volatile organic compounds as
significant health hazards during oil and gas extraction (NIOSH, 2015a; 2015b; 2015c),
and recommends additional quantification of exposure to diesel particulate and exhaust
gases from equipment, high or low temperature extremes, noise, hydrocarbons, hydrogen
sulfide, heavy metal exposure, and naturally occurring radioactive material (NIOSH, 2015d).
The California Division of Occupational Safety and Health (CalOSHA) has specific
enforceable regulations pertaining to petroleum drilling and production (CalOSHA,
2015a; 2015b). For the ten-year period January 1, 2004–December 31, 2013, there were
281 inspections in oil and gas extraction: 77 inspections in NAICS 211, 98 inspections
in NAICS 213111, and 106 inspections in NAICS 213112 (OSHA, 2015i). Of the 281
inspections, 153 (54%) were in response to an accident, 47 (17%) were planned, and
36 (13%) were due to complaints. Cal/OSHA is required to investigate all work-related
amputations, hospitalizations for greater than 24 hours, and traumatic fatalities. There are
104 cases in which a detailed narrative is available regarding these incidents, including 16
work-related fatalities (Appendix 6.E).
The American Petroleum Institute has also published comprehensive safety and
health guidelines for oil and gas well drilling and servicing operations, and includes
recommended best practices from the American Conference of Governmental Industrial
Hygienists and American National Standards Institute (API, 2007).
The American Petroleum Institute (API) and the Society of Petroleum Engineers have
established protocols and safety precautions for those on site during an acid treatment
(SPE, 2015; API, 1985). These guidelines state that (a) pressure tests with water or
brine are used to ensure the absence of leaks in pressure piping, tubing, and packer; (b)
anyone around acid tanks or pressure connections should wear safety goggles for eye
protection; (c) those handling chemicals and valves should wear protective gauntlet-type,
acid-resistant gloves; (d) water and spray washing equipment should be available at the
job site; (e) when potential hydrogen sulfide gas hazards exist, workers need contained,
full-face, fresh-air masks; (f) testing equipment and appropriate safety equipment should
be on hand to monitor the working area and protect personnel in the area; and (g) special
scrubbing equipment may be required for removal of toxic gases.
6.7. Other Hazards
Oil and gas development, including those enabled by well stimulation, creates a number of
physical stressors, including noise and light pollution. Although noise pollution and light
pollution are often thought of as mere nuisances, data suggest that these physical stressors
can be detrimental to human health. Noise pollution is associated with truck traffic,
drilling, pumps, flaring of gases, and other processes associated with well stimulationenabled oil and gas development and oil and gas development in general.
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6.7.1. Noise Pollution
While no peer-reviewed studies to date examine the public health implications of
communities exposed to elevated noise from oil and gas development in California,
numerous large-scale epidemiological studies have found positive associations between
elevated environmental noise and adverse health outcomes. (See Noise Literature Review
in Appendix 6.F.) Noise is a biological stressor that modifies the function of the human
organs and nervous systems, and can contribute to the development and aggravation
of medical conditions related to stress, most notably hypertension and cardiovascular
diseases (Munzel et al., 2014). The World Health Organization (WHO, 2014) has noise
thresholds, measured in decibels (dB), and their effect on population health, with noise
levels above 55 dB considered dangerous for the general population (Table 6.7-1). A
number of activities associated with drilling and production activity (Table 6.7-2), some
of which could also be associated with well stimulation, generate noise levels greater
than those considered dangerous to public health. Dose-response data indicate that noise
during well stimulation in California and elsewhere is associated with sleep disturbance
and cardiovascular disease (McCawley, 2013). These findings are corroborated by
estimates from the New York State Department of Environmental Conservation on the
development of shale gas (NYSDEC, 2011).
Table 6.7-1. WHO thresholds levels for effects of night noise on population health.
Average night noise
level over a year
Lnight,outside

Health effects observed in the population

Up to 30 dB

Although individual sensitivities and circumstances may differ, it appears that up to this level no
substantial biological effects are observed. Lnight,outside of 30 dB is equivalent to the no-observed-effect
level (NOEL) for night noise.

30 to 40 dB

A number of effects on sleep are observed from this range: body movements, awakening, selfreported sleep disturbance, and arousals. The intensity of the effect depends on the nature of the
source and the number of events. Vulnerable groups (for example children, the chronically ill and the
elderly) are more susceptible. However, even in the worst cases the effects seem modest. Lnight,outside of
40 dB is equivalent to the lowest-observed-adverse-effect level (LOAEL) for night noise.

40 to 55 dB

Adverse health effects are observed among the exposed population. Many people have to adapt their
lives to cope with the noise at night. Vulnerable groups are more severely affected.

Above 55 dB

The situation is considered increasingly dangerous for public health. Adverse health effects occur
frequently, a sizeable proportion of the population is highly annoyed and sleep-disturbed. There is
evidence that the risk of cardiovascular disease increases.

Source: Adapted from the WHO (2014)
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Table 6.7-2. Equipment Noise Levels for Drilling and Production in Hermosa Beach, California.
Work Stage

Equipment
Hydraulic Power Unit

110.7

Mud Pump

105.4

Drill Rig

93.3

Drilling
(30 month scheduled duration)

Production
(at rate of 800 barrels per day)

Sound Power Level† (dBA)

Shaker

75.3

Pipe Handling (Quiet Mode)

107.5

Well Pumps

97.7

Produced Oil Pump

77.7

Produced Water Pump

86.7

Shipping Pump

92.8

Water Booster Pump

86.7

Water Injection Pumps (2)

102.8

Vapor Recovery Compressor

88.6

Vapor Recovery Unit Cooler

90.2

1st Stage Compressor (2)

96.2

2 Stage Compressor (2)

96.2

Compressor Cooler

102.0

Amine Cooler

102.1

nd

DEA Charge Pump

77.7

Regenerator Reflux Pump

77.7

Chiller

85.0

Glycol Regenerator

92.4

Micro-turbines (5)

92.9

Variable Frequency Drives

83.3

Source: Adapted from Hermosa (2014) based on field measurements and identified as Source Noise Levels (measured
in decibels (dBA)) used in modeling noise contour maps.

While noise mitigation measures are undertaken in some California oil fields, including
Hermosa Beach (Hermosa, 2014) and Inglewood (Cardno ENTRIX, 2012), there are no
data available as to their effectiveness and adherence. The City of Hermosa Beach allows
noise levels in the 40-60 dB range (Appendix 6.F, Table 6.F-8a and Table 6.F-9).
6.7.2. Light Pollution
Light pollution is reported as a nuisance in communities undergoing well stimulation,
because activities occur during both daytime and nighttime hours (Witter et al., 2013).
While little research has been conducted on the public health implications of exposures
to light pollution from oil and gas development, some epidemiologic studies of light
pollution from other sources suggests a positive association between indoor artificial light
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and poor health outcomes (Chepesiuk, 2009). Further, other studies suggest that nighttime light exposure can disrupt circadian and neuroendocrine physiology (Chepesiuk,
2009; Davis and Mirick, 2006). Hurley et al. (2014) found that women living in areas with
high levels of artificial ambient light at night may be at an increased risk of breast cancer,
although how these findings translate to the levels of night-time light exposure to oil and
gas development remains understudied.
6.7.3. Biological Hazards
Coccidioides immitis (C. immitis) is a soil fungus that causes Valley Fever and is endemic
to the soils of the southwest. The San Joaquin Valley is an area where the fungal spores
live in the top 2”-12” of soil. Soil disturbance associated with developing and maintaining
oil field infrastructure may generate airborne C. immitis and expose workers and nearby
residents. Cases of Valley Fever are not uncommon among workers in the oil fields of Kern
County (Hirshmann, 2007).
While over 60% of people exposed to C. immitis never have symptoms, symptomatic
infection can result in those who are exposed to the spores through inhalation. Symptoms
range from mild, influenza-like illness to systemic fungal infection and severe disease,
particularly in those who are immune-compromised. Coccidioidomycosis is considered
an occupational hazard in endemic regions, particularly for workers who are exposed
to spores through earth-moving activities or who are exposed to dusty conditions
(Friedlander, 2014). In California, Cal/OSHA issued a fact sheet to employers to outline
the health hazards of Valley Fever and preventative measures, focusing on worker
education, adopting site plans to reduce exposure, and protecting workers against
exposure with NIOSH-approved respiratory protection filters (Friedlander, 2014).
While the health hazards of Valley Fever have been outlined, no data have been published
on the rates of infection among workers specifically in the oil and gas industry in California.
Valley Fever remains an important occupational health hazard, as much of the wellstimulation-enabled oil and gas extraction activities take place in California’s Central Valley.
6.8. Community and Occupational Health Hazard Mitigation Strategies
A number of strategies exist to reduce potential public health hazards and risks associated
with well-stimulation-enabled oil and gas development activities. Most hazards have
not been observed or measured in California, rendering it difficult to determine which
hazards present risks at any given site in California. The most important hazards will not
be identified until California-based studies document chemical compositions and release
mechanisms, emission intensities, and potential for human exposure. As site-specific
information becomes available, hazard mitigation strategies can be considered.
The following sections catalogue several potential community health and occupational
hazard mitigation strategies. The strategies noted below highlight those among the more
detailed mitigation recommendations provided above in this chapter as well as in Volume
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II, Chapters 2 and 3. These strategies are to be considered in addition to employment of
best practices in well-stimulation-enabled oil and gas development, which are employed
to avoid exposure to a given hazard in the first place. It should be noted that mitigation
and “best practices” should be systematically evaluated for effectiveness in the field, and
even those mitigation practices with high efficacy are not effective if they are not properly
executed and enforced.
6.8.1. Community Health Mitigation Practices
6.8.1.1. Setbacks
Exposures to environmental pollution and physical hazards such as light and noise falls
off with distance from the source. The literature on oil and gas production suggests
that the closer a population is to active oil and gas development, the more elevated
the exposure, primarily to air pollutants but also to water pollutants, if a community
relies on local aquifers for their drinking water, and zonal isolation of gases and fluids
from aquifers is not achieved (see Section 6.4.1 above). While some California counties
and municipalities have minimum surface setback requirements between oil and gas
development and residences, schools, and other sensitive receptors, there are no such
regulations at the state level. Further, the scientific literature is clear that certain
sensitive and vulnerable populations (e.g., children, asthmatics, those with pre-existing
cardiovascular or respiratory conditions, and populations already disproportionately
exposed to elevated air pollution) are more susceptible to health effects from exposures
to environmental pollutants known to be associated with oil and gas development (e.g.,
benzene) than others. The determination of sufficient setback distances should consider
these sensitive populations.
Setback requirements have been instituted in some locales to decrease exposures to air
pollutants, especially to VOCs that are known to be health damaging (e.g., benzene). The
Dallas-Fort Worth area recently instituted a 460 meters (1,500 foot) minimum setback
requirement between oil and gas wells and residences, schools, and other sensitive
receptors. In summary, the scientific literature supports the recommendation for setbacks
(City of Dallas, 2015). The distance of a setback would depend on factors such as the
presence of sensitive receptors, such as schools, daycare centers, and residential elderly
care facilities. The need for setbacks applies to all oil and gas wells, not just those that
are stimulated.
6.8.1.2. Reduced Emission Completions and Other Air Pollutant Emission Reduction
Technological Retrofits
As discussed in Volume II, Chapter 3, reductions of air pollutant emissions from well
completions and other components of ancillary infrastructure have been demonstrated to
reduce emission of methane, non-methane hydrocarbons, and VOCs during the oil and
gas development process. Many of the non-methane VOCs contribute to background and
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regional tropospheric ozone concentrations and some are directly health damaging (e.g.,
benzene, toluene, ethylbenzene, xylene, formaldehyde, and hydrogen sulfide). Therefore,
a reduction in emissions could decrease exposure of populations, especially at the local
level, to harmful air pollutants. For a more complete discussion of these types of air
pollutant emission mitigation technologies, please refer to Volume II, Chapter 3.
The deployment of mitigation technologies that have a demonstrated ability to reduce
emissions in the laboratory or in small studies in the field do not necessary translate
to actual reductions in air pollutants at scale if the sources of pollution increase. For
example, Thompson et al. (2014) found that although regulations that strengthen rules
about emission-reducing technologies in Colorado are much more stringent today than in
2008, emissions of VOCs have increased because of expansion of oil and gas development.
6.8.1.3. Use of Produced Water for Agricultural Irrigation
As noted in Chapter 2 of this volume, at least seven cases were identified that allow
produced water to be used in agricultural irrigation in the San Joaquin Valley, with
testing and treatment protocols that are insufficient to guarantee that well stimulation
and other chemical constituents are at sufficiently low concentrations not to pose public
health and occupational (farm worker) risks. To reduce public health risks that are
potentially associated with the use of produced water for irrigation, prior to authorization
to use produced water for irrigation, California should develop and implement testing
and treatment protocols which account for stimulation chemicals and the other possible
chemicals mobilized in the subsurface, prior to approving beneficial reuse of water
produced from fields with well stimulation (and logically any produced water).
6.8.1.4. Water Source Switching
As noted in Chapter 2 of this volume, subsurface disposal of recovered fluid and produced
water (Class II Underground Injection Control (UIC) wells) has been conducted in aquifers
that are suitable for drinking water and other beneficial uses. The majority of Californians
do not source their drinking water from such wells, and there has been no groundwater
monitoring in the state to determine the number or the extent to which drinking water
aquifers may be contaminated by well-stimulation-enabled oil development. Concerned
households can eliminate their potential exposure by being provided with alternative
drinking water sources that are known to be safe. It should be noted that water source
switching is not be an alternative to the protection of drinking water resources.
6.8.2. Occupational Health Mitigation Practices
6.8.2.1. Personal Protective Equipment
The research is limited on the use of personal protective equipment (PPE) in the oil and
gas extraction industry. A study on worker health and safety during flowback noted the
routine use of PPE by workers at all sites, depending on work task (Esswein et al., 2014).
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The PPE observed in use included flame-retardant clothing, steel toe boots, safety glasses,
hard hats, and occasional use of fall protection, riggers gloves, and hearing protection.
None of the workers observed in this study who experienced the highest exposure
to silica sand and chemicals (flowback technicians, production watch technicians, or
water management technicians) was observed wearing respirators, nor were they cleanshaven, which is necessary for proper respirator protection. Workers who wore half mask
respirators during mixing of crystalline silica proppant were also not sufficiently protected,
indicating that a similar study to this NIOSH assessment should be performed in California
to assess worker exposure on the well pad.
6.8.2.2. Reducing Occupational Exposure to Silica
Mulloy (2014) identified opportunities for reducing silica exposure, including:
elimination; substitution of ceramic or alternative proppants; proper engineering controls
that minimize respiratory exposure; administrative control that limit worker time on
site; and personal protection. Other recommendations included conducting workplace
exposure assessments to characterize exposures to respirable crystalline silica; controlling
exposures to the lowest concentrations achievable (and lower than the OSHA PEL or
NIOSH REL); and ensuring that an effective respiratory protection program is in place that
meets the OSHA Respiratory Protection Standards (Esswein et al., 2013).
6.9. Data Gaps
We need four types of information to assess environmental public health hazards:
1. The source and identity of the chemical substances (or stressor such as noise,
traffic, etc.) of concern
2. A qualitative or quantitative measure of the outcome of the stressor, such as an
acute or chronic toxicity factor,
3. Quantification of an emissions factor to air and/or water or a reporting of the
quantity used.
4. Information about the number and plausibility of human exposure pathways
associated either with emissions or quantities used. This factor is useful for hazard
assessments and essential for risk assessments.
In preparing this hazard assessment, we have found that only for a minority of cases do
we have information for items (1) identity, (2) outcome measure, (3) quantity/emission,
and (4) exposure pathways. It is more common that we have (1) but not (2) or (3); (1)
and (3) but not (2); or (1) and (2) and not (3). In some cases, for example some of the
unidentified or ambiguously described components for the well treatment mixtures, we
lack information on (1), (2) and (3). To add to our uncertainty, we find that even in cases
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where we have information about identity, toxicity, and/or quantity/emissions, there are
significant concerns about the accuracy of the information.
6.10. Conclusions
The majority of important potential direct impacts of well stimulation result from the use
of well stimulation chemicals. The large number of chemicals used in well stimulation
makes it very difficult to judge the risks posed by accidental releases of stimulation
fluids, such as those related to surface spills or unexpected subsurface pathways. Of the
chemicals used, many are not sufficiently characterized to allow a full risk analysis.
There is a lack of information related to human exposure pathways for well-stimulationenabled oil and gas development in California. For example, it is known that some
produced water is diverted for agricultural use (see Chapter 2 in this volume); however,
information regarding the composition of the fluids at the point of release and the
environmental persistence, toxicity, and bioavailability of specific compounds in
agricultural systems has not been studied. There is also a need to design and/or expand
monitoring studies to better evaluate time activity patterns and personal exposure on
and off-site for well-stimulation-enabled oil and gas development activities. Finally, it is
important to extend the characterization of some on-site (occupational) exposures to offsite (community) exposures, i.e., for airborne silica proppant.
California-specific studies on the epidemiology of exposures to stimulation chemicals
and stressors remain, by and large, non-existent. Although air and water quality studies
suggest public health hazards exist, many data gaps remain, and more research is needed
to clarify the magnitude of human-health risks and potential existing and future morbidity
and mortality burdens associated with these concerns. It is clear that environmental
public health science is playing catch up with well stimulation-enabled oil and gas
development—and oil and gas development in general—across the country, and this is
particularly notable in California.
Most of the studies included in this review of the literature were conducted in
geographically and geologically diverse areas of the U.S., and may or may not be directly
generalizable to the California context. Furthermore, much of the research on health risks
has been conducted on the development of hydrocarbons from shale. While there are
many similarities between the processes involved in the development of shale across the
country and in the development of diatomite and other oil reservoirs in California, there
are also a number of differences that increase and decrease public health hazards and
potential public health risks (See Volume I).
There is no data on work-related fatalities related specifically to oil and gas development
enabled by well stimulation, but the types of hazardous work activities during well
stimulation are similar to those seen in general oil and gas extraction operations. Workrelated fatality rates are significantly higher in the oil and gas development industry
compared to the general industry average.
434

Chapter 6: Potential Impacts of Well Stimulation on Human Health in California

Work processes in oil and gas development, including that enabled by well stimulation,
should be fully characterized to determine the specific risk factors for work-related injury
and illness relative to risk factors for oil and gas production in general. Health effects
among oil and gas development workers engaged in well stimulation should be monitored
and evaluated to determine specific occupational health risk factors and harm-mitigation
strategies to reduce the risk of deaths and serious injuries.
The current scientific literature and well stimulation chemical data available in California
reveals that many of the well-stimulation-associated hazards have not been adequately
characterized, nor have the associated environmental public health or occupational health
risks been adequately analyzed—an observation that has been made by others (Adgate et
al., 2014; Law et al., 2014; Kovats et al., 2014; New York Department of Health, 2014;
NRC, 2014; Shonkoff et al., 2014). Studies of public health risk have failed to make clear
whether the impact is caused by well stimulation or by oil development that is enabled
by stimulation. Studies of health risks that differentiate the cause of the hazard would
remedy this.
One of the most prominent key findings from our efforts to assess hazards is the
significance of data gaps and the uncertainty that arises from these gaps in our confidence
about characterizing human health risks for California.
This scientific literature review and hazard assessment, as well as other chapters in this
volume, indicates that there are a number of potential human health hazards associated
with well-stimulation-enabled oil and gas development in California with regards to air
quality, water quality, and environmental exposure pathways. Our review also found
that California-specific scientific assessments and datasets more generally on air, water,
and human health are sparse. Additionally, human health monitoring data have not been
adequately collected, let alone pursued. The hazard assessment of California-specific
datasets on well stimulation chemistry indicates that more than half of the chemical
constituents of stimulation fluids in California do not have any toxicity and/or use
frequency or quantity information available, rendering it challenging to conclusively assess
the magnitude of human health hazards associated with these processes. The emission
of criteria and hazardous air pollutants have also only been monitored on the regional
scale, and even in cases when these air pollutant emission factors are known, it is not
possible, with the data available, to determine local emissions, community exposures, and
subsequent population health risks.
We identified mitigation options that may reduce the magnitude of public health risks
associated with well-stimulation-enabled oil and gas development in California; however,
proper monitoring and enforcement are important components of sound mitigation that
are often overlooked. Moreover, the data gaps that we identified create challenges in
producing an adequately detailed assessment to provide clear guidance on the protection
of public health, in the context of well-stimulation-enabled oil and gas development
in California.
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6.11. Recommendations
This chapter provides findings about what can and cannot be determined about potential
impacts of well stimulation technology on human health, based on currently available
information. One of the challenges that arise in efforts to study health risks for wellstimulation-enabled oil and gas development is the lack information available to carry
out a standard hazard assessment and a broader risk characterization that requires
information on exposure and dose-response. Here, we provide recommendations to
address these information gaps.
6.11.1. Recommendation Regarding Chemical Use
The majority of important potential direct impacts of well stimulation result from the use
of well stimulation chemicals. The large number of chemicals used in well stimulation
makes it very difficult to judge the risks posed by accidental releases of stimulation
fluids, such as those related to surface spills or unexpected subsurface pathways. Of the
chemicals used, many are not sufficiently characterized to allow a full risk analysis.
Recommendation: Operators should report the unique CASRN identification for all
chemicals used in hydraulic fracturing and acid stimulation and the use of chemicals with
unknown environmental profiles should be disallowed. The overall number of different
chemicals should be reduced, and the use of more hazardous chemicals and chemicals with
poor environmental profiles should be reduced, avoided or disallowed. The chemicals used in
hydraulic fracturing could be limited to those on an approved list that would consist only of
those chemicals with known and acceptable environmental hazard profiles. Operators should
apply Green Chemistry principles to the formulation of hydraulic fracturing fluids.
6.11.2. Recommendation Regarding Exposure and Health-Risk Information Gaps
This chapter identifies information gaps on hazards of substances used, the quantities and,
in some cases, the identity of chemicals used for acidization and hydraulic fracturing, the
magnitude of air emissions of well stimulation chemicals and fugitive emissions of oil and
gas constituents, exposure pathways, and availability of acute and (in particular) chronic
dose-response information.
Recommendation: Conduct integrated research that cuts across multiple scientific disciplines
and policy interests at relevant temporal and spatial scales in California, to answer key
questions about the community and occupational impacts of oil and gas production enabled
by well stimulation. Provide verification and validation of reported chemical use data, and
conduct research to characterize the fate and transport of both intentional and unintentional
chemical releases during well stimulation activities.
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6.11.3. Recommendation on Community Health
Oil and gas development—including that enabled by well stimulation—creates the risk
of exposing human populations to a broad range of potentially hazardous substances
(chemical and biological) or physical hazards (e.g., light and noise). For many of these
hazards, we conclude that regional impacts associated with well stimulation activity are
likely to be low, but exposures that can occur near well stimulation activity and enabled
oil and gas development may result in elevated community health risks.
Recommendation: Initiate studies in California to assess public health as a function of
proximity to all oil and gas development, not just stimulated wells, and develop policies, for
example science-based surface setbacks, to limit exposures.
6.11.4. Recommendation on Occupational Health
Workers who are involved in oil and gas operations are exposed to chemical and physical
hazards, some of which are specific to well stimulation activities, and many of which
are general to the industry. Our review identified studies confirming occupational
hazards related to well stimulation in states outside of California. There have been two
peer-reviewed studies of occupational exposures attributable to hydraulic fracturing
conducted by the National Institute for Occupational Safety and Health (NIOSH) across
multiple states (not including California) and times of year. One of the studies found
that respirable silica (silica sand is used as a proppant to hold open fractures formed in
hydraulic fracturing) was in concentrations well in excess of occupational health and
safety standards, in this case permissible exposure limits (PELs), by factors of as much
as ten. Exposures exceeded PELs even when workers reported use of personal protective
equipment. The second study found exposure to VOCs, especially benzene, above
recommended occupational levels. The NIOSH studies are relevant for identifying hazards
that could be significant for California workers, but no study to date has addressed
occupational hazards associated with hydraulic fracturing and other forms of well
stimulation in California.
Employers in the oil and gas industry must comply with existing California occupational
safety and health regulations, and follow best practices to reduce and eliminate illness
and injury risk to their employees. Employers can and often do implement comprehensive
worker-protection programs that substantially reduce worker exposure and likelihood
of illness and injury, but the effectiveness of these programs in California has not been
evaluated. Engineering controls that reduce emissions could protect workers involved in
well stimulation operations from chemical exposures and potentially reduce the likelihood
of chemical exposure to the surrounding community.
Recommendation: Design and execute California-based studies focused on silica and volatile
organic compound exposures to workers engaged in hydraulic-fracturing-enabled oil and gas
development processes, based on the NIOSH occupational health findings and protocols.
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Senate Bill 4 Language Mandating
the Independent Scientific Study
on Well Stimulation Treatments
The following is the language from Senate Bill 4 (Pavley, Statutes of 2013) that required
the independent scientific study on well stimulation treatments, of which this volume
comprises the first installment.
3160. (a) On or before January 1, 2015, the Secretary of the Natural Resources Agency shall
cause to be conducted, and completed, an independent scientific study on well stimulation
treatments, including, but not limited to, hydraulic fracturing and acid well stimulation
treatments. The scientific study shall evaluate the hazards and risks and potential hazards
and risks that well stimulation treatments pose to natural resources and public, occupational,
and environmental health and safety. The scientific study shall do all of the following:
1. Follow the well-established standard protocols of the scientific profession, including,
but not limited to, the use of recognized experts, peer review, and publication.
2. Identify areas with existing and potential conventional and unconventional oil and
gas reserves where well stimulation treatments are likely to spur or enable oil and gas
exploration and production.
3. (A)Evaluate all aspects and effects of well stimulation treatments, including, but
not limited to, the well stimulation treatment, additive and water transportation
to and from the well site, mixing and handling of the well stimulation treatment
fluids and additives onsite, the use and potential for use of nontoxic additives and
the use or reuse of treated or produced water in well stimulation treatment fluids,
flowback fluids and handling, treatment, and disposal of flowback fluids and other
materials, if any, generated by the treatment. Specifically, the potential for the
use of recycled water in well stimulation treatments, including appropriate water
quality requirements and available treatment technologies, shall be evaluated. Well
stimulation treatments include, but are not limited to, hydraulic fracturing and acid
well stimulation treatments.
(B) Review and evaluate acid matrix stimulation treatments, including the range
of acid volumes applied per treated foot and total acid volumes used in treatments,
types of acids, acid concentration, and other chemicals used in the treatments.

446

Volume II, Appendix A

4. Consider, at a minimum, atmospheric emissions, including potential greenhouse gas
emissions, the potential degradation of air quality, potential impacts on wildlife,
native plants, and habitat, including habitat fragmentation, potential water and
surface contamination, potential noise pollution, induced seismicity, and the ultimate
disposition, transport, transformation, and toxicology of well stimulation treatments,
including acid well stimulation fluids, hydraulic fracturing fluids, and waste
hydraulic fracturing fluids and acid well stimulation in the environment.
5. Identify and evaluate the geologic features present in the vicinity of a well, including
the well bore, that should be taken into consideration in the design of a proposed well
stimulation treatment.
6. Include a hazard assessment and risk analysis addressing occupational and
environmental exposures to well stimulation treatments, including hydraulic
fracturing treatments, hydraulic fracturing treatment-related processes, acid well
stimulation treatments, acid well stimulation treatment-related processes, and the
corresponding impacts on public health and safety with the participation of the Office
of Environmental Health Hazard Assessment.
7. Clearly identify where additional information is necessary to inform and improve
the analyses
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CCST Steering Committee
Members
Full curricula vitae for Steering Committee members are available upon request. Please
contact California Council on Science and Technology (916)-492-0996.

Jane Long, Ph.D.
Steering Committee Chair
Principal Associate Director at Large, Lawrence Livermore
National Laboratory, Retired
Dr. Long recently retired from Lawrence Livermore National Laboratory, where she was
the Principal Associate Director at Large, Fellow in the LLNL Center for Global Strategic
Research and the Associate Director for Energy and Environment. She is currently a senior
contributing scientist for the Environmental Defense Fund, Visiting Researcher at UC
Berkeley, Co-chair of the Task Force on Geoengineering for the Bipartisan Policy Center
and chairman of the California Council on Science and Technology’s California’s Energy
Future committee. Her current work involves strategies for dealing with climate change,
including reinvention of the energy system, geoengineering, and adaptation. Dr. Long was
the Dean of the Mackay School of Mines, University of Nevada, Reno and Department
Chair for the Energy Resources Technology and the Environmental Research Departments
at Lawrence Berkeley National Lab. She holds a bachelor’s degree in engineering from
Brown University and Masters and PhD from U. C. Berkeley. Dr. Long is a fellow of the
American Association for the Advancement of Science and was named Alum of the Year
in 2012 by the Brown University School of Engineering. Dr. Long is an Associate of the
National Academies of Science (NAS) and a Senior Fellow and council member of the
California Council on Science and Technology (CCST) and the Breakthrough Institute.
She serves on the board of directors for the Clean Air Task Force and the Center for
Sustainable Shale Development.
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Roger Aines, Ph.D.
Senior Scientist, Atmospheric, Earth, and Energy Division and Carbon Fuel Cycle
Program Leader E Programs, Global Security, Lawrence Livermore National
Laboratory
Roger Aines leads the development of carbon management technologies at Lawrence
Livermore National Laboratory, working since 1984 in the U.S. national laboratory
system. Dr. Aines’s work has spanned nuclear waste disposal, environmental remediation,
applying stochastic methods to inversion and data fusion, managing carbon emissions, and
sequestration monitoring and verification methods. Aines takes an integrated view of the
energy, climate, and environmental aspects of carbon-based fuel production and use. His
current focus is on efficient ways to remove carbon dioxide from the atmosphere and safer
methods for producing environmentally clean fuel. He holds 13 patents and has authored
more than 100 publications. Aines holds a Bachelor of Arts degree in Chemistry from
Carleton College, and Doctor of Philosophy in geochemistry from the California Institute
of Technology.

Jens Birkholzer, Ph.D.
Deputy Director, Earth Sciences Division, Lawrence Berkeley National Laboratory
Dr. Birkholzer joined Lawrence Berkeley National Laboratory in 1994 as a post-doctoral
fellow and has since been promoted to the second-highest scientist rank at this research
facility. He currently serves as the deputy director of the Earth Sciences Division and as
the program lead for the nuclear waste program, and also leads a research group working
on environmental impacts related to geologic carbon sequestration and other subsurface
activities. His area of expertise is subsurface hydrology with emphasis on understanding
and modeling coupled fluid, gas, solute and heat transport in complex subsurface systems,
such as heterogeneous sediments or fractured rock. His recent research was mostly in the
context of risk/performance assessment, e.g., for geologic disposal of radioactive wastes
and for geologic CO2 storage. Dr. Birkholzer has authored about 90 peer-reviewed journal
articles and book chapters, and has over 230 conference publications and abstracts.
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Brian Cypher, Ph.D.
Associate Director, Endangered Species Recovery Program,
California State University,-Stanislaus
Dr. Cypher received a PhD in Zoology from Southern Illinois University in 1991. Since
1990, he has been engaged in ecological research and conservation efforts on a variety
of animal and plant species and their habitats. Much of this work has occurred in the
San Joaquin Valley in central California and has involved extensive evaluations of the
effects of hydrocarbon production and energy development on ecological processes and
individual species. The information generated has been presented in numerous reports
and publications, which have contributed to the development of conservation strategies
and best-management practices that help mitigate environmental impacts from energy
development activities.

Jim Dieterich, Ph.D.
Distinguished Professor of Geophysics, University of California, Riverside
Dr. Dieterich’s research interests have to do with the mechanics of deformation processes,
particularly as they relate to earthquake and volcanic phenomena. Areas of emphasis
include development of governing relations for earthquake nucleation and earthquake
occurrence; estimation of earthquake probabilities; fault constitutive properties; and
coupled interactions between magmatic activity, faulting, and earthquakes. Current
research includes (1) numerical simulation of earthquakes processes in interacting fault
systems, (2) origins of earthquake clustering including foreshocks and aftershocks, (3)
application of seismicity rate changes to infer stress changes in volcanic and tectonic
environments, (4) laboratory investigation of fault constitutive properties and surface
contact process.

Donald L. Gautier, Ph.D.
Consulting Petroleum Geologist, DonGautier L.L.C.
With a career spanning almost four decades, Dr. Donald L. Gautier is an internationally
recognized leader and author in the theory and practice of petroleum resource
analysis. As a principal architect of modern USGS assessment methodology, Gautier’s
accomplishments include leadership of the first comprehensive evaluation of undiscovered
oil and gas resources north of the Arctic Circle, the first national assessment of United
States petroleum resources to be fully documented in a digital environment, and the
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first development of performance-based methodology for assessment of unconventional
petroleum resources such as shale gas or light, tight oil. He was lead scientist for the San
Joaquin Basin and Los Angeles Basin Resource Assessment projects. His recent work has
focused on the analysis of growth of reserves in existing fields and on the development
of probabilistic resource/cost functions. Gautier is the author of more than 200 technical
publications, most of which concern the evaluation of undiscovered and undeveloped
petroleum resources. He holds a Ph.D. in geology from the University of Colorado.

Peter H. Gleick, Ph.D.
President, Pacific Institute
Dr. Peter H. Gleick is an internationally recognized environmental scientist and cofounder of the Pacific Institute in Oakland, California. His research addresses the critical
connections between water and human health, the hydrologic impacts of climate change,
sustainable water use, privatization and globalization, and international security and
conflicts over water resources. Dr. Gleick was named a MacArthur “genius” Fellow
in October 2003 for his work on water, climate, and security. In 2006 Dr. Gleick was
elected to the U.S. National Academy of Sciences, Washington, D.C. Dr. Gleick’s work has
redefined water from the realm of engineers to the world of social justice, sustainability,
human rights, and integrated thinking. His influence on the field of water has been long
and deep: he developed one of the earliest assessments of the impacts of climate change
on water resources, defined and explored the links between water and international
security and local conflict, and developed a comprehensive argument in favor of basic
human needs for water and the human right to water—work that has been used by the UN
and in human rights court cases. He pioneered the concept of the “soft path for water,”
developed the idea of “peak water,” and has written about the need for a “local water
movement.” Dr. Gleick received a B.S. in Engineering and Applied Science from Yale
University and an M.S. and Ph.D. from the Energy and Resources Group of the University
of California, Berkeley. He serves on the boards of numerous journals and organizations,
and is the author of many scientific papers and ten books, including Bottled & Sold: The
Story Behind Our Obsession with Bottled Water and the biennial water report, The World’s
Water, published by Island Press (Washington, D.C.).
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A. Daniel Hill, Ph.D.
Department Head, Professor and holder of the Noble Chair, Petroleum Engineering
Department at Texas A&M University
Dr. A. D. Hill is Professor, holder of the Noble Endowed Chair, and Department Head
of Petroleum Engineering at Texas A&M University. Previously, he taught for 22 years
at The University of Texas at Austin after spending five years in industry. He holds
a B. S. degree from Texas A&M University and M. S. and Ph. D. degrees from The
University of Texas at Austin, all in chemical engineering. He is the author of the Society
of Petroleum Engineering (SPE) monograph, Production Logging: Theoretical and
Interpretive Elements, co-author of the textbook, Petroleum Production Systems (1st
and 2nd editions), co-author of an SPE book, Multilateral Wells, and author of over 170
technical papers and five patents. He has been a Society of Petroleum Engineers (SPE)
Distinguished Lecturer, has served on numerous SPE committees and was founding
chairman of the Austin SPE Section. He was named a Distinguished Member of SPE in
1999 and received the SPE Production and Operations Award in 2008. In 2012, he was
one of the two inaugural winners of the SPE Pipeline Award, which recognizes faculty,
who have fostered petroleum engineering Ph.Ds. to enter academia. He currently serves
on the SPE Editorial Review Committee, the SPE Global Training Committee, and the
SPE Hydraulic Fracturing Technology Conference Program Committee. Professor Hill
is an expert in the areas of production engineering, well completions, well stimulation,
production logging, and complex well performance (horizontal and multilateral wells),
and has presented lectures and courses and consulted on these topics throughout the world.

Larry Lake, Ph.D.
Professor, Department of Petroleum and Geosystems Engineering,
University of Texas, Austin
Larry W. Lake is a professor of the Department of Petroleum and Geosystems Engineering
at The University of Texas at Austin and director of the Center for Petroleum Asset Risk
Management. He holds B.S.E and Ph.D. degrees in Chemical Engineering from Arizona
State University and Rice University. Dr. Lake has published widely; he is the author or
co-author of more than 100 technical papers, the editor of 3 bound volumes and author
or co-author of four textbooks. He has been teaching at UT for 34 years before which
he worked for Shell Development Company in Houston, Texas. He was chairman of the
PGE department twice, from 1989 to 1997 and from 2008 to 2010. He formerly held the
Shell Distinguished Chair and the W.A. (Tex) Moncrief, Jr. Centennial Endowed Chair
in Petroleum Engineering. He currently holds the W.A. (Monty) Moncrief Centennial
Chair in Petroleum Engineering. Dr. Lake has served on the Board of Directors for the
Society of Petroleum Engineers (SPE) as well as on several of its committees; he has twice
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been an SPE distinguished lecturer. Dr. Lake is a member of the US National Academy
of Engineers and won the 1996 Anthony F. Lucas Gold Medal of the SPE. He won the
1999 Dad’s Award for excellence in teaching undergraduates at The University of Texas
and the 1999 Hocott Award in the College of Engineering for excellence in research. He
also is a member of the 2001 Engineering Dream Team awarded by the Texas Society of
Professional Engineers. He is an SPE Honorary Member.

Thomas E. McKone, Ph.D.
Deputy for Research Programs in the Energy Analysis and Environmental Impacts
Department, Lawrence Berkeley National Laboratory (LBNL)
Thomas E. McKone is a senior staff scientist and Deputy for Research Programs in the
Energy Analysis and Environmental Impacts Department at the Lawrence Berkeley
National Laboratory (LBNL) and Professor of Environmental Health Sciences at the
University of California, Berkeley School of Public Health. At LBNL, he leads the
Sustainable Energy Systems Group. His research focuses on the development, use, and
evaluation of models and data for human-health and ecological risk assessments, as well
as the health and environmental impacts of energy, industrial, and agricultural systems.
Outside of Berkeley, he has served six years on the EPA Science Advisory Board, has
been a member of more than a dozen National Academy of Sciences (NAS) committees,
including the Board on Environmental Studies and Toxicology, and has been on
consultant committees for the Organization for Economic Cooperation and Development
(OECD), the World Health Organization, the International Atomic Energy Agency, and
the Food and Agriculture Organization. McKone is a Fellow of the Society of Risk Analysis
and has received two major awards from the International Society of Exposure Analysis—
one for lifetime achievement in exposure science research, and one for research that has
impacted major international and national environmental policies.

William A. Minner, P.E.
Petroleum Engineer, Minner Engineering, Inc.
Minner is an independent petroleum engineering consultant, with a primary focus on
hydraulic fracture well stimulation technology and application. After receiving B.S. and
M.S. degrees in mechanical engineering with a petroleum option from the University
of California, Berkeley, Minner joined Unocal in 1980, and began to focus on hydraulic
fracturing well stimulation in 1985. In 1995, he left Unocal to open an office for
Pinnacle Technologies in Bakersfield. Pinnacle’s focus was on the development and
commercialization of hydraulic fracture mapping technologies; Minner’s role was in
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engineering consulting, using fracture diagnostics and mapping results to assist clients
with hydraulic fracture engineering design, execution, and analysis. His engineering
consulting role continued after the fracture mapping business was sold in 2008 and the
company name was changed to StrataGen Engineering, and after February 2015, when he
left StrataGen to venture out in the independent engineering consulting arena. Minner
is a registered Petroleum Engineer in California, and received Society of Petroleum
Engineers regional awards in 2011 and 2015 for his contribution to technical progress
and interchange. He has authored or coauthored 21 industry technical papers on
hydraulic fracturing.

Amy Myers Jaffe
Executive Director, Energy and Sustainability, University of CaliforniaC Davis
Amy Myers Jaffe is a leading expert on global energy policy, geopolitical risk, and energy
and sustainability. Jaffe serves as executive director for Energy and Sustainability at
University of California, Davis, with a joint appointment to the Graduate School of
Management and Institute of Transportation Studies (ITS). At ITS-Davis, Jaffe heads the
fossil fuel component of Next STEPS (Sustainable Transportation Energy Pathways). She
is associate editor (North America) for the academic journal Energy Strategy Reviews.
Prior to joining UC Davis, Jaffe served as director of the Energy Forum and Wallace S.
Wilson Fellow in Energy Studies at Rice University’s James A. Baker III Institute for Public
Policy. Jaffe’s research focuses on oil and natural gas geopolitics, strategic energy policy,
corporate investment strategies in the energy sector, and energy economics. She was
formerly senior editor and Middle East analyst for Petroleum Intelligence Weekly. Jaffe is
widely published, including as co-author of Oil, Dollars, Debt and Crises: The Global Curse
of Black Gold (Cambridge University Press, January 2010 with Mahmoud El-Gamal). She
served as co-editor of Energy in the Caspian Region: Present and Future (Palgrave, 2002)
and Natural Gas and Geopolitics: From 1970 to 2040 (Cambridge University Press, 2006).
Jaffe was the honoree for Esquire’s annual 100 Best and Brightest in the contribution to
society category (2005) and Elle Magazine’s Women for the Environment (2006) and
holds the excellence in writing prize from the International Association for Energy
Economics (1994).
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Seth B. C Shonkoff, Ph.D., MPH
Executive Director, PSE Healthy Energy
Visiting Scholar, University of California, Berkeley
Affiliate, Lawrence Berkeley National Laboratory
Dr. Shonkoff is the executive director of the energy science and policy institute, PSE
Healthy Energy. Dr. Shonkoff is also a visiting scholar in the Department of Environmental
Science, Policy and Management at UC Berkeley, and an affiliate in the Environment
Energy Technology Division at Lawrence Berkeley National Laboratory in Berkeley
California. An environmental and public health scientist by training, he has more than 15
years of experience in water, air, climate, and population health research. Dr. Shonkoff
completed his PhD in the Department of Environmental Science, Policy, and Management
and his MPH in epidemiology in the School of Public Health from the University of
California, Berkeley. He is a contributing author to the Human Health chapter of The
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5). He
has worked and published on topics related to the intersection of energy, air pollution,
water quality, climate, and human health from scientific and policy perspectives. Dr.
Shonkoff’s research also focuses on the development of the effectiveness of anthropogenic
climate change mitigation policies that generate socioeconomic and health co-benefits.
Dr. Shonkoff’s current work focuses on the human health, environmental and climate
dimensions of oil and gas development in the United States and abroad.

Dan Tormey, Ph. D., P.G.
Principal, ENVIRON International Corporation
Dan Tormey, Ph. D., P.G. Principal, Ramboll Environ Corporation
Dr. Daniel Tormey is an expert in energy and water and conducts environmental reviews
for both government and industry. He works with the environmental aspects of all types of
energy development, with an emphasis on oil and gas, including hydraulic fracturing and
produced water management, pipelines, LNG terminals, refineries and retail facilities. Dr.
Tormey was the principal investigator for the peer-reviewed, publicly available Hydraulic
Fracturing Study at the Baldwin Hills of southern California, on behalf of the County
of Los Angeles and the field operator, PXP. He conducts projects in sediment transport,
hydrology, water supply, water quality, and groundwater-surfacewater interaction. He
has been project manager or technical lead for over two hundred projects requiring fate
and transport analysis of chemicals in the environment. He has a Ph.D. in Geology and
Geochemistry from MIT, and a B.S. in Civil Engineering and Geology from Stanford.
He is a Principal at Ramboll Environ Corporation; was named by the National Academy
of Sciences to the Science Advisory Board for Giant Sequoia National Monument; is a
Distinguished Lecturer for the Society of Petroleum Engineers; is on the review committee
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on behalf of IUCN for the UNESCO World Heritage Site List and member of the IUCN
Geoscientist Specialist Group; is volcanologist for Cruz del Sur, an emergency response
and contingency planning organization in Chile; was an Executive in Residence at
California Polytechnic University San Luis Obispo; and is a Professional Geologist in
California. He has worked throughout the USA, Australia, Indonesia, Italy, Chile, Ecuador,
Colombia, Venezuela, Brazil, Senegal, South Africa, Armenia and the Republic of Georgia.

Samuel Traina, Ph.D.
Vice Chancellor of Research, University of California, Merced
Dr. Traina is the Vice Chancellor for Research and Economic Development at the
University of California, Merced, where he holds the Falasco Chair in Earth Sciences
and Geology. He serves as a Board Member of the California Council of Science and
Technology. Prior to joining UC Merced in 2002 as a Founding Faculty member and
the Founding Director of the Sierra Nevada Research Institute, Dr. Traina was a faculty
member for 17 years at The Ohio State University, with concomitant appointments in
the School of Natural Resources and the Environment, the Department of Earth Science
and Geology, Civil and Environmental Engineering, Microbiology and Chemistry. He
has served on the National Research Council’s Standing Committee on Earth Resources.
In 1997–1998, he held the Cox Visiting Professorship in the School of Earth Sciences
at Stanford University. Dr. Traina’s past and current research has dealt with the fate,
transformation, and transport of contaminants in soils and natural waters, with an
emphasis on radionuclides, heavy metals, and mining wastes. Dr. Traina holds a B.S. in
soil resource management and a Ph.D. in soil chemistry. He is a fellow of the Soil Science
Society of American and of the American Association for the Advancement of Science, as
well as a recipient of the Clay Scientist Award of the Clay Minerals Society.

Staff:
Laura Feinstein, Ph.D.
CCST Project Manager
Laura Feinstein serves as the project manager and author for CCST on this report, and
CCST’s previous report on well stimulation prepared for the Bureau of Land Management.
She previously served as a CCST Science and Technology Policy Fellow with the
California Senate Committee on Environmental Quality. She was the director of the
GirlSource Technology and Leadership Program, where she developed and ran a program
teaching computer and job skills to low-income young women. She also was a web/
media developer and researcher with the Center for Defense Information, a think-tank
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focusing on security issues. She was awarded a CalFED Bay-Delta Science fellowship for
scientific research on ecological problems facing the Bay-Delta watershed, and a California
Native Plant Society research scholarship. She has a Ph.D. in Ecology from University of
California, Davis.
Disclosure of Conflict of Interest: Prof. Dan Hill
In accordance with the practice of the California Council on Science and Technology
(CCST), CCST makes best efforts to ensure that no individual appointed to serve on a
committee has a conflict of interest that is relevant to the functions to be performed,
unless such conflict is promptly and publicly disclosed and CCST determines that the
conflict is unavoidable. A conflict of interest refers to an interest, ordinarily financial, of
an individual that could be directly affected by the work of the committee. An objective
determination is made for each provisionally appointed committee member regarding
whether or not a conflict of interest exists, given the facts of the individual’s financial
and other interests, and the task being undertaken by the committee. A determination
of a conflict of interest for an individual is not an assessment of that individual’s actual
behavior or character or ability to act objectively despite the conflicting interest.
We have concluded that for this committee to accomplish the tasks for which it was
established, its membership must include among others, individuals with research and
expertise in the area of acid treatments for petroleum wells who have studied oil and
gas industry operations in the United States and are internationally recognized for this
expertise. Acid treatment is of particular public concern in California and is the subject of
regulation under SB4.
To meet the need for this expertise and experience, Dr. Dan Hill is proposed for
appointment to the committee, even though we have concluded that he has a conflict of
interest because of investments he holds and research services provided by his employer.
As his biographical summary makes clear, Dr. Hill is a recognized expert in petroleum
reservoir engineering with many publications to wit. He is also known as one of the
world’s key experts in acid treatment.
After an extensive search, we have been unable to find another individual with the
equivalent combination of expertise in acid treatment as Dr. Hill who does not have a
similar conflict of interest. Therefore, we have concluded that this potential conflict
is unavoidable.
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Disclosure of Conflict of Interest: William Minner
In accordance with the practice of the California Council on Science and Technology
(CCST), CCST makes best efforts to ensure that no individual appointed to serve on a
committee has a conflict of interest that is relevant to the functions to be performed,
unless such conflict is promptly and publicly disclosed and CCST determines that the
conflict is unavoidable. A conflict of interest refers to an interest, ordinarily financial, of
an individual that could be directly affected by the work of the committee. An objective
determination is made for each provisionally appointed committee member regarding
whether or not a conflict of interest exists, given the facts of the individual’s financial
and other interests, and the task being undertaken by the committee. A determination
of a conflict of interest for an individual is not an assessment of that individual’s actual
behavior or character or ability to act objectively despite the conflicting interest.
We have concluded that for this committee to accomplish the tasks for which it was
established, its membership must include, among others, individuals with direct
experience in the area of well stimulation practice, specifically in California. Well
stimulation is of particular public concern in California and is the subject of regulation
under SB4. The practice in California is significantly different than in other states, so we
require someone with direct experience in the state.
To meet the need for this expertise and experience, William Minner is proposed for
appointment to the committee, even though we have concluded that he has a conflict of
interest because of investments he holds and research services provided by his employer.
As his biographical summary makes clear, William Minner is a recognized expert in
petroleum reservoir stimulation with a long history of practice in California as well as
around the world. He is one of the most recognized experts in California well stimulation
design and execution.
After an extensive search, we have been unable to find another individual with the
equivalent combination of expertise as William Minner who does not have a similar
conflict of interest. Therefore, we have concluded that this potential conflict is unavoidable.
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• Nathaniel J. Lindsey, Lawrence Berkeley National Laboratory
• Jane C. S. Long, California Council on Science and Technology
• Randy L. Maddalena, Lawrence Berkeley National Laboratory
• Thomas E. McKone, Lawrence Berkeley National Laboratory
• Dev E. Millstein, Lawrence Berkeley National Laboratory
• Sascha C.T. Nicklisch, University of California, San Diego
• Scott E. Phillips, California State University Stanislaus
• Matthew T. Reagan, Lawrence Berkeley National Laboratory
• Whitney L. Sandelin, Lawrence Berkeley National Laboratory
• Seth B. C. Shonkoff, PSE Healthy Energy
• William T. Stringfellow, Lawrence Berkeley National Laboratory
• Charuleka Varadharajan, Lawrence Berkeley National Laboratory
• Zachary S. Wettstein, University of California, San Francisco
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Corinne E. Bachmann
Earth Sciences Division, MS 74-316c
Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720
Phone: +1 510 610 9509
cebachmann@lbl.gov
Education
2001 - 2007

Undergraduate Student at the Department of Earth Science, ETH Zurich

2004 - 2005

Erasmus Studies at Universiteit Utrecht, Netherlands

2003 - 2007

Diplom (equivalent to M.Sc) in Geophysics at ETH Zurich, Switzerland

2001 - 2003
Vordiplom (equivalent to B.Sc) in Earth Sciences at ETH
		Zurich, Switzerland
Research and Professional Experience
Dr. C.E. Bachmann has been working with problems related to fluid induced seismicity
since her M.Sc. at ETH Zurich, Switzerland. Since 2012 she has a postdoctoral position at
the Lawrence Berkeley National Laboratory (LBNL) where she is involved in determining
the hazard and risk of ongoing induced seismicity. Her work includes several peerreviewed articles, which have been vastly cited, as they were pioneer work in her field.
Her current work includes modeling of induced seismicity and analysis of the seismic data.
Current and Past Positions
07.2012 – current

Postdoctoral researcher at the Lawrence Berkeley National Lab
Projects: NRAP and Geothermal Energy

2011 – 05.2012

Postdoctoral researcher at the Swiss Seismological Service.
Project: GEISER (http://www.geiser-fp7.eu)

05. – 09.2007

Scientific assistant at the Swiss Seismological Service.
Focus: Induced seismicity in Basel, Switzerland. Report to
Geothermal Explorers Ltd.
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Jenner Banbury
Endangered Species Recovery Program
One University Circle
CSU Stanislaus, Turlock, CA 95382
jbanbury@esrp.csustan.edu
Education
1996-1999

San Francisco State University, San Francisco, CA. B.S. in Zoology, 1999.

2000-2002
		

San Francisco State University, San Francisco, CA. M.A. in Ecology &
Evolutionary Biology, 2002.

Research and Professional Experience
Mrs. Banbury has been involved in ecological work involving molecular phylogenetics and
field studies. She has more recently coordinated and supported research activities with
agency partners, university students, and collaborating researchers.
Current and Past Positions
Since 2011
		

Administrative Support Coordinator, Endangered Species Recovery
Program (ESRP), CSU Stanislaus

2010 – 2011
		

Administrative Coordinator, Casey Eye Institute,
Oregon Health & Science University

2005 – 2009
		

Research Technician, Department of Biology,
San Francisco State University

1997 - 2003
		

Instructional Support Technician, Student Enrichment Opportunities Office,
San Francisco State University

Honors and Awards
2002

Distinguished Achievement Award with College Honors, SFSU

2001

Nelson Fellowship for Academic Excellence in the College of Science
and Engineering, SFSU
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Jens T. Birkholzer
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-7134 fax: (510) 486-5686
jtbirkholzer@lbl.gov
http://esd.lbl.gov/ESD_staff/birkholzer/index.html
Education
1982-1985

University of Technology, Aachen. B.Sc. in Civil Engineering, 1985.

1985-1988
		

University of Technology, Aachen. M.Sc. in Water Resources, Hydraulic
Engineering, Soil and Rock Mechanics, 1988.

1989-1994

University of Technology, Aachen. Ph.D. in Subsurface Hydrology, 1994.

Research and Professional Experience
Dr. Birkholzer joined LBNL in 1994 as a post-doctoral fellow and has since been promoted
to the second-highest scientist rank at this research facility. He currently serves as the
deputy director of the Earth Sciences Division and as the program lead for the nuclear
waste program, and also leads a research group working on environmental impacts related
to geologic carbon sequestration and other subsurface activities. His area of expertise
is subsurface hydrology, with emphasis on understanding and modeling coupled fluid,
gas, solute, and heat transport in complex subsurface systems, such as heterogeneous
sediments or fractured rock. His recent research was mostly in the context of risk/
performance assessment, e.g., for geologic disposal of radioactive wastes and for geologic
CO2 storage. Dr. Birkholzer has authored about 90 peer-reviewed journal articles and book
chapters, and has over 230 conference publications and abstracts.
Current and past Positions
Since 2014
Deputy Director, Earth Sciences Division, Lawrence Berkeley National
		Laboratory (LBNL)
Since 2008

Program Lead, Nuclear Energy and Waste, Earth Sciences Division, LBNL

Since 2001

Staff Scientist and Group Leader, Earth Sciences Division, LBNL

1999 - 2001
		

Chief Engineer and Project Manager, Construction of the New
International Airport in Dusseldorf, HOCHTIEF AG, Germany

1994 - 1998

Geological Scientist, Earth Sciences Division, LBNL
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1989 - 1994
		
		

Research Associate (since 1993 Group Leader), Institute of Hydraulic
Engineering and Water Resources Management (IWW), University of
Technology, Aachen, Germany

Honors and Awards
2012		

Director’s Award for Exceptional Achievement (TOUGH codes), by LBNL

2007, 1997

Outstanding Performance Award, by LBNL

1995 - 1996

Postdoctoral fellowship granted by the Humboldt-Stiftung

1995		

Friedrich-Wilhelm Award for Summa Cum Laude Ph.D. Thesis

1995		

Borchers Award for Summa Cum Laude Ph.D. Thesis

1994 - 1995

Postdoctoral fellowship granted by the DAAD

1989		

Research-fellowship granted by the DAAD

1989		

Springorum Award for Summa Cum Laude M.Sc.

1989		

Hünnebeck Award for best Master Thesis

since 1986

Studienstiftung des Deutschen Volkes

464

Volume II, Appendix C

Adam Brandt
Dept. of Energy Resources Engineering
Stanford University, Stanford, CA 94305
Phone: (650) 724-8251 Fax: (650) 725-2099
abrandt@stanford.edu
http://pangea.stanford.edu/~abrandt/
Education
Ph.D. (2008), Energy and Resources, University of California, Berkeley
M.S. (2005), Energy and Resources, University of California, Berkeley
B.S. (2003), Environmental Studies (emphasis Physics), Highest Honors, University of
California, Santa Barbara
Research and Professional Experience
Dr. Brandt is an Assistant Professor in the Department of Energy Resources Engineering,
Stanford University. His research focuses on reducing the greenhouse gas impacts of
energy production and consumption, with a focus on fossil energy systems. Research
interests include life cycle assessment of petroleum production and natural gas extraction.
A particular interest is in unconventional fossil fuel resources such as oil sands, oil shale,
and hydraulically fractured oil and gas resources. He also researches computational
optimization of emissions mitigation technologies, such as carbon dioxide capture systems.
Dr. Brandt received his Ph.D. from the Energy and Resources Group, UC Berkeley.
Current and Past Positions
2012-Present:
		

Assistant Professor, Department of Energy Resources Engineering,
Stanford University

2009-2012:
Acting Assistant Professor, Department of Energy Resources Engineering,
		Stanford University
2007-2012:

Expert consultancy

2003-2008:

Graduate Student Researcher, University of California, Berkeley

2003-2008:

Teaching Assistant, University of California, Santa Barbara
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2002: 		

Undergraduate research fellow, University of Southern California

2001: 		
		

Development Intern, Boabab Valley Resource Reserve,
Morogoro Region, Tanzania

Honors and Awards
th

2006

Received Student Paper Award for paper “Testing Hubbert,” 26 Annual Conference of
the United States Association of Energy Economists.

2003

Outstanding Senior of 2003, Environmental Studies program, UC Santa Barbara.

2003

Highest Honors at graduation (top 2.5% of graduating students), UC Santa Barbara.

2001

UC President’s Undergraduate Scholarship and Kirby-Jones Scholarship.

2000

Highest GPA in Sophomore class of the Educational Opportunity Program, a program for
under-represented students and students whose parents did not attend college.
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Mary Kay Camarillo
University of the Pacific
3601 Pacific Ave. Stockton, CA 95211
(209) 209-3056
mcamarillo@pacific.edu
http://www.pacific.edu/Academics/Schools-and-Colleges/School-of-Engineering-andComputer-Science/Academics-/Faculty-Profiles/Camarillo-Mary-Kay.html
Education
1991-1996

University of Washington, Seattle, WA. B.S. in Civil Engineering

2003-2004
University of California, Davis, M.S. in Civil and
		Environmental Engineering
2004-2009
University of California, Davis, Ph.D. in Civil and
		Environmental Engineering
Research and Professional Experience
Dr. Camarillo has been an Assistant Professor in the Civil Engineering Department of the
University of the Pacific since 2009. She also holds a Visiting Faculty position at Lawrence
Berkeley National Laboratory. Her research is focused on developing practical solutions
to environmental issues in California, and includes the areas of domestic and industrial
water and wastewater treatment, as well as water quality in the natural environment
and biomass energy in agricultural settings. Prior to working at the University of the
Pacific, Dr. Camarillo worked in the civil engineering consulting industry. She worked
on planning, designing, and providing support services for construction of water and
wastewater treatment and conveyance facilities. Dr. Camarillo has published over 20
journal articles and conference publications.
Current and Past Positions
Since 2009
Assistant Professor, Civil Engineering, University of the Pacific,
		Stockton, CA
Since 2013
		

Visiting Faculty, Earth Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA

1999-2003

Resident Engineer, MWH Americas, Portland, OR

1996-1999

Junior Engineer, Wallis Engineering, Vancouver, WA
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Honors and Awards
2009

University of California, Davis, Tchobanoglous Scholarship

2005

University of California, Davis, Carollo Scholarship in Environmental Engineering

1995

U.S. Geological Survey, Certificate of Appreciation
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Heather Cooley
Pacific Institute, Oakland, CA 94602
(510) 251-1600 fax: (510) 251-2203
hcooley@pacinst.org
Education
1994-1998
University of California, Berkeley, CA. B.S. in Molecular
		Environmental Biology.
2002-2004

University of California, Berkeley, CA. M.S. in Energy and Resources.

Research and Professional Experience
Heather Cooley is Director of the Pacific Institute’s Water Program. She conducts and
oversees research on an array of water issues, such as the connections between water and
energy, sustainable water use and management, and the hydrologic impacts of climate
change. Ms. Cooley has authored numerous peer-reviewed scientific papers and coauthored five books, including The World’s Water, A 21st Century US Water Policy, and The
Water-Energy Nexus in the American West.
Ms. Cooley has received the U.S. Environmental Protection Agency’s Award for
Outstanding Achievement (for her work on agricultural water conservation and efficiency)
and her work was recognized when the Pacific Institute received the first U.S. Water Prize
in 2011. She has testified before the U.S. Congress on the impacts of climate change for
agriculture and on innovative approaches to solving water problems in the SacramentoSan Joaquin Delta. Ms. Cooley currently serves on the Board of the California Urban
Water Conservation Council.
Current and Past Positions
Since 2004

Director, Water Program, Pacific Institute, Oakland, California

2000 – 2004
Lab Manager, Lawrence Berkeley National Laboratory,
		Berkeley, California
1998 – 1999
Field and Laboratory Technician, Silver Laboratory, UC Berkeley,
		Berkeley, California
1996 – 1997
Field and Laboratory Assistant, Weston Laboratory, UC Berkeley,
		Berkeley, California
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Honors and Awards
2010

Board Chair, California Urban Water Conservation Council

2009

Outstanding Achievement Award, U.S. Environmental Protection Agency

2009

Nomination for Environmental Contribution of the Year, Global Water Intelligence

2006

Water Leader, Water Education Foundation
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Brian L. Cypher
California State University-Stanislaus
Endangered Species Recovery Program
P.O. Box 9622, Bakersfield, CA 93389
(661) 835-7810;
bcypher@esrp.csustan.edu
Education
1981

Bachelor of Science in Forest Biology
State University of New York, College of Environmental Science and Forestry,
Syracuse, NY

1986

Master of Science in Wildlife Management
Pennsylvania State University, State College, PA

1991

Doctor of Philosophy in Zoology
Southern Illinois University, Carbondale, IL

Research and Professional Experience
Since 1990, Dr. Cypher has been engaged in ecological research and conservation
efforts on a variety of animal and plant species and their habitats. Much of this work
has occurred in the San Joaquin Valley in central California, and has involved extensive
evaluations of the effects of hydrocarbon production and energy development on
ecological processes and individual species. The information generated has been
presented in numerous reports and publications, which have contributed to the
development of conservation strategies and best-management practices that help mitigate
environmental impacts from energy development activities. Dr. Cypher has authors over
80 peer-reviewed journal articles and 40 technical reports.
Positions
2000 – Present Research Ecologist and Associate Director (since 2006), California State
		
University – Stanislaus, Endangered Species Recovery Program,
		Bakersfield, CA
1998 –2000

Senior Ecologist, Critique, Inc., Bakersfield, CA

1995 –1998
Program Manager and Senior Ecologist, Enterprise Advisory Services, Inc.,
		Tupman, CA
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1994 – 1995

Section Manager, EG&G Energy Measurements, Inc., Tupman, CA

1990 – 1994

Ecological Scientist III, EG&G Energy Measurements, Inc., Tupman, CA

Awards and Honors
2014

Fellow, The Wildlife Society

2013

Raymond F. Dasmann Award for Professional of the Year, Western Section of
The Wildlife Society

2007

George Miksch Sutton Award in Conservation Research, Southwestern
Association of Naturalists

1998

Fellow, California State University – Stanislaus, Endangered Species
Recovery Program

1990

Rose Padgett Award for Outstanding Research Achievement, Southern Illinois
University Chapter of Sigma Xi

1989

Richard E. Blackwelder Award for Outstanding Achievement in Zoology,
Southern Illinois University Department of Zoology

1988, 1989 Doctoral Dissertation Research Award, Southern Illinois University
1985

Roger S. Latham Memorial Scholarship Award for Outstanding Wildlife
Graduate Student, Pennsylvania State University
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Jeremy K. Domen
University of the Pacific
3601 Pacific Ave. Stockton, CA 95211
j_domen@u.pacific.edu
Education
2005-2010

University of the Pacific, Stockton, CA. B.S. in Bioengineering, 2010.

2011-2013

University of the Pacific, Stockton, CA. M.S. in Engineering Science, 2013.

Research and Professional Experience
Mr. Domen has been a Research Associate at the Ecological Engineering Research Program
at University of the Pacific since 2013. He also holds a Research Associate position at
Lawrence Berkeley National Laboratory. His research has focused on water quality in the
San Joaquin River, sustainable water resources, biomass energy in agricultural settings,
and the environmental impacts of mining and mineral processing. He has published
multiple peer-reviewed papers and technical reports.
Current and Past Positions
Since 2013
		

Research Associate, Ecological Engineering Research Program, University
of the Pacific, Stockton, CA

Since 2014
		

Research Associate, Earth Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA

2011-2013
		

Graduate Research Assistant, Ecological Engineering Research Program,
University of the Pacific, Stockton, CA
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Kristina Donnelly
654 13th St., Preservation Park
Pacific Institute, Oakland, CA 94612
(510) 251-1600 fax: (510) 251-2203
kdonnelly@pacinst.org
http://pacinst.org/about-us/staff-and-board/kristina-donnelly/
Education
2001-2005

American University, Washington, DC. B.S. in Mathematics, 2005.

2006-2008
University of Michigan, Ann Arbor, MI. M.S. in Natural Resources
		Management, 2008.
Research and Professional Experience
Ms. Donnelly has been a Research Associate with the Pacific Institute since 2011. Her
research interests include: the social, economic, and policy aspects of water conservation
and efficiency; conflict and conflict management over transboundary water resources; and
U.S. water policy and natural resources economics. During graduate school, Ms. Donnelly
worked on a variety of projects, including modeling hypoxia development in the Gulf of
Mexico, identifying water valuation strategies for international businesses, and analyzing
water strategies for the Kingdom of Jordan.
Current and Past Positions
Since 2011

Research Associate, Pacific Institute, Oakland, California

2010-2011
		

Researcher and Program Coordinator, Arava Institute for Environmental
Studies, Ketura, Israel

2008-2009
		

Sea Grant Fellow and Program Specialist, Great Lakes Commission,
Ann Arbor, Michigan

2005-2006

Analyst, The Cadmus Group, Inc., Arlington, Virginia

Honors and Awards
2014

Water Education Foundation’s Water Leaders Class

2008-2009

Great Lakes Commission-Sea Grant Fellowship

2008

International Economic Development Program, Ford School of Public Policy,
University of Michigan
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Jacob G. Englander
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(650) 723-9088
jacobe@stanford.edu
Education
2006-2013
		

Stanford University, Stanford, CA. B.S. in Earth SystemsEnergy Track, 2013.

2007-2009

Deep Springs College, Deep Springs, CA.

2012-2013
		

Stanford University, Stanford, CA. M.S. in Civil and Environmental
Engineering – Atmosphere and Energy program, 2013.

Research and Professional Experience
Mr. Englander is currently a Ph.D. candidate in Energy Resources Engineering at Stanford
University. His expertise is the study of the life-cycle greenhouse gas emissions from
unconventional petroleum resources. His previous work has been in utilizing operator
reported data to develop energy intensity and emissions profiles for the Alberta oil sands.
Current and Past Positions
Since 2013

Ph.D. Candidate, Energy Resources Engineering, Stanford University

2006 – 2011

QA analyst, Kosmix Corporations (currently @WalmartLabs)

Honors and Awards
2011

Stanford in Government Fellowship
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Laura C. Feinstein
California Council on Science and Technology
1130 K Street, Suite 280, Sacramento, CA 95814-3965
(530) 204 - 8325
laura.feinstein@ccst.us
Education
1994-1998
		

University of California at Berkeley, Berkeley, CA.
B.A. in Anthropology, 1998.

2006-2012

University of California at Davis, Davis, CA. Ph.D. in Ecology, 2012.

Research and Professional Experience
Dr. Feinstein has worked for the California Council on Science and Technology (CCST)
since January 2014. She previously served as a CCST Science and Technology Fellow with
the California Senate Committee on Environmental Quality. Her graduate student research
focused on the ecology and genetics of an invasive plant species in the San Francisco
Bay’s tidal wetlands. She has worked on a diverse array of ecological problems, including
restoration of coastal marshes, biogeochemical cycles in redwood forests, and the genetics
of adaptation. She has published and presented at numerous conferences on ecological
genetics and tidal wetland plant communities.
Current and Past Positions
Since 2014
		

Project Manager, Well Stimulation Technology in California, California
Council on Science and Technology (CCST)

2012-2014
Postdoctoral researcher, restoration of San Francisco Bay tidal marshes,
		U.C. Davis
2012-2013
		

CCST Science and Technology Policy Fellow with the California Senate
Committee on Environmental Quality

Honors and Awards
2007

CALFED Bay-Delta Science Fellow

2006

National Science Foundation Integrative Graduate Education and Research
Traineeship on Invasive Species Research Award

2006

California Native Plant Society Research Award
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William Foxall
Earth Sciences Division, MS 74R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-5082 fax: (510) 486-5686
bfoxall@lbl.gov
Education
1966-1969

Queen Mary College, University of London, UK. B.Sc. in Physics, 1969.

1974-1976

University of Washington, WA. M.S. in Geophysics, 1976.

1986-1992

University of California, Berkeley, CA. Ph.D. in Geophysics, 1992.

Research and Professional Experience
Dr. Foxall has led induced seismicity research activities in the Earth Sciences Division
Lawrence Berkeley National Laboratory since 2013. His expertise is in seismic source
physics and wave propagation, seismic hazard analysis, and measurement and inversion
of deformation in the Earth. Dr. Foxall’s most recent work has been on physics-based
simulation approaches to seismic hazard assessment for induced seismicity related to
CO2 sequestration, and analysis of induced seismicity related to enhanced geothermal
systems and unconventional oil and gas recovery. Other recent work was on inversion of
ground surface deformation for imaging fluid flow in CO2, oil and geothermal reservoirs,
and for characterization of underground facilities. He has also conducted research
into joint inversion of seismic and acoustic data for determination of explosive yield.
Dr. Foxall has authored and coauthored more than 30 peer-reviewed journal articles and
conference publications.
Current and Past Positions
Since 2013
		

Senior Geological Scientist, Earth Sciences Division, Lawrence Berkeley
National Laboratory (LBNL)

1996 – 2013

Physicist, Lawrence Livermore National Laboratory (LLNL)

1996 – 1999

Visiting Research Geophysicist, University of California, Berkeley

1995 – 1996

Staff Scientist, Lawrence Berkeley National Laboratory

1992 – 1995

Postdoctoral Fellow, Lawrence Berkeley National Laboratory
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1986 – 1992
Graduate Student Research Assistant, Lawrence Berkeley
		National Laboratory
1983 – 1992

Seismological Consultant

1976 – 1983

Seismologist, Woodward-Clyde Consultants, San Francisco, CA

Honors and Awards
1974

Fulbright Scholarship
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Amro Hamdoun
Marine Biology Research Division, Scripps Institution of Oceanography
University of California San Diego, La Jolla, CA 92037
(858) 822-5839
Hamdoun@ucsd.edu
hamdounlab.org
Education
1990-1996

University of California, Davis, CA. B.S. in Animal Science.

1998-2003

University of California, Davis, CA. Ph.D. in Physiology.

2003-2008

Stanford University, NIH NRSA Postdoctoral Fellow.

Research and Professional Experience
Dr. Hamdoun is an Assistant Professor at Scripps Institution of Oceanography who studies
cellular mechanisms of defense against toxicants, and developmental biology of sea urchins.
His toxicology research focuses on cellular mechanisms of chemical recognition and elimination
mediated by drug transporters. Recent studies focus on the global distribution persistent
organic pollutants in fish and their molecular interactions with the drug transporter ABCB1.
Dr. Hamdoun has published 20 peer-reviewed articles, and served as reviewer for more
than 30 journals and granting agencies.
Current and Past Positions
2009-2015
		

Assistant Professor, Scripps Institution of Oceanography, University of
California at San Diego.

2008-2009

Research Instructor, Stanford University School of Medicine.

2005-2008
		

Ruth L. Kirchstein NIH-NRSA Postdoctoral Fellow, Hopkins Marine
Station of Stanford University.
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Honors and Awards
2010

Poptech Science and Public Leadership Fellow.

2009

Charles Kennel Career Development Award, Scripps Institution of Oceanography.

2008

Mount Desert Island Biological Laboratories, New Investigator Award.

2007-2013 NIH Pathway to Independence, Career Development Award.
2005-2007 NIH Ruth L. Kirchstein, National Research Service Award.
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Robert J. Harrison, MD, MPH
University Of California, San Francisco
Division Of Occupational And Environmental Medicine
(415) 885-7580 Fax (415) 771- 4472
Robert.Harrison@Ucsf.Edu

Education
1971-1975

University of Rochester, Rochester, NY. B.A. in History, 1975

1975-1979

Albert Einstein College of Medicine, Bronx, NY. MD, 1979

1982-1983

University of California, Berkeley. MPH in Environmental Health, 1983

Postgraduate Medical Training
1979-1980
		

Medical Intern, Internal Medicine Residency Program, Mount Zion
Hospital, San Francisco

1980-1982
		

Medical Resident, Internal Medicine Residency Program, Mount Zion
Hospital, San Francisco

1982-1984
		

Resident in Occupational Medicine, Department of Medicine, University
of California, San Francisco

Research and Professional Experience
Dr. Harrison has been on the faculty at the University of California, San Francisco, in
the Division of Occupational and Environmental Medicine since 1984. He established
the UCSF Occupational Health Services, where he has diagnosed and treated thousands
of work and environmental injuries and illnesses. He has designed and implemented
numerous medical monitoring programs for workplace exposures, and has consulted widely
with employers, health care professionals, and labor organizations on the prevention of
work-related injuries and illnesses. Dr. Harrison has led many work and environmental
investigations of disease outbreaks. He has served on many occasions as a technical and
scientific consultant to Federal OSHA and CDC/NIOSH, and was a member of the California
Occupational Safety and Health Standards Board. He is currently the Director of the
NIOSH-funded Occupational Health Internship Program, and Associate Director of the UCSF
Occupational and Environmental Medicine Residency Program. His research interests
include the collection and analyses of California and national data on the incidence
of work-related injuries and illnesses. Dr. Harrison has authored or co-authored more
than 50 peer-reviewed journal articles, and more than 40 book chapters/contributed
articles/letters to the editor. He is the co-editor of the most recent edition of the textbook
Occupational and Environmental Medicine (McGraw-Hill Education, New York, NY, 2014).
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Current and Previous Professional Experience
1984-present

Clinical Professor of Medicine, University of California, San Francisco

1985-present
		

Chief, Occupational Health Surveillance and Evaluation Program,
California Department of Public Health

2002-2006

Medical Director, Community Occupational Health Program

1985-1998

Medical Director, UCSF Employee Health Services

1994-1995
		

Acting Chief, Occupational Health Branch, California Department
of Health Services

1984-1998
		

Medical Director, Occupational Medicine Clinic,
University of California, San Francisco

1983-1984

Acting Chief, Occupational Health Clinic, San Francisco General Hospital

1982-1984
		

Attending Physician, Center for Municipal Occupational Safety and Health,
San Francisco General Hospital
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Jake Hays
Director, Environmental Health Program
PSE Healthy Energy, New York, NY
Research Associate
Weill Cornell Medical College, New York, NY
(401) 742 4303
hays@psehealthyenergy.org
http://www.psehealthyenergy.org/site/view/100
Education
2002-2006

Connecticut College, New London, CT. B.A. in Philosophy, 2006.

2009-2011
University of Montana, Missoula, MT. M.A. in Environmental
		Philosophy, 2011.
2013-2017

Fordham University School of Law, New York, NY. J.D., expected 2017.

Research and Professional Experience
Mr. Hays has worked as a program director at PSE Healthy Energy since 2011. His
expertise is in the environmental and public health dimensions of unconventional oil
and gas development. Mr. Hays has authored numerous scientific reports, analyses,
and commentaries on this topic, including eleven peer-reviewed articles published in
environmental science, public health, and medical journals. He has also designed and
maintained a near-exhaustive public citation database of all the peer-reviewed scientific
literature on shale and tight gas development.
Current and Past Positions
Since 2011

Director, Environmental Health Program, PSE Healthy Energy, New York, NY

Since 2011

Research Associate, Weill Cornell Medical College, New York, NY

2014		

Legal Intern, Natural Resources Defense Council, New York, NY

2009-2011

Graduate Teaching Assistant, University of Montana, Missoula, MT
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Honors and Awards
2014

Mary Daly Scholar, Fordham University School of Law

2013

Stein Scholar, Fordham University School of Law

2011

Cynthia Herbig Award, University of Montana

2011

Fitzgerald Library Scholarship Award, University of Montana

2010

Award for Outstanding Presentation at Graduate Student/Faculty Research
Conference, University of Montana

2006

Professor Lester Reiss Prize for Excellence in Metaphysics/Epistemology,
Connecticut College
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Matthew G. Heberger
Pacific Institute
654 13th Street, Oakland, CA 94612
Tel: 510-251-1600 x128, Fax: 510-251-2203
Mheberger@pacinst.org
http://www.pacinst.org/
Education
1992–1996
Cornell University, Ithaca, New York. B.S. in Agricultural and Biological
		Engineering, 1996.
2001–2003
Tufts University, Medford, Massachusetts. M.S. in Water Resources
		Engineering, 2003.
Research and Professional Experience
Mr. Heberger has been a research associate in the Water Program of the Pacific Institute
since 2007. He is a water resource engineer and hydrologist specializing in hydraulic,
hydrologic, and water quality analyses and modeling, the nexus between water and
energy, and impacts of climate change on water resources. Prior to joining the institute,
Mr. Heberger worked as a consulting engineer at the consulting firm of Camp, Dresser,
and McKee (CDM), where he was responsible for building and calibrating rainfall-runoff,
hydraulic and water quality models for major waterways across the US.
Current and Past Positions
Since 2007

Research Associate, Pacific Institute, Oakland, California

2003 – 2007
Water Resources Engineer, Camp Dresser & McKee,
		Cambridge, Massachusetts
2001 – 2003
		

Research Assistant, Department of Civil and Environmental Engineering,
Tufts University, Medford, Massachusetts

1999 – 2001
		

Coordinator, International Network on Participatory Irrigation
Management, Washington, DC

1996 – 1998
		

Water and Sanitation Extension Agent, United States Peace Corps,
Mali, West Africa
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Honors and Awards
2007

Registered Professional Engineer, Commonwealth of Massachusetts

2004

Certified Floodplain Manager, Association of State Floodplain Managers
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James E. Houseworth
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6459 fax: (510) 486-5686
jehouseworth@lbl.gov
http://esd.lbl.gov/about/staff/jameshouseworth/
Education
1973-1977
California Institute of Technology, Pasadena, CA. B.S. in Environmental
		Engineering, 1977.
1977-1978
California Institute of Technology, Pasadena, CA. M.S. in Environmental
		Engineering, 1978.
1979-1984
California Institute of Technology, Pasadena, CA. Ph.D. in Environmental
		Engineering, 1984.
Research and Professional Experience
Dr. Houseworth has been a program manager in the Earth Sciences Division of Lawrence
Berkeley National Laboratory (LBNL) since 2000. His expertise is in single and multiphase
flow and solute transport in porous and fractured geologic media, and he has worked
on applications to petroleum recovery, nuclear waste disposal, and geologic CO2
sequestration. His most recent work has centered on nuclear waste disposal in argillaceous
rock, CO2/brine leakage from geologic storage reservoirs, and risk assessments of
petroleum recovery operations. Dr. Houseworth has authored over 30 peer-reviewed
journal articles and conference publications.
Current and Past Positions
Since 2000
Program Manager, Earth Sciences Division, Lawrence Berkeley National
		Laboratory (LBNL)
1997 – 2000
		

Technical Systems Manager II, Duke Engineering and Services,
Las Vegas, Nevada

1992 – 1997

Senior Staff Consultant, INTERA Inc., Las Vegas, Nevada

1984 – 1992
		

Research Engineer, Chevron Oil Field Research Company,
La Habra, California

1979 – 1980

Engineer, Bechtel Inc., San Francisco, California
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Honors and Awards
2012		

Director’s Award for Exceptional Achievement (TOUGH codes), by LBNL

2007, 2006

Outstanding Performance Award, by LBNL

1984		

Ph.D. thesis—Richard Bruce Chapman Memorial Award
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Ling Jin
Energy System and Environmental Impact Division, MS 90-2002E
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
telephone: (510) 495-2177
ljin@lbl.gov
http://eetd.lbl.gov/people/ling-jin
Education
1997-2001

B.S. in Physical Geography, Peking University, PR China.

2001-2003

M.S. in Energy and Resources and M.A. in Statistics, UC Berkeley.

2003-2008

Ph.D. in Energy and Resources, UC Berkeley.

Research and Professional Experience
Dr. Jin is a Project Scientist at Lawrence Berkeley National Laboratory (LBNL). She
received a Ph.D. in Energy and Resources and a M.A. in Statistics both from the University
of California Berkeley. Dr. Jin has over a decade long research experience in atmospheric
sciences and multidisciplinary studies. She specializes in chemical transport modeling
of ozone and particulate matters, atmospheric sensitivity analysis and modeling tool
development, air quality management in California and advanced statistical analysis of
environmental and energy data. She is currently a Co-PI and technical lead of modeling in
a multi-year bio-energy project that enables the deployment for municipal solid waste-toenergy. She is also a data scientist in the behavioral analytics team. Dr. Jin has authored
over 10 peer-reviewed journal articles in areas of climate change, air pollution, economics,
and water resources management.
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Preston D. Jordan
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6774, fax: (510) 486-5686
pdjordan@lbl.gov
Education
1982-1987

University of California, Berkeley, B.A., Geology, 1988

1996-1997
University of California, Berkeley, M.S. in Eng. Sci., Geotechnical
		Engineering, 1997
Licenses
California Professional Geologist (since 1998)
California Certified Hydrogeologist (since 2007)
California Certified Engineering Geologist (since 2012)
Research Interests
Mr. Jordan has been a geologist in the Earth Sciences Division at Lawrence Berkeley
National Laboratory (LBNL) since 1990. In addition to his work on the current report,
he has advised the California State Water Resources Control Board regarding guidelines
for monitoring groundwater at well stimulation sites. Previously, he was the principal
investigator of a scientific assessment of onshore oil well stimulation in California for
the Bureau of Land Management state office. Prior to his work on well stimulation, he
researched the risk of geologic carbon storage, with a focus on assessing leakage risk.
His work on a risk assessment of one of the few industrial-scale geologic carbon storage
projects in the world led the operator to reduce the injection pressure. Mr. Jordan has coauthored over 15 peer-reviewed journal articles and conference papers.
Professional Experience
Since 1990
		

Staff Research Associate currently (after five promotions), Earth Sciences
Division, Lawrence Berkeley National Laboratory

1988-1989

Staff Geologist, Harlan Tait Associates, San Francisco

1988		
		

Field Geologist, Department of Geology and Geophysics,
University of California, Berkeley
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1987		
		

Assistant Field Geologist, Department of Geology and Geophysics,
University of California, Berkeley

Honors and Awards
2010

Outstanding Performance Award, by LBNL

1987

USGS/NAGT program nominee, by University of California, Berkeley
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Nathaniel J. Lindsey
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-5409 fax: (510) 486-5686
njlindsey@lbl.gov
Education
2006-2010
		

University of Rochester, Rochester, NY. B.S. in Alternative Energy and
Sustainable Engineering, 2010.

2011-2013

University of Edinburgh, Edinburgh, Scotland. M.Sc. in Geophysics, 2013

2015-		

University of California at Berkeley, Berkeley, CA. Ph.D. in Geophysics

Research and Professional Experience
Mr. Lindsey is a geophysicist in the Earth Sciences Division at Lawrence Berkeley National
Laboratory (LBNL). His research seeks to improve seismic methods that characterize
earthquake hazard, and apply seismic and electromagnetic geophysics to image the hightemperature hydrothermal fluid processes within geothermal energy reservoirs. Recently,
his work has centered on induced seismicity related to enhanced geothermal systems
in the western U.S., and 3-D magnetotelluric (MT) numerical simulation of geothermal
systems in Iceland, East Africa, New Zealand, and the United States.
Current and Past Positions
Since 2012
Research Associate, Earth Sciences Division, Lawrence Berkeley National
		Laboratory (LBNL)
2011 – 2012

US-UK Fulbright Scholar, School of GeoSciences, University of Edinburgh

2010 – 2011
		

Researcher, Department of Seismology, Geology, & Tectonophysics,
Lamont-Doherty Earth Observatory, Columbia University

2010		
NSF Research Experience for Undergraduates (REU) Intern, Summer of
		Applied Geophysical Experience Program, Los Alamos National Laboratory
2010		

NSF REU Intern, Department of Physics, University of Rochester

2009		

Summer Undergraduate Laboratory Intern, Earth Sciences Division, LBNL

2008		

NSF REU Intern, Department of Chemistry, University of Rochester
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Honors and Awards
2015

Graduate Research Fellowship, National Science Foundation

2014

Best Presentation Award, Geothermal Resources Council Annual Meeting

2011

Fulbright Scholarship (UK)

2010

Dean’s Prize for Undergraduate Research, University of Rochester

2009

Outstanding Commitment to Action, Clinton Global Initiative University
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Dr. Jane C. S. Long
California Council on Science and Technology
1130 K Street, Suite 280, Sacramento, CA 95814
916-492-0096
Dr. Long currently focuses on strategic approaches to the climate change problem. She has
led efforts to define energy systems with radical emission cuts that can feasibly be built by
mid-century. In recognition that the outcomes of climate change might become extremely
severe, she leads a national effort to begin research on intentional modification of the
climate: geoengineering. Dr. Long also works to bring a factual basis to the debate about
hydraulic fracturing and to develop standards for safe practice.
Dr. Long recently retired from Lawrence Livermore National Laboratory as Principal
Associate Director at Large. Her leadership was focused on insuring that energy research
was coordinated with climate research, and the directorate she led was not merely
describing the climate problem, but developing solutions to this problem. Outside of the
Lab, she was co-chair of the Task Force on Geoengineering for the Bipartisan Policy Center
that issued a report recommending that the U.S. begin research on this topic. She led the
effort to propose concrete steps the government can take to start research that will be
featured in an upcoming “Comment” piece in Nature. These steps recommend governance
appropriate for this controversial topic, including review of scientific and social merit, risk
assessment, transparency and vested interests management and legal constructs.
She is chairman of the California Council on Science and Technology’s California’s
Energy Future committee, which produced a series of reports designed to show if and
how California could reduce emissions by 80% by 2050. These reports contained a
methodology—a four-step process—for thinking about this problem that has had influence
well beyond the California borders. Many advocates or plans for a new energy system do
not take feasibility into account, and they often use questionable accounting in counting
emissions. The methodology contained in these reports explicitly assesses feasibility and
presents an accounting framework for ensuring emission reductions are all counted and
counted once. Dr. Long wrote the summary report in language understandable by policy
makers; this report is cited frequently, and she has presented the material in many places
throughout the country.
She is now on the board of the Center for Sustainable Shale Gas Development in
Pennsylvania, an organization formed to provide voluntary environmental certification for
hydraulic fracturing operators. On this board, she has worked to help develop a standard
for wastewater treatment and disposal, perhaps the most difficult environmental problem
associated with hydraulic fracturing. She is the lead for a legislatively mandated study of
hydraulic fracturing in the state of California. This multimillion dollar assessment includes
a large team of scientists. In this role, she has served as the bridge between science and
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policy—by working with scientists to tailor highly technical assessments to the public
concerns, and to both communicate issues not usually discussed but which are important,
and identify issues often discussed but which in reality are not important.
As the Dean of the Mackay School of Mines, Dr. Long started the Director of the Great
Basin Center for Geothermal Energy, and through her initiative, the state instituted the
Task Force on Renewable Energy and Energy Conservation, which was the first time
Nevada had a state body devoted to promoting these technologies. She also initiated
the Mining Life-Cycle Center designed to act like an extension service in promoting
sustainable practice to the mining industry. Dr. Long also worked at Lawrence Berkeley
National Laboratory, leading teams to clean up environmental contamination, develop
geothermal energy, and store nuclear waste.
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Randy L. Maddalena
Energy Analysis and Environmental Impacts Division, MS 70-108B
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-4924 fax: (510) 486-6996
rlmaddalena@lbl.gov
Education
1992

University of California, Davis, B.S. Environmental Toxicology

1998

University of California, Davis, Ph.D. Agricultural and Environmental Chemistry

Research and Professional Experience
Dr. Maddalena’s research focus at LBNL is on environmental fate and transport processes
and multi-pathway exposure assessment for organic chemicals combining modeling, bench
scale experimentation and field observational studies applying a range of environmental
analytical chemistry techniques. His recent research has focused on characterizing
indoor pollutant emission sources from a range of activities and materials, identifying
sources of indoor pollutants in FEMA trailers, characterizing exposure concentrations of
insecticides on passenger aircraft, developing sampling and modeling tools for assessing
indoor exposures to semi-volatile organic compounds, characterizing sulfur gas emission
from Chinese drywall, and quantifying particle emission from Mongolian space heating
stoves. Other research projects focus primarily on indoor air quality measurements and
the development of environmental sampling and analytical chemistry methods to support
research on the fate and exposure characterization for a range of pollutants.
Current and Past Positions
Since 1998
		

Research Scientist, Lawrence Berkeley Lab, Environmental Energy
Technology Division, Berkeley, CA

1996 – 1998
		
		

Graduate Student Research Associate, Energy and Environment Division,
Ernest Orlando Lawrence Berkeley National Laboratory, University of
California, Berkeley, CA 94720

1992 – 1997
		

Post Graduate Researcher, Risk Science Program, Department of
Environmental Toxicology, University of California, Davis CA 95616

1992 – 1992

Staff Toxicologist, EMCON Associates, Sacramento, CA 95834

1988 – 1992

General Building Contractor, Groveland California, 95694

1980 – 1988

General Building Contractor, Palmer Alaska, 99645
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Honors and Awards
The Honors Society of Phi Kappa Phi (1992-) by election of the Chapter at University of
California, Davis;
Graduate Student Representative, Graduate Group in Agricultural and Environmental
Chemistry, University of California, Davis (June 1995-June 1996)
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Thomas E. McKone
Energy Analysis and Environmental Impacts Division
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6163 fax: (510) 486-5928
temckone@LBL.gov
http://eetd.lbl.gov/people/thomas-mckone
Education
University of St. Thomas, St. Paul, MN; B.A. in Chemistry, 1974.
University of California, Los Angeles, CA; M.S. in Nuclear Engineering,1977.
University of California, Los Angeles, CA; Ph.D. in Nuclear Engineering, 1981.
Research and Professional Experience
Dr. McKone, is a senior staff scientist and Deputy for Research Programs in the Energy
Analysis and Environmental Impacts Division at the Lawrence Berkeley National
Laboratory (LBNL) and Professor of Environmental Health Sciences at the University of
California, Berkeley School of Public Health. At LNBL he leads the Sustainable Energy
Systems Group. His research focuses on the development, use, and evaluation of
models and data for human-health and ecological risk assessments and the health and
environmental impacts of energy, industrial, and agricultural systems. Outside of Berkeley,
he has served six years on the EPA Science Advisory Board, has been a member of more
than a dozen National Academy of Sciences (NAS) committees including the Board on
Environmental Studies and Toxicology, and has been on consultant committees for the
Organization for Economic Cooperation and Development (OECD), the World Health
Organization, the International Atomic Energy Agency, and the Food and Agriculture
Organization.
Research and Professional Experience (Recent)
Since 2011
		
		

Senior Scientist; Group Leader, Sustainable Energy Systems Group; and
Deputy for Research Programs, Energy Analysis and Environmental
Impacts Division, LBNL.

2000 – 2011
Senior Scientist; Group Leader, Environmental Chemistry Exposure and
		
Risk Group; and Deputy Department Head, Indoor Environment
		Department, LBNL.
1996 – 2000
		

Staff Scientist and Group Leader, Exposure and Risk Analysis Group,
Environmental Energy Technologies Division, LBNL.
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Since 1996
		

Professor and Research Scientist, School of Public Health,
University of California, Berkeley.

Honors and AwardsMcKone is a Fellow of the Society of Risk Analysis and has received
two major awards from the International Society of Exposure Analysis—one for lifetime
achievement in exposure science research and one for research that has impacted major
international and national environmental policies.

499

Volume II, Appendix C

Dev E. Millstein
Energy Analysis and Environmental Impacts Division, MS 90-R2002
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-4556 fax: (510) 486-5928
dmillstein@lbl.gov
Education
1998-2002

Vassar College, Poughkeepsie, NY. B.A. in Economics, 2002.

2004-2005
University of California, Berkeley, CA. M.S. in Civil and Environmental
		Engineering, 2005.
2005-2009
University of California, Berkeley, CA. Ph.D. in Civil and Environmental
		Engineering, 2009.
Research and Professional Experience
Dr. Millstein is a project scientist in the Energy Analysis and Environmental Impacts
Division of Lawrence Berkeley National Laboratory (LBNL). His expertise is in air quality
and meteorological modeling as well as emissions inventory development. His most recent
work has centered on evaluating the air quality benefits of integrating renewable energy
into the U.S. power grid. Other recent work has included co-developing a spatially explicit
methane emissions inventory for oil and gas operations in California. Dr. Millstein has
authored over 12 peer-reviewed journal articles and conference publications.
Current and past Positions
Since 2013
		

Project Scientist, Energy Analysis and Environmental Impacts Division,
Lawrence Berkeley National Laboratory (LBNL)

2010 – 2013
		

Postdoctoral Fellow, Environmental Energy Technologies Division,
Lawrence Berkeley National Laboratory (LBNL)
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Sascha C. T. Nicklisch
Marine Biology Research Division,
Scripps Institution of Oceanography,
University of California San Diego, La Jolla, CA 92093-0202,
Phone: (805) 705-6313
snicklisch@ucsd.edu

Education
1999-2005
		

University of Cologne, Cologne, Germany. Diplom (eq. B.S. + M.S.)
in Biology, 2005.

2005-2008

University of Cologne, Cologne, Germany. Ph.D. in Biochemistry, 2008.

Research and Professional Experience
Dr. Nicklisch worked in marine biology since 2010 and has been a postdoctoral fellow at
Scripps Institution of Oceanography since 2012. With a Ph.D. in biochemistry and over
10 years of research experience, he has actively pursued both basic and applied research,
in Germany and the U.S. His main expertise is in protein biochemistry, structural biology
and aquatic toxicology. His most recent work focused on the molecular interactions of
persistent organic pollutants (POPs) with transport proteins in sea urchins, tuna, and
mouse. Dr. Nicklisch’s work has been presented in more than 20 conferences and he has
10 publications in peer-reviewed journals.
Current and Past Positions
Since 2012
		

Postdoctoral Researcher, Scripps Institution of Oceanography,
UC San Diego

2010-2012
		

Postdoctoral Researcher, University of California, Santa Barbara,
Santa Barbara, California

2009		

Research Associate, University of Osnabrück, Osnabruck, Germany

2002-2004

Research Assistant, Bayer Cropscience, Monheim, Germany
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Scott E. Phillips
Dept. of Biological Sciences, Endangered Species Recovery Program
California State University, Stanislaus, Turlock, CA 95382
(209) 664-6686
sphillips@esrp.csustan.edu
http://esrp.csustan.edu/
Education
1989 – 1993

California State University, Fresno, Fresno, CA. B.A. in Geography, 1993.

1993 – 1997

California State University, Fresno, Fresno, CA. M.A. in Geography, 1997.

2007 – 2013

UC Davis, Geography Graduate Group

Research and Professional Experience
Scott Phillips has been a geographic information systems analyst for the Endangered
Species Recovery program at California State University, Stanislaus since 1996. His work
mostly centers on measuring and mapping of habitat quality for special-status species in
human-impacted environments of the San Joaquin Valley of California.
Current and Past Positions
Since 2003

GIS Manager, CSU Stanislaus—Endangered Species Recovery Program

Since 2015

Professor of Geography, Merced College

2010 – 2015

Adjunct Professor of Geography, Merced College

1996 – 2003

GIS Analyst, CSU Stanislaus—Endangered Species Recovery Program
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Matthew T. Reagan
Earth Sciences Division, MS 74R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
ph: (510) 486-6517, fax: (510) 486-5686
MTReagan@lbl.gov
Education
Massachusetts Institute of Technology, Cambridge, MA
Ph.D. in Chemical Engineering, September 2000
University of Pennsylvania, Philadelphia, PA
Bachelor of Science in Chemical Engineering, May 1994
Research Experience
Dr. Reagan has performed research on the thermodynamics, transport, and chemistry
of aqueous systems in the subsurface. His work has included research on the
thermodynamics of gas hydrates, gas production from methane hydrate systems, the
coupling of methane hydrates and global climate. He is a developer for the TOUGH+ and
TOUGH2 series of codes. Additional work includes simulation of subsurface CO2 injection,
data reduction and uncertainty quantification using statistical methods, development of
interactive tools for simulation pre- and post-processing, and the simulation of methane
production from shales. His most recent work involves the simulation of methane and
brine transport in fractured shale systems. Dr. Reagan has authored or co-authored over
30 peer-reviewed journal articles and over 25 conference papers and reports.
Current and Past Positions
Since 2010
		

Geological Research Scientist, Earth Science Division, Lawrence Berkeley
National Laboratory (LBNL)

2004-2010
Term Scientist, Earth Science Division, Lawrence Berkeley National
		Laboratory (LBNL)
2001-2004
		

Technical Staff, Combustion Research Facility, Sandia National
Laboratories - California

1995-2000

Research Assistant, Massachusetts Institute of Technology
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Whitney L. Sandelin
University of the Pacific
3601 Pacific Avenue
Stockton, CA 95211
wsandelin@u.pacific.edu
Education
2012-2014

University of the Pacific, M.S. in Environmental Engineering

2007-2011
University of California, Berkeley, B.A. Anthropology,
		Classical Civilizations
Research and Professional Experience
Ms. Sandelin has been a Research Associate with the Ecological Engineering Research
Program at the University of the Pacific since 2014. She also holds a Research Associate
position at Lawrence Berkeley National Laboratory. Her work has focused on water quality
and treatment of industrial and municipal wastewaters.
Current and Past Positions
Since 2014
		

Research Associate, Earth Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley CA

Since 2014
		

Research Associate, Ecological Engineering Research Program, University
of the Pacific, Stockton, CA

2012-2014
		

Graduate Research Assistant, Ecological Engineering Research Program,
University of the Pacific, Stockton, CA
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Seth B. C. Shonkoff
Executive Director, PSE Healthy Energy, Oakland, CA
Dept. of Environmental Science, Policy and Management, University of California, Berkeley
Energy Analysis and Environmental Impacts Division, Lawrence Berkeley National Laboratory,
(510) 899-9706
sshonkoff@psehealthyenergy.org
http://www.psehealthyenergy.org/site/view/816
http://ourenvironment.berkeley.edu/people_profiles/seth-berrin-shonkoff/
Education
1999 – 2003
Skidmore College, Saratoga Springs, NY. B.A. in Environmental
		Science, 2003.
2007 – 2008
University of California, Berkeley, Berkeley, CA. M.P.H. in
		Epidemiology, 2008.
2006 – 2012
		

University of California, Berkeley, Berkeley, CA. Ph.D. in Environmental
Science, Policy, and Management, 2012.

Research and Professional Experience
Dr. Shonkoff is the executive director of the energy science and policy institute, PSE
Healthy Energy. Dr. Shonkoff is also a visiting scholar in the Department of Environmental
Science, Policy and Management at UC Berkeley, and an affiliate in the Environment
Energy Technology Division at Lawrence Berkeley National Laboratory in Berkeley
California. An environmental and public health scientist by training, he has more
than 15 years of experience in water, air, climate, and population health research. Dr.
Shonkoff completed his Ph.D. in the Department of Environmental Science, Policy, and
Management and his MPH in epidemiology in the School of Public Health from the
University of California, Berkeley. He is a contributing author to the human health chapter
of The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5).
He has worked and published on topics related to the intersection of energy, air pollution,
water quality, climate, and human health from scientific and policy perspectives. Dr.
Shonkoff’s research also focuses on the development of the effectiveness of anthropogenic
climate change mitigation policies that generate socioeconomic and health co-benefits.
Dr. Shonkoff’s current work focuses on the human health, environmental and climate
dimensions of oil and gas development in the United States and abroad.
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Current and Past Positions
Since 2012

Executive Director, PSE Healthy Energy, Oakland, CA

Since 2012
		

Visiting Scholar, Department of Environmental Science, Policy and
Management, University of California, Berkeley, Berkeley, CA

Since 2014
		

Affiliate, Environment Energy and Technology Division, Lawrence
Berkeley National Laboratory, Berkeley, CA

2006 – 2012
		

Climate and Environmental Public Health Graduate Student Researcher,
University of California, Berkeley

2010 – 2010

Program Associate, Berkeley Air Monitoring Group, Berkeley, CA

2003 – 2006

Environmental Analyst, San Francisco Estuary Institute, Richmond, CA

Honors and Awards
Since 2014

Leader, Emerging Leaders Fund, Claneil Foundation, PA

Fall 2012
		

Outstanding Graduate Student Instructor Award,
University of California, Berkeley
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William T. Stringfellow, Ph.D.
Earth Sciences Division, MS 84-173
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
510-486-7903 fax: (510) 486-5686
wstringfellow@lbl.gov
Education
1990–1994 Ph.D., Environmental Sciences and Engineering (supporting program:
Microbial Physiology and Genetics), University of North Carolina at Chapel Hill.
1982–1984 M.S., Microbiology (minor: Aquatic Ecology), Virginia Polytechnic Institute
and State University, 1984.
1976–1980 B.S., Environmental Health, University of Georgia, 1980.
Research and Professional Experience
William T. Stringfellow is a Professor and Director of the Ecological Engineering Research
Program in the School of Engineering and Computer Science at the University of the
Pacific. He has a joint appointment as a Research Engineer at Lawrence Berkeley National
Laboratory where he is the Director of the Environmental Measurements Laboratory. Dr.
Stringfellow is an expert in water quality and industrial waste management. His recent
research includes evaluations of the sustainability of biomass energy facilities treating
agricultural wastes and investigating the water quality impacts of the Gulf of Mexico oil
spill. He is currently investigating the use of water treatment chemicals in the energy
industry, with an emphasis on understanding the environmental impacts of biocides. Dr.
Stringfellow has over 30 publications in the field of water quality and industrial waste
management.
Current and Past Positions
2004 to present: University of the Pacific, Ecological Engineering Research Program,
School of Engineering and Computer Science, Stockton, CA, Director,
EERP and Professor
2003 to present: Lawrence Berkeley National Laboratory, Environmental Measurements
Laboratory, Earth Sciences Division, Berkeley, CA, Director, EML
1996 to present: Lawrence Berkeley National Laboratory, Earth Sciences Division,
Berkeley, CA, Environmental Engineer
1988 to 1989:

Institut Pasteur, Departement d’Ecologie, Paris, France,
Stagiaire (Visiting Researcher)
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1983 to 1988:

Sybron Chemicals, Inc., Salem Research Facility, Salem, Virginia,
Senior Research Microbiologist

1980 to 1981:

Ecology and Environment, Inc., Decatur, Georgia,
Hazardous Waste Site Investigator

Awards
Outstanding Mentor Award, Lawrence Berkeley National Laboratory, 2001
Outstanding Mentor Award, Department of Energy, 2002
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Charuleka Varadharajan
Earth Sciences Division
Lawrence Berkeley National Lab, 1 Cyclotron Road, Berkeley, CA-94720
Ph: 510-495-8890
cvaradharajan@lbl.gov
http://esd.lbl.gov/about/staff/charulekavaradharajan/
Education
Doctor of Philosophy Civil and Environmental Engineering, Massachusetts Institute of
Technology, 2009
Master of Science Civil and Environmental Engineering, Massachusetts Institute of
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Appendix D

Glossary
Acid fracturing – a form of hydraulic fracture stimulation of a formation performed by
injecting the acid over the parting pressure of the rock and using the acid to etch channels
in the fracture face.
Androgens – steroid hormones that promote the development and maintenance of male
characteristics of the body.
Anti-androgens – a substance that can prevent the full expression of androgen.
Anti-estrogens – a substance that can prevent the full expression of estrogen.
Aquifer – a zone of saturated rock or soil through which water can easily move.
Bactericide – a product that kills bacteria in the water or on the surface of the pipe.
Basement faults – faults that occur in the undifferentiated assemblage of rock underlying
the oldest stratified rocks in any region.
Basement rock – the undifferentiated assemblage of rock underlying the oldest stratified
rocks in any region.
Bedding planes – surfaces that separate sedimentary layers in a rock. The beds are
distinguished from each other by grain size and composition, such as in shale and
sandstone. Subtle changes, such as beds richer in iron oxide, help distinguish bedding.
Most beds are deposited essentially horizontally.
Biogenic methane – methane produced as a direct consequence of bacterial activity.
Biomarkers – complex molecular fossils used to correlate crude oil and petroleum
source rocks, provide information on the type of organic matter, and characterize the
thermal maturity.
Borehole cuttings – the small chips and fines generated by drilling through a formation
with a drill bit. Most of the cuttings are removed from the drilling mud as the fluid pass
through the solids control equipment (e.g., shakers, screens, cyclones, etc.,) at the surface.
Brittle – a rock characteristic that implies mechanical failure in the form of a fracture
created with little or no plastic deformation.
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BTEX (benzene, toluene, ethylbenzene, and xylene) – volatile aromatic compounds
typically found in petroleum products such as gasoline and diesel fuel.
Buffer – a chemical used to maintain the pH of a solution within a limited range.
Cations – positively charged ions.
Chemical Abstracts Service (CAS) number – a unique numeric identifier, designates
only one substance, has no chemical significance, and is a link to a wealth of information
about a specific chemical substance within the CAS registry.
Chimneys – vertically oriented geological structures that may be circular or subcircular
in planform if associated with faults, or may be more dispersed laterally if not associated
with faults. Chimneys form from gas migration processes and are often found in
association with mud volcanoes.
Class II wells – used for injection/disposal of fluids associated with oil and natural gas
production. Most of the injected fluid is salt water (brine), which is brought to the surface
in the process of producing (extracting) oil and gas. In addition, brine and other fluids are
injected to enhance (improve) oil and gas production.
Clay stabilizer – a chemical additive used to prevent clay destabilization that results in
clay migration or swelling caused by a reaction to an aqueous fluid.
Conductor casing – generally, the first string of casing in a well. It may be lowered into
a hole drilled into the formations near the surface and cemented in place, or it may be
driven into the ground by a special pile driver. Its purpose is to prevent the soft formations
near the surface from caving in and to conduct drilling mud from the bottom of the hole
to the surface when drilling starts.
Conventional reservoir – reservoirs that may be produced commercially without altering
the reservoir permeability or associated hydrocarbon viscosity.
Corrosion inhibitor – a chemical or mixture of chemicals that prevents or reduces corrosion.
Coulomb criterion – a criterion for rock failure as a function of the normal and shear
stress conditions.
Cross-link gel fracturing fluid – is generally an aqueous fluid containing a gelling agent
like guar or xanthan and a crosslinker. It has even greater viscosity than a gel fracturing fluid.
Crosslinker – A substance that promotes or regulates intermolecular covalent bonding
between polymer chains, linking them together to create a larger structure.
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Diagenetic – physical and chemical changes that affect sedimentary deposits during burial
and may culminate in lithification, i.e., turning sediment into solid rock.
Diagenetic trap – a trap formed as a result of diagenetic alteration of rocks within a
sedimentary basin, resulting in decreased permeability.
Diatomite – a fine, soft, siliceous sedimentary rock composed chiefly of the silica-rich
remains of diatoms.
Dip – A measure of the angle between the flat horizon and the slope of a sedimentary
layer, fault plane, metamorphic foliation, or other geologic structure.
Directional drilling – drilling the wellbore in a planned angle of deviation or trajectory
other than vertical.
Dissolved Organic Carbon (DOC) – mass of organic carbon from a measured water
sample that is dissolved or colloidal that can pass through a filter, typically a 0.4 to 0.7
micron filter
Dolomites – carbonate rocks made up of dolomite (CaMg(CaCO3)2).
Downdip – located down the dip of a sloping planar surface.
Drilling mud – the fluid (water, oil, or gas based) circulated through the wellbore during
rotary drilling and workover operations that is used to establish well control, transport
cuttings to the surface, provide fluid loss control, lubricate the string, and cool the bottomhole assembly.
Ductile – a rock characteristic that implies mechanical failure in the form of a fracture
created with a large amount of plastic deformation.
Earthquake magnitude – a measure of the amount of energy released during an
earthquake, such as the Richter scale.
Effective stress – the total stress minus the pore pressure.
Endocrine-disrupting compounds – chemicals that may interfere with the body’s
endocrine system and produce adverse developmental, reproductive, neurological, and
immune effects in both humans and wildlife.
EPA maximum contaminant level (MCL) – threshold concentration of a contaminant
above which water is not suitable for drinking.
Epicenter – a point, directly above the true center of disturbance at the Earth’s surface,
from which the shock waves of an earthquake apparently radiate.
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Estrogens – steroid hormones that promote the development and maintenance of female
characteristics of the body.
Evaporative emissions – hydrocarbons released into the atmosphere through evaporation
from equipment or storage facilities.
Fault – a fracture in the Earth in which one side has moved relative to the other.
Flaring – the combustion of unwanted gases produced by an oil well.
Flowback – fracturing fluid, perhaps mixed with formation water and traces of
hydrocarbon, that flows back to the surface after the completion of hydraulic fracturing.
Foaming agent – a material that facilitates formation of foam.
Formation – a body of rock of considerable extent with distinctive characteristics that
allow geologists to map, describe, and name it.
Fracture aperture – the distance between fracture faces.
Fracture height – the vertical extent of a fracture.
Fracture length – the horizontal extent of a fracture.
Fracture propagation – enlargement or extension of a crack in a solid material.
Friction reducer – a material, usually a polymer, that reduces the friction of flowing fluid
in a conduit.
Fugitive emissions – emissions of gases or vapors due to leaks and other unintended or
irregular releases.
Gel fracturing fluid – generally an aqueous fluid containing a gelling agent like guar or
xanthan. It has an enhanced viscosity relative to slickwater fracturing fluids.
Globally Harmonized System of Classification and Labeling of Chemicals (GHS) – a
worldwide initiative to promote standard criteria for classifying chemicals according to
their health, physical, and environmental hazards.
Greenhouse gas emissions (GHG) – emissions of gases such as CO2 and methane that
trap heat in the atmosphere.
Horizontal drilling – a well drilled in a manner to reach an angle of 90 degrees relative
to a level plane at its departure point at the surface. In practice, the horizontal section of
most horizontal wells varies by several degrees.
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Hybrid fracturing – hydraulic fracturing that utilizes more than one type of fracturing
fluid for a given stage.
Hydraulic diffusivity coefficient – the ratio of the hydraulic conductivity to the volume
of water that a unit volume of saturated soil or rock releases from storage per unit decline
in hydraulic head. It is a parameter that combines transmission characteristics and the
storage properties of a porous medium.
Hydraulic fracturing – an operation in which a specially blended liquid is pumped down
a well and into a formation under pressure high enough to cause the formation to crack
open, forming passages through which oil can flow into the wellbore.
Hydrostatic pressure – the pore pressure that results from the static weight of pore fluid
above the point of interest.
Induced seismicity – earthquakes caused by human activities.
Intercalated turbiditic sandstones – sandstones deposited from a turbidity current (an
underwater current flowing downslope owing to the weight of sediment it carries) that are
alternately layered between other rock types.
Intermediate casing – the casing set in a well after the surface casing but before
production casing to keep the hole from caving and to seal off formations.
Iron control agent – a chemical that controls the precipitation of iron from solution.
Kelly – the heavy square or hexagonal steel member suspended from the swivel through
the rotary table and connected to the topmost joint of drill pipe to turn the drill stem as
the rotary table turns.
Kerogen – solid, insoluble organic material in shale and other sedimentary rock that
yields oil and/or gas upon heating.
Lithology – the physical characteristics (e.g., mineral content, grain size, texture and
color) of a rock or stratigraphic unit.
Matrix acidizing – use of a mineral acid (typically hydrochloric acid (HCl) or HCl in
combination with hydrofluoric acid (HF)) or an organic acid (typically acetic or formic) to
remove damage or stimulate the permeability of a formation.
Maturation – the chemical transformation of kerogen into petroleum fluids.
Median lethal dose (LD50) – the dose required to kill half the members of a tested
population after a specified test duration.
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Microearthquakes – an earthquake of low intensity with a magnitude of 2 or less on the
Richter scale.
Microscanner log – a geophysical measurement record from a downhole instrument that
consists of four orthogonal imaging pads containing microelectrodes in direct contact with
the borehole wall. It is used for mapping of bedding planes, fractures, faults, foliations,
and other formation structures and dip determination.
Microseismic monitoring – a method of tracking a fracture by listening for the sounds of
shear fracturing in the formation during the hydraulic fracturing process.
Migrated oil – oil that has moved from source rock to reservoir rock.
Miocene – the geologic time ranging from about 23 to 5.3 million years ago.
MODFLOW – the USGS’s three-dimensional (3D) finite-difference groundwater model.
Multi-stage hydraulic fracturing – hydraulic fracturing conducted repeatedly in isolated
segments along the length of the well’s production interval.
Nanoparticles – a microscopic particle of matter that is measured on the nanoscale,
usually less than 100 nanometers.
Normal stress – the internal forces per unit area that are exerted in a material object and
are also perpendicular to the selected area.
Oil window - the temperature and pressure ranges under which the organic matter in
organic-rich sedimentary rocks is transformed into petroleum fluids.
Opening mode fractures – a fracture that opens in response to tensile stress, i.e., a stress
that acts to pull a material object apart.
Organic shales – organic-rich shales.
Overburden – the rock layers lying above a point of interest in the subsurface.
Oxides of nitrogen (NOx) – consist of nitric oxide (NO), nitrogen dioxide (NO2) and
nitrous oxide (N2O).
Ozone precursors – chemical compounds (such as carbon monoxide, methane, nonmethane hydrocarbons, and nitrogen oxides) that, in the presence of solar radiation, react
with other chemical compounds to form ozone.
Particulate matter (PM) and PM2.5 – a complex mixture of extremely small particles and
liquid droplets. PM2.5 consist of particles less than 2.5 microns in diameter.
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Permeability – the ability of a rock or other material to allow fluid flow through its
interconnected spaces.
pH adjuster – chemical agents to reduce, or to increase, the acidity of a solution.
Phosphatic shales – phosphate-rich shales.
Pipes – vertically oriented geologic structures commonly circular or subcircular in
planform that may have formed as a result of hydrothermal activity, overpressure, or
dissolution processes.
Play – hydrocarbon reservoirs within the same region that have common sourcing and
trapping mechanisms.
Pore pressure – the normal stress exerted by pore fluids on the porous medium.
Poromechanical effects – phenomena that occur in porous materials whose mechanical
behavior is significantly influenced by the pore fluid.
Portland cement – a general class of hydraulic cements (cements that can harden under
water) usually made by burning a mixture of limestone and clay in a kiln and pulverizing
into a powder.
Precipitate – a solid substance formed from a liquid solution during a chemical process.
Produced water – water, ranging from fresh to salty, produced with the hydrocarbons as
a result of pressure drawdown and flow through the petroleum reservoir.
Production casing – the last string of casing set in a well that straddles and isolates the
producing interval, inside of which is usually suspended a tubing string.
Production liner – similar to casing pipe but does not extend back to the ground surface.
Liners may or may not be cemented.
Propagation of water front – the movement of a constant water saturation level through
a porous medium.
Proppant – well sorted and consistently sized sand or man-made materials that are
injected with the fracturing fluid to hold the fracture faces apart after pressure is released.
Quaternary fault – a fault that formed sometime between the present and about 2.6
million years ago.
Radiogenic material – material produced by radioactive decay.
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Redox conditions – a quantitative description of the environment in question with respect
to be oxidizing or reducing.
Reservoir – a subsurface accumulation of hydrocarbon fluids that resides in rock pores
and fractures.
Scale inhibitor – a chemical that prevents scale from forming in scale mineral saturated
produced waters.
Sedimentary basin – a depression in the Earth’s surface that collects sediment.
Seismic hazard – a phenomenon such as ground shaking, fault rupture, or soil
liquefaction that is generated by an earthquake.
Seismic moment – a measure of the size of an earthquake based on the area of fault
rupture, the average amount of slip, and the force that was required to overcome the
friction sticking the rocks together that were offset by faulting.
Seismometer – an instrument for measuring the direction, intensity, and duration of
earthquakes by measuring the actual movement of the ground.
Seismometer array – numerous seismometers placed at discrete points in a well-defined
configuration.
Semi-volatile organic compounds (SVOC) – organic compound which has a boiling
point higher than water and which may vaporize when exposed to temperatures above
room temperature.
Shale – sedimentary rock derived from mud and commonly finely laminated (bedded).
Particles in shale are commonly clay minerals mixed with tiny grains of quartz eroded
from pre-existing rocks.
Shear failure – brittle or ductile damage that results from shear stress of sufficient magnitude.
Shear stress – the internal forces per unit area that are exerted in a material object and
are also tangential to the selected area.
Siliceous – a rock rich in a silica phase, such as opal, cristobalite, or quartz.
Siliceous shales – silica-rich shales.
Slickwater fracturing fluid - a water-based fracturing fluid with only a very small amount
of a polymer added to give friction reduction benefit.
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Solvent - a substance that will dissolve a solid. In the oil field, oil based solvents may
range from xylene for asphaltenes and sludges, to kerosene and diesel/xylene mixtures
for paraffins.
Source rock – a rock rich in organic matter from the original sediment deposition that can
generate petroleum fluids under certain temperature and pressure conditions.
Specific conductance - the measure of a material to conduct an electric current.
Stable isotopes – two or more forms of a chemical element having different numbers of
neutrons that do not have any measurable radioactive decay.
Static fractures – fractures that are not changing over time.
Steam cycling – a form of steam injection in which injection and production take place in
the same well, which is accomplished by alternating steam injection with oil production.
Steam injection – a thermally enhanced oil recovery method in which steam is forced into
the reservoir by applying pressure; the thermal energy of the steam heats the reservoir,
which reduces the viscosity of heavy oil (usually the target of thermal oil recovery methods).
Storage coefficient – the volume of water released from storage per unit surface area of a
confined aquifer per unit decline in hydraulic head.
Stratigraphic trap – a trap formed as a result of variations in porosity and permeability of
the stratigraphic sequence.
Stratigraphic zone – a body of strata that is distinguished on the basis of lithology, fossil
content, age, or other rock property.
Stress – the internal forces per unit area that are exerted in a material object.
Strike – a geometrical characteristic of a planar geologic surface defined by the line of
intersection between the geologic surface and a horizontal plane.
Structural features – geologic features that result from tectonic, diapiric, gravitational
and compactional processes.
Structural trap – a trap formed as a result of faulting or folding of the rock.
Supercritical CO2 – a fluid state of carbon dioxide which displays characteristics of both
liquid and gas that occurs at conditions above its critical temperature and critical pressure.
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Surface casing – the casing following the conductor casing in a well that protects
freshwater aquifers from contact with fluids moving through the well. It is always
cemented across the water zone, and the cement usually extends to the surface.
Surfactant – a chemical that is attracted to the surface of a fluid and modifies the
properties such as surface tension.
Tectonic features – features that are a result of forces or conditions within the Earth that
cause movements of the crust.
Tectonic stress – stress that results from forces or conditions within the Earth that cause
movements of the crust.
Televiewer log – a record of the amplitude of high-frequency acoustic pulses reflected by
the borehole wall; provides location and orientation of bedding, fractures, and cavities.
Thermogenic methane – methane created by the thermal decomposition of buried
organic material.
Tiltmeter – an instrument used to measure slight changes in the inclination of the Earth’s
surface resulting from subsidence or uplift, usually in connection with volcanology and
earthquake seismology.
Total dissolved solids (TDS) – total amount of all inorganic and organic substances –
including minerals, salts, metals, cations or anions – that are dissolved within a volume
of water.
Total Organic Carbon (TOC) – total mass of organic carbon from a measured sample.
Total Suspended Solids (TSS) - total mass retained on a filter per unit volume of water,
typically a 0.4 to 0.7 micron filter.
Toxicity – the degree to which a substance can harm humans or other living organisms.
Trace metals – metals that do not affect chemical or physical properties of the system as
a whole to any significant extent, and have ideal solution behavior characteristic of very
high dilution.
Trap – a configuration of geologic layers and/or structures that has a very low
permeability and is suitable for blocking the upward movement of buoyant hydrocarbons.
Turbidity – the measure of relative clarity of a liquid. It is an optical characteristic of
water and is an expression of the amount of light that is scattered by material in the water
when a light is shined through the water sample.
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Unconventional reservoir – oil and gas resources whose porosity, permeability, fluid
trapping mechanism, or other characteristics differ from conventional sandstone and
carbonate reservoirs, such as shale gas, shale oil, heavy and viscous oil, gas hydrates, tight
gas, and coal-bed methane resources.
Updip – located up the dip of a sloping planar surface.
Viscosity – a measurement of a fluid’s internal resistance to flow, expressed as the ratio of
shear stress to shear rate.
Vitrinite – a type of woody kerogen that is used to measure source rock maturity.
Vitrinite reflectance – a measure of source rock maturity based on the reflectance of
vitrinite, measured as % Ro. The onset of oil generation typically occurs at around Ro =
0.6%, with gas formation occurring when Ro = 1.2 %.
Volatile organic compounds (VOC) – organic chemicals whose composition makes
it possible for them to evaporate under normal indoor atmospheric conditions of
temperature and pressure.
Water flooding – purposely injecting water below and/or into the reservoir to drive the
oil towards the producing wellbore.
Well completion – the activities and methods of preparing a well for the production of oil
and gas or for other purposes, such as injection; the method by which one or more flow
paths for hydrocarbons are established between the reservoir and the surface.
Well stimulation technology – refers to well stimulation methods of hydraulic fracturing,
acid fracturing, and matrix acidizing.
Zonal isolation – the exclusion of fluids such as water or gas in one zone from mixing
with fluids in another zone along pathways outside of a well casing, accomplished through
cement that seals the rock to the casing.
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Appendix E

Review of Information Sources
For this report, authors of the report reviewed many sources of public information,
including some that are not easily accessible to all citizens, such as fee-based scientific
journals. If a member of the public wishes to view a document referenced in the report,
they may visit California Council on Science and Technology at 1130 K Street, Suite 280,
Sacramento, CA 95814-3965. We cannot duplicate or electronically transmit copyright
documents. Please make arrangements in advance by contacting CCST at (916) 492-0996.
CCST issued a request for public submissions of literature by July 15, 2014. All literature
submitted by the deadline is listed below in the Bibliography of Submitted Literature. Our
scientists reviewed the submissions and cited a given reference in the report if it met all
three of the following criteria:
1. Fit into one of the five categories of admissible literature (described in a-e below).
a. Published, peer-reviewed scientific papers.
b. Government data and reports.
c. Academic studies that are reviewed through a university process, textbooks,
and papers from technical conferences.
d. Studies generated by non-government organizations that are based on data,
and draw traceable conclusions clearly supported by the data.
e. Voluntary reporting from industry. This data is cited with the caveat that,
as voluntary, there is no quality control on the accuracy or completeness of
the data.
2. Was relevant to the scope of the report.
3. Added substantive information to the report.
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Appendix F

California Council on Science
and Technology Study Process
The reports of the California Council on Science and Technology (CCST) are viewed
as being valuable and credible because of the institution’s reputation for providing
independent, objective, and nonpartisan advice with high standards of scientiﬁc and
technical quality. Checks and balances are applied at every step in the study process to
protect the integrity of the reports and to maintain public conﬁdence in them.
Study Process Overview—Ensuring Independent, Objective Advice
For over 25 years, CCST has been advising California on issues of science and technology
by leveraging exceptional talent and expertise.
CCST can enlist the state’s foremost scientists, engineers, health professionals, and other
experts to address the scientiﬁc and technical aspects of society’s most pressing problems.
CCST studies are funded by state agencies, foundations and other private sponsors.
CCST provides independent advice; external sponsors have no control over the conduct
of a study once the statement of task and budget are ﬁnalized. Study committees gather
information from many sources in public and private meetings, but they carry out their
deliberations in private in order to avoid political, special interest, and sponsor inﬂuence.
Stage 1: Deﬁning the Study
Before the committee selection process begins, CCST staff and members work with
sponsors to determine the speciﬁc set of questions to be addressed by the study in a formal
“statement of task,” as well as the duration and cost of the study. The statement of task
deﬁnes and bounds the scope of the study, and it serves as the basis for determining the
expertise and the balance of perspectives needed on the committee.
The statement of task, work plan, and budget must be approved by CCST’s Board chair.
This review often results in changes to the proposed task and work plan. On occasion,
it results in turning down studies that CCST believes are inappropriately framed or not
within its purview.
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Stage 2: Committee Selection and Approval
Selection of appropriate committee members, individually and collectively, is essential
for the success of a study. All committee members serve as individual experts, not as
representatives of organizations or interest groups. Each member is expected to contribute
to the project on the basis of his or her own expertise and good judgment. A committee is
not ﬁnally approved until a thorough balance and conﬂict-of-interest discussion is held,
and any issues raised in that discussion are investigated and addressed. Members of a
committee are anonymous until this process is completed.
Careful steps are taken to convene committees that meet the following criteria:
An appropriate range of expertise for the task. The committee must include experts
with the speciﬁc expertise and experience needed to address the study’s statement of task.
A major strength of CCST is the ability to bring together recognized experts from diverse
disciplines and backgrounds who might not otherwise collaborate. These diverse groups
are encouraged to conceive new ways of thinking about a problem.
A balance of perspectives. Having the right expertise is not sufﬁcient for success. It is
also essential to evaluate the overall composition of the committee in terms of different
experiences and perspectives. The goal is to ensure that the relevant points of view are,
in CCST’s judgment, reasonably balanced, so that the committee can carry out its charge
objectively and credibly.
Screened for conﬂicts of interest. All provisional committee members are screened in
writing and in a conﬁdential group discussion about possible conﬂicts of interest. For
this purpose, a “conﬂict of interest” means any ﬁnancial or other interest which conﬂicts
with the service of the individual, because it could signiﬁcantly impair the individual’s
objectivity or could create an unfair competitive advantage for any person or organization.
The term “conﬂict of interest” means something more than individual bias. There must
be an interest, ordinarily ﬁnancial, which could be directly affected by the work of the
committee. Except for those rare situations in which CCST determines that a conﬂict
of interest is unavoidable, and promptly and publicly disclose the conﬂict of interest,
no individual can be appointed to serve (or continue to serve) on a committee of the
institution used in the development of reports if the individual has a conﬂict of interest
that is relevant to the functions to be performed.
Point of View is different from Conﬂict of Interest. A point of view or bias is not
necessarily a conﬂict of interest. Committee members are expected to have points of view,
and CCST attempts to balance these points of view in a way deemed appropriate for
the task. Committee members are asked to consider respectfully the viewpoints of other
members, to reﬂect their own views rather than be a representative of any organization,
and to base their scientiﬁc ﬁndings and conclusions on the evidence. Each committee
member has the right to issue a dissenting opinion to the report if he or she disagrees with
the consensus of the other members.
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Other considerations. Membership in CCST and previous involvement in CCST studies
are taken into account in committee selection. The inclusion of women, minorities, and
young professionals are additional considerations.
Speciﬁc steps in the committee selection and approval process are as follows:
Staff solicit an extensive number of suggestions for potential committee members from
a wide range of sources, then recommend a slate of nominees. Nominees are reviewed
and approved at several levels within CCST. A provisional slate is then approved by
CCST’s Board. The provisional committee members complete background information
and conﬂict-of-interest disclosure forms. The committee balance and conﬂict-of-interest
discussion is held at the ﬁrst committee meeting. Any conﬂicts of interest or issues of
committee balance and expertise are investigated; changes to the committee are proposed
and ﬁnalized. Committee is formally approved. Committee members continue to be
screened for conﬂict of interest throughout the life of the committee.
Stage 3: Committee Meetings, Information Gathering, Deliberations, and Drafting
the Report
Study committees typically gather information through:
1. Meetings
2. Submission of information by outside parties
3. Reviews of the scientiﬁc literature, and
4. Investigations by the committee members and staff.
In all cases, efforts are made to solicit input from individuals who have been directly
involved in, or who have special knowledge of, the problem under consideration.
The committee deliberates in meetings closed to the public in order to develop draft
ﬁndings and recommendations free from outside inﬂuences. The public is provided with
brief summaries of these meetings that include the list of committee members present. All
analyses and drafts of the report remain conﬁdential.
Stage 4: Report Review
As a ﬁnal check on the quality and objectivity of the study, all CCST reports—whether
products of studies, summaries of workshop proceedings, or other documents—must
undergo a rigorous, independent external review by experts whose comments are
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provided anonymously to the committee members. CCST recruits independent experts
with a range of views and perspectives to review and comment on the draft report
prepared by the committee.
The review process is structured to ensure that each report addresses its approved
study charge and does not go beyond it, that the ﬁndings are supported by the scientiﬁc
evidence and arguments presented, that the exposition and organization are effective, and
that the report is impartial and objective.
Each committee must respond to, but need not agree with, reviewer comments in a
detailed “response to review” that is examined by one or two independent report review
“monitors” responsible for ensuring that the report review criteria have been satisﬁed.
While feedback from the peer reviewers and report monitors is reflected in the report,
neither group approved the final report before publication. The steering committee and
CCST take sole responsibility for the content of the report. After all committee members
and appropriate CCST ofﬁcials have signed off on the ﬁnal report, it is transmitted to the
sponsor of the study and is released to the public. Sponsors are not given an opportunity
to suggest changes in reports. All reviewer comments remain confidential. The names and
afﬁliations of the report reviewers are made public when the report is released.
The report steering committee wishes to thank the oversight committee and the peer
reviewers for many thoughtful comments that improved this manuscript.
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Expert Oversight and Review
Oversight Committee:
Bruce Darling, National Academy of Sciences and National Research Council
Paul Jennings, California Institute of Technology
Robert F. Sawyer, University of California Berkeley
Report Monitors:
Maxine Savitz, Honeywell, Int., Retired
Robert F. Sawyer, University of California, Berkeley
Expert Reviewers:
David Allen, University of Texas at Austin
Ari Bernstein, Harvard T.H. Chan School of Public Health, Boston Children’s Hospital
Ziyad Duron, Harvey Mudd College
Graham Fogg, University of California, Davis
Tom Heaton, California Institute of Technology
Gary Hughes, California Polytechnic State University, San Luis Obispo
Tissa Illangaskare, Colorado School of Mines
Thom Kato, Lawrence Livermore National Laboratory
George E. King, George E. King Engineering
Lisa McKenzie, University of Colorado
Peter McMahon, U.S. Geological Survey, Colorado Water Science Center
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Mason Medizade, Cal Poly State University, San Luis Obispo
Charles Menzie, Exponent Inc.
Larry Saslaw, Bureau of Land Management, Retired
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Unit Conversion Table
1

Oil Barrel

=

0.158987

Cubic Meters (m3)

1

Cubic Foot (ft3)

=

0.02831685

Cubic Meters (m3)

1

Cubic Mile (mi )

=

4.16818

Cubic Kilometers (km3)

1

Foot (ft)

=

0.3048

Meters (m)

1

Inch (in)

=

2.54

Centimeters (cm)

1

Gallon (gal)

=

0.00378541

Cubic Meters (m3)

1

Acre-foot

=

1,233.4

Cubic Meters (m3)

1

Miles (mi)

=

1.609344

Kilometers (km)

1

Square Mile (mi )

=

2.589988

Square Kilometers (km2)

1

Nautical Mile

=

1.852

Kilometers (km)

1

Millidarcy (md)

=

9.87 x 10

1

Pound per Square Inch (psi)

=

6.89476 x 10-6

3

2

556

-16

Square meters (m2)
Gigapascals (GPa)

26062-79-3
10604-69-0
26100-47-0

2-Propenoic acid, ammonium salt (1:1)

2-Propenoic acid, ammonium salt (1:1), polymer with 2-
propenamide

107-98-2

1-Methoxy-2-hydroxypropane

2-Propen-1-aminium, N,N-dimethyl-N-2-propen-1-yl-, chloride
(1:1), homopolymer

108-67-8
5131-66-8

1-Butoxypropan-2-ol

95-63-6

1,3,5-Trimethylbenzene

526-73-8

1,2,4-Trimethylbenzene

138879-94-4

CASRN

1,2,3-Trimethylbenzene

1,2-Ethanediaminium, N1,N2-bis[2-[bis(2-hydroxyethyl)
methylammonio]ethyl]-N1,N2-bis(2-hydroxyethyl)-N1,N2-
dimethyl-, chloride (1:4)

Chemical Name

557

1

1

6

1

854

17

21

14

959

No. of Times
Reported

125

4

217

177

140

<1

1

<1

562

Median Conc.
(mg kg-1)

125

4

290

177

297

3

19

2

786

95% of the Values
are Below this
Number (mg kg-1)

736

22

238

331

45

<1

3

<1

188

Chemical Mass Used
Median
(kg treatment-1)

more than once when purpose could be clearly differentiated (e.g., water used as base fluid vs. water in additive solutions).

are listed more than once if chemical was not identified by CASRN. Some compounds with multiple sources or purposes are listed

were normalized where possible, but chemicals reported without CASRN cannot be definitively identified. Some chemicals names

in the treatment. Chemicals are reported by name and Chemical Abstract Service Registry Numbers (CASRN). Names of chemicals

conducted in California between January 30, 2011 and May 19, 2014 that reported 100% (± 5%) of the chemical additives used

Chemical Disclosure Registry prior to June 12, 2014. Includes a list of all chemicals from in 1,406 hydraulic fracturing treatments

Table 2.A-1. Concentration and mass of chemicals used for hydraulic fracturing in California, as reported to the FracFocus

Tables for Section 2.4, Characterization
of Well Stimulation Fluids
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736

22

406

331

252

7

41

4

346

95% of the Values
are Below this
Number
(kg treatment-1)

77-89-4
79-06-1

Acetyltriethyl citrate

Acrylamide

10

78330-20-8

Alcohols, C9-11-iso-, C10-rich, ethoxylated

15

68551-12-2
78330-19-5

Alcohols, C12-16, ethoxylated

Alcohols, C7-9-iso-, C8-rich, ethoxylated

23

Proprietary

Alcohols, C12-14, Ethoxylated Propoxylated

4

558

50

119

1

66455-14-9

131

68439-50-9

78330-21-9

Alcohols, C11-14-iso-, C13-rich, ethoxylated

Alcohols, C12-14, ethoxylated

34398-01-1

Alcohols, C11 linear, ethoxylated

83

4

23

1

80

130

36

1,070

2

82

2

1,072

1

1

83

999

87

3

6

Alcohols, C12-13, ethoxylated

68002-97-1
66455-15-0

Alcohols, C10-16, ethoxylated

Alcohols, C10-14, ethoxylated

Proprietary

64-19-7

Acyclic hydrocarbon blend

108-24-7

26172-55-4

5-Chloro-2-methyl-3(2H)-isothiazolone

Acetic acid

71050-62-9

2-Propenoic acid, polymer with sodium phosphinate (1:1),
sodium salt

Acetic anhydride

129898-01-7

600-07-7

2-Methylbutyrate

2-Propenoic acid, polymer with sodium phosphinate (1:1),
sodium salt

1589-47-5
2682-20-4

2-Methyl-3(2H)-isothiazolone

Proprietary

2-Mercaptoethyl Alcohol

2-Methoxy-1-propanol

104-76-7

15821-83-7

2-Ethylhexan-1-ol

2-Butoxypropan-1-ol

111-76-2

38193-60-1

2-Acrylamido-2-methylpropane sulfonate

2-Butoxyethanol (Ethylene glycol butyl ether)

9003-04-7

CASRN

2-Propenoic acid, homopolymer, sodium salt

Chemical Name

No. of Times
Reported

63

300

5

125

2

31

24

4

22

82

1,500

1

186

<1

36

3

<1

76

<1

1

2

9

<1

3

215

480

109

Median Conc.
(mg kg-1)
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114

1,681

30

303

2

36

45

227

35

115

3,632

1

657

84

389

6

<1

349

<1

3

2

9

1

5

509

642

123

95% of the Values
are Below this
Number (mg kg-1)

16

168

5

38

14

2

11

4

17

182

454

4

191

<1

30

1

<1

57

<1

<1

3

8

<1

1

183

1,318

127

Chemical Mass Used
Median
(kg treatment-1)

81

723

453

240

14

4

36

169

33

286

2,883

4

941

134

735

2

<1

354

<1

1

3

8

<1

3

1,867

1,601

153

95% of the Values
are Below this
Number
(kg treatment-1)

1
1

Proprietary

Alfa-Alumina

21
21

Proprietary

Aliphatic co-polymer

Ammonium sulfate

Proprietary
Proprietary

Aromatic Aldehyde

BC-3

559

93

1

3

6

Proprietary
Proprietary

Anitfoam

7

105

7

27

1,299

46

6

120

573

12

12

7

18

Proprietary

Aromatic acid derivative

Anionic Polymer

69-53-4

7783-20-2

Ammonium salt

Ampicillin

7727-54-0
Proprietary

Ammonium Persulfate

1341-49-7
12125-02-9

Ammonium bifluoride

Ammonium Chloride

6419-19-8

1344-28-1
Proprietary

Aluminum oxide

Amine derivative

Aminotrimethylene phosphonic acid

58

Proprietary

Alkylene Oxide Block Polymer

Proprietary

Proprietary

Alkylalcohol ethoxylated

Proprietary

68424-85-1

Alkyl dimethylbenzyl ammonium chloride

Amine salts

9
10

Proprietary

Amino alkyl phosphonic acid

1

64743-02-8

Alkenes, C>10 a-

Alkyl Diamide

33

Proprietary
Proprietary

Aliphatic polyol

Alkanes / Alkenes

3

Proprietary
Proprietary

Aliphatic alcohol

Aliphatic amide derivative

2

Proprietary

Alcohols, Ethoxylated

10

68439-46-3

CASRN

Alcohols, C9-C11, ethoxylated

Chemical Name

No. of Times
Reported

175

74

56

<1

5

6

29

238

63

129

663

57

55

<1

461

6,685

10

38

22

1

2

2,995

658

109

2

9

374

23

2

Median Conc.
(mg kg-1)
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379

74

98

<1

17

12

103

494

377

28,210

1,471

120

100

541

708

148,049

10

51

35

3

24

4,049

1,201

160

4

9

374

24

152

95% of the Values
are Below this
Number (mg kg-1)

189

69

6

<1

12

2

72

349

23

273

217

27

20

1

143

4,495

9

28

29

2

4

5,803

314

40

<1

1

1,500

103

2

Chemical Mass Used
Median
(kg treatment-1)

1,056

69

23

<1

32

4

193

2,919

247

27,408

838

34

27

909

534

82,791

9

44

506

6

8

16,751

965

138

1

1

1,500

107

112

95% of the Values
are Below this
Number
(kg treatment-1)

1303-86-2
1330-43-4
7789-38-0
10043-52-4
73772-46-0
Proprietary
Proprietary
Proprietary

Boric acid, dipotassium salt

Boron oxide

Boron sodium oxide

Bromic acid, sodium salt (1:1)

Calcium chloride

Caprylamidopropyl betaine

Carbohydrate polymer

Carbohydrates

Cationic polymer

Proprietary
14464-46-1
14464-46-1

Cristobalite proppant

Proprietary

Complex ester

Cristobalite carrier

68155-09-9

Coco-amido-propylamine oxide

Copolymer

Proprietary
61789-40-0

Cocamidopropyl betaine

77-92-9

Citric acid

Citrus Terpenes

67-48-1

Choline chloride

7758-19-2

1332-77-0

Boric acid

Chlorous acid, sodium salt (1:1)

10043-35-3

Borate salts

9004-34-6

Proprietary

Bis-quaternary methacrylamide monomer

66402-68-4

5

Proprietary

Ceramic materials and wares

2

Proprietary

bisHydrogenated Tallow Alkyl Dimethyl Salts With Bentonite

Cellulose, microcrystalline

83

577-11-7

Bis(2-ethylhexyl) sodium sulfosuccinate

1

560

3

1,074

2

2

16

6

1

40

31

7

3

105

18

30

21

6

84

2

564

48

66

68

12

6

100-44-7
Proprietary

17

Biovert CF

68584-27-0

CASRN

Benzyl Chloride

Benzenesulfonic acid, C10-16-alkyl derivs., potassium salts

Chemical Name

No. of Times
Reported

7,403

<1

321

251

1

275

365

128

700

89

40,841

6

28

276

1,797

28

7

237

297

119

945

149

495

48

<1

10

2,097

3

<1

Median Conc.
(mg kg-1)
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45,366

1

332

438

367

367

365

600

1,328

263

43,779

12

50

2,349

3,348

37

33

409

433

470

1,666

348

723

90

<1

16

2,604

3

1

95% of the Values
are Below this
Number (mg kg-1)

4,140

<1

96

215

1

439

245

229

266

96

68,039

2

9

554

660

44

5

103

102

53

660

101

366

80

8

3,102

2

<1

Chemical Mass Used
Median
(kg treatment-1)

40,862

<1

133

409

948

948

245

647

1,473

156

120,292

4

37

4,065

2,677

95

33

181

427

614

1,979

403

670

857

16

4,765

2

2

95% of the Values
are Below this
Number
(kg treatment-1)

14808-60-7
14808-60-7
14808-60-7
Proprietary
Proprietary
Proprietary
540-97-6
541-02-6

Crystalline silica quartz

Crystalline silica quartz carrier

Crystalline silica quartz proppant

Cured acrylic resin

Cured resin

Cyclic Alkanes

Cyclohexasiloxane, 2,2,4,4,6,6,8,8,10,10,12,12-dodecamethyl-

Cyclopentasiloxane, 2,2,4,4,6,6,8,8,10,10-decamethyl-

9

139-33-3
12008-41-2
64742-55-8

Disodium ethylene diamine tetra acetate (impurity)

Disodium octaborate

Distillates, petroleum, hydrotreated light paraffinic

Ethaneperoxoic acid

Ethanaminium, N,N,N-trimethyl-2-[(2-methyl-1-oxo-2-propen-1-yl)
oxy]-, methyl sulfate (1:1), homopolymer

Erthorbic acid

79-21-0

27103-90-8

89-65-6

Proprietary
Proprietary

EDTA/Copper chelate

Enzyme G

561

1

11

25

477

31

10

3

Proprietary
27176-87-0

Dodecylbenzene

10

1,005

12

123-01-3

Dodecylbenzene sulfonic acid

Dodecylbenzene

13

Proprietary

Dioctyl sulfosuccinate sodium salt

85

111-46-6

Diethylene glycol

6

83

111-42-2

61789-77-3

1,761

84

39

Diethanolamine

Dicoco dimethyl ammonium chloride

50-70-4
91053-39-3

Diatomaceous earth, calcined

D-glucitol

1120-24-7

2

Proprietary

decahydrate

Decyldimethylamine

22

10222-01-2

DBNPA (2,2-dibromo-3-nitrilopropionamide)

7

7

1

20

56

1,551

2,837

64

CASRN

Chemical Name

No. of Times
Reported

17

33

29

578

45

12

1

<1

839

1,025

2

38

1

83

7

27

205

3

<1

14

<1

<1

12

8

21

231,626

2

<1

Median Conc.
(mg kg-1)
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17

279

272

1,301

335

27

2

1

1,845

1,675

8

51

4

90

10

281

503

4

<1

963

<1

<1

12

26

168

333,535

219

<1

95% of the Values
are Below this
Number (mg kg-1)

31

31

54

193

54

14

<1

<1

270

628

1

28

1

97

6

8

339

1

22

<1

<1

12

7

11

91,527

1

Chemical Mass Used
Median
(kg treatment-1)

31

467

589

955

158

23

<1

1

1,623

1,570

4

44

5

123

12

91

903

4

1,720

1

1

12

22

38

340,777

77

95% of the Values
are Below this
Number
(kg treatment-1)

111-30-8
56-81-5
Proprietary

Glycol

Glassy calcium magnesium phosphate

Glutaraldehyde

9000-70-8
65997-17-3

Gelatin

Glycerol

Proprietary

FRW-16A

64-18-6

30846-35-6

Formaldehyde, polymer with 4-nonylphenol and oxirane

Formic Acid

63428-92-2

Formaldehyde, polymer with 2-methyloxirane, 4-nonylphenol and
oxirane

50-00-0

Proprietary

Formaldehyde

61790-12-3

Proprietary

Exyalkylated amine

Fatty acids, tall-oil

8013-01-2

Fatty acids, tall-oil

Proprietary

Ethylene-vinyl acetate copolymer

Extract of yeast
Proprietary

107-21-1

Ethylene Glycol

Proprietary

100-41-4

Ethylbenzene

Fatty acid tall oil amide

Proprietary

Ethoxylated nonylphenol

Fatty acids

68951-67-7

Proprietary

Ethoxylated Alkylphenol (1)
68439-45-2

Proprietary

Ethoxylated alcohol

Ethoxylated hexanol

Proprietary

Ethoxylated

Ethoxylated C14-15 alcohols

9002-85-1
Proprietary

Ether

64-17-5

CASRN

Ethene, 1,1-dichloro-, homopolymer

Ethanol

Chemical Name

562

4

240

96

16

2

13

4

50

3

21

1

18

20

14

1

113

2

1,064

10

7

2

105

1

9

1

1

8

26

No. of Times
Reported

10

128

66

153

50

116

430

47

5

<1

2

12

19

5

22

12

42

306

591

793

6

103

74

6

<1

243

133

28

Median Conc.
(mg kg-1)
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122

878

203

583

90

390

1,080

85

6

5

2

140

241

30

22

29

73

428

1,154

1,059

12

135

74

64

<1

243

1,814

600

95% of the Values
are Below this
Number (mg kg-1)

2

27

99

204

34

248

265

12

13

1

15

21

44

5

11

3

36

97

769

269

15

135

37

7

163

65

20

Chemical Mass Used
Median
(kg treatment-1)

82

838

373

216

45

878

2,493

60

13

10

15

49

546

453

11

32

68

210

1,889

794

27

179

37

15

163

2,248

556

95% of the Values
are Below this
Number
(kg treatment-1)

977
109

9000-30-0
1317-60-8
Proprietary
9012-54-8
9025-56-3
Proprietary
100-97-0

Guar gum

Hematite

Hematite

Hemicellulase enzyme

Hemicellulase enzyme

Hemicellulase enzyme

Hexamethylenetetramine

Lecithins

1,072

7786-30-3
1317-71-1
10377-60-3

Magnesium chloride

Magnesium iron silicate

Magnesium nitrate

563

1,072

2

1

Proprietary

Maghemite

3

1309-38-2

10

6

6

6

6

1,039

17

154

2

40

Maghemite

127036-24-2

63-42-3
8002-43-5

Lactose

Linear/branched alcohol ethoxylate (11eo)

5989-81-1

Isopropylbenzene

Lactose

67-63-0
98-82-8

Isopropanol

1302-76-7

1309-37-1

Iron oxide

9043-30-5

7439-89-6

Iron

Kyanite

2

64742-47-8

Hydrotreated Light Petroleum Distillate

Isotridecanol, ethoxylated

1,035

7722-84-1

Hydrogen peroxide

11

Hydrofluoric acid

54

7647-01-0
7664-39-3

Hydrochloric acid

88

36

1

3

1,375

1

84

107-22-2
Proprietary

GS-1L

3

Glyoxal

Proprietary

CASRN

Glycol ether

Chemical Name

No. of Times
Reported

3

16,149

1

8

58

8

<1

1,560

6

39,349

139

<1

503

145

<1

836

2

787

2,483

17

25

16

109

56

438

1,760

1,482

614

15

Median Conc.
(mg kg-1)
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6

18,920

3

8

134

17

<1

1,661

10

113,301

290

<1

1,884

145

<1

1,869

3

3,898

17,590

3,291

36

46

523

56

1,003

3,625

1,482

1,509

26

95% of the Values
are Below this
Number (mg kg-1)

1

15,032

<1

30

60

9

<1

2,002

8

8,888

44

<1

268

85

267

1

1,022

4,868

14

32

5

189

225

450

589

1,650

1,016

2

Chemical Mass Used
Median
(kg treatment-1)

3

21,070

1

30

90

15

1

2,268

12

94,521

211

1

976

98

1,868

4

8,996

24,933

2,348

49

50

898

225

674

4,703

1,650

2,708

6

95% of the Values
are Below this
Number
(kg treatment-1)

22

105

2605-79-0
64742-48-9

N,N-Dimethyldecylamine oxide

Naphtha, hydrotreated heavy

Proprietary
Proprietary
Proprietary
Proprietary
Proprietary

Oxyalkylated alcohol (1)

Oxyalkylated alcohol (2)

Oxyalkylated alkyl alcohol (1)

Oxyalkylated alkylphenol (1)

Oxyalkylated alkylphenol (2)

Proprietary

Proprietary

Oxyakylated Amine Quat

Oxylated alcohol

24

Proprietary

oxide

Proprietary

25

Proprietary

Organic sulfur compound

Proprietary

8

Proprietary

Organic phoshonate

Oxyalkylated amine

1

112-80-1

Oxyalkylated fatty acid

24

Proprietary

Olefins

Oleic acid

564

6

1

24

9

20

21

24

6

83

556-67-2

4
7

Proprietary

Octamethylcyclotetrasiloxane

94

1

39

3

38

Neutralized Polycarboxylic Acid

91-20-3

1302-93-8

Naphthalene

26038-87-9

Mullite

Monoethanolamine

Monoethanolamine borate (1:x)

141-43-5

Mixture of Surfactants
13

1
62

119-36-8
Proprietary

Methyl salicylate

602

1113-55-9

MBNPA (2-bromo-3-nitrilopropionamide)

2

67-56-1

37288-54-3

Mannanase, endo-1,4-beta-

Methanol

1343-88-0

CASRN

Magnesium silicate

Chemical Name

No. of Times
Reported

24

74

40

120

134

72

1,328

38

528

<1

12

4,686

<1

3

<1

41

6

4,555

189

83,452

328

1,900

883

<1

384

1

6

96,891

Median Conc.
(mg kg-1)
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43

74

73

238

242

98

2,193

51

812

<1

12

4,686

<1

37

<1

79

11

4,555

260

192,807

828

2,297

1,190

<1

934

48

12

113,519

95% of the Values
are Below this
Number (mg kg-1)

35

69

28

92

95

21

319

12

239

12

7,687

<1

7

<1

171

1

1,250

56

65,438

498

3,662

1,136

276

1

2

90,193

Chemical Mass Used
Median
(kg treatment-1)

62

69

108

359

360

74

1,513

44

881

12

76,005

<1

76

1

287

9

1,250

255

173,665

1,972

6,270

2,915

1,294

86

4

126,417

95% of the Values
are Below this
Number
(kg treatment-1)

Proprietary
7664-38-2
Proprietary
9046-01-9
Proprietary
127087-87-0
9004-96-0
9016-45-9
31726-34-8
61723-83-9
24938-91-8

Phosphonic acid

Phosphonic acid

Phosphoric acid

Poly (acrylamide-co-acrylic acid)

Poly ethylene glycol tridecyl ether phosphate

Poly(dimethylaminoethyl methacrylate dimethyl sulfate quat)

Poly(oxy-1,2-ethanediyl), α-(4-nonylphenyl)-ω-hydroxy-, branched

Poly(oxy-1,2-ethanediyl), α-[(9Z)-1-oxo-9-octadecen-1-yl]-ω-
hydroxy-

Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-w-hydroxy-

Poly(oxy-1,2-ethanediyl), alpha-hexyl-omega-hydroxy

Poly(oxy-1,2-ethanediyl), alpha-hydro-omega-hydroxy-, ether with
D-glucitol (2:1), tetra-(9Z)-9-octadecenoate

Poly(oxy-1,2-ethanediyl), alpha-tridecyl-omega-hydroxy

9003-11-6
Proprietary
Proprietary
Proprietary
Proprietary
Proprietary
35429-19-7

Polyethylene-polypropylene glycol

Polylactide resin

Polymer

Polyoxyalkylene

Polyoxyalkylenes

Polyquaternary amine salt

Polyquaternium 15

Proprietary

13598-36-2

Phenol, polymer with formaldehyde

25322-68-3

9003-35-4

Phenol, 4,4’-(1-methylethylidene)bis-, polymer with
2-(chloromethyl)oxirane, 2-methyloxirane and oxirane

Polyethylene glycol

68123-18-2

Petroleum Distillate Blend

Polyacrylamide copolymer

Proprietary

565

1

5

34

25

12

7

83

50

14

50

1

95

26

1

4

1

12

6

5

8

693

206

83

2
146

Proprietary

Peroxidisulphate

8

Proprietary

CASRN

Oxylated phenolic resin

Chemical Name

No. of Times
Reported

8

571

11

120

8

161

22

14

33

<1

5

173

909

16

65

37

16

82

<1

57

2

3,154

65

3,329

<1

242

Median Conc.
(mg kg-1)
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8

1,080

167

238

12

285

35

25

183

<1

5

243

3,623

16

119

37

30

114

<1

151

3

13,511

105

5,504

<1

711

95% of the Values
are Below this
Number (mg kg-1)

6

956

24

92

6

222

17

3

28

<1

28

141

600

92

74

6

9

122

<1

83

1

1,583

51

4,236

92

Chemical Mass Used
Median
(kg treatment-1)

6

10,280

230

359

11

449

33

18

2,715

<1

28

265

2,244

92

93

6

23

211

<1

642

1

11,174

100

5,072

559

95% of the Values
are Below this
Number
(kg treatment-1)

112926-00-8

7631-86-9

Silica gel

58160-99-9

Proprietary

Salt

Silica

Proprietary

Resin coated cellulose

Silanetriol, 1-(3-aminopropyl)-

68953-58-2

Quaternary ammonium compounds, bis(hydrogenated tallow
alkyl)dimethyl, salts with bentonite

68400-07-7

68989-00-4

Quaternary ammonium compounds, benzyl-C10-16alkyldimethyl,
chlorides

Silanetriol, (3-aminopropyl)-, homopolymer

121888-68-4

Quaternary ammonium compounds, benzyl(hydrogenated tallow
alkyl)dimethyl, stearates, salts with bentonite

84133-50-6

Proprietary

Quaternary ammonium compounds

63800-37-3

61789-71-7

Quaternary ammonium chloride, benzylcoco alkyldimethyl,
chlorides

Sepiolite

Proprietary

Quaternary amine

Secondary alcohols, C12-14, ethoxylated

57-55-6

Propan-2-ol

Propanol, 1(or 2)-(2-methoxymethylethoxy)107-19-7

Proprietary
34590-94-8

Potassium hydroxide

Propylene glycol

2

143-18-0
1310-58-3

Potassium cis-9-octadecenoic acid

Propargyl alcohol

222

7447-40-7

Potassium chloride

6

566

48

163

3

3

12

3

6

1

78

50

48

20

12

78

83

39

9

83

114

260

298-14-6

83

65

584-08-7

127-08-2

Potassium acetate

Potassium carbonate

9002-84-0

Polytetrafluoroethylene

7

Potassium bicarbonate

63148-62-9

CASRN

Polysiloxanes, di-Me

Chemical Name

No. of Times
Reported

17

25

35

211

41

2

14

63,348

124

31

82

30

49

4

2

6

116

849

49

<1

25

949

51

<1

<1

<1

Median Conc.
(mg kg-1)
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30

73

37

223

60

2,768

19

63,348

300

56

150

73

90

26

4

47

179

1,054

522

<1

36

4,149

81

<1

1

<1

95% of the Values
are Below this
Number (mg kg-1)

21

7

23

138

30

14

20

42,955

35

8

104

22

25

6

2

8

166

158

55

<1

32

1,209

91

<1

<1

<1

Chemical Mass Used
Median
(kg treatment-1)

71

94

29

177

56

239

35

42,955

237

40

354

139

68

69

3

39

840

249

530

<1

48

6,487

215

<1

1

1

95% of the Values
are Below this
Number
(kg treatment-1)

1

13
1,165

7647-14-5
6381-77-7
2836-32-0
1310-73-2
7775-27-1

Sodium chloride

Sodium erythorbate

Sodium glycolate

Sodium hydroxide

Sodium persulfate

512
4

1303-96-4

Sodium tetraborate decahydrate

Proprietary
Proprietary

Sulfate

Sulfonate

1
126

14807-96-6
Proprietary
55566-30-8

Talc

Talc

Tetrakis hydroxymethyl-phosphonium sulfate

6

567

128

143

7631-90-5
Proprietary

Sulfurous acid, sodium salt (1:1)

3

11

26

15

6

17

Surfactant mixture

7664-93-9

9005-65-6

Sorbitan, mono-(9Z)-9-octadecenoate, poly(oxy-1,2-ethanediyl)
derivs.

Proprietary

1338-43-8

Sorbitan, mono-(9Z)-9-octadecenoate

Sulfuric acid

4

Proprietary

Sulfuric acid

14

64742-95-6

Solvent naphtha, petroleum, light arom.

Sorbitan Monooleate

77

7772-98-7
64742-94-5

Sodium thiosulfate

Solvent naphtha, petroleum, heavy arom.

4

49

7757-82-6
7757-83-7

Sodium sulfate

Sodium sulfite

39

12

457

1

31

497-19-8

7

144-55-8

67762-90-7

Siloxanes and Silicones, di-Me

Sodium carbonate

60676-86-0

Silicon dioxide crystalline

1

Sodium bicarbonate

60676-86-0

CASRN

Silicon dioxide (crystalline)

Chemical Name

No. of Times
Reported

23

<1

1

27

18

1

<1

72

<1

1

1

14

1

32

296

321

5

<1

37

102

5

19

19

1,102

698

<1

31,972

40,465

Median Conc.
(mg kg-1)
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63

<1

5

1,255

21

1

1

103

<1

6

16

19

20

184

568

486

10

30

141

157

25

42

64

1,102

948

<1

31,972

40,465

95% of the Values
are Below this
Number (mg kg-1)

9

1

34

21

<1

<1

97

1

1

20

3

10

230

103

4

<1

50

33

4

18

6

2,542

1,067

<1

11,409

33,758

Chemical Mass Used
Median
(kg treatment-1)

80

3

3,198

25

<1

2

887

91

92

35

45

143

445

220

7

34

225

171

12

36

89

2,542

5,792

1

11,409

33,758

95% of the Values
are Below this
Number
(kg treatment-1)

124

16

30

103

73049-73-7
Proprietary
Proprietary
25038-72-6

7732-18-5
7732-18-5
7732-18-5
Water NOS
Water NOS
Water NOS
Water NOS
8042-47-5
1330-20-7

7699-43-6

Tryptones

Unknown

Vinyl Copolymer

Vinylidene chloride/methylacrylate copolymer

Water

Water additive

Water base fluid

Water base fluid

Water brine

Water KCL mix

Water produced

White Mineral Oil (Petroleum)

Xylenes

Zirconium oxychloride

568

2

19

20

8

147

1,208

2,173

7

11

113

13

13

150-38-9
5064-31-3

66

92

Trisodium nitrilotriacetate

Trimethyl borate

2

37

5

1

20

7

Trisodium ethylenediaminetetraacetate

102-71-6
121-43-7

Triethanolamine

13463-67-7

Titanium oxide

68-11-1

Thioglycolic Acid
68527-49-1

Thiocyanic acid, sodium salt (1:1)

Thiourea, polymer with formaldehyde and 1-phenylethanone

64-02-8
540-72-7

Tetrasodium ethylenediaminetetraacetate

75-57-0

CASRN

Tetramethyl ammonium chloride

Chemical Name

No. of Times
Reported

136

<1

42

728,192

775,902

742,081

734,766

747,943

464

<1

33

29

663

18

1

2

148

315

145

14

<1

4

22

22

Median Conc.
(mg kg-1)
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447

4,198

73

863,480

992,581

974,567

909,462

841,445

2,272

<1

82

103

690

39

4

8

333

942

145

110

<1

4

304

243

95% of the Values
are Below this
Number (mg kg-1)

70

<1

36

228,597

619,345

1,060,074

658,040

272,980

147

19

72

876

5

1

1

99

212

85

22

<1

24

24

19

Chemical Mass Used
Median
(kg treatment-1)

195

6,109

68

865,988

1,426,289

6,780,217

2,098,586

1,367,950

2,837

57

193

890

37

2

4

372

647

98

80

<1

24

145

114

95% of the Values
are Below this
Number
(kg treatment-1)
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Table 2.A-2. Acute toxicity categories for oral and inhalation exposure. All values are expressed
as LD50 (oral) or LC50 (inhalation). Adapted from the United Nations Globally Harmonized

System of Classification and Labeling of Chemicals Fifth Ed. (United Nations, 2013, page 111).
Exposure Route

GHS 1

GHS 2

GHS 3

GHS 4

GHS 5

Oral (mg kg-1 bodyweight)

0 to 5

>5 to 50

>50 to 300

>300 to 2,000

>2,000 to
5,000

Gases (ppm V)

0 to 100

>100 to 500

>500 to 2,500

>2,500 to
20,000

---

Vapor (mg L-1)

0 to 0.5

>0.5 to 2

>2 to 10

>10 to 20

---

Dust (mg L )

0 to 0.05

>0.05 to 0.5

>0.5 to 1

>1 to 5

---

-1

Table 2.A-3. Acute aquatic toxicity categories. Adapted from the United
Nations Globally Harmonized System of Classification and Labelling
of Chemicals Fifth Ed. (United Nations, 2013, page 222).

Exposure Route

GHS 1

GHS 2

GHS 3

48 hour EC50 for Crustacea (mg L )

≤1

>1 to 10

>10 to 100

96 hour LC50 for Fish (mg L )

≤1

>1 to 10

>10 to 100

≤1

>1 to 10

>10 to 100

-1

-1

72 or 96 hour ErC50 for Algae (mg L )*
-1

*ErC50 is EC50 of growth rate

569

Volume II, Chapter 2: Appendix 2.A

Table 2.A-4. Compounds submitted to South Coast Air Quality Management
District (SCAQMD) from matrix acidizing operations. Over 20 of these

reported chemicals were not found in voluntary notices reported for hydraulic
fracturing to the FracFocus Chemical Disclosure Registry (Table 2.A-1).
CASRN

Also reported as used
in hydraulic fracturing
(Table 2.A-1)

1-Eicosene

3452-07-1

No

Pine Oil

8002-09-3

No

Toluene

108-88-3

No

Chemical Name

Morpholine

110-91-8

No

1-Tetradecene

1120-36-1

No

1-Octadecene

112-88-9

No

Isoquinoline

119-65-3

No

Ammonium Fluoride ((NH4)F)

12125-01-8

No

D-Limonene

138-86-3

No

Nitrilotriacetic Acid

139-13-9

No

26006-22-4

No

Etidronic Acid

2809-21-4

No

1-Octyn-3-Ol, 4-Ethyl-

5877-42-9

No

Amines, Hydrogenated Tallow Alkyl, Acetates

61790-59-8

No

629-73-2

No

68584-24-7

No

Acrylic Polymer

1-Hexadecene
Benzenesulfonic Acid, C10-16-Alkyl Dervis., Compds. With
2-Propanamine
Benzenesulfonic acid, C10-16-alkyl derivs., compds. with
triethanolamine

68584-25-8

No

Hydrocarbons, Terpene Processing Byproducts

68956-56-9

No

Petroleum Naphtha

68990-35-2

No

7681-11-0

No

Potassium Iodide
Phosphoric Acid, Calcium Salt (2:3)

7758-87-4

No

Calcium Bromide

7789-41-5

No

Quinaldine

91-63-4

No

Acetophenone

98-86-2

No

100-41-4

Yes

Calcium chloride

10043-52-4

Yes

2-Ethylhexan-1-ol

104-76-7

Yes

Propargyl alcohol

107-19-7

Yes

Ethylene Glycol

107-21-1

Yes

Diethylene glycol

111-46-6

Yes

2-Butoxyethanol (Ethylene glycol butyl ether)

111-76-2

Yes

12125-02-9

Yes

Ethylbenzene

Ammonium Chloride
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Chemical Name
Sodium hydroxide

CASRN

Also reported as used
in hydraulic fracturing
(Table 2.A-1)

1310-73-2

Yes

Xylenes

1330-20-7

Yes

Phosphonic acid

13598-36-2

Yes

1,2-Ethanediaminium, N1,N2-bis[2-[bis(2-hydroxyethyl)
methylammonio]ethyl]-N1,N2-bis(2-hydroxyethyl)-N1,N2-
dimethyl-, chloride (1:4)

138879-94-4

Yes

Crystalline silica quartz

14808-60-7

Yes

497-19-8

Yes

Sodium carbonate

50-00-0

Yes

51838-31-4

Yes

Cyclohexasiloxane, 2,2,4,4,6,6,8,8,10,10,12,12-
dodecamethyl-

540-97-6

Yes

Cyclopentasiloxane, 2,2,4,4,6,6,8,8,10,10-decamethyl-

541-02-6

Yes

Octamethylcyclotetrasiloxane

556-67-2

Yes

Glycerol

56-81-5

Yes

58160-99-9

Yes

60-24-2

Yes

Fatty acids, tall-oil

61790-12-3

Yes

Polysiloxanes, di-Me

63148-62-9

Yes

Tetrasodium ethylenediaminetetraacetate

64-02-8

Yes

Ethanol

64-17-5

Yes

Formic Acid

64-18-6

Yes

Acetic Acid

64-19-7

Yes

Hydrotreated Light Petroleum Distillate

64742-47-8

Yes

Solvent naphtha, petroleum, heavy arom.

64742-94-5

Yes

Solvent naphtha, petroleum, light arom.

64742-95-6

Yes

Alcohols, C10-14, ethoxylated

66455-15-0

Yes

Formaldehyde
Polyepichlorohydrin, trimethyl amine quaternized

Silanetriol, 1-(3-aminopropyl)2-Mercaptoethyl Alcohol

Methanol

67-56-1

Yes

Isopropanol

67-63-0

Yes

Siloxanes and Silicones, di-Me

67762-90-7

Yes

Silanetriol, (3-aminopropyl)-, homopolymer

68400-07-7

Yes

Ethoxylated hexanol

68439-45-2

Yes

Thiourea, polymer with formaldehyde and
1-phenylethanone

68527-49-1

Yes

Ethoxylated C14-15 alcohols

68951-67-7

Yes

Potassium chloride

7447-40-7

Yes

Silica

7631-86-9

Yes

Hydrochloric acid

7647-01-0

Yes

Sodium chloride

7647-14-5

Yes
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CASRN

Also reported as used
in hydraulic fracturing
(Table 2.A-1)

Hydrofluoric acid

7664-39-3

Yes

Water

7732-18-5

Yes

Sodium sulfate

7757-82-6

Yes

Ammonium sulfate

7783-20-2

Yes

77-92-9

Yes

Chemical Name

Citric acid
Erthorbic acid
Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-w-hydroxyNaphthalene
Citrus Terpenes
1,2,4-Trimethylbenzene
Isopropylbenzene
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89-65-6

Yes

9016-45-9

Yes

91-20-3

Yes

94266-47-4

Yes

95-63-6

Yes

98-82-8

Yes
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Table 2.A-5. Chemicals reported no more than 10 times in voluntary disclosures. This table
contains the unique names and Chemical Abstract Service Registry Numbers (CASRN)

combinations from voluntary disclosures in California as reported to the FracFocus Chemical
Disclosure Registry prior to June 12, 2014. Includes chemicals listed in 1,623 hydraulic

fracturing treatments conducted in California between January 30, 2011 and May 19, 2014.
Chemical Name
1-Methoxy-2-hydroxypropane

CASRN

No. Times Reported

107-98-2

1

2-Propenoic acid, ammonium salt (1:1)

10604-69-0

1

2-Propenoic acid, ammonium salt (1:1), polymer with 2-
propenamide

26100-47-0

1

2-Mercaptoethyl Alcohol

Proprietary

1

2-Methoxy-1-propanol

1589-47-5

1

79-06-1

1

Alcohols, C12-14, ethoxylated

68439-50-9

1

Alfa-Alumina

Proprietary

1

Aliphatic alcohol

Proprietary

1

Alkylene Oxide Block Polymer

Proprietary

1

Alpha-(4-nonylphenyl)-omega-hydr oxy-, branched

Proprietary

1

Ammonium acetate

Proprietary

1

Aromatic Aldehyde

Proprietary

1

Bauxite

1318-16-7

1

Bauxite

Proprietary

1

100-44-7

1

Bis(hydrogenated tallow alkyl) dimethyl,salts with bentonite
compounds

Proprietary

1

Citrus Terpenes

Proprietary

1

Corundum

1302-74-5

1

Cyclic Alkanes

Proprietary

1

79-21-0

1

Ether

Proprietary

1

Ethoxylated

Proprietary

1

Ethoxylated Alkylphenol (1)

Proprietary

1

Exyalkylated amine

Proprietary

1

Fatty acids, tall-oil

Proprietary

1

GS-1L

Proprietary

1

Hematite

Proprietary

1

Maghemite

Proprietary

1

119-36-8

1

Modified bentonite

Proprietary

1

Organic sulfur compound

Proprietary

1

Oxyalkylated fatty acid

Proprietary

1

Poly(dimethylaminoethyl methacrylate dimethyl sulfate quat)

Proprietary

1

Poly(oxy-1,2-ethanediyl), α-[(9Z)-1-oxo-9-octadecen-1-yl]-ω-
hydroxy-

9004-96-0

1

Acrylamide

Benzyl Chloride

Ethaneperoxoic acid

Methyl salicylate
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Chemical Name

CASRN

No. Times Reported

Poly(oxy-1,2-ethanediyl), alpha-hydro-omega-hydroxy-, ether
with D-glucitol (2:1), tetra-(9Z)-9-octadecenoate

61723-83-9

1

Polyepichlorohydrin, trimethyl amine quaternized

51838-31-4

1

Polyquaternium 15

35429-19-7

1

Resin coated cellulose

Proprietary

1

Silicon dioxide (crystalline)

60676-86-0

1

Silicon dioxide crystalline

60676-86-0

1

497-19-8

1

Sodium perborate tetrahydrate

10486-00-7

1

Talc

Proprietary

1

Thiocyanic acid, sodium salt (1:1)

540-72-7

1

Trimethylamine, N-oxide

1184-78-7

1

2-Methylbutyrate

600-07-7

2

2-Propenoic acid, polymer with sodium phosphinate (1:1),
sodium salt

71050-62-9

2

4,4`-Diaminodiphenyl sulfone

Proprietary

2

Adipic acid, dimethyl ester

Proprietary

2

Alcohols, Ethoxylated

Proprietary

2

bisHydrogenated Tallow Alkyl Dimethyl Salts With Bentonite

Proprietary

2

Bromic acid, sodium salt (1:1)

7789-38-0

2

Complex ester

Proprietary

2

Copolymer

Proprietary

2

decahydrate

Proprietary

2

Dimethyl glutarate

Proprietary

2

Ethylene-vinyl acetate copolymer

Proprietary

2

Sodium carbonate

Gelatin

9000-70-8

2

Iron

7439-89-6

2

Magnesium iron silicate

1317-71-1

2

Magnesium silicate

1343-88-0

2

n-Beta-(aminoethyl)-gamma-amin opropyl trimethoxysilane

1760-24-3

2

Peroxidisulphate

Proprietary

2

900303-35-4

2

Propan-2-ol

Proprietary

2

Siloxanes and silicones, di-Me, polymers with Me
silsesquioxanes

68037-74-1

2

Succinic acid, dimethyl ester

106-65-0

2

White Mineral Oil (Petroleum)

8042-47-5

2

2-Acrylamido-2-methylpropane sulfonate

38193-60-1

3

Aliphatic amide derivative

Proprietary

3

Aromatic acid derivative

Proprietary

3

Bis-quaternary Methacrylamide Monomer

Proprietary

3

Ceramic materials and wares

66402-68-4

3

Dodecylbenzene

Proprietary

3

Phenol / Formaldehyde Resin
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Chemical Name
Ethoxylated hexanol

CASRN

No. Times Reported

68439-45-2

3

Hematite

1317-60-8

3

Iron oxide

1309-37-1

3

Maghemite

1309-38-2

3

Paraffinic solvent

Proprietary

3

Secondary alcohols, C12-14, ethoxylated

84133-50-6

3

Silanetriol, (3-aminopropyl)-, homopolymer

68400-07-7

3

Silanetriol, 1-(3-aminopropyl)-

58160-99-9

3

Sulfuric acid

Proprietary

3

Titanium oxide

13463-67-7

3

Alcohols, C10-16, ethoxylated

68002-97-1

4

Alcohols, C12-13, ethoxylated

66455-14-9

4

64-18-6

4

Glycol

Formic Acid

Proprietary

4

Neutralized Polycarboxylic Acid

Proprietary

4

Phosphonomethylated polyamine

68132-59-2

4

Sulfate

Proprietary

4

Bis-quaternary methacrylamide monomer

Proprietary

5

Glycol ether

Proprietary

5

Tall oil acid diethanolamide

68155-20-4

5

Thioglycolic Acid

68-11-1

5

Ammonium bifluoride

1341-49-7

6

Anitfoam

Proprietary

6

Biovert CF

Proprietary

6

Lactose

5989-81-1

6

Lecithins

8002-43-5

6

Modified cycloaliphatic amine adduct

Proprietary

6

Mullite

1302-93-8

6

Organic phoshonate

Proprietary

6

Organo amino silane

Proprietary

6

Poly (acrylamide-co-acrylic acid)

Proprietary

6

Salt

Proprietary

6

Siloxanes and silicones, dimethyl,

63148-52-7

6

Sorbitan Monooleate

Proprietary

6

2-Propen-1-aminium, N,N-dimethyl-N-2-propen-1-yl-, chloride
(1:1), homopolymer

26062-79-3

7

2-Propenoic acid, homopolymer, sodium salt

9003-04-7

7

Alkyl Diamide

Proprietary

7

Ammonium sulfate

7783-20-2

7

Anionic Polymer

Proprietary

7

Cyclohexasiloxane, 2,2,4,4,6,6,8,8,10,10,12,12-dodecamethyl-

540-97-6

7

Cyclopentasiloxane, 2,2,4,4,6,6,8,8,10,10-decamethyl-

541-02-6

7

Diethanolamine

111-42-2

7
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Chemical Name

CASRN

No. Times Reported

Lactose

63-42-3

7

Octamethylcyclotetrasiloxane

556-67-2

7

Proprietary

7

Polylactide resin

Proprietary

7

Polysiloxanes, di-Me

63148-62-9

7

Siloxanes and Silicones, di-Me

67762-90-7

7

Sulfurous acid, sodium salt (1:1)

7631-90-5

7

Oxylated alcohol

Tetramethyl ammonium chloride

75-57-0

7

Vinyl Copolymer

Proprietary

7

Butyl glycidyl ether

Proprietary

8

Butyl lactate

Proprietary

8

Caprylamidopropyl betaine

73772-46-0

8

Cocamidopropyl betaine

61789-40-0

8

Epoxy resin

Proprietary

8

Ethene, 1,1-dichloro-, homopolymer

9002-85-1

8

Ethylenediamine

107-15-3

8

oxide

Proprietary

8

Oxylated phenolic resin

Proprietary

8

Phosphate ester

Proprietary

8

Phosphonate salt

Proprietary

8

Phosphonic acid

Proprietary

8

Phosphoric acid salt

7632-05-5

8

Polyacrylate

Proprietary

8

Polyquaternary amine salt

Proprietary

8

Potassium bicarbonate

298-14-6

8

Sodium sulfite

7757-83-7

8

Water brine

Water NOS

8

Oxyalkylated alkyl alcohol (1)

Proprietary

9

Sodium thiosulfate

7772-98-7

9

Alcohols, C11 linear, ethoxylated

34398-01-1

10

Alcohols, C9-C11, ethoxylated

68439-46-3

10

Amine derivative

Proprietary

10

Cristobalite proppant

14464-46-1

10

123-01-3

10

Dodecylbenzene sulfonic acid

27176-87-0

10

Ethoxylated alcohol

Proprietary

10

Dodecylbenzene

Ethylbenzene

100-41-4

10

Linear/branched alcohol ethoxylate (11eo)

127036-24-2

10

Propanol, 1(or 2)-(2-methoxymethylethoxy)-

34590-94-8

10
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Table 2.A-6. Chemical additives that are used in median quantities
greater than 200 kg per hydraulic fracturing treatment. This table
excludes base fluids (e.g., water, brine, saline solutions).

Chemical Name

Crystalline silica quartz proppant
Magnesium silicate
Ceramic materials and wares

CASRN

Chemical Mass Used
Median
(kg treatment-1)

95% of the Values
are Below this
Number
(kg treatment-1)

14808-60-7

91,527.3

340,777.4

1343-88-0

90,192.8

126,417.0

66402-68-4

68,038.6

120,292.3

Mullite

1302-93-8

65,437.6

173,665.0

Resin coated cellulose

Proprietary

42,955.1

42,955.1

Silicon dioxide (crystalline)

60676-86-0

33,757.6

33,757.6

1317-71-1

15,032.2

21,069.5

60676-86-0

11,409.2

11,409.2

Magnesium iron silicate
Silicon dioxide crystalline
Kyanite

1302-76-7

8,887.9

94,521.3

Organic phoshonate

Proprietary

7,686.6

76,005.0

Alkanes / Alkenes

Proprietary

5,802.8

16,750.6

Hydrochloric acid

7647-01-0

4,868.0

24,933.4

Aluminum oxide

1344-28-1

4,494.7

82,791.4

Petroleum Distillate Blend

Proprietary

4,235.9

5,072.0

Cristobalite proppant

14464-46-1

4,139.6

40,862.3

Monoethanolamine
Biovert CF
Sodium carbonate
Lactose
GS-1L

141-43-5

3,661.9

6,270.2

Proprietary

3,102.4

4,765.3

497-19-8

2,542.4

2,542.4

63-42-3

2,002.3

2,268.3

Proprietary

1,650.2

1,650.2

Phenol, polymer with formaldehyde

9003-35-4

1,583.0

11,173.9

Alfa-Alumina

Proprietary

1,499.7

1,499.7

2-Acrylamido-2-methylpropane sulfonate

38193-60-1

1,317.5

1,600.6

Naphtha, hydrotreated heavy

64742-48-9

1,250.2

1,250.2

Potassium carbonate

584-08-7

1,208.7

6,487.1

Mixture of Surfactants

Proprietary

1,135.5

2,914.9

Sodium bicarbonate

144-55-8

1,066.7

5,792.1

Hydrofluoric acid

7664-39-3

1,022.2

8,996.0

107-22-2

1,016.1

2,707.9

Polyquaternary amine salt

Proprietary

955.6

10,279.5

Unknown

Proprietary

876.3

889.6

100-41-4

768.8

1,888.9

2-Propenoic acid, ammonium salt (1:1), polymer
with 2-propenamide

26100-47-0

735.7

735.7

Carbohydrate polymer

Proprietary

660.3

2,676.9

Boric acid, dipotassium salt

1332-77-0

660.0

1,979.1

Glyoxal

Ethylbenzene
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CASRN

Chemical Mass Used
Median
(kg treatment-1)

95% of the Values
are Below this
Number
(kg treatment-1)

12008-41-2

627.9

1,569.9

Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-w-hydroxy-

9016-45-9

600.3

2,244.4

Guar gum

9000-30-0

589.2

4,702.8

Carbohydrates

Proprietary

553.6

4,065.3

Monoethanolamine borate (1:x)

26038-87-9

497.6

1,971.7

Acyclic hydrocarbon blend

Proprietary

453.6

2,882.6

Chemical Name

Disodium octaborate

Hematite

1317-60-8

449.5

674.2

Cocamidopropyl betaine

61789-40-0

438.9

947.8

Borate salts

Proprietary

365.8

670.2

Ammonium salt

Proprietary

349.2

2,919.2

D-glucitol

50-70-4

338.6

902.8

1-Methoxy-2-hydroxypropane

107-98-2

330.7

330.7

Oxyalkylated alcohol (2)

Proprietary

318.9

1,513.0

Aliphatic polyol

Proprietary

314.1

965.3

67-56-1

276.1

1,293.7

Methanol
Ammonium Chloride

12125-02-9

272.6

27,407.6

Distillates, petroleum, hydrotreated light paraffinic

64742-55-8

269.8

1,623.5

Ethoxylated nonylphenol

Proprietary

269.3

793.8

Isopropanol
Hydrotreated Light Petroleum Distillate

67-63-0

267.8

975.9

64742-47-8

267.2

1,867.6

Choline chloride

67-48-1

266.4

1,472.5

Formic Acid

64-18-6

264.9

2,493.4

FRW-16A

Proprietary

248.2

877.7

Citrus Terpenes

94266-47-4

245.2

245.2

Oxyakylated Amine Quat

Proprietary

238.9

881.0

2-Propen-1-aminium, N,N-dimethyl-N-2-propen-1-
yl-, chloride (1:1), homopolymer

26062-79-3

238.0

405.7

7772-98-7

229.8

445.2

Citric acid

77-92-9

228.9

646.9

Hematite

Proprietary

225.1

225.1

Polylactide resin

Proprietary

221.6

448.5

Ammonium bifluoride

1341-49-7

217.3

837.8

Complex ester

Proprietary

214.5

408.6

Sodium thiosulfate

Triethanolamine
Glassy calcium magnesium phosphate

102-71-6

212.2

647.1

65997-17-3

204.5

215.9
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Table 2.A-7. Most aquatically toxic (United Nations Globally Harmonized
System of Classification and Labelling of Chemicals (GHS) Categories
1 or 2) chemicals used in well stimulation in California.

CASRN

Acute Aquatic
Daphnia
Magna GHS
Category

Acute Aquatic
Fathead
Minnow GHS
Category

1,2,4-Trimethylbenzene

95-63-6

2

2

1,3,5-Trimethylbenzene

108-67-8

2

2-Propenoic acid, ammonium salt (1:1), polymer with 2-
propenamide

26100-47-0

1

2,2-dibromo-3-nitrilopropionamide

10222-01-2

1

2-Mercaptoethyl alcohol

60-24-2

2

2-Methyl-3(2H)-isothiazolone

2682-20-4

1

1

5-Chloro-2-methyl-3(2H)-isothiazolone

26172-55-4

1

1

Alcohols, C10-16, ethoxylated

68002-97-1

1

Alcohols, C11 linear, ethoxylated

Chemical Name

1

Acute Aquatic
Trout GHS
Category

1

34398-01-1

2

2

Alcohols, C12-13, ethoxylated

66455-14-9

1

1

Alcohols, C9-C11, ethoxylated

68439-46-3

2

2

Alkyl dimethylbenzyl ammonium chloride

68424-85-1

1

1

1

Ammonium chloride

12125-02-9

6

2

6

Benzyl chloride

100-44-7

2

Butyl glycidyl ether

2426-08-6

2

Chlorous acid, sodium salt (1:1)

7758-19-2

1

Cocamidopropyl betaine

61789-40-0

2

Dodecylbenzene sulfonic acid

27176-87-0

2

2

79-21-0

2

Ethoxylated C14-15 alcohols

68951-67-7

1

Ethoxylated hexanol

68439-45-2

2

100-41-4

2

2

107-15-3

2

6

111-30-8

1

2

Hydrochloric acid

7647-01-0

1

Hydrogen peroxide

7722-84-1

2

Hydrotreated light petroleum distillate

64742-47-8

Ethaneperoxoic acid

Ethylbenzene
Ethylenediamine
Glutaraldehyde

Isopropylbenzene
Isotridecanol, ethoxylated
Naphthalene

98-82-8

3

9043-30-5

2

91-20-3

1
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1
2

2
2
2

3

3

3

2

2

2

1

1
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Chemical Name

Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-w-hydroxyPropargyl alcohol

CASRN

Acute Aquatic
Daphnia
Magna GHS
Category

9016-45-9

2

107-19-7

61789-71-7

1

Sodium perborate tetrahydrate

10486-00-7

2

Solvent naphtha, petroleum, heavy arom.

64742-94-5

1

Solvent naphtha, petroleum, light arom.

64742-95-6

2

1330-20-7

580

Acute Aquatic
Trout GHS
Category
2

2

Quaternary ammonium chloride, benzylcoco alkyldimethyl,
chlorides

Xylenes

Acute Aquatic
Fathead
Minnow GHS
Category

3

2
2

3

2
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Table 2.A-8. Final list of priority compounds based on toxicity and mass used. Chemicals
are ranked by the United Nations Globally Harmonized System of Classification

and Labelling of Chemicals (GHS) based upon their LC50 or EC50 values. In the GHS

system, lower numbers indicate higher toxicity, with a designation of “1” indicating

the most toxic compounds. Tox code is the lowest (most toxic) designation from acute
aquatic toxicity as described in Tables A.2-3 and A.2-7 and Figure 2.B-1. Mass of
chemical used per well stimulation treatment is from Table A.2-1 and A.2-6.

CASRN

Median Chemical
Mass Used (kg
treatment-1)

Tox Code
(lowest GHS score in any
aquatic toxicological
category)

7647-01-0

4,868

1

2-Propenoic acid, ammonium salt (1:1), polymer with
2-propenamide

26100-47-0

736

1

Alcohols, C10-16, ethoxylated

68002-97-1

182

1

Ethoxylated C14-15 alcohols

68951-67-7

135

1

111-30-8

99

1

Chemical Name

Hydrochloric acid

Glutaraldehyde

7758-19-2

96

1

Alkyl dimethylbenzyl ammonium chloride

Chlorous acid, sodium salt (1:1)

68424-85-1

29

1

Quaternary ammonium chloride, benzylcoco
alkyldimethyl, chlorides

61789-71-7

25

1

DBNPA (2,2-dibromo-3-nitrilopropionamide)

10222-01-2

22

1

Solvent naphtha, petroleum, heavy arom.

64742-94-5

10

1

Alcohols, C12-13, ethoxylated

66455-14-9

2

1

5-Chloro-2-methyl-3(2H)-isothiazolone

26172-55-4

1

1

91-20-3

1

1

2682-20-4

<1

1

Naphthalene
2-Methyl-3(2H)-isothiazolone

100-41-4

769

2

Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-w-hydroxy-

Ethylbenzene

9016-45-9

600

2

Cocamidopropyl betaine

61789-40-0

439

2

Ammonium Chloride

12125-02-9

273

2

Hydrotreated Light Petroleum Distillate

64742-47-8

267

2

Isotridecanol, ethoxylated

9043-30-5

44

2

Ethaneperoxoic acid

79-21-0

31

2

Ethoxylated hexanol

68439-45-2

15

2

Dodecylbenzene sulfonic acid

27176-87-0

14

2

107-19-7

8

2

Propargyl alcohol
Alcohols, C11 linear, ethoxylated
1,2,4-Trimethylbenzene

34398-01-1

4

2

95-63-6

3

2

Solvent naphtha, petroleum, light arom.

64742-95-6

3

2

Alcohols, C9-C11, ethoxylated

68439-46-3

2

2

Benzyl Chloride

100-44-7

2

2

Hydrogen peroxide

7722-84-1

1

2
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Chemical Name

1,3,5-Trimethylbenzene
Isopropylbenzene
Xylenes
2-Mercaptoethyl Alcohol
Butyl glycidyl ether
Ethylenediamine
Sodium perborate tetrahydrate
Monoethanolamine

CASRN

Median Chemical
Mass Used (kg
treatment-1)

Tox Code
(lowest GHS score in any
aquatic toxicological
category)

108-67-8

<1

2

98-82-8

<1

2

1330-20-7

<1

2

60-24-2

2

2426-08-6

2

107-15-3

2

10486-00-7

2

141-43-5

3,662

3

Guar gum

9000-30-0

589

3

Poly(oxy-1,2-ethanediyl), alpha-hexyl-omega-hydroxy

31726-34-8

141

3

Boric acid

10043-35-3

101

3

111-42-2

97

3

Ammonium sulfate

7783-20-2

72

3

Zirconium oxychloride

7699-43-6

70

3

Boron oxide

1303-86-2

53

3

Diethanolamine

Sodium hydroxide

1310-73-2

33

3

Potassium chloride

7447-40-7

32

3

56-81-5

27

3

Glycerol
Tetrasodium ethylenediaminetetraacetate

64-02-8

24

3

Thiocyanic acid, sodium salt (1:1)

540-72-7

24

3

Ammonium Persulfate

7727-54-0

23

3

Sulfurous acid, sodium salt (1:1)

7631-90-5

21

3

55566-30-8

9

3

Tetrakis hydroxymethyl-phosphonium sulfate
Bis(2-ethylhexyl) sodium sulfosuccinate
Calcium chloride

577-11-7

8

3

10043-52-4

5

3

Acrylamide

79-06-1

4

3

Formaldehyde

50-00-0

1

3

Trisodium nitrilotriacetate

5064-31-3

1

3

2-Ethylhexan-1-ol

104-76-7

<1

3

Acetic Acid

64-19-7

<1

3

63148-62-9

<1

3

68-11-1

<1

3

Polysiloxanes, di-Me
Thioglycolic Acid
Adipic acid, dimethyl ester

627-93-0

3

Dimethyl glutarate

1119-40-0

3
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Table 2.A-9. Chemical additive identified by non-specific name and reported as trade

secrets, confidential business information, or proprietary information in the FracFocus

Chemical Disclosure Registry. These materials cannot be evaluated for hazard, risk, and

environmental impact without more specific identification. Chemicals additives that are

not identified by CASRN cannot be conclusively identified and cannot be fully evaluated.
Information entered
in place of CASRN

Number of
entries recorded

Acyclic hydrocarbon blend

Trade Secret

23

Alcohols, Ethoxylated

Confidential

2

Alfa-Alumina

(No entry)

1

Aliphatic alcohol

Proprietary

1

Aliphatic amide derivative

Proprietary

3

Aliphatic co-polymer

Proprietary

21

Aliphatic polyol

Proprietary

21

Chemical Name

Alkanes / Alkenes

Multiple

33

Trade Secret

7

Alkylalcohol ethoxylated

Proprietary

12

Alkylene Oxide Block Polymer

Trade Secret

1

Alpha-(4-nonylphenyl)-omegahydr oxy-, branched

(No entry)

1

Amine derivative

Proprietary

10

Amine salts

Confidential

52

Amine salts

Confidential Business
Information

6

Amine salts

Proprietary

6

Amino alkyl phosphonic acid

Proprietary

1

Amino alkyl phosphonic acid

Trade Secret

672

Ammonium salt

Confidential

26

Ammonium salt

Confidential Business

2

Ammonium salt

Proprietary

1

Anionic Polymer

Trade Secret

7

Anitfoam

Trade Secret

6

Aromatic acid derivative

Proprietary

3

Aromatic Aldehyde

Trade Secret

1

Alkyl Diamide

BC-3

(No entry)

6

BC-3

NA

12

BC-3

NA

10

BC-3

Proprietary

3

BC-3

Trade Secret

64

Biovert CF

Confidential

6

(No entry)

1

Bis(hydrogenated tallow alkyl)
dimethyl,salts with bentonite
compounds
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Information entered
in place of CASRN

Number of
entries recorded

bisHydrogenated Tallow Alkyl
Dimethyl Salts With Bentonite

(No entry)

2

Bis-quaternary methacrylamide
monomer

Confidential

5

Bis-quaternary Methacrylamide
Monomer

Confidential Business
Information

3

Borate salts

Confidential

15

Borate salts

Confidential Business
Information

14

Borate salts

Proprietary

1

Carbohydrate polymer

Proprietary

21

Carbohydrates

Confidential

27

Carbohydrates

Confidential Business
Information

33

Carbohydrates

Proprietary

1

Cationic polymer

Proprietary

18

ClaWeb

Confidential Business
Information

5

ClaWeb

Proprietary

31

Complex ester

Trade Secret

2

Copolymer

Trade Secret

2

NA

1

Confidential Business
Information

2

Chemical Name

Crystalline silica quartz proppant
Cured acrylic resin
Cured acrylic resin

Proprietary

3

Cured acrylic resin

Trade Secret

53

Cured resin

Trade Secret

20

Cyclic Alkanes

Trade Secret

1

Decahydrate

(No entry)

2

Dioctyl sulfosuccinate sodium
salt

Proprietary

12

Dodecylbenzene

Proprietary

3

EDTA/Copper chelate

Confidential

32

EDTA/Copper chelate

Confidential Business

2

EDTA/Copper chelate

Confidential Business
Information

42

EDTA/Copper chelate

Proprietary

2

Enzyme G

NA

89

Enzyme G

NA

392

Confidential Business
Information

8

Trade Secret

1

(No entry)

1

Epoxy resin
Ether
Ethoxylated
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Information entered
in place of CASRN

Number of
entries recorded

Ethoxylated alcohol

Proprietary

4

Ethoxylated alcohol

Trade Secret

6

Ethoxylated alkylphenol (1)

Trade Secret

1

Ethoxylated nonylphenol

Confidential

7

Ethoxylated nonylphenol

Confidential Business

3

Ethoxylated nonylphenol

Confidential Business
Information

32

Ethylene-vinyl acetate
copolymer

Trade Secret

2

Exyalkylated amine

Trade Secret

1

Fatty acid tall oil amide

Confidential

17

Fatty acids

Proprietary

2

Fatty acids

Trade Secret

18

Fatty acids, tall-oil

Confidential

1

NA

2

FRW-16A

Proprietary

2

FRW-16A

Trade Secret

9

Glycol

Proprietary

3

Glycol

Trade Secret

1

Glycol ether

Confidential Business
Information

2

Glycol ether

Proprietary

3

GS-1L

Trade Secret

1

Chemical Name

FRW-16A

Hematite

(No entry)

1

NA

89

NA

22

Proprietary

11

Hemicellulase enzyme
Hemicellulase enzyme
Inorganic mineral
Maghemite

(No entry)

1

Mixture of Surfactants

Trade Secret

62

Modified bentonite

Confidential

1

Modified cycloaliphatic amine
adduct

Mixture

6

Neutralized Polycarboxylic Acid

Proprietary

4

Olefins

Confidential

4

Olefins

Proprietary

2

Olefins

Trade Secret

18

Organic phoshonate

Proprietary

6

Trade Secret

1

Confidential Business
Information

6

Organic sulfur compound
Organo amino silane
oxide
Oxyakylated Amine Quat

(No entry)

8

Trade Secret

26
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Information entered
in place of CASRN

Number of
entries recorded

Oxyalkylated alcohol (1)

Proprietary

21

Oxyalkylated alcohol (2)

Proprietary

20

Chemical Name

Oxyalkylated alkyl alcohol (1)

Proprietary

9

Oxyalkylated alkylphenol (1)

Trade Secret

24

Oxyalkylated alkylphenol (2)

Trade Secret

25

Oxyalkylated amine

Trade Secret

24

Oxyalkylated fatty acid

Trade Secret

1

Confidential Business
Information

12

Oxylated alcohol

Confidential

6

Oxylated alcohol

Confidential Business
Information

1

Confidential

8

Paraffinic solvent

Confidential Business
Information

3

Peroxidisulphate

Oxyalkylated phenolic resin

Oxylated phenolic resin

(No entry)

2

Petroleum Distillate Blend

CBI

10

Petroleum Distillate Blend

Proprietary

111

Petroleum Distillate Blend

Trade Secret

30

Phosphate ester

Confidential Business
Information

8

Phosphonate salt

Trade Secret

8

Phosphonic acid

Proprietary

8

Poly (acrylamide-co-acrylic acid)

Trade Secret

6

Poly(dimethylaminoethyl
methacrylate dimethyl sulfate
quat)

Proprietary

1

Polyacrylamide copolymer

Confidential

17

Polyacrylamide copolymer

Confidential Business

1

Polyacrylamide copolymer

Confidential Business
Information

4

Polyacrylate

Trade Secret

8

Polylactide resin

Confidential

7

Polymer

Proprietary

26

Polyoxyalkylene

Trade Secret

25

Polyoxyalkylenes

Proprietary

2

Polyoxyalkylenes

Trade Secret

32

Polyquaternary amine salt

Confidential

5

Polyquaternary amine salt

Confidential Business
Information

3

Propan-2-ol

Proprietary

2

Quaternary amine

Confidential

78
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Information entered
in place of CASRN

Number of
entries recorded

Confidential Business
Information

17

Quaternary ammonium
compounds

Confidential

9

Quaternary ammonium
compounds

Proprietary

9

Quaternary ammonium
compounds

Trade Secret

2

Resin coated cellulose

Proprietary

1

Salt

Trade Secret

6

Sorbitan Monooleate

Trade Secret

6

Chemical Name
Quaternary amine

Sulfate

(No entry)

4

Sulfonate

Confidential

27

Sulfonate

Confidential Business
Information

7

Sulfonate

Proprietary

2

Sulfuric acid

Proprietary

3

Surfactant mixture

CBI

12

Surfactant mixture

Confidential

88

Surfactant mixture

Confidential Business

1

Surfactant mixture

Confidential Business
Information

3

Surfactant mixture

NA

1

Surfactant mixture

Proprietary

4

Surfactant mixture

Trade Secret

42

(No entry)

1

Unknown

(No entry)

5

Unknown

Confidential Business
Information

9

Unknown

NA

5

Unknown

Trade Secret

1

Vinyl Copolymer

Trade Secret

7

Water base fluid

(No entry)

44

Water base fluid

NA

101

Water base fluid

Proprietary

1

NA

8

Talc

Water brine
Water KCL mix

(No entry)

5

Water KCL mix

NA

18

(No entry)

19

Water produced
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Table 2.A-10. Chemicals used for hydraulic fracturing and matrix acidizing in California,
as reported in DOGGR’s Well Stimulation Treatment Disclosure Reports prior to May,

2015, that were not reported in voluntary disclosures to the FracFocus Chemical Disclosure
Registry (Table 2.A-1). Well Stimulation Treatment Disclosure Reports are required

within 60 days of cessation of well stimulation treatment under Senate Bill 4 (SB 4).
Chemical Name

CASRN

Reported as used
in matrix acidizing

Reported as used in
hydraulic fracturing

1-Eicosene

3452-07-1

Yes

Yes

Hydroxylamine hydrochloride

5470-11-1

Yes

No

Acetaldol

107-89-1

Yes

No

1-Tetradecene

1120-36-1

Yes

Yes

1-Octadecene

112-88-9

Yes

Yes

12125-01-8

Yes

Yes

122-18-9

Yes

Yes

13197-76-7

Yes

Yes

Benzododecinium chloride

139-07-1

Yes

Yes

Miristalkonium chloride

139-08-2

Yes

Yes

Ammonium fluoride
Benzyldimethylammonium chloride
Lauryl hydroxysultaine

139-13-9

Yes

No

Fatty acids, C18-unsatd., dimers

Nitrilotriacetic acid

61788-89-4

Yes

No

Amines, hydrogenated tallow alkyl, acetates

61790-59-8

Yes

Yes

1-Hexadecene

629-73-2

Yes

Yes

Benzoic acid

65-85-0

Yes

No

Poly(oxy-1,2-ethanediyl), alpha-(nonylphenyl)-omegahydroxy-, branched, phosphates

68412-53-3

Yes

No

Benzenesulfonic acid, C10-16-alkyl derivs., compds.
with 2-propanamine

68584-24-7

Yes

Yes

Benzenesulfonic acid, C10-16-alkyl derivs., compds.
with triethanolamine

68584-25-8

Yes

Yes

7447-39-4

Yes

No

75-21-8

Yes

Yes

Copper dichloride
Ethylene oxide
Potassium iodide

7681-11-0

Yes

No

Nitrogen

7727-37-9

Yes

No

Calcium phosphate, tribasic

7758-87-4

Yes

Yes

Aluminum chloride

7784-13-6

Yes

No

1,3-Propanediaminium, 2-hydroxy-N,N,N,N’,N’pentamethyl-N’-(3-((2-methyl-1-oxo-2-propenyl)
amino)propyl)-, dichloride, homopolymer

86706-87-8

Yes

No

Acrylamide acrylate copolymer

9003-06-9

No

Yes

Triethanolamine zirconate

101033-44-7

No

Yes

107-13-1

No

Yes

Acrylonitrile
Toluene
Xanthan gum
Triethylene glycol

108-88-3

No

Yes

11138-66-2

No

Yes

112-27-6

No

Yes
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Reported as used
in matrix acidizing

Reported as used in
hydraulic fracturing

Chemical Name

CASRN

Ulexite

1319-33-1

No

Yes

Diethylenetriaminepenta(methylenephosphonic) acid

15827-60-8

No

Yes

Xylenesulfonic acid

25321-41-9

No

Yes

Polypropylene glycol

25322-69-4

No

Yes

3734-67-6

No

Yes

Ethanol, 2-amino-, 1-acetate (1:1)

54300-24-2

No

Yes

Prolonium chloride

55636-09-4

No

Yes

Amines, dicoco alkylmethyl

61788-62-3

No

Yes

Ethoxylated castor oil

61791-12-6

No

Yes

Pontacyl carmine 2B

6625-46-3

No

Yes

Food red 10

Aziridine, homopolymer, ethoxylated

68130-99-4

No

Yes

Alcohols, C12-15 ethoxylated

68131-39-5

No

Yes

1,2-Ethanediamine, N1-(2-aminoethyl)-N2-(2((2-aminoethyl)amino)ethyl)-, polymer with
2-methyloxirane and oxirane

68815-65-6

No

Yes

Poly(oxy-1,2-ethanediyl), alpha-(2,4,6-tris(1phenylethyl)phenyl)-omega-hydroxy-

70559-25-0

No

Yes

Phosphonic acid, P,P’,P’’,P’’’-(((phosphonomethyl)
imino)bis(2,1-ethanediylnitrilobis(methylene)))
tetrakis-, ammonium salt (1:?)

70714-66-8

No

Yes

n-Propanol

71-23-8

No

Yes

Aluminum

7429-90-5

No

Yes

Extract of walnut

84012-43-1

No

Yes

1,4-Dioxane-2,5-dione, 3,6-dimethyl-, (3R,6R)-,
polymer with rel-(3R,6S)-3,6-dimethyl-1,4-dioxane2,5-dione and (3S,6S)-3,6-dimethyl-1,4-dioxane-2,5dione

9051-89-2

No

Yes

Amaranth Dye

915-67-3

No

Yes
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Appendix 2.B

Figures for Section 2.4
Characterization of Well
Stimulation Fluids
Acute Aquatic Toxicity (Trout)
Acute
Aquatic Toxicity
(Trout)
With Computational
Toxicity
Data

Acute Aquatic Toxicity (Fathead Minnow)
With Computational Toxicity Data

Insufficient Data
27%
Non-Toxic
35%

With Computational Toxicity Data

GHS 1
13%
GHS 3
15%

Insufficient Data
Insufficient
Data
35%
35%

Non-Toxic
Non-Toxic
33%
33%

GHS 3
GHS
8.5% 3
8.5%

GHS 2
9.8%

GHS 2
GHS
9.8% 2
9.8%

GHS 1
GHS
13% 1
13%

Figure 2.B-1. Computational data and experimental data combined for aquatic species.

Chemical toxicity was categorized according to United Nations standards in the Globally

Harmonized System of Classification and Labelling of Chemicals (GHS), which classifies acute
toxicity for aquatic species on a scale of 1 to 3, with 3 being the least toxic. For pie charts

containing both experimental and computational toxicity data, the experimental data was used
as the value for that chemical in the creation of the pie chart. If only computational data was
available, the computational value was used.
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Acute Oral Toxicity (Rat)

Acute Oral Toxicity (Rat)
Non-Toxic
20% Acute

With Computational Toxicity Data

Oral Toxicity (Rat)

Non-Toxic
20%

Insufficient Data
37%

Non-Toxic
21%

Insufficient Data
32%

Insufficient Data
37%

GHS 5
16%

GHS 5
16%

GHS 2
1.2%

GHS 4
20%

GHS 4
20%

GHS 3
6%
GHS 2
1.2%
GHS 3
6%

GHS 2
1.2%
GHS 4
22%

GHS 3
6%

Acute Inhalation
Inhalation Toxicity
Toxicity(Rat)
(Rat)
Acute

Acute Oral Toxicity (Mouse)
Non-Toxic
Acute
Oral Toxicity (Mouse)

GHS 4
GHS 33 GHS 4
GHS
2.4%
2.8% 2.4%
2.8%
GHS 22
GHS
3.2%
3.2%

8.8%
GHS 5 Non-Toxic
7.6% 8.8%
GHS 5
7.6%
GHS 4
14%
GHS 4
14%
GHS 3
3.2%
GHS 3
GHS 2
3.2%
1.2%
GHS 2
1.2%

GHS 1
0.4%

GHS 5
17%

Non-Toxic
Non-Toxic
4%
4%

GHS 1
1.6%

Insufficient Data
66%
Insufficient Data
66%
Insufficient
InsufficientData
Data
86%
86%

Figure 2.B-2. Acute mammalian toxicity. Chemical toxicity was categorized according to

United Nations standards in the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS), which classifies acute toxicity for mammals on a scale of 1 to 5, with 5 being
the least toxic. For pie charts containing both experimental and computational toxicity data,

the experimental data was used as the value for that chemical in the creation of the pie chart. If
only computational data was available, the computational value was used.
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no

no
NP
no

Microfiltration (MF)/Ultrafiltration
(UF)

Nanofiltration (NF)/Reverse
Osmosis (RO)

Sedimentation

no

no
no

Filtration

no
no

Electrocoagulation

Evaporation

Ion exchange

yes

no

Dissolved Air/Gas Floatation

no

no

V/P

no

yes

no

no

V/P

no
V/P

no

Centrifuge/Hydrocyclones

no

no

yes

no

no

no

V/P

no

no

V/P

no

no

no

Enzyme

Breakers
Ionic

Coagulation/Flocculation

V/P

Adsorptiont

Biocides

Air stripping

Physical

Treatment Technology

no

yes

no

yes

no

no

no

no

no

no

no

no

Clay
stabilizers

592

unknown

NP

NP

no

V/P

no

V/P

no

V/P

no

no

yes

Corrosion
inhibitors

no

yes

no

yes

no

yes

yes

no

no

no

no

V/P

Boronbased

no

NP

NP

no

no

V/P

yes

V/P

V/P

no

V/P

no

Organic

Cross-linkers

no

NP

NP

no

no

no

V/P

no

V/P

no

no

no

Friction
reducers

wastewaters from well stimulation operations and unconventional oil and gas wells.

technologies at removal of select constituents found in well stimulation fluids and expected in

Table 2.C-1. Treatment technology matrix for determining effectiveness of various water treatment

Treatment of Production Water

Appendix 2.C
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no

NP

NP

no

no

no

no

no

V/P

no

no

no

Gelling
agents

yes

NP

yes

no

yes

yes

no

no

no

yes

no

no

Proppant

V/P

NP

NP

V/P

no

V/P

no

no

V/P

no

no

no

Scale
inhibitors

no
no

Lime and soda ash softening

UV irradiation
V/P

no

V/P

no

no

Ionic

yes

no

V/P

yes

yes

Enzyme

Breakers

V/P

no

no

no

no

Clay
stabilizers

yes

no

yes

yes

yes

Corrosion
inhibitors

Unknown - insufficient information, not proven
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No - demonstrated fundamentally incompatible with process (e.g., solute not removed in process for particle removal)

Yes - proven, practical, or in use

V/P (Various/Partial) – various or partial removal of component

NP (Not Practical) - cannot be implemented independently, component removed by another process with less expense

Biological Treatment Systems

V/P

yes

Biological

yes

Conventional Chemical Oxidation

Biocides

Advanced Chemical Oxidation

Chemical

Treatment Technology

V/P

no

V/P

no

no

Boronbased

yes

no

V/P

yes

yes

Organic

Cross-linkers
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yes

no

V/P

yes

yes

Friction
reducers

yes

no

V/P

yes

yes

Gelling
agents

NP

no

no

no

no

Proppant

V/P

no

no

V/P

V/P

Scale
inhibitors

Salt

Polisher
Softener

Primary
Softener

Sulfuric
Acid

Heat
Exchanger

Field
Fuel Gas

DOX
Stripper

M

M

Filter Press

M

M
M

Polymer

Filter Aid

Acid

Caustic

Antiscalant

Flocculating Heat
Multimedia WAC-IX-NA Cartridge
Clarifiers Exchanger
Filter
Softener
Filter

Lime
Caustic

MAGOX

Chemical
Reactors

Second
Pass RO

Cooling Tower

First
Pass RO

PRODUCED WATER

DOUBLE PASS RO PERMEATE

FINAL TREATED EFFLUENT

EFFLUENT SPECIFICATION

2,300

3,400
133
10.0
26.0
7.5

SODIUM, PPM

CHLORIDE, PPM

SULFATE, PPM

NITRATE, PPM

BORON, PPM

pH, S.U.

43

10.7

Non-Detect594
0.24

Non-Detect

Non-Detect

for groundwater recharge and eventual agricultural use.

7.0

0.24

Non-Detect

120

11

43

6.5 – 8.4

0.64

4.25

127.5

127.5

85.0

510
two-pass
RO system and pH adjustment
free water surface wetlands
and eventually to percolation
basins
TDS, PPM
6,500 for discharge into post-treatment
76
120

flocculation, clarifiers, multimedia filters, weak acid cation ion exchange sodium (WA-IX-NA) softening, and cartridge filters followed by a

CONSTITUENT

reused in once-through steam generation. The remainder of the flow is treated using heat exchangers, DOX strippers, coagulation and

induced gas flotation and walnut shell filtration. A portion of the flow is diverted through primary and polishing softeners before being

Deep Well
Injection

Wetlands
Discharge

Calcium
Chloride

Carbon
Dioxide

Sulfuric
Acid

Figure 2.C-1. Flow Schematic of the San Ardo Oil Field Water Management Facility (Veolia Water, 2012). Produced water first undergoes
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The San Ardo project involved process design, basic engineering, equipment procurement, and construction management. The
advanced water treatment system includes the equipment shown in the process diagram below and is operated by Veolia Water
North America.
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Figure 2.C-2. Flow Schematic of the Valley Water Management Company’s Kern Front No. 2

Treatment Facility (CVRWQCB, 2012). Produced water is treated using four unlined ponds for
gravity separation followed by air flotation units with coagulants and mechanical agitation

(WEMCO®) before being discharged for eventual blending with fresh water in Cawelo Water
District’s (CWD) Reservoir B for agricultural use.
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Appendix 2.D

Review of Technologies Available
for Ensuring Well Integrity
2.D.1. Well Drilling, Construction, Stimulation, and Monitoring Methods
Well stimulation has been evaluated in this report relative to possible environmental
and human health impacts. The impacts of subsurface injection of stimulation chemicals
and materials, as well as pressure-driven fracturing, depend on how the stimulations
are conducted. This section focuses on ways to conduct well stimulation to potentially
reduce impacts related to the subsurface aspects of well stimulation, in particular the
potential loss of containment of subsurface fluids and contamination of groundwater or
the surface environment from injected or mobilized fluids. Other potential impacts from
well stimulation are related to surface activities (e.g., surface spills, atmospheric emissions
from surface equipment, noise, etc.) and are discussed in other sections of this report.
Loss of containment means that the injected stimulation fluids or mobilized resident fluids
are able to migrate into subsurface resources (e.g., potable groundwater) or to the ground
surface. Loss of containment is primarily a concern for hydraulic or acid fracturing and
of less concern for matrix acidizing. This is because hydraulic fracturing is performed at
high pressures that cause fracturing as compared with lower-pressure injections (below
fracture pressure) of acid for matrix acidizing. Furthermore, hydraulic fracturing typically
uses larger volumes of injected fluids than matrix acidizing (Table 2.3-1). High-pressure
injections associated with hydraulic fracturing result in more permeable fracture pathways
that can lead directly to loss of containment if the fractures extend far enough vertically
from the injection point, or could result in fracture connections to existing features (e.g.,
faults, offset wells) that act as pathways to groundwater or the ground surface.
2.D.2. Loss of Containment from Out-of Zone Fracturing
The potential for fracturing to extend into groundwater resources or to the ground surface
is strongly affected by the depth of the reservoir receiving the well stimulation treatment.
Documentation about the maximum vertical extent of fractures for high-volume hydraulic
fracturing of source-rock shale reservoirs indicate that the maximum vertical extent that
has been observed is 588 m (1,930 ft) (Davies et al., 2012). Therefore, stimulations
performed more than this distance below potable groundwater or the ground surface have
little chance of loss of containment via induced fractures.
Fracturing in shallower reservoirs may potentially result in fractures that directly cause
loss of containment. The principal ways to avoid this are careful characterization of
the geologic environment, including stratigraphic layering of the hydrological and
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geomechanical properties of the layers. This information is then used to develop
fracturing models to predict the extent of hydraulic fracturing, referred to as the axial
dimensional stimulation area, or ADSA, in new regulations. In addition to careful fracture
design, geophysical and hydrological measurements taken during the hydraulic fracture
treatment can be used to identify the actual extent of fracture propagation. These types of
monitoring methods are discussed in Section 2.6.
2.D.2.1. Loss of Containment from Fracture Connection with Natural or Offset
Anthropogenic Structures
Another way in which hydraulic fracturing can lead to a loss of containment is through
induced fractures that connect with high-permeability structures. Such structures may be
offset wells that are not properly sealed, or fracture zones or faults that are connected to
groundwater or the ground surface. Resident or injected fluids may then flow through
these structures to groundwater or to the ground surface. Clearly, to avoid problems
with leakage along these types of structures, careful site characterization of the system
is necessary to identify any wells or geologic features within the area expected to be
affected by the well stimulation treatment. Shultz et al. (2014) identify well integrity,
undocumented wells, subsurface integrity and geologic barriers, and shallow caprock
systems as areas of concern regarding subsurface containment for general oil and gas
production operations.
General reservoir characterization techniques (Balasubramanian et al., 2012) can be
useful to inform containment analyses. The use of geophysical methods has been shown
to be useful for the detection of some types of subsurface geologic hazards (Laake, 2014).
Methods to ensure well integrity include wellhead and safety valve integrity testing,
emergency shutdown systems testing, pressure monitoring and inspection of well casing
annuli, temperature surveys to detect flow behind casing, and casing corrosion logging
(Al Khamis et al., 2014). Several concepts concerning site characterization investigated
for geologic CO2 sequestration (Birkholzer and Tsang, 2008) are potentially relevant to
characterization of petroleum systems.
Characterization should also identify basic hydrologic conditions that impact the
potential communication between the reservoir rocks and the overlying freshwater
systems. In particular, hydraulic gradients between the shallow and deep intervals should
be measured along with the depths of the petroleum reservoir and groundwater aquifer.
These gradients may be increased not only by pressure increases in the petroleum-bearing
horizon by hydraulic fracturing fluid pressure, but also by fresh groundwater production.
On the other hand, longer-term petroleum production may result in net declines in the
deep fluid pressures, reducing the potential for upward migration of contaminants.
Both operating and abandoned offset wells within the zone of pressurization from a
hydraulic fracture treatment represent potential leakage pathways to groundwater
resources and the surface. Therefore, these wells must be considered during a site
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characterization prior to conducting hydraulic fracturing. Characterization should include
geographic location, depth of penetration, age, and status of offset wells. Well records
should be reviewed for the type of casing, completion, and cement types used, and their
location in the borehole (Michael et al., 2006). In some cases, abandoned wells may
also be “lost” in the sense that there is no documentation of their existence. Surface
geophysical methods (metal detection and magnetometry) may be of use for locating
unknown abandoned wells (Ohio EPA, 2008). Operating offset wells should be remediated
if the existing completion is not adequate to isolate all hydrocarbon and freshwater zones
from the anticipated pressures. Operating offset wells should also be shut-in during
stimulation (Dussault and Jackson, 2013). Abandoned wells that have not been properly
plugged (or whose abandonment status is not known) should be re-entered and properly
plugged. Offset wells should be monitored during stimulation for any signs of leakage.
The problem of proximal leakage pathways caused by natural or anthropogenic structures
has been identified in the scientific literature, although the currently available information
is insufficient to quantify this problem or make definitive recommendations. Dussault
and Jackson (2013) identify hydraulic fracturing near structurally deformed regions
containing faults or fracture zones as a potential avenue for loss of containment. However,
it appears that specific stand-off requirements have not been formulated. Dussault and
Jackson (2013) suggest that additional research is needed to better understand the
problem, but estimate that the zone of influence around the stimulated well may be on the
order of a few hundred meters. King (2012) discusses problems associated with fracture
intersections with other wells as potential leakage pathways. The susceptibility of an offset
well intercepted by a fracture resulting in leakage is dependent on the well design, casing
depths, cement properties and placement, production and maintenance history, and
other factors (API, 2014). Older abandoned wells are often more problematic than wells
currently in use for the oil field (Bachu and Valencia, 2014).
2.D.2.2. Loss of Containment from Leakage along Stimulated Well
Leakage along the well receiving the well stimulation treatment could cause a loss of
containment. This is an issue of proper well construction and testing, discussed in Section
2.6, to ensure zonal isolation. As before, this is more of a concern for hydraulic fracturing
than matrix acidizing, because the hydraulic fracturing treatment potentially puts
greater stress on the well casing and cement than matrix acidizing. The potential for well
casing and cement damage from well stimulation treatments is reduced if the injection
is conducted through well tubing instead of directly down casing. The use of tubing for
treatment appears to be more prevalent for matrix acidizing than hydraulic fracturing, but
may be used for either, depending on specific circumstances. The reason that hydraulic
fracturing is more often conducted directly through the casing is because hydraulic fracturing
treatment pumping rates are generally higher than for matrix acidizing. Injection through
casing provides less resistance and requires lower pumping pressures than performing the
injection through smaller-diameter tubing. Leakage along a well may occur in any case,
regardless of how stimulation is conducted or even if no stimulation is conducted, because
of inadequate well construction, but falls outside the purview of this report.
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2.D.3. Well Drilling and Construction
As discussed in Section 2.6, one of the ways in which a well stimulation treatment may
lead to loss of containment is because of inadequate well construction. Well drilling
plays a role in well construction, so it is included in this discussion. The key issue is the
isolation of fluid movement up (or down) the well inside the casing, or tubing internal
to the casing. Fluid movement along the outside of the casing or fluid exchange between
inside and outside the casing, except in zones where such exchange is intended, should be
prevented by the casing and cement that bonds the casing to the formation. This aspect of
well construction is termed zonal isolation.
2.D.3.1. Well Drilling
There are several factors to be considered as part of well drilling and well construction
that are important for achieving zonal isolation (API, 2010). The first step to achieve
good zonal isolation is the drilling of a smooth-walled, in-gauge borehole. Washouts and
other borehole geometry irregularities lead to problems with casing centralization in
the borehole and effective displacement of the drilling mud by cement. A key factor for
optimal drilling is the density of the drilling fluid, typically known as drilling mud. The
density affects the mud pressure which must be kept within bounds set by the formation
fluid pressure, wellbore collapse pressure, and the fracture pressure, known as the mud
weight window (Cook et al., 2012). If the mud pressure drops below the formation
fluid pressure, formation fluids will enter the well, and well control can be lost. In some
instances, mechanical integrity of the wellbore can lead to a higher wellbore collapse
pressure than the formation fluid pressure, requiring higher mud pressure. If mud
pressure is below the wellbore collapse pressure, the borehole can deform and cave into
the borehole. If mud pressure is above the fracture pressure, however, the formation will
fracture, and mud may flow into the fractures at high rates, resulting in lost circulation
of the mud.
Another issue for drilling is the chemical compatibility of the mud with reactive formation
rock types. Shales are the main problem in terms of chemical compatibility and present
many drilling problems, including hole collapse, tight hole, stuck pipe, poor hole cleaning,
hole enlargement, plastic flow, fracturing, lost circulation, and loss of well control (Lal,
1999). There are three distinct categories of drilling fluids: water-based muds, oil-based
muds, and gas (also aerated muds, foams, and mists). The typical drilling fluid is a waterbased mud; usage of oil-based mud or gas is much less common (Khodja et al., 2010). The
main method to improve shale stability relative to drilling mud is to inhibit drilling fluid
entry into the shale. This is done by (a) increasing drilling fluid viscosity; (b) reducing the
shale permeability; and (c) increasing the osmotic pressure of the drilling mud (Khodja
et al., 2010). Increasing the drilling fluid viscosity and reducing shale permeability at
the borehole interface limits the interaction of the drilling fluid with the shale. Various
additives are used to increase drilling fluid viscosity, such as methylglucoside, (poly-)
glycerols, and (poly-)glycols (van Oort, 2003); however, viscosity increases are limited by
system pressure limits and the pressure losses incurred when circulating the drilling fluid
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(Khodja et al., 2010). Reductions in shale permeability may be achieved by using silicatebased drilling fluids that block shale pores with silicate precipitates and silicate gels
(van Oort, 2003). Asphaltenes, gilsonites, and graphites are useful additives for blocking
microcracks in shales (van Oort, 2003). Shale dehydration also promotes stability, which
can be achieved through the osmotic pressure of the drilling mud by adding potassium
chloride, sodium chloride, and other electrolytes (Lal, 1999). The type of electrolyte used
depends on the mineralogical character of the shale.
In addition to the various properties of drilling fluids that can be optimized to produce a
quality hole geometry, there are additional factors including the borehole inclination with
respect to the principal stress directions, drillstring vibration, and mud circulation rate
(McLellan, 1996). Also, the rate of penetration of the drilling can be a factor; if the rate
of penetration is too great, cuttings may not be effectively removed, raising the equivalent
mud density that can lead to wellbore instability (Aldred et al., 1999).
A key to avoiding well instability problems is adequate planning prior to drilling. This
involves the development of a mechanical earth model that can be used to test drilling
strategies (Aldred et al., 1999). This involves collecting or estimating model inputs such
as rock geomechanical properties, in situ stresses, and pore pressures. The effects of
mud composition on shale properties are also important to investigate to help inform the
model about changes in shale properties with exposure to drilling muds. During drilling,
it is important to monitor the cuttings; blocky solids are a sign of borehole caving. Also,
excessive vibration in the drill string is an indication of borehole stability problems.
Adjustments to the weight on bit, mud density, bit rotation rate, and mud circulation rate
may be needed. If necessary, case the well at shallower depth than planned.
Alternative drilling methods, called “casing drilling” and “liner drilling,” have been found
to limit adverse effects of wellbore instability and produce high-quality borehole geometry
(Dawson et al., 2010; Fontenot et al., 2005; Moellendick and Karimi, 2011; Rosenberg
and Galla, 2012). In this method, larger-diameter casing (or liner) pipe is used instead
of the traditional drill pipe to hold the drill bit and other components of the bottom-hole
assembly during drilling operations. Once the borehole has been drilled, the casing pipe
is already in place, so the operations of pulling the drill pipe and installing the casing
pipe are eliminated. The method improves borehole stability by reducing the number of
pipe trips that can destabilize borehole walls and by reducing the annulus gap between
the pipe used for drilling and the borehole wall, which facilitates cuttings transport.
Furthermore, continuous trowelling of the wellbore wall by the casing improves borehole
strength and reduces drilling fluid losses to the formation.
2.D.3.2. Well Construction
Following drilling, a well is constructed by placing a steel pipe called “casing” in the
well, and then cementing the annulus between the casing and the formation. Well
construction also involves the installation of the interface between the well casing and
surface equipment, which takes the form of piping, connectors, valves, and pressure
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gauges connected to the casing called a “Christmas tree.” The casing and cement hold
the well open during production operations and control the fluid flow pathway along
the well to be exclusively inside the casing. Well construction is a critical step for zonal
isolation, because if flow along the well is not controlled, unwanted fluid exchange and
contamination will occur between the target reservoir, useable groundwater, and the
ground surface.
Casing and cementing a well is done in stages, in which a series of casing pipes are
installed and cemented along the length of the borehole as it is being drilled. The key
steps for zonal isolation are the proper selection and placement of casing pipe followed
by the displacement of the drilling mud by cement to bond the formation to the casing.
Wells are secured at discrete intervals as the borehole is being drilled by installing a steel
pipe (casing) with diameter slightly smaller than the borehole diameter. The casing is
then fixed in place by filling the annulus between the pipe and the borehole wall with
cement. The first casing is called the conductor casing, which extends at most only a few
tens of meters into the ground to help hold up the unconsolidated surficial materials.
Each subsequent casing string nests inside the previous casing string, with a small annular
space between the casings that may be filled with cement. The surface casing follows the
conductor casing and extends below freshwater aquifers. Subsequent intermediate and
production casing strings or liners are used as needed to reach the target depth.
Casing pipe comes in segments that have to be joined into a continuous casing string as it
is lowered into the well. The casing is threaded on each end and uses a coupling to hold
the casing segments together. The casing is subject to hydraulic and mechanical stress,
including axial tension caused by its own weight, as well as dynamic stresses caused by
installation and operational activities, external fluid pressures from the formation during
cementing operations that can cause collapse of the casing, and internal fluid pressure
during drilling and operations that can lead to burst failure. Thermal stresses are also
present, and formation induced stresses of creep and seismic movement must be accounted
for in the design. Therefore, casing must meet strict requirements for compression,
tension, collapse, and burst resistance; these requirements need to be taken into account
when selecting casing type and size (Lyons and Plisga, 2005). For systems that will be
used for hydraulic fracturing, the high levels of fluid pressure imposed also need to be
taken into account for casing design (API, 2009). Casing pipe specifications are provided
in ISO 11960/API Specification 5CT – Specification for Casing and Tubing. The casing
and coupling thread specifications are provided in API Specification 5B, Specification for
Threading, Gauging, and Thread Inspection of Casing, Tubing, and Line Pipe Threads.
Another factor that is important for displacement of drilling fluids by cement is
centralization of the casing in the hole. Centralization is needed to ensure displacement
of drilling fluids all around the casing. Cement will tend to flow along the wide side of
the annulus if not centralized, resulting in poor displacement of drilling fluid and poor
cementing in the narrower annular regions. This becomes more problematic for deviated
boreholes. A casing centralizer consists of a set of mechanical “arms” that are attached to
the casing and extend outward from the casing to ensure standoff from the borehole wall.
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Different types of centralizers are used for vertical and deviated boreholes. Specifications
are given in:
• ISO 10427-1/API Specification 10D – Specification for Bow-Spring Casing Centralizers
• ISO 10427-2/API Specification 10D-2 – Recommended Practice for Centralizer
Placement and Stop Collar Testing.
Different types of cements are used depending on conditions of depth, temperature,
pressure, and chemical environment (Lyons and Plisga, 2005). Temperature is perhaps
the most important environmental condition that affects cement slurry performance.
Temperatures are a function of the natural geothermal conditions, but are also affected
locally by the nature of the drilling fluid and cement flow processes. Knowledge of
temperature conditions is essential to the success of the cement job (API, 2010). The
cement design process should address several performance parameters including
rheological properties, hydrostatic pressure control, fluid loss control, free fluid and
sedimentation control, static gel strength development, resistance to invasion of gas or
fluid, compressive or sonic strength development, shrinkage/expansion, and long-term
cement sheath integrity (API, 2010). Cement additives perform several actions including
altering the curing time, controlling water loss and solids/water separation, preventing
damage from heat or CO2, and preventing gas migration—among other things. The
emplacement time and temperature conditions need to be considered when adjusting
curing times so that the cement does not set too early – prior to reaching the desired
position in the well – nor too late, leading to separation, water loss, and formation fluid
entry into the cement before the cement cures. Water loss and curing reactions that result
in shrinkage cracking have been identified as significant factors leading to leakage behind
the casing (Dusseault et al., 2000). Various polymers are typically used to prevent water
loss (Economides et al., 1998), and magnesium oxide is used to cause an expansion of the
cement upon curing (Joy, 2011).
Another consideration in the cement formulation is the ability of the cement to withstand
stresses and borehole flexure without fracturing. Elastomeric fibers such as polypropylene
have been found to increase the elasticity of cements (Shahriar, 2011; Sounthararajan et
al., 2013). Perhaps more problematic is the ability of the well cement to maintain integrity
under the stress of the hydraulic fracturing treatment (Dusseault et al., 2014). Pressure
testing of the casing is preferably performed prior to the wellbore cement reaching
significant gel strength in the cement. This is because the pressure testing may cause
cracks to form in the cement after it has reached sufficient gel strength and reacts more
like a solid than a fluid. Similarly, the stress of hydraulic fracturing treatments may result
in damage to the wellbore cement. One way to counter these effects is to use advanced
cements capable of withstanding compressive stress without failure. Williams et al. (2011)
reports on successful zonal isolation being achieved in the Marcellus Shale using a flexible
expanding cement system (Pedersen et al., 2006).
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The cement static gel strength measures the transition of a cement slurry from a liquid
to a solid. This is important because as the gel strength rises, the ability of the cement to
transmit fluid pressure decreases. The loss of static fluid pressure means that formation
fluids can enter the cement-filled annulus. However, after the development of sufficient
gel strength, the cement is able to block gas percolation. The cement design should limit
the time period between loss of hydraulic pressure control of the formation fluids and
the time when the gel strength is sufficient to block flow through the cement (Bonnet
and Pafitis, 1996). Well cement-design methods and recommendations are given in the
following ISO 10426 standards:
• ISO 10426-1 (ANSI/API 10A) – Cements and Materials for Well Cementing,
• ISO 10426-2 (ANSI/API RP 10B-2) – Recommended Practice for Testing Well Cements,
• ISO 10426-3 (ANSI/API RP 10B-3) – Recommended Practice on Testing of
Deepwater Well Cement Formulations,
• ISO 10426-4 (ANSI/API RP 10B-4) - Recommended Practice on Preparation and
Testing of Foamed Cement Slurries at Atmospheric Pressure,
• ISO 10426-5 (ANSI/API RP 10B-5) – Recommended Practice on Determination of
Shrinkage and Expansion of Well Cement Formulations at Atmospheric Pressure,
• ISO 10426-6 (ANSI/API RP 10B-6) – Recommended Practice on Determining the
Static Gel Strength of Cement Formulations.
Cement is emplaced by pumping it down the casing, displacing drilling fluid. The cement
then flows out of the bottom of the casing and enters the external annulus between the
casing and the formation. In some cases, placement of cement using a reverse circulation
method, in which cement is injected down the annulus, can improve the displacement
of drilling fluids and result in higher compressive strength of the cement (Davies et al.,
2004). The drilling fluid should be conditioned to facilitate this displacement by adjusting
its properties to reduce gel strength, fluid rheology (resistance to flow), fluid density,
and fluid loss to the formation within the limits of other constraints for these factors (API,
2010). Displacement of drilling fluid is also facilitated by pumping the cement at high
rates, but must remain within pressure limits that allow for control of fluid loss to the
formation. Movement of the casing pipe during the cement injection also improves the
displacement of drilling fluids by cement. Pipe movement can be reciprocating (movement
up and down the hole) or rotational. Rotational pipe movement during cementing has
been found to facilitate drilling fluid displacement more effectively than reciprocating
movement (API, 2010). Attaching scrapers or scratchers to the casing helps to remove
gelled or dehydrated mud on the borehole wall as the casing is rotated and reciprocated
(Bellabarba et al., 2008). The following standards concern testing of drilling fluids
for conditioning:
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• ISO 10414-1/ API RP 13B-1 – Field testing of drilling fluids -Part 1: Water-based fluids
• ISO 10414-2/ API RP 13B-1 – Field testing of drilling fluids -Part 2: Oil-based fluids
A chemical washer is injected ahead of the cement to help clean out the drilling mud and
provide a fluid gap between the cement and the drilling mud. This helps to avoid mixing
between the cement and the drilling mud. Further protection from mixing between the
cement and drilling fluid is provided by wiper plugs, which are placed in front of and
behind the cement slug that is injected into the casing (Nelson, 2012).
Following complete displacement of the drilling fluid by cement in the annulus, pressure
should be relieved on fluid in the casing. This is to prevent overpressured conditions in the
fluid causing casing strain during the cement curing period that could cause microannulus
crack formation between casing and cement after pressure is relieved and the casing
contracts (API, 2010).
The displacement of drilling mud and cement curing are complex processes that should be
analyzed and designed using computer simulations. Simulations are needed to reveal the
drilling fluid displacement and most effective annular velocities, the pressures expected
to evolve, the time-temperature conditions the cement will encounter, the development of
cement gel strength, and centralization/standoff conditions. This information is important
for developing a successful cement design and cementing process for zonal isolation
(API, 2010).
2.D.3.3. Well Integrity and Zonal Isolation
Both internal and external well integrity tests can be performed to check on the integrity
of the well and the quality of the zonal isolation. Internal pressure tests check the integrity
of the casing to leaks. As each casing string is emplaced and cemented, a packer is placed
in the bottom of the section, and a pressure test is conducted in which the casing is
subjected to a specified pressure. Leaks are indicated by a loss in pressure over time. This
test pressure used depends on the anticipated pressures to be used in the well. API (2010)
recommends that the pressure testing is conducted prior to achieving significant cement
gel strength to avoid damage to the cement such as micro-annular cracking caused by
mechanical deformation of the casing when pressurized.
Another casing leakage test is a radioactive tracer survey test. In this test, radioactive
material is injected into the well and followed using a detector device on a wire line. Any
leak of the injected fluid will contain radioactive tracer. The movement of the leaked
tracer material is unlikely to keep pace with the movement of the injected material
containing the tracer, which continues down the well (U.S. EPA, 2008).
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External well integrity tests evaluate the ability of the cement to prevent leakage around
the casing shoe and along the outside of the casing. An external integrity test often
used is called the formation integrity test. For this test, the cement at the base of the
well is drilled out, and pressure is applied to the drilling fluid until pressure rises to the
maximum pressure expected at the base of the current casing string during well drilling
(API, 2010). If it cannot hold this pressure, remedial cementing is needed. An alternative
type of test, called the cement bond log, uses acoustical transmitters and receivers in the
wellbore to detect difference in sound transmission and reflection through the casing and
cement back to the acoustical receivers. While cement bond logs can detect large areas
where cement is absent or not bonded to the casing, they are not sensitive enough to
find small channels in the cement bonding to the casing which could act as leakage flow
pathways behind casing (Bellabarba et al., 2008). Other tests for behind casing leaks
include temperature logs, noise logs, oxygen activation logs, and radioactive tracer surveys
(U.S. EPA, 2008).
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Appendix 2.E

Communication from Chevron
Regarding Disposal of Produced
Water into Unlined Pits
CCST: Can Chevron provide us with a written statement, on the record, stating how
they dispose of produced water from wells in which production is facilitated by well
stimulation (i.e. what proportion of produced water goes to evaporation/percolation
ponds versus Class II wells)?
Chevron:
In terms of what proportion of produced water goes to evaporation/percolation ponds
versus Class II wells, in areas where Chevron conducts SB 4 well stimulation treatments,
no produced water goes to evaporation/percolation ponds. A portion of the produced
water is disposed of in DOGGR permitted Class II injection wells and a portion of the
produced water is recycled for enhanced oil recovery use.
Chevron’s Lost Hills percolation ponds were closed (February 2009) and remediated
several years ago whereupon the post-closure requirements are being managed in
accordance with WDR R5-2013-0056 (attachment from Chevron not included). The Waste
Discharge Requirements (WDR) describes the history of those percolation ponds including
when they were closed and remediated.
NOTE: Following the October 28, 2014, meeting with CCST members, Chevron began
review of DOGGR’s records to find out why DOGGR records show Chevron’s water
disposal still going into unlined pits. We discovered that an incorrect code is being used
to report our data to DOGGR. We will contact DOGGR to correct the records.
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Appendix 2.F

Communication with Aera Energy
Regarding Recovered Fluid Data
From the Completion Reports
From: "Besich NP (Nick) at Aera" <NPBesich@aeraenergy.com>
Subject: RE: well stimulation data questions
Date: July 16, 2014 at 2:52:45 PM PDT
To: Preston Jordan <pdjordan@lbl.gov>
Cc: Frac <Frac@aeraenergy.com>
Preston,
All the samples submitted as recovered fluid samples have been of recovered
fluid. ¬†None have been of produced fluid. ¬†
We try to get the sample somewhere in the middle of the recovery, however,
operationally this doesn't always end up being the case. ¬†Keep in mind that
these recovered fluids are recovered by circulating the fluid out of the
wellbore with water so the samples being collected could be a mixture of unknown
proportions of stimulation fluid, reservoir fluid (i.e. oil/water that was in
the reservoir prior to stimulation), and cleanout fluid.
From our water management plan that we submit with our NOI: "water recovered
during well cleanout operations after the stimulation treatment is either reused
for the next job, or passed through a water treatment facility and transported
to Aera's permitted Class II disposal wells"
Note: The next job refers to the next cleanout job, not the next frac job. We
don't recycle the recovered fluid and reuse it as well stimulation base fluid.
¬†
If you have additional questions, I'd encourage you to email the
frac@aeraenergy.com email rather directly to my email. ¬†We want to have a nonperson dependent email history of all frac related regulatory discussions, so if
I ¬†or others here move on to other things, the history of our work is saved
with that inbox.
Thanks
Nick Besich
Production Engineer
Development Team
Aera Energy LLC
Office: 661.665.5789
Cell: 661.667.1164
nbesich@aeraenergy.com

-----Original Message----From: Preston Jordan [mailto:pdjordan@lbl.gov]
Sent: Tuesday, July 15, 2014 11:42 AM
To: Besich NP (Nick) at Aera
Subject: Re: well stimulation data questions
Hello again NickI shared your information with the team here yesterday and they appreciated it.
¬†Thank you again.
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Probably no surprise, a couple of additional questions came up, if you are
willing to humor us a bit further.
The submitted completion data posted by DOGGR includes water analyses results.
¬†From looking at a few of them, they appear to typically be from analyses of
samples taken the day after the completion of the hydraulic fracturing
operation. ¬†It is not stated whether the samples are of recovered or produced
water. ¬†The timing suggests the samples were taken from recovered fluid. ¬†If
so, we don't know if the samples were generally taken from at the beginning,
middle or end of the recovery. ¬†This is relevant in part because it would
provide some information on which to judge whether the fluid was ever in contact
with the reservoir. ¬†Any general information you can provide regarding sample
timing and practice would help us more appropriately consider those data.
The other question regards disposal of the recovered fluid. ¬†Is it generally
trucked to a treatment plant, pumped into the production pipeline that is
brought to the well, or disposed of in some other manner.
Thank you again.
Preston
On 7/14/2014 8:26 AM, Besich NP (Nick) at Aera wrote:
Preston,
The units are in barrels. ¬†They are not percentages.
We consider recovered fluid to be the fluid that is removed from the well prior
to it being turned on production or injection. ¬†This recovered fluid does go
into a tank. ¬†Any fluid recovered after the well is turned on production is
considered produced fluid and is handled as such.
If you have any other inquiries feel free to cc me directly on the email.
Nick Besich
Production Engineer
Development Team
Aera Energy LLC
Office: 661.665.5789
Cell: 661.667.1164
nbesich@aeraenergy.com

-----Original Message----From: Preston Jordan [mailto:pdjordan@lbl.gov]
Sent: Wednesday, July 09, 2014 12:12 PM
To: Frac
Subject: well stimulation data questions
HelloI am a researcher at Lawrence Berkeley National Laboratory and a
member of a research team conducted a scientific review of well
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stimulation in California for the California Department of
Conservation, which includes DOGGR. ¬†Thank you for submitting data to
DOGGR regarding well stimulations performed by Aera Energy this year. ¬†
We are working with the data DOGGR has posted
(ftp://ftp.conservation.ca.gov/pub/oil/Well_Stimulation_Treatment_Disc
losures/20140507_CAWellStimulationPublicDisclosureReport.xls,
although note the file appears to actually be an xlsx).
I am contacting you regarding the recovered fluid data DOGGR has posted. ¬†The
header indicates the units are bbls. ¬†The values for Aera Energy's stimulations
are all less than 100 I believe and some are less than 10. ¬†This compares to
median water volume injected of about 1600 bbls. ¬†This has led some here to
wonder if the recovered water data is actually in percent rather than bbls.
¬†Consequently confirmation that the recovered fluid volume data is in bbls
would be appreciated.
A related question is what is recovered fluid? ¬†This could be taken as similar
to the question what is flowback versus produced water, which does not appear to
have a definitive answer. ¬†One hypothesis here for the working distinction
between recovered versus produced water is how each is handled, with recovered
going into tanks at the site initially and produced going into the field
pipeline system.
Thank you for considering these questions. ¬†I welcome a phone call if you would
like to discuss these questions, and perhaps the project upon which we are
working. ¬†In the interest of forestalling possibly redundant effort to respond,
it is worth mentioning I also left a voice mail for Nick Besich. ¬†He is listed
by DOGGR as having submitted the Aera's data.
Take care.
Preston Jordan
-Preston Jordan, P.G., C.E.G., C.HG.
Lawrence Berkeley National Laboratory
Earth Science Division
1 Cyclotron Road ¬†MS74R0120
Berkeley, CA ¬†94720
office: (510) 486-6774
cell: (510) 418-9660
-Preston Jordan, P.G., C.E.G., C.HG.
Lawrence Berkeley National Laboratory
Earth Science Division
1 Cyclotron Road ¬†MS74R0120
Berkeley, CA ¬†94720
office: (510) 486-6774
cell: (510) 418-9660
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Appendix 2.G

Data on Wastewater
Disposal Ponds
This is a large dataset that could not be easily formatted for this report. These data are
available electronically at http://ccst.us/publications/.
At the time of publication, there was no single database of oil and gas wastewater disposal
ponds or “sumps” in California. We compiled information that we acquired from two state
agencies into a single data table. The original sources of these data are the following three
worksheets:
• CVRWQCB 2015: Produced Water Pond List, spreadsheet dated April 15, 2015,
posted at http://www.swrcb.ca.gov/centralvalley/water_issues/oil_fields/
information/disposal_ponds/2015_0415_prod_pond_list.pdf.
• Borkovich 2015a: San Benito sumps (1).xlsx, spreadsheet emailed to Laura
Feinstein, CCST, by John Borkovich of the State Water Resources Control Board
on March 28, 2015.
• Borkovich 2015b: DOGGR District 3 Sump Search (1).xlsx, spreadsheet emailed
to Laura Feinstein, CCST, by John Borkovich of the State Water Resources Control
Board on March 28, 2015.
There are a total of 754 records in the combined data table. Most records represent single
ponds, but some represent pond complexes with 4 to 27 ponds in them. There are a total
of 950 ponds.

610

Volume II, Chapter 2: Appendix 2.G

Table 2.G-1. Description of fields in the sumps data table.
Column

Description

ID

Unique ID assigned to each row

Field

Name of the oil or gas field, also referred to as DOGGR Administrative Boundary.

Lease

Name of the lease.

Operator

Name of the operator.

Location

A text description of the pond’s location.

Benchmark

PLSS location information

Township

PLSS location information

Range

PLSS location information

Section

PLSS location information

Geo_Note*

A custom field I added indicating whether the coordinates were provided in the
original source or estimated in GIS, in which case they are less accurate.

Latitude

The approximate latitude of the pond or pond complex (coordinate system
assumed to be WGS84).

Longitude

The approximate longitude of the pond or pond complex (coordinate system
assumed to be WGS84).

Status

Active, Inactive, Unknown

Num_Sumps

The number of ponds represented by a point. This field contains a number
greater than one 1 for pond complexes

Source

Data source, 1 of 3 spreadsheets emailed to SB4 investigators.

DOGGR_District

DOGGR District. There are 6 Districts in total. See: http://www.conservation.
ca.gov/dog/pages/doggr_contacts.aspx.

WQ_District

The Water Quality Administrative Region in which the point is located. There are
9 regions in California. See: http://www.waterboards.ca.gov/waterboards_map.
shtml.

County

The county where the point is located.

* Where a record of a pond or pond complex did not have latitude/longitude coordinates, we assigned approximate
coordinates using other location information. Most records had Public Land Surveying System information, i.e.,
Range, Township, Section. Where this information was available, we assigned the centroid of the Section, which
should be accurate to within 1 mile, which is good enough for making small-scale (zoomed out) maps. In a few cases,
the only location information available was the name of the oil or gas field. In these cases, we located the ponds using
aerial imagery and assigned the coordinates to their likely location.
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Appendix 4.A

Earthquake Measurements
4.A.1. Earthquake Recording and Analysis
Seismic waves radiated by earthquakes are recorded by networks of seismometers placed
on the earth’s surface or deployed in boreholes. Seismic recordings are used to analyze
earthquake source parameters, including location in space and time, magnitude, source
type, and the direction and amount of fault slip, as well as to understand the properties
of the rock layers along the propagation path between the earthquake and seismometer.
Record fidelity is commonly referred to as “signal-to-noise,” the ratio of signal amplitude
to background noise. Placing seismometers in boreholes greatly enhances signal-to-noise,
often enabling recording of very small earthquakes (magnitude less than zero).
Earthquake detectability, the minimum magnitude that can be detected at a given
location, depends upon several factors, including the spacing of seismic recording stations
within the region and background noise conditions. Detectability is usually stated in terms
of a threshold magnitude, Mc, above which a particular earthquake catalog is considered
complete. Figure 4.A-1 shows a map of Mc for the U.S. Geological Survey (USGS)
Advanced National Seismic System (ANSS) network deployed in California, estimated
using the maximum curvature method of Wiemer and Wyss (2000). This method tends
to underestimate Mc, typically by 0.2–0.3 magnitude units (Woessner and Wiemer, 2005;
Werner et al., 2011). Figure 4.A-1 shows that, even allowing for this bias, the present
completeness threshold is M1 or less in large areas of California, and less than M2 over
most of the state. This is significantly better than in most other regions of the U.S., where
the completeness threshold provided by the ANSS backbone array and regional networks
is generally about M2.5 or greater (see the Figure on p.131 of NRC, 2013). Temporary
arrays of seismometers are often installed at sites of particular interest to increase
detectability and improve signal-to-noise, in order to enable detailed analyses of the
spatial and temporal distributions and mechanisms of microearthquakes (e.g., Frohlich et
al., 2011).
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Figure 4.A-1. Earthquake detectability in California. The map shows the minimum magnitude of
complete detection, Mc, for the USGS ANSS network currently deployed in California calculated
using the maximum curvature method of Wiemer and Wyss (2000). Values have not been
adjusted to account for the tendency of the method to underestimate Mc (see text).

4.A.2. Earthquake Magnitude
The size of an earthquake is most commonly expressed as a magnitude, which is a
measure of the amount of energy released by slip on the fault. In general terms, the
magnitude depends on the size of the area on the fault that undergoes slip. Several
magnitude scales are in common use (see http://eqseis.geosc.psu.edu/~cammon/HTML/
Classes/IntroQuakes/Notes/earthquake_size.html), most of which (e.g. local magnitudes,
ML, and body-wave magnitudes, mb) are defined based on trace amplitude or signal
duration measured on recorded seismograms. However, the moment magnitude (Mw)
scale is preferred by most seismologists, because Mw is calculated from seismic moment
(Hanks and Kanamori, 1979), a more fundamental measure of earthquake size (and
energy) that is directly proportional to the product of slip and slipped area. The other
magnitude scales are generally useful only for a limited range of magnitudes, where they
roughly correspond to Mw. To give an idea of how magnitude relates to slip area, Mw4.5
and Mw3.5 earthquakes rupture fault areas of about 2.5 and 0.2 km2 (618 acres and 49
acres), respectively.
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Appendix 4.B

State of Stress in the Earth’s Crust
To assess when a fault will slip according to the Coulomb criterion, it is necessary to
know the local state of effective stress. The in situ effective stress state is fully described
by pore pressure and three orthogonally directed principal stresses, which are related to
the resolved normal and shear stresses on a fault by the fault orientation (Jaeger et al.,
2007, Chap. 14). Within the Earth, the load of the overburden at a given depth usually
leads to a compressional state, with one principal stress oriented vertically (σv) and having
a magnitude equal to the weight per unit area of the overlying rock. This simplifies the
problem of determining the complete stress state to estimation of the minimum (σh) and
maximum (σH) horizontal stresses and the azimuth of one of them. However, determining
the in situ stress state is still a challenging problem, because often only approximate stress
directions and the type of stress regime—normal, strike-slip or thrust faulting—are known
(e.g., Heidbach et al., 2008). Stress parameters are inferred from available, often sparse
measurements in a region, such as earthquake focal mechanisms, wellbore breakouts
and drilling-induced fractures (Zoback and Zoback, 1980; Heidbach et al., 2008). In
principle, the relative magnitudes of the principal stresses and the stress azimuths enable
identification of the faults that are most favorably oriented for slip and calculation of the
normal and shear stress acting on them (Jaeger et al., 2007). However, the scarcity of
stress measurements usually permits estimation of resolved stresses acting on faults only
with significant uncertainty (e.g. NRC, 2013).
In contrast, Townend and Zoback (2000) proposed that, in general, the ambient pore fluid
pressure is near-hydrostatic throughout the brittle, upper crust of the Earth in the interiors
of tectonic plates. In this case, pre-injection pore pressures can be estimated relatively
reliably just from the thickness of the overburden. Townend and Zoback (2000) used
deep crustal permeability data over nine orders of magnitude acquired from six different
regions to suggest that faults within the brittle crust are constantly in a state of critical
stress; i.e., an incremental increase in shear stress or increase in pore pressure can lead
to rupture. However, the difficulty in accurately estimating the shear and normal stress
components often prevents determination of how near the state of stress of a particular
fault is to failure. Exceptions to commonly assumed hydrostatic pressures occur in some
deep basins, such as the Raton Basin in Colorado, where Nelson et al. (2013) showed
(using drillstem tests) that deep formations are underpressured. If the crust within these
basins is also critically stressed, then an increment in pore pressure less than that required
to reach hydrostatic could bring favorably oriented faults to failure.
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Appendix 4.C

Fluid Injection-Induced
Seismicity Case Histories
4.C.1. Criteria for Classifying an Earthquake as Induced
The following criteria proposed by Davis and Frohlich (1993) have been commonly
used to determine whether an earthquake sequence was induced by fluid injection or
occurred naturally:
• Are these events the first known earthquakes of this character in the region?
• Is there a clear correlation between injection and seismicity?
• Are epicenters near wells—within 5 km (3.1 mi)?
• Do some earthquakes occur at or near injection depths?
• If not, are there known geologic structures that may channel flow to sites
of earthquakes?
• Are changes in fluid pressure at well bottoms sufficient to encourage seismicity?
• Are changes in fluid pressure at hypocentral locations sufficient to
encourage seismicity?
Although not all of these criteria need to be satisfied at once, they provide a basic
foundation for establishing whether or not a given earthquake sequence has been induced,
and have been employed in several cases to establish a clear link between seismicity and
injection operations. However, in other cases, they have proven inadequate to establish
conclusively that sequences were induced. It is often very difficult to prove causality for
the following reasons: (1) In some cases—including some of those for which the evidence
from in-depth scientific study is generally regarded as being conclusive—there is no clear
temporal and/or spatial correlation between injection and the occurrence of specific
earthquakes, the largest events having occurred several years after fluid injection began
(e.g., Prague, Oklahoma) or ended (e.g., Ashtabula, Ohio), or up to ~10 km (6.2 mi)
from the injection well (e.g., Rocky Mountain Arsenal and Paradox Valley in Colorado);
(2) Regional seismic network coverage is often too sparse to locate the earthquakes with
sufficient accuracy—particularly in depth—to investigate in detail their relationship to
the injection well; (3) Even if detailed scientific studies are carried out, they are often
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hampered by lack of densely sampled volume and pressure data and adequate site
characterization; subsurface pressure measurements in particular are rarely available;
(4) While it is relatively straightforward to apply the first criterion to initially identify
suspected cases in regions of low naturally occurring seismicity, such as the central
and eastern U.S., discrimination is much more difficult in active tectonic regions like
California, where the rate of naturally occurring seismicity is much higher.
Table 4.C-1 summarizes observations of reported M > 1.5 events that are known or suspected
to have been caused by well stimulation and wastewater injection operations. Only the
largest event of each earthquake sequence is shown. For completeness, the table includes
observations, marked by an asterisk, of wastewater injection-induced seismicity not
related to oil and gas well stimulation activities, but these are not discussed further below.
4.C.2. Induced Seismicity Attributed to Hydraulic Fracturing Operations
Table 4.C-1 lists six published cases of known or suspected hydraulic fracturing-induced
seismicity in which the magnitude of the largest event was greater than M1.5. These cases
are briefly discussed below in chronological order.
Love County, Oklahoma, 1977-1979: Nicholson and Wesson (1990) discussed two series
of earthquakes in Oklahoma that occurred in June 1978 and May 1979. The largest event
was M1.9, and two of the events were felt. In each case, nearby hydraulic-fracturing operations
correlated with the seismic events, but a lack of local seismic recording resulted in large
location uncertainties and precluded a definite determination that the events were induced.
Blackpool, United Kingdom, 2011: Two felt seismic events of magnitude ML2.3 and
ML1.5 occurred on April 1 and May 27, 2011 near Blackpool, England (de Pater and
Baisch, 2011). Each of these earthquakes occurred approximately 1 day after a period of
maximum-rate hydraulic fracturing in the nearby Preese Hall 1 well (Clarke et al., 2014).
A 3-D seismic reflection survey conducted around the well to investigate the earthquake
source mechanism defined the geometry of a preexisting fault favorably oriented for slip
at 2 km (6,560 ft) depth, about 300 m (984 ft) below the well perforations (Clarke et al.,
2014). Slip on this fault is believed to have resulted from hydraulic connection beyond the
anticipated zone of fluid injection. The ML2.3 event on April 1 was preceded by several
smaller events that were not initially detected automatically by the regional seismic
monitoring system (all >M0.2 events were subsequently detected through waveform
cross-correlation analysis). The first event occurred 40 minutes after fluid injection
started. On the day of this event, the injection volume increased more than 100% from
~1,900 m3 (~500,000 gal) to ~4,500 m3 (~1.189 million gal) and the bottom hole
pressure was 48 MPa (~7,000 psi).
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Garvin County, Oklahoma, 2011: In January 2011, a sequence of earthquakes (maximum
ML2.9) occurred in close proximity to a hydraulic fracturing operation in Picket Unit B
Well 4-18 in the Eola Field, Garvin County, Oklahoma. Several of the earthquakes were
reported felt by a local resident. Initial reporting was unable to establish a conclusive link
between the events and the well stimulation (Holland, 2011). Only after the operator
released detailed pumping data, including injection rate and pressure records, were the
times of the events shown to be closely correlated with fluid injection (Holland, 2013).
The first earthquake occurred approximately 24 hours after injection started, when
the wellhead pressure was ramped up from 21 MPa (~3,000 psi) to 35 MPa (~5,000
psi) and the fluid injection rate reached 900 m3/hr (237,755 gal/hr)—equivalent to a
daily injection volume of 21,600 m3 (5.7 million gal). Eighty-six earthquakes located
approximately 2 km (6,560 ft) away from the well and at the depth of injection (~2.5 km;
8,200 ft) occurred during the following week.
Table 4.C-1. Reported seismicity M>1.5 associated with
hydraulic fracturing and water injection.

Country

Date

Magnitude

Proximate
Activity

References

USA

09 Aug
1967

4.8 Mw

Wastewater
injection*

Healy et al., 1968;
Herrmann et al., 1981

Matsushiro

Japan

25 Jan
1970

2.8

Wastewater
injection*

Ohtake, 1974

Rangely, CO

USA

1962 –
1975

3.1 ML

Water injection*

Nicholson and Wesson,
1990

Love County, OK

USA

1977 –
1979

1.9

Hydraulic
Fracturing

Nicholson and Wesson,
1990

Perry, OH

USA

1983 –
1987

2.7

Wastewater
injection*

Nicholson and Wesson,
1990

El Dorado, AR

USA

09 Dec
1989

3.0

Wastewater
injection*

Cox, 1991

Ashtabula, OH

USA

26 Jan
2001

4.3 mb

Wastewater
injection*

Seeber et al., 2004

Dallas/Fort Worth, TX

USA

16 May
2009

3.3 mb

Wastewater
injection

Frohlich et al., 2011

Cleburne, TX

USA

09 Jun
2009

2.8 mb

Wastewater
injection

Justinic et al., 2013

Garvin County, OK

USA

18 Jan
2011

2.9 ML

Hydraulic
fracturing

Holland, 2013

Guy-Greenbrier, AR

USA

27 Feb
2011

4.7

Wastewater
injection

Horton, 2012

Blackpool

UK

01 Apr
2011

2.3 ML

Hydraulic
fracturing

Clarke et al., 2014;
de Pater and Baisch,
2011

Prague, OK

USA

05 Nov
2011

5.7 MW

Wastewater
injection

Keranen et al., 2013

Site/Location
Rocky Mountain Arsenal, CO
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Country

Date

Magnitude

Proximate
Activity

References

Youngstown, OH

USA

31 Dec
2011

3.9 MW

Wastewater
injection

Kim, 2013

Horn River Basin, BC

CAN

19 May
2011

3.8 ML

Hydraulic
fracturing

Raton Basin, CO

USA

23 Aug
2011

5.3 MW

Wastewater
injection

Rubinstein et al., 2014

Timpson, TX

USA

17 May
2012

4.8 MW

Wastewater
injection

Frohlich et al., 2014

Paradox Valley, CO

USA

24 Jan
2013

4.0 MW

Wastewater
injection*

Block et al., 2014

Harrison County, OH

USA

5 Oct
2013

2.2 MW

Hydraulic
fracturing

Friberg et al., 2014

Poland, OH

USA

3 Oct
2014

3.0 ML

Hydraulic
fracturing

Skoumal et al., 2015

Site/Location

BC Oil and Gas
Commission, 2012

* Fluid injection not related to oil and gas well stimulation activity

Horn River Basin, British Columbia, 2009-2011: To date, the largest magnitude
earthquakes attributed to hydraulic fracturing occurred between April 2009 and December
2011 as a result of hydraulic fracturing operations conducted in several (at least six)
wells in the Horn River Basin in British Columbia (BC Oil and Gas Commission, 2012).
The largest event was ML3.8. Twenty earthquakes in the series were larger than ML3.0,
and 69 larger than ML1.5. Nearly all events occurred in the depth range 2.80–2.87 km
(9,186–9,416 ft), within 200 m (656 ft) of the perforation interval. There are numerous
north-south trending subparallel faults in the region, which the induced seismic event
locations effectively imaged as linear swarms crosscutting the hydraulic fracture target
zone. Average total fluid volume injected per well was 61,612 m3 (16.276 million gal),
with an average daily injection rate of 18,720 m3 (4.945 million gal). Although this
volume was injected over (on average) 27 stages per well, according to the BC Oil and
Gas Commission (2012) report, 18 events occurred no more than 24 hours after a fluid
injection rate of 5,000 m3/hr (1.321 million gal/hr) was sustained for a period of one to
two hours.
Harrison County, Ohio, 2013: A series of 10 earthquakes greater than Mw0, including 6
in the range MW1.7–2.2, was recorded in Harrison County by the Ohio regional seismic
network between October 2 and 19, 2013. The first of these events occurred 26 hours
after the initiation of hydraulic fracturing operations in one of three nearby wells (Friberg
et al., 2014). No felt seismicity was reported. Rates of injection were between 160 – 635
m3/hr (42,000 – 168,000 gal/hr) during hydraulic fracturing treatments. Waveform crosscorrelation exposed over 150 additional microearthquakes. The entire event sequence
occurred at a depth of 3.0–3.6 km (9,842–11,811 ft) below the surface, and delineated an
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approximately 500 m long basement fault. The seismicity was located approximately 0.5–
1.0 km (1,640–3,280 ft) below the bottom of the perforation interval (2.4 km; 7,874 ft)
and outside of the target formation, which was expected to confine all stimulated fractures.
Poland, Ohio, 2014: Skoumal et al. (2015) located 77 ML1-3 earthquakes that occurred
close to a hydraulic fracturing operation in Poland Township, Mahoning County, Ohio
between 4 and 12 March 2014. The events coincided in time with six hydraulic fracture
stages located between 750 and 800 m (2,461 and 2,625 ft) away from the zone of
seismicity. No previous seismicity had been detected in the area before hydraulic
fracturing began, and none occurred during almost 100 more distant fracture stages.
The seismicity rate decayed rapidly after the well was shut down on March 10, with only
6 events during the following 12 hours and then only one over the next two months.
Relative hypocenter locations sharply define a 500 m (1,640 ft) long vertical plane that
was assumed to be a pre-existing fault. The focal mechanism solution for the ML3 event is
consistent with the fault strike and dip and with the regional tectonic stress orientation.
4.C.3. Induced Seismicity Attributed to Wastewater Disposal
There are many cases in which disposal of wastewater related to hydraulic fracturing via
Class II wells is the most likely explanation of seismicity. These include seismic events in
Dallas-Fort Worth, TX; Guy, AR; Youngstown, OH; Prague, OH; and Raton Basin, CO. In
other cases (Cleburne, TX; Timpson, TX), wastewater injection represents one possible
explanation, but it has not been possible to rule out that the earthquakes may have been
of natural origin.
Dallas-Fort Worth, Texas: Typical of the low rates of natural seismicity in Texas and most
other states east of the Rocky Mountains, there are no records of local felt earthquakes in
the Dallas-Fort Worth area between 1850 and 2008. In October 2008, seven weeks after
wastewater injection began in a disposal well in the area, mb2.5–3.3 earthquakes began to
be felt. In response, Frohlich et al. (2011) deployed a local seismic recording array, which
enabled the eleven earthquakes it recorded to be located with an uncertainty of ±200 m
(0.125 mi), compared with ±10 km (6 mi) using only regional network data. All of these
events were located about 200 m (656 ft) north of the disposal well, and within 1 km (0.6
mi) of a northeast-striking normal fault favorably oriented for slip in the regional stress
field. The average daily brine-injection volume was 950–1,310 m3 (252,000–346,500 gal)
during the period covered by the temporary array, which is typical for disposal wells in
this and neighboring counties. The injection depth, 3100–4100 m (10,100–14,400 ft),
was about 1,000 m (3,300 ft) above the average depth of the seismicity. Felt seismicity
continues to occur in the area more than two years after injection ceased.
Cleburne, Texas: An mb2.8 earthquake was felt on June 9, 2009 in the Cleburne area,
about 50 km (31 mi) south of Dallas-Fort Worth, close to two water-disposal wells
(Justinic et al., 2013) located 1.3 km (0.8 mi) and 3.2 km (2 mi) from the epicenter.
Like Dallas-Fort Worth, the Cleburne area had no previous history of felt earthquakes.
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By the end of December 2009, over 50 smaller events, some of which were felt, had
been recorded on a temporary microearthquake network installed shortly after the June
9 event. The earthquakes apparently occurred on a 2 km (1.25 mi) -long, pre-existing
NNE-striking normal fault. Most of the events occurred within a 300 m (985 ft) thick
zone centered at a depth of 3,800 m (12,550 ft), less than 1,000 m (3,281 ft) below the
injection intervals in the two wells. The more distant well was active between 2005 and
July 2009. The average monthly injection volume peaked at about 95,000 m3 (25 million
gal) during the second half of 2008, and was close to 90,000 m3 (24 million gal) in June
2009. Injection in the closer well began in 2007. During 2009 the peak injection was
about 16,000 m3 (4.2 million gal) in April. Although the Cleburne sequence fits several
of the criteria for discriminating induced from natural seismicity discussed in 4.C.1, no
pressure data were available to develop a detailed understanding of the correlation of the
seismicity with injection, and hence to establish a definitive causal relationship.
Timpson, Texas: Another sequence of potentially induced earthquakes began on May 17,
2012, near Timpson (Frohlich et al., 2014). The sequence included five events having
magnitudes of M4 and above; the largest event was MW4.8. The earthquake epicenters fall
along a mapped basement fault about 6 km (3.7 mi) long. Four active water disposal wells
lie within about 3 km (1.9 mi) of the epicenters and near the largest magnitude event.
Total injected volumes for the two largest volume wells were 1,050,000 m3 and 2,900,000
m3 (277 billion gal and 766 billion gal), with average injection rates exceeding 16,000 m3/
mo (420,000 gal/mo). The injection interval for all four wells was 1.8–1.9 km (5,900–
6,200 ft), and the top of the basement is at a depth of approximately 5 km (16,000 ft).
Depths between 2.75 and 4.5 km (9,000 and 14,800 ft) were calculated for the five largest
earthquakes by modeling waveforms recorded 25 km (15.5 mi) away from the epicentral
area. Although the evidence favors the conclusion that these events were induced,
Frohlich et al. (2014) could not rule out the possibility that they occurred naturally.
Guy-Greenbriar, Arkansas: Disposal of wastewater from hydraulic fracturing operations in
the Fayetteville Shale has been correlated with 224 M > 2.5 earthquakes that occurred
between 2007 and 2011. Three of the earthquakes had magnitudes of M4 and greater,
and the largest event, M4.7, occurred on February 27, 2011 (Horton, 2012). In an area
of otherwise generally diffuse seismicity, 98% of the recent earthquakes occurred within
6 km (3.7 mi) of three Class II disposal wells. One injection well appears to intersect the
Guy-Greenbrier fault within the basement and was subsequently determined to be suitably
oriented for slip within the regional tectonic stress field (Horton, 2012).
Prague, Oklahoma: The largest earthquake suspected of being related to injection of
wastewater from well stimulation was an Mw5.7 event that occurred within a region of
previously sparse seismicity near Prague, OK, on November 6, 2011 (Keranen et al., 2013;
Sumy et al., 2014). This event, which is the second largest earthquake instrumentally
recorded in the central and eastern U.S., destroyed 14 homes and injured two people. The
hypocenter was located on the previously mapped NNE-SSW-striking Wilzetta fault system
and was followed two days later by an MW5.0 about 2 km (1.2 mi) to the west. Sumy
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et al. (2014) proposed that the Mw5.7 mainshock was triggered by an Mw5.0 foreshock
that occurred the previous day approximately 2 km (1.2 mi) from two active wastewater
injection wells located within the Wilzetta North oilfield. One well injected into the
previously depleted Hunton Limestone reservoir, while the other injected into two deeper
formations. The zone of well-located aftershocks of this event extends along the strike of
the fault to within about 200 m (656 ft) of these wells. Although injection into the first
well began in 1993, the cumulative rate of injection was increased by starting injection
into the second, deeper well in December 2005, accompanied by a tenfold increase in
wellhead pressure; pressures at both wells averaged approximately 3.5 MPa (508 psi)
between 2006 and December 2010, falling to 1.8 MPa (261 psi) in 2011. Keranen et al.
(2013) also note that local earthquake activity began with an MW 4.1 earthquake a few km
from the 2011 mainshock in 2010, during the period of near-peak wellhead pressures, but
they do not mention microseismicity before or after this event.
Keranen et al. (2013) concluded that the November 5, 2011 MW5 event was likely induced
by a progressive buildup of overpressure in the effectively sealed reservoir compartment
and on its bounding faults (part of the Wilzetta fault system) after the original fluid
volume capacity of the depleted reservoir had been exceeded as a result of injection.
However, this explanation apparently does not take into account injection into the deeper
formations, which are separated from the reservoir by a (presumably relatively lowpermeability) shale layer. An alternative explanation is that the triggering mechanism
involved only the more recent injection into the deeper formations, the lowest of which
directly overlays basement. McGarr (2014) proposed that the Mw5.7 mainshock was
induced directly by injection of much larger volumes into three wells located 10 to 12
km (6.2 to 7.5 mi) southeast of the epicenter. However, if, as asserted by Keranen et
al. (2013), the faults of the Wilzetta system form barriers to lateral (SE-NW) flow that
compartmentalize the oilfield, then it would not be expected that the wells discussed by
McGarr (2014) would be in hydraulic communication with the westernmost fault of the
system on which the earthquake apparently occurred. The occurrence of these events close
to several high-volume injection wells strongly suggests that they were likely induced.
However, the six-year delay between the significant increase in injection rate and pressure
in the Wilzetta North wells and the conflicting hypotheses regarding the source and
magnitude of the pressure perturbation mean that natural causes, as proposed by Keller
and Holland (2013), cannot at present be ruled out.
Youngstown, Ohio: During a 14-month period in Youngstown, OH, an area of relatively
low historic seismicity, 167 earthquakes (M ≤ 3.9) were recorded in proximity to ongoing
wastewater injection (Kim, 2013). Earthquake depths were in the range 3.5–4.0 km
(11,482–13,123 ft) and located along basement faults. Given that relatively small fluid
volumes (~700 m3; ~180,000 gal) were injected prior to the onset of seismicity, there is
believed to be a near-direct hydraulic connection to a pre-existing fault. Periods of high
and low seismicity tracked maximum and minimum injection rates and pressures. The
total injected volume over this period was 78,798 m3 (20.816 million gal), with an average
injection volume of 350 m3/day (1,150 gal/day) at a pressure of 17.2 MPa (2,490 psi).
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Trinidad, Colorado: Seismicity near Trinidad, Colorado within the Raton Basin of Colorado
and New Mexico that occurred between August 2011 and December 15, 2011 is believed
to have been caused by injection of wastewater near the southern extension of a local
fault zone (Rubinstein et al., 2014). The sequence included three earthquakes M≥4, the
largest of which was M5.3. Between 2001 and 2013, 16 M>3.8 earthquakes have been
attributed to expanded wastewater disposal activity in the Raton Basin, which increased
the median fluid injection rate from 75,000 to 191,000 m3/mo (500,000 to 1.2 million
bbl/mo). Prior to 2001, only one M>3.8 earthquake was recorded in the Raton Basin. The
2011 earthquake sequence occurred within 10 km (6.2 mi) of five injection wells, four of
which are high injection-rate, high-volume wells. At the end of August 2011, cumulative
injection into these wells ranged from 1.8–2.68 x 106 m3 (475–700 million gal).
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Appendix 4.D

Induced Seismicity Protocols
The issue of induced seismicity is not new, and in the geothermal industry, potential risks
from induced seismicity were recognized in the late 1990s. An effort was initiated in 2004
to develop a protocol and best practices for managing and mitigating induced seismicity
that would allow development of geothermal energy to progress in a cost- effective and
safe manner. The induced seismicity protocol described below was developed by the U.S.
Department of Energy (DOE) to address induced seismicity issues related to enhanced
geothermal systems (Majer et al., 2012; 2014), and is now being used as a blueprint by
oil-producing states and several oil-and-gas-producing companies to develop induced
seismicity protocols for fluid injection associated with well stimulation.
Most protocols adopt a common-sense approach guided by the best available
science. They are intended to be living documents that evolve as new knowledge
and experience are gained. The protocols consist of recommended steps to manage
induced seismicity. How a protocol is implemented and which of the recommended
steps are required depends on factors such as past seismicity in the area, community
acceptance, and proximity to sensitive facilities. The protocols and best practices are
not intended as a “one-size-fits-all” approach. Instead, stakeholders are able to tailor their
procedures to project-specific circumstances using protocols as a set of recommended
steps to address induced seismicity hazard and risk.
The U.S. DOE protocol recommends the following steps to address project-related induced
seismicity issues:
1. Perform a preliminary screening evaluation: Does the project satisfy basic hazard
criteria? These include consideration of proximity to known active faults, past
induced seismicity, proximity to population centers, amount of injection and time
of injection, and public acceptance issues.
2. Implement an outreach and communication program: Continue to inform and
educate the community about potential seismic hazards and risks related to
project operations. An important step is gaining acceptance by non-industry
stakeholders and promoting safety.
3. Review and select criteria for ground vibration and noise: Which receptor
communities and structures will be affected by induced seismicity? This will
inform criteria for setting maximum event sizes.
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4. Establish a seismic monitoring system. What is the history of seismicity in the area?
How is the natural background level of seismicity distributed in space and time?
5. Quantify the hazard from natural and induced seismic events: How big an event
is expected and what are the seismicity rates and magnitude distributions? This
may be difficult for induced seismicity at sites where there is limited knowledge of
geological and site conditions.
6. Characterize the risk of induced seismic events: Given information from steps 3, 4,
and 5, perform a risk analysis. This is generally challenging for induced seismicity.
The minimum objective is to place bounds on risk.
7. Develop a risk-based mitigation plan: e.g., a “stop light” procedure such as that
described below and appropriate insurance coverage, etc.
Figure 4.D-1 shows an example of a proposed implementation strategy for the oil and
gas induced seismicity protocol that a consortium of member companies of the American
Exploration and Production Council (AXPC) is considering. This is a proposed draft that
was shown at the Kansas Induced Seismicity State Task Force (http://kcc.ks.gov/induced_
seismicity/) meeting in Wichita, Kansas on April 16, 2013, and represents the collective
opinions of an expert panel of geologists, geophysicists, hydrologists, and regulatory
specialists drawn from AXPC member and other companies. (This proposed draft does not
represent the views of any specific trade association or company.)
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AXPC SME-IS presentation

Figure 4.D-1. AXPC proposed draft implementation strategy for a protocol for managing and
mitigating induced seismicity related to well stimulation.
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Appendix 5.A.

Regional Species-Specific
Mitigation Measures
As a supplement to the more general mitigation measures for oil and gas production
impacts to wildlife and vegetation presented in Chapter 5, here we discuss important
mitigation measures for a few key species.
5.A.1 California Condor
• No surface facilities within 1.5 miles of historic or active condor nest sites or
reintroduction sites, or within 0.5 miles of active roost sites.
• All new power lines must be placed underground.
• Retrofit all power lines, poles, and guy wires within existing condor flyways with
raptor guards, flight diverters, and other anti-perching or anti-collision devises to
prevent collisions and electrocutions.
• Cover or remove all trash and debris, particularly microtrash (i.e., items small
enough to be swallowed by a condor), from project sites at the end of each day.
• No ethylene glycol based anti-freeze or other ethylene glycol based liquid
substances will be used on work sites.
• No aircraft will be allowed in project areas without prior approval by the U.S.
Forest Service.
• No gas flaring sites will be allowed in project areas without prior approval by the
U.S. Forest Service.
• All employees and contractors shall be made aware of protected species in the
area and how to avoid impacts to them. Special emphasis will be placed on
keeping work sites free of microtrash.
• Direct contact with California condors will be avoided.
• All food items and trash will be placed in covered containers.
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• All equipment and work-related materials (including loose-wires, open containers,
other supplies and materials) shall be contained in closed containers. Loose items
(e.g., rags, hoses) shall be stored within closed containers or enclosed in vehicles.
• All exposed hoses or cords lying on the ground outside of primary work areas
(immediate vicinity of the drilling rig) shall be covered to prevent access by condors.
Covering can be by burying or covering with heavy mats, planks, or grating.
• All liquids shall be in closed containers.
• Any use (perching, landing) of a well site and its associated facilities by California
condors shall be recorded and reported.
• Perching on facilities by condors will be discouraged with the use of deterrents
such as “Daddi Long Legs” or porcupine wire.
• Barriers (such as welded wire fabric or hardware cloth) will be installed around
well cellars and on secondary containment pans to prevent access by condors.
• Poly-chemical lines will be replaced with stainless steel lines to preclude condors
from obtaining and ingesting pieces of poly line.
• Perimeter fencing will be installed around well pads to discourage access by condors.
• If condor use patterns change and well sites become frequented by condors, the
project proponent and the USFWS will identify additional mitigation measures to
help avoid impacts to condors.
• Drilling will be completed outside of the condor fledging period (generally
October 1 through February 28).
5.A.2. Arroyo Toad, Red-Legged Frog, and Fairy Shrimp
• Facilities and roads will be located outside of vernal pools, riparian zones, and
other aquatic or wetland habitats.
• New drilling pads will be constructed in a manner that avoids or minimizes
sedimentation or harmful runoff from entering aquatic or wetland habitats, and
that avoids adversely affecting natural drainage patterns of these habitats.
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Appendix 5.B

Maps of Oil and Gas Well
Density in California
The maps in this appendix show sets of maps for the San Joaquin (and Cuyama), Ventura,
Los Angeles, Santa Barbara, Santa Maria, and Sacramento Basins.
Density of wells maps - show all wells in California with recorded activity (production
or injection) in the production data from January 1977 through September 2014. Land
use and cover categories are also indicated. Data from DOGGR (2014a; DOGGR 2014b;
DOGGR 2014c), UCSB Biogeography Lab (1998), and DOC (2012).
Increase in well density attributable to hydraulic fracturing-enabled development maps –
show change in well density due to fracturing-enabled production. Blue indicates an area
changed from control to low or medium density with the addition of stimulated wells.
Yellow shows areas that changed from low to medium or high. Red indicates areas that
changed from medium to high. Data sources: DOGGR, 2014a; 2014b; 2014c.
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Figure 5.B-1. Well density (stimulated and unstimulated) in the southern San Joaquin Basin,
and the Cuyama Basin.

634

Volume II, Chapter 5: Appendix 5.B

Raisin
Raisin
Cit
C ityy

Oil and Gas administrative field boundaries

Well density class change
Bur
Burrel
rel
Cant
Cantua
ua
Creek
Creek
(Abd)
(Abd)

Helm
Helm

Kings
Canyon
National
Park

Land Use/Land Cover

Developed & Other Human Use

Seq uo ia

No change

Nation al
Agricultural, Introduced, or Modified
Park

Less than 1/km2 to Low

Shrubland & Grassland

Less than 1/km2 or Low to Medium

Semi-Desert
Lake
Forest & Woodland

From Low or Medium to High

Open Water
0

Coalinga
Coalinga
Guijarral
Guijarral
Hills
Hills
Jacalitos
Jacalitos

5

0

Arroyo
Pasajero
Westside
Detention
Basin

Kaweah

10

4

20

8

Giant
Sequoia
°
NM

30
Kilometers
Miles
16

Success
Lake

Ket
Ketttleman
leman
Nort
Northh Dome
Dome

Tulare
Tulare
Lake
Lake

Deer
Deer
Creek
Creek

Pixley
NWR

Pyramid
Pyramid
Hills
Hills

Trico
Trico
Gas
Gas

Kern
NWR

Devils
Devils
Den
Den

Beer
Beer
Nose
Nose

Lost
Lost
Hills
Hills

Santa
Margarita
Lake
Regional
Park and
Natural
Area

Santa
Santa
Maria
Maria
Valley
Valley

Rose
Rose

Semitropic
ER

Shaft
Shafter,
er,
North
North

Bow
Bowerbank
erbank

Lokern
Preserve

Elk
Elk
Asphalt
Asphaltoo Hills
Hills
Buena
Buena
Vist
Vistaa
Midw
Midway
ay -Sunset
Sunset

Carrizo
Plains
ER

C a r r i z o
P l a i n
N M

Los Pa d re s
National
Forest

Mount
Mount
Pos
Posoo
Pos
Posoo
Creek
Creek
Ker
Kernn
Round
Round
Front
Front
Mount
Mountain
ain
Ker
Kernn
River
River Kern
Kern
Bluff
Ant
Bluff Ant
Hill
Fruit vale
Hill
vale

Rio
Rio
Bravo
Bravo

Mc
McKitt
Kittririck
ck

Huasna
Huasna

United
States
Bureau of
Reclamation

Wasco
Wasco
Semit
Semitropic
ropic

Belr
Belridge,
idge, Cal
Cal
Sout
Southh Canal
Canal
Gas
Gas
Cymric
ic
Lokern Cymr
ER

California
Valley

Jas
Jasmin
min

Semitropic
Ridge
Preserve

Belr
Belridge,
idge,
Nort
Northh

Lopez Lake
Regional
Park and
Natural
Area

Allensworth
ER

Greeley
Greeley

Yowlumne
Yowlumne
Los
Los
Lobos
Lobos
Wind
Wolves
Preserve

Cuyama,
Cuyama,
Sout
Southh

Union
Union
Ave.
Ave.

Str
Strand
and
Coles
Coles
Ten
Ten
Levee,
Levee, Section
Section
Nort
h
Nort h
Coles
Coles
Levee,
Levee,
Sout
Southh
Paloma
Paloma

Edis
Edison
on
Mountain
Mountain
View
View

Rio
Rio
Viejo
Viejo

Plei
Pleito
to

Sequoia
National
Forest

Tejon,
Tejon,
North
North
Tejon
Tejon

Tejon
Tejon
Hills
Hills

Figure 5.B-2. Increase in well density attributable to hydraulic fracturing-enabled development
in the southern San Joaquin Basin and Cuyama Basin. Those fields in the San Joaquin and

Cuyama Basins with at least 500 hectares of natural habitat impacted by hydraulic-fracturingenabled development, in descending order of number of impacted hectares (indicated in
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Figure 5.B-3. Well density (stimulated and unstimulated) in the Ventura Basin.
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Figure 5.B-5. Well density (stimulated and unstimulated) in the Los Angeles Basin.
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Figure 5.B-6. Increase in well density attributable to hydraulic fracturing-enabled development
in the Los Angeles Basin. Although there were areas where hydraulic-fracturing-enabled

production increased well density, most of that area was land already developed for urban use.
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Figure 5.B-7. Well density (stimulated and unstimulated) in the Santa Maria Basin and the

northwest portion of the Ventura Basin. The area depicted had no alterations in well density
attributable to hydraulic-fracturing enabled production, so no map of the increased density
attributable to well stimulation is shown.
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Figure 5.B-8. Well density (stimulated and unstimulated) in the Sacramento Basin The area
depicted had no alterations in well density attributable to hydraulic-fracturing enabled

production, so no map of the increased density attributable to well stimulation is shown.

641

Volume II, Chapter 5: Appendix 5.B

5.B.1. References
DOC (California Department of Conservation), 2012. Farmland Monitoring and Mapping Program, 2010 and
2012, Available at: http://www.conservation.ca.gov/dlrp/fmmp.
DOGGR (Division of Oil Gas and Geothermal Resources), 2014a. “All Wells” Shapefile: Geographic Dataset
Representing All Oil, Gas, and Geothermal Wells in California Regulated by the Division of Oil, Gas and
Geothermal Resources. Available at: http://www.conservation.ca.gov/dog/maps/Pages/GISMapping2.aspx.
DOGGR (Division of Oil Gas and Geothermal Resources), 2014b. Field Boundaries GIS Shapefile, Sacramento, CA.
Available at: http://www.conservation.ca.gov/dog/maps/Pages/GISMapping2.aspx.
DOGGR (Division of Oil Gas and Geothermal Resources), 2014c. Monthly Production and Injection Databases.
Available at: http://www.conservation.ca.gov/dog/prod_injection_db/Pages/Index.aspx [Accessed January
12, 2014].
UCSB (U.C. Santa Barbara Biogeography Lab), 1998. California Gap Analysis Vegetation Layer (Statewide)
1:100,000-1:250,000, Santa Barbara, CA. Available at: http://legacy.biogeog.ucsb.edu/projects/gap/gap_
home.html.

642

Volume II, Chapter 5: Appendix 5.C

Appendix 5.C

Detailed Methods for
Quantitative Analysis of
Hydraulic Fracturing-Enabled
Production On Habitat Loss
5.C.1. Correlation Between Habitat Disturbance and Well Density
Our analysis was based on the assumption that well density accurately predicts
habitat disturbance. We tested this assumption by running a linear regression of bare
(unvegetated) ground by well density. We found data on bare ground during the
peak growing season estimated over five growing seasons from 2006-2010 in the LCLUC_
BARE_GROUND product in the Web-Enabled Landsat Data (WELD) (Hansen et al., 2014)
We used data from DOGGR to estimate well density (DOGGR, 2014a) and converted the
well density to integer values for each one-hectare pixel in a Geographic Information
Systems (GIS) layer in ArcMap 10.2 software (ESRI, Redlands, CA). We looked at areas in
California with well density values above 0 and with at least 10 1-hectare cells of a given
density value; 506 density values met the criteria. There were 796 (including the value 0)
density values excluded. Excluded values were concentrated at the high end of the range
of densities (over 700 wells/km2).
Using R for the statistical analysis (R Core Team, 2013) we plotted bare ground over well
density for the 506 well density values and found that bare ground showed a curvilinear
relationship with well density. We ran a BOXCOX transformation and found that raising
bare ground to a power of 1/3 was the best function for creating a linear relationship
between bare ground and well density. We ran a linear regression of the transformed bare
ground data by well density and the relationship was highly significant (p<2.48x10-07, and
the two variables were highly correlated (adjusted r2 = 0.95).
Table 5.C-1. Output for linear regression of bare ground by well density.
Model: lm(bare-ground ~ well-density1/4)
F

9107

F numerators degrees of freedom
F denominator degrees of freedom
p
Adjusted r

1
504
2.48x10-07
.95

2
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5.C.2. Measuring the Contribution of Stimulated Wells to Well Field Density
We obtained a GIS layer of all wells and database records of oil and gas production from
1977-2014 from the California Division of Oil, Gas and Geothermal Resources (DOGGR,
2014a). We limited our analysis to wells that had more than one day of production
(or injection) between 1977 and September 2014. We used the location of these wells
to estimate the point density of present wells over the landscape and the relative
contribution of wells identified as having stimulation applied (HF wells) to that density.
To identify known HF wells (KNOWN_WST_WELLS), we obtained a list of API numbers
of wells identified as being hydraulically fractured. The list was created by compiling all
reported cases of hydraulic fracturing in California in the seven data sources described
in Volume I, Chapter 3, Section 3.5, “Data Quality, Availability, and Gaps.” We matched
the API numbers with the master list of well locations and added an attribute identifying
known stimulated wells.
We lacked complete data on the well stimulation status of all wells and estimated that
there were additional wells with applied stimulation beyond those confirmed (KNOWN_
HF_WELLS). To account for these potential additional wells we used a previously
developed table identifying the estimated percentage of wells with hydraulic fracturing
per specific sub-areas and pools within each field. The development of this table is
described in detail in Appendix 5.E. Specifically, we used the column from the table in
Appendix 5.E called est_%_of_frac_adj: the estimated percent of all wells in the pool
with hydraulic fracturing We adjusted these percentages to account for wells already
identified as hydraulically fractured wells, and used the adjusted percentages to estimate
the percentages of remaining wells likely to have stimulation applied. We used these
percentages to estimate the per-well probability of having applied stimulation in our
master point layer (ALL_WELLS). These probabilities, along with known stimulated
wells, made up our estimate of hydraulically fractured wells (HF_EST).
We added population columns to our ALL_WELLS layer to calculate point density of all
wells (including hydraulically fractured wells), and all wells without hydraulically
fractured wells and without factions of wells with some probability of being included
with hydraulically fractured wells:
POP_ALL_WELLS – All wells have a population of 1
POP_WO_ EST – All wells have a population of 1 minus HF_EST, where HF_EST is 1 for
known stimulated wells and the adjusted probability of being a stimulated well for all
remaining wells.
Using these three population estimates we created three sets of raster GIS layers (i.e.
grids of cells) of point density of wells within moving, circular window with a 454 m
radius (0.65 km2), and an output cell size of 1 hectare. The 0.65 km2 area was chosen
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to provide comparability to previous studies where density was measured over areas of
approximately 0.25 mi2 (Fiehler and Cypher, 2011). For the first raster layer (DENSITY_
ALL), we calculated point density with all wells having a value of 1. For the 2nd raster
layer (DENSITY_WO_MIN), we calculated point density without our minimum estimate
of hydraulically fractured wells. For the 3rd, we calculated point density without our
maximum estimate of hydraulically fractured wells (DENSITY_WO_MAX) without our
maximum estimate of hydraulically fractured wells.
For each of the three raster layers, we reclassified point density into four classes
comparable to those described by (Fiehler and Cypher, 2011): Control (< 1 well / km2),
Low Density (1-15 wells/km2), Medium Density (15-77 wells/km2), or High Density (>
77 wells/km2). We used a set of Map Algebra (Tomlin, 1994) statements to combine
the results of the three raster layers into a single composite with codes representing
the density class of all wells, the density class of wells without the minimum estimated
hydraulically fractured wells and the density class of wells without the maximum
estimated WST well:
POP_COMPOSITE = (POP_ALL_WELLS * 10) + (POP_WO_EST)
The resulting calculation summarized our three layers using a 2-digit density class code
for each cell. With each 2-digit code, the left digit represents the estimated density class
without known hydraulically fractured wells and fractions of wells with some probability
of being hydraulically fractured, and the right digit represents the measured density class
(including known hydraulically fractured wells). For example, a code of 34 would mean
that cell is currently in the High Density class (4) and would be estimated as Medium
Density class (3) without our estimate of hydraulically fractured wells.
5.C.3. Measuring the Potential Impacts of Well Stimulation on Habitats for Wildlife
and Native Plants
To estimate the potential impact of well stimulation treatments on wildlife and native
plant habitats we created a composite GIS layer with codes for DOGGR well fields
(DOGGR, 2014b), California counties, and land use/land cover classes from a state-wide
vegetation layer (UCSB Biogeography Lab, 1998) combined with a more recent layer of
farmland and urban areas in California (DOC, 2012). Each unique combination of field
and land use/land cover class was assigned a 4-digit numerical code. We converted the
composite land use/land cover and field layer to a raster GIS layer aligned to our density
class layer (FIELD_GAP_COMPOSITE) with the 4-digit numerical codes as values. We used
a Map Algebra statement to combine the field and land use/land cover class cells with
their spatially coincident well density classes:
POP_FIELD_GAP_COMPOSITE = (POP_COMPOSITE * 10,000) + (FIELD_GAP_COMPOSITE)
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The resulting calculation generated a new 6-digit numeric string consisting of both the
2-digit density class codes (left 2 digits) and the 4-digit combinations of well field and
land use/land cover map units (right 4 digits). We built an attribute table for the resulting
raster layer (POP_FIELD_GAP_COMPOSITE) and added the following columns to the
attribute table:
FIELD_GAP_ID = Right 4 digits of 6-digit code
DNS_EST = Density without hydraulically fractured wells, 1st digit from left of 6-digit code
DNS_ALL = Measured density, 2nd digit of 6-digit code
Area_HA = Count of 1 hectare cells
For each row of the attribute table we used FIELD_GAP_ID to join additional attributes for
field, county, and land use/land cover class. We organized the attribute table into a table
identifying each combination of mapped vegetation class, field, county, and measured
density class and the total area (hectares). For each combination we identified the areas
where the present density class was greater than the density class without hydraulically
fractured wells.
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Appendix 5.D

Supplementary Tables
Table 5.D.1. Our analysis identified four habitat types that were highly impacted by

hydraulic-fracturing-enabled production: valley saltbush scrub, non-native grassland, buck
brush chapparal, Venturan coastal sage scrub (see Volume II, Chapter 5, Section 5.3.1). A

substantial proportion of the statewide extent of valley saltbush scrub and Venturan coastal
sage scrub occur within the boundaries of the oil fields of Kern or Ventura Counties.
Outside Field
(ha; % of statewide)

Inside Field
(ha; % of statewide)

Statewide
(ha)

Kern County
Valley saltbush scrub

53,348

34%

66,919

42%

158,669

Non-native grassland

275,202

11%

48,147

2%

2,563,383

Ventura County
Buck brush chapparal

11,878

3%

5,056

1%

470,449

Venturan coastal sage scrub

54,829

30%

22,290

12%

183,325

Table 5.D.2. Area impacted by hydraulic-fracturing-enableddevelopment for selected habitat types.

(a) Area of riparian, wetland and open water habitats impacted by hydraulic-fracturingenabled-development by county and field. All units in hectares.
Habitat types
County and Field

Riparian and Wetland

Colusa
Grimes Gas
Sycamore Gas
Los Angeles

13

11

11

2

2
39

1

Playa Del Rey

Total

13

30

outside field boundaries

Open Water

29

Wilmington
Orange

69
1

3

32

36

36

183

183

Belmont Offshore

82

82

Huntington Beach

92

92

9

9

3

3

outside field boundaries
Sacramento
Rio Vista Gas
Solano

10

Kirby Hill Gas

7

Lindsey Slough Gas

1
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3

3

13
7

3
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Habitat types
County and Field

Riparian and Wetland

outside field boundaries

Open Water

2

Ventura

2

89

64

153

1

64

65

outside field boundaries
Saticoy

Total

18

18

South Mountain

27

27

Ventura

43

43

Grand Total

142

292

434

(b) Area of buck brush chaparral and Venturan coastal sage scrub habitats impacted by
hydraulic-fracturing-enabled-development by county and field. All units in hectares.
Habitat types
County and Field

Buck Brush
Chaparral

Venturan Coastal
Sage Scrub

Los Angeles
Aliso Canyon
Castaic Hills

Total

444

444

397

397

1

1

Del Valle

11

11

Newhall-Potrero

20

20

outside field boundaries

6

6

Tapia

2

2

Whittier

7

Monterey

65

outside field boundaries

7
65

65

65
132

132

Careaga Canyon

70

70

Orcutt

58

58

4

4

2590

3749

194

194

19

19

Santa Barbara

outside field boundaries
Ventura

1159

Bardsdale
Big Mountain
Hopper Canyon
Oak Park
Ojai

541

outside field boundaries
Piru Creek (Abd)
Rincon
San Miguelito
Saticoy
Sespe

618

Shiells Canyon

648

13

13

111

111

231

772

104

104

19

19

119

119

5

5

9

9

841

1459

229

229
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Habitat types
County and Field

Buck Brush
Chaparral

Venturan Coastal
Sage Scrub

South Mountain

148

Torrey Canyon
Ventura
West Mountain
Grand Total

1224

Total
148

24

24

513

513

11

11

3166

4390

(c) Area of non-native grassland and valley saltbush scrub habitat impacted by hydraulicfracturing-enabled-development by county and field. All units in hectares.
Habitat types
County and field

Non-native
grassland

Valley saltbush
scrub

Fresno

Total
14

Coalinga
3305

Kern
Antelope Hills

1

Asphalto
Beer Nose

14

14

10035

13340

16

17

100

100

1

Belgian Anticline
Belridge, North
Belridge, South

126

14

1
7

7

438

438

328

454

1032

1032

29

29

158

158

Coles Levee, North

98

98

Coles Levee, South

13

13

44

53

Buena Vista
Cal Canal Gas
Chico Martinez

70

Cienaga Canyon

Cymric

9

Devils Den

70

356

356

Edison

3

3

Elk Hills

5

Kern Front

3

Kern River

2

Lost Hills
Lost Hills, Northwest
McKittrick
Midway - Sunset

33

Monument Junction

5261

3
2
560

560

5

5

271

271

607

640

305

Mount Poso

1786

outside field boundaries

301

649

5266

305
1786

517

818
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Habitat types
County and field

Non-native
grassland

Pleito

Valley saltbush
scrub

Total

5

Poso Creek

22

Railroad Gap
Rio Bravo

5
61

83

183

183

2

Round Mountain

2

582

582

189

189

Kettleman Middle Dome

127

127

Kettleman North Dome

60

60

Kings

Pyramid Hills

2

2

240

240

194

194

Newhall-Potrero

34

34

outside field boundaries

11

11

Los Angeles
Brea-Olinda

Sansinena
Monterey
Monroe Swell
San Ardo
Orange
Brea-Olinda
Esperanza

1

1

151

151

150

150

1

1

99

99

97

97

2

2

San Luis Obispo
Midway - Sunset
Santa Barbara
Careaga Canyon

10

10

10

10

86

86

76

76

Casmalia

1

1

Four Deer (Abd)

5

5

Orcutt

4

4

Santa Clara

19

19

Sargent
Solano

19

19

126

126

Kirby Hill Gas

47

47

Lindsey Slough Gas

79

79

109

109

6

6

63

63

Sutter
Grimes Gas
Sutter Butte Gas

40

40

Ventura

West Butte Gas

541

541

Sespe

474

474

67

67

Ventura
Grand Total

4865
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Appendix 5.E

Estimate of the Number
Hydraulic Fracturing Operations
by Pool in California
This appendix presents a table of the percentage of wells hydraulically fractured by pool in
California. The table is available for download at:
http://ccst.us/projects/hydraulic_fracturing_public/SB4.php
As described in Volume I, Chapter 3 and Volume I, Appendix I, well records were
searched for indications that a hydraulic fracturing operation took place from the well.
The sampling frame consisted of records of wells that were first produced or injected
from 2002 through late 2013. The end date is indefinite because all wells in DOGGR’s
production and injection database as of mid-January 2014 were included. Due to the data
entry lag time, the resulting well set appeared to include all wells that were first produced
or injected through September 2013, a portion of such wells for October 2013, and no
such wells for November and December 2013.
As described in Volume I, Chapter 3, all available scanned well records in the sampling
frame were searched for wells in counties other than Kern County. A sample of well
records was searched for Kern County.
Similar to Volume I, Appendix N, this appendix provides data resulting from the well
record search; however it does so for all pools. Volume I, Appendix N, provided data only
for pools where more than 50% of the wells in the sampling frame were estimated to
have been hydraulically fractured based on the well record search results. This list was
used to estimate the portion of oil and gas production in California enabled by hydraulic
fracturing. Some of the analyses in Volumes II and III used the estimated portion of wells
that were hydraulically fractured in all pools provided in this appendix.
Pools with zero wells listed did not have any wells that were first produced or injected
during the study period, but did have such wells prior to the study period in DOGGR’s
production and injection database, which extends back to various months in 1977
depending upon the pool. Records for these pools are included to indicate completeness.
For many pools, the well record search results are based on searching records for less
than 100% of the wells in the sampling frame. For these pools, the well record search
results provide an estimate of the number of well records that would indicate hydraulic
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fracturing occurred if records for all the wells were searched. For pools in Kern County,
the percentage of records searched is less than 100 by design, as explained in Volume 1,
Chapter 3. For pools outside Kern County for which fewer than 100% of the records were
searched, this occurred because scanned records were unavailable for some wells.
Because the well record sampling for Kern County was random at the county rather
than the pool level, the proportion of records searched for pools in the county varies
considerably. Uncertainty bounds for these pools, and others with less than 100% of the
records searched, are not included, but could be calculated from the data provided. The
reader should be aware that the uncertainty varies from pool to pool when using these
results. Specifically, the further the percentage of records searched is from 100, and the
fewer the records searched in absolute terms, the greater the uncertainty. Consequently it
may be inappropriate to use the values provided for any particular pool without noting
the uncertainty involved.
Following is a description of the data fields in this appendix:
Field: Name of the oil or gas field assigned to a well by DOGGR
Area: Name of the oil or gas field area assigned to a well by DOGGR. Note that unlike
the name DOGGR uses for fields and pools in its databases, the names it uses for area end
with the generic term, in this case “Area.”
Pool: Name of the oil or gas field pool assigned to a well by DOGGR
#_of_1st_pro_or_inj_wells: The number of wells that were first produced or injected
during the sampling frame.
#_of_records_searched: The number of wells that were first produced or injected during
the sampling frame.
%_searched: The percent of wells in the sampling frame whose records were searched
(#_of_records_searched/#_of_1st_pro_or_inj_wells*100).
#_of_frac_records: The number of well records confirmed as indicating a hydraulic
fracturing operation occurred in the well.
%_frac_records: The percent of well records search indicating a hydraulic fracturing
operation occurred (#_of_frac_records/#_of_records_searched*100).
est_#_of_frac: The estimated number of all wells in the pool with hydraulic fracturing
during the sampling frame as indicated by the well record search results (%_frac_
records*#_of_1st_pro_or_inj_wells).
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est_#_of_frac_adj: The estimated number of all wells in the pool with hydraulic fracturing
(est_#_of_frac*1.63; see Volume I, Appendix N cover sheet for explanation of this factor).
est_%_of_frac_adj: The estimated percent of all wells in the pool with hydraulic fracturing
(est_#_of_frac_adj/#_of_1st_pro_or_inj_wells*100).
est_%_of_all_frac: The estimated percentage of all hydraulic fracturing operations in the
state that occurred in a pool in the sampling frame (est_#_of_frac*1.63; see Volume I,
Appendix N cover sheet for explanation of this factor).
est_annual_#_of_frac: The estimated number of average annual number of hydraulic
fracturing operations occurring in a pool during the sampling frame period (est_%_of_
all_frac*12 months/year*150 operations/month; see Volume I, Chapter 3 for explanation
of the estimate of the number of hydraulic fracturing operations per month in the state).
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Appendix 6.A

Toward an Understanding of
the Environmental and Public
Health Impacts of Shale Gas
Development: An Analysis of
the Peer-Reviewed Scientific
Literature, 2009-2015:
Methods, Limitations and PeerReviewed Literature List
6.A.1. Methods and Findings from the Literature Review
6.A.1.1. Database Assemblage and Review
This analysis was conducted using the PSE Study Citation Database on Shale & Tight
Gas Development (available at: http://psehealthyenergy.org/site/view/1180). This near
exhaustive collection of peer-reviewed literature on shale gas development is divided into
12 topics that attempt to organize the papers in a useful and coherent manner. These
topics include air quality, climate, community, ecology, economics, general (comment/
review), health, regulation, seismicity, waste/fluids, water quality, and water usage. This
study database has been assembled over several years using a number of different search
strategies, including the following:
• Systematic searches in scientific databases across multiple disciplines: PubMed
(http://www.ncbi.nlm.nih.gov/pubmed/), Web of Science (http://www.
webofknowledge.com), and ScienceDirect (http://www.sciencedirect.com)
• Searches in existing collections of scientific literature on shale gas development,
such as the Marcellus Shale Initiative Publications Database at Bucknell
University (http://www.bucknell.edu/script/environmentalcenter/marcellus),
complemented by Google (http://www.google.com) and Google Scholar
(http://scholar.google.com)
• Manual searches (hand-searches) of references included in peer-reviewed studies
and government reports that pertain directly to shale gas development.
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For scientific literature search engines we used a combination of Medical Subject Headings
(MeSH)-based and keyword strategies, which included the following terms as well as
relevant combinations thereof:
shale gas, shale, hydraulic fracturing, fracking, drilling, natural gas, air pollution,
methane, water pollution, public health, water contamination, fugitive emissions,
air quality, climate, seismicity, waste, fluids, economics, ecology, water
usage, regulation, community, epidemiology, Marcellus, Barnett, Fayetteville,
Haynesville, Denver-Julesberg Basin, unconventional gas development, and
environmental pathways.
This database and subsequent analysis excluded technical papers on shale gas
development not applicable to determining potential environmental and public health
impacts. Examples of literature that we exclude are papers on optimal drilling strategies,
reservoir evaluations, estimation algorithms of absorption capacity, patent analyses, and
fracture models designed to inform stimulation techniques. Because our analysis is limited
to papers subjected to external peer-review, it does not include government reports,
environmental impact statements, policy briefs, white papers, law review articles, or other
grey literature. Our analysis also excludes studies on coalbed methane, coal seam gas, tar
sands and other forms of fossil fuel extraction.
We have tried to include all literature that meets our criteria in our collection of the
peer-reviewed science; however, it is very possible that some papers may be missing from
our analysis. Thus, we refer to the collection as near exhaustive. We are sure, however,
that the most seminal studies on the environmental public health dimensions of shale gas
development in leading scientific journals are accounted for.
The PSE Study Citation Database has been used and reviewed by academics, experts,
and government officials throughout the U.S. and internationally and has been subjected
to public and professional scrutiny before and after this analysis. It represents the most
comprehensive public collection of peer-reviewed scientific literature on shale and tight
gas development in the world and has been accessed by thousands of people. Again,
many of the publications in this database are discussed in greater detail in published
review articles (Shonkoff et al. 2014; Adgate et al. 2014; Werner et al. 2015) and
government reports.
6.A.1.2. Scope of Analysis and Inclusion/Exclusion Criteria
There has been great confusion about the environmental dimensions of shale and tight
gas development (often termed “fracking”) because of the lack of uniform, well-defined
terminology and boundaries of analysis. The public and the media use the term fracking
as an umbrella term to refer to the entirety of shale gas development (and often other
forms of oil and gas development), including processes ranging from land clearing to well
stimulation, to hydrocarbon production, to waste disposal. On the other hand, the oil

655

Volume II, Chapter 6: Appendix 6.A

and gas industry and many in the scientific community generally use the term, “fracking”
as shorthand for one particular type of well stimulation method used to enhance the
production of oil and natural gas – hydraulic fracturing.
The PSE Study Citation Database and this analysis are both focused on shale gas
development in its entirety, enabled by hydraulic fracturing, and not just the method of
well stimulation. Environmental and public health analyses that include only the latter
should have a limited role in policy discussions. In order to understand the environmental
and public health dimensions of shale gas development any reasonable approach must
engage beyond a narrow view of only the well stimulation process of hydraulic fracturing,
especially when the scientific literature indicates that other aspects of the overall shale
and tight gas development process warrant greater concern. As such, the boundaries
of this analysis include scientific literature on hydraulic fracturing and the associated
operations and ancillary infrastructure required to develop shale and tight gas.
The focus of this analysis is, first and foremost, on the primary research on shale gas
development published between 1 January 2009 and 16 June 2015. The reason for
starting this analysis in 2009 is that research on shale gas development did not appear
until this time. We include papers that evaluate environmental and public health hazards,
risks, and impacts of shale gas development. As such, most publications in the PSE Study
Citation Database were not used in this analysis. We exclude the following topics: climate,
community, ecology, economics, regulation, seismicity, waste/fluids, and water usage.
We also exclude some papers that fall under the three topics used in this analysis (health,
water quality, and air quality). With the exception of public health papers, for which there
has been very little primary research, we exclude commentaries and review articles. We
exclude papers that only provide baseline data or address research methods but fail to
assess hazards, risks, and impacts. Finally, we exclude letters to the editors of scientific
journals that critique a particular study or the subsequent response of the author(s).
As previously mentioned, we restrict the studies included in this analysis to those
published from 1 January 2009 through 16 June 2015. There are studies on conventional
forms of oil and natural gas development that are relevant to shale gas, but to maintain
greater consistency we have decided to exclude those prior to 2009 from the analysis.
For instance, we did not include a study published in The Lancet that examined the
association between testicular cancer and employment in agriculture and oil and gas
development published in 1984 (Mills et al. 1984). Relatedly, the scope of some of the
studies included in this analysis may go beyond shale gas and could potentially include
other forms of both conventional and unconventional oil and gas development. This is true
for some of the top-down, field based air pollutant emissions studies that gauge leakage
rates and emission factors in Western oil and gas fields. Studies not exclusively related to
shale gas development were included only when the focus of the studies were relevant
(e.g., VOC emissions in a region with shale and tight gas development along with other
forms of oil and gas development) and were published within our specified timeframe.
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Again, it is important to note that scientists are only beginning to understand the
environmental and public health dimensions of these rapidly expanding industrial
practices. This analysis represents a survey of the existing science to date in an attempt
to determine the direction in which scientific consensus may be headed and to achieve
a better understanding of the environmental and public health impacts of this form of
energy development. What we know at this time is based on modeling and field-based
studies on unconventional oil and gas development (primarily from shale) in parts of the
United States, such as Texas, Colorado, and Pennsylvania, where the extraction of natural
gas from shale formations has only been scaled relatively recently.
6.A.1.3. Categorical Framework
We have created categories for each topic in an attempt to identify and group studies
in intuitive ways. There are limitations to this approach and many studies are nuanced
or incommensurable in ways that may not be appropriate for this type of analysis.
Additionally, some studies belong in more than one topic. A few studies that contain
data that are relevant to both air quality and public health have been included in both
of these topics (Ethridge et al. 2015; Bunch et al. 2014; Macey et al. 2014). Despite
these limitations, in order to glean some kind of emerging scientific consensus on the
environmental public health dimensions of shale gas development we strived to create
the most simple and accurate approach possible. Table 6.A-1 provides a summary of
our topic/categories organization for the literature review and section 6.A.2.1 at the
end of this appendix has a detailed summary by topic of the citations, which are listed
alphabetically by author within a topic.
Table 6.A-1. Topics and categories used to organize the literature review.
Topics

Categories

Health

•
•

Indication of potential public health risks or actual adverse health outcomes
No indication of significant public health risks or actual adverse health outcomes

Water Quality

•
•

Indication of potential, positive association, or actual incidence of water contamination
Indication of minimal potential, negative association, or rare incidence of water contamination

Air Quality

•
•

Indication of elevated air pollutant emissions and/or atmospheric concentrations
No indication of significantly elevated air pollutant emissions and/or atmospheric concentrations

6.A.1.4. Health
Studies that assess public health hazards and risks as well as epidemiologic investigations
continue to be particularly limited. Most of the peer-reviewed papers to date are
commentaries and literature reviews. Accordingly, we have separately analyzed peerreviewed scientific commentaries and review articles for this topic (we term this category,
“all papers”). Although commentaries should essentially be acknowledged as opinions,
they are the opinions of experts formed from the available literature and have also been
subjected to peer review.
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We have included in this topic papers that consider the question of public health in the
context of shale gas development. Of course, research findings in other categories such as
air quality and water quality are relevant to public health, but here we only include those
studies that directly consider the health of human populations and individuals as well
as studies that have examined animal disease events as sentinel information for human
health risks. We only consider research to be original if it measures potential or actual
health outcomes or complaints (i.e., not health research that only attempts to determine
public opinion or consider methods for future research agendas).
6.A.1.5. Water Quality
The allocation of water quality papers to binary categories is more complex than
those focused on human health hazards and risks in that some rely on empirical field
measurements, while others explore mechanisms for contamination or use modeled data
to assess or predict water quality risks. Some of these studies explore only one aspect
of shale gas development, such as the well stimulation process enabled by hydraulic
fracturing. These studies do not always indicate whether or not shale gas development as
a whole is associated with water contamination and are therefore limited in their utility
for gauging water quality impacts. Nonetheless, we have included all original research,
including modeling studies as well as those that consider contamination mechanisms
and/or exposure pathways. We have excluded studies that explore only evaluative
methodology or baseline assessments as well as papers that simply comment on or review
previous studies. Here we are only concerned with actual findings in the field or modeling
studies that specifically address the risk or occurrence of water contamination.
6.A.1.6. Air Quality
The papers in this topic are those that specifically address air emissions and air quality
from unconventional oil and gas development at either a local or regional scale. These
primarily include local and regional measurements of non-methane volatile organic
compounds and tropospheric ozone. Air quality is a more complex, subjective measure
that beckons comparison to other forms of energy development or industrial processes.
Yet a review and analysis of air quality studies is still useful and relevant to potential
population health outcomes.
Although methane is a precursor to tropospheric ozone we have excluded studies that
focus exclusively on methane emissions from this topic. However, studies that address
emissions of methane and non-methane volatile organic compounds (VOC) are included,
given the known health-damaging dimensions of a number of VOCs (i.e., benzene,
toluene, ethylbenzene, xylene, 1,3 butadiene, acetaldehyde, etc.) and the role of light
alkane VOCs in the production of the strong respiratory irritant, tropospheric ozone. A
few studies that explore the public health risks associated with air pollutant emissions are
included in both the air and the public health category.
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6.A.2. Discussion
In this analysis, we reviewed the direction of findings among scientific studies and other
peer reviewed papers that assessed associations between shale and tight gas development
and air, water, and public health hazards, risks, and impacts. For each topic we found
that the majority of original research indicated substantial risks from shale and/or tight
gas development on the outcome of interest. Scientific consensus is not yet achievable
given comparison limitations due to differences in geology, geography, regulation,
engineering, and other attributes, as well as methodological differences between studies.
However, these results indicate that shale and tight gas development has known public
health hazards and risks. Regulators, policy makers, and others who are charged with
determining how, where, when, and if the development of shale gas should be deployed
in their jurisdictional boundaries should take these findings into account.
There are limitations to this analysis. While our database is – to our best understanding –
exhaustive, our literature search may not have captured all relevant scientific literature.
Additionally, differences in geography, geology, gas type, and regulatory regime may
render some studies less relevant when interpreted across geographic space.
Despite its limitations, our analysis provides a general understanding of the weight of
the scientific evidence of possible impacts arising from shale gas development. This
analysis only concerns itself with current empirical evidence in the peer-reviewed
literature and does not consider different regulatory regimes that could potentially
influence environmental and public health outcomes in positive or negative ways.
For instance, technological improvements such as universal deployment of reduced
emission completions may mitigate some existing air pollutant emission issues, but as
development continues, well pad intensities increase, and novel geologies and practices
are encountered, deleterious impacts could increase.
Finally, all forms of energy production and industrial processing have environmental
impacts. This report is only focused on reviewing and presenting the available science on
some of the most salient environmental and public health concerns associated with the
development of gas from shale and tight formations. We make no claims about the level
of impacts that should be tolerated by society – these are ultimately value judgments.
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6.A.2.1. Literature-Review Citations
Below are all the literature review citations, listed alphabetically by author within a topic.
Health: Original Research (n=25)
• Indication of potential public health risks or actual adverse health outcomes
(n=21)
1. Bamberger M, Oswald RE. 2012. Impacts of Gas Drilling on Human and Animal
Health. NEW SOLUTIONS: A Journal of Environmental and Occupational Health
Policy 22:51–77; doi:10.2190/NS.22.1.e.
2. Bamberger M, Oswald RE. 2015. Long-term impacts of unconventional drilling
operations on human and animal health. Journal of Environmental Science and
Health 50: 447–459.
3. Brown D, Weinberger B, Lewis C, Bonaparte H. 2014. Understanding exposure
from natural gas drilling puts current air standards to the test. Rev Environ
Health; doi:10.1515/reveh-2014-0002.
4. Brown DR, Lewis C, Weinberger BI. 2015. Human exposure to unconventional
natural gas development: A public health demonstration of periodic high exposure
to chemical mixtures in ambient air. Journal of Environmental Science and
Health, Part A 50: 460–472.
5. Casey JA, Ogburn EL, Rasmussen SG, Irving JK, Pollak J, Locke PA, et al.
2015. Predictors of Indoor Radon Concentrations in Pennsylvania, 1989–2013.
Environmental Health Perspectives; doi:10.1289/ehp.1409014.
6. Colborn T, Kwiatkowski C, Schultz K, Bachran M. 2011. Natural Gas Operations
from a Public Health Perspective. Human and Ecological Risk Assessment: An
International Journal 17:1039–1056; doi:10.1080/10807039.2011.605662.
7. Colborn T, Schultz K, Herrick L, Kwiatkowski C. 2014. An Exploratory Study of
Air Quality near Natural Gas Operations. Human and Ecological Risk Assessment:
An International Journal 0:null; doi:10.1080/10807039.2012.749447.
8. Esswein EJ, Breitenstein M, Snawder J, Kiefer M, Sieber WK. 2013. Occupational
exposures to respirable crystalline silica during hydraulic fracturing. J Occup
Environ Hyg 10:347–356; doi:10.1080/15459624.2013.788352.
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9. Esswein EJ, Snawder J, King B, Breitenstein M, Alexander-Scott M, Kiefer M.
2014. Evaluation of Some Potential Chemical Exposure Risks During Flowback
Operations in Unconventional Oil and Gas Extraction: Preliminary Results.
Journal of Occupational and Environmental Hygiene 11:D174–D184;
doi:10.1080/15459624.2014.933960.
10. Ferrar KJ, Kriesky J, Christen CL, Marshall LP, Malone SL, Sharma RK, et al. 2013.
Assessment and longitudinal analysis of health impacts and stressors perceived to
result from unconventional shale gas development in the Marcellus Shale region.
International Journal of Occupational and Environmental Health 19:104–112;
doi:10.1179/2049396713Y.0000000024.
11. Kassotis CD, Tillitt DE, Davis JW, Hormann AM, Nagel SC. 2013. Estrogen and
Androgen Receptor Activities of Hydraulic Fracturing Chemicals and Surface
and Ground Water in a Drilling-Dense Region. Endocrinology 155:897–907;
doi:10.1210/en.2013-1697.
12. Macey GP, Breech R, Chernaik M, Cox C, Larson D, Thomas D, et al. 2014. Air
concentrations of volatile compounds near oil and gas production: a communitybased exploratory study. Environmental Health 13:82; doi:10.1186/1476069X-13-82.
13. McKenzie LM, Guo R, Witter RZ, Savitz DA, Newman LS, Adgate JL. 2014. Birth
Outcomes and Maternal Residential Proximity to Natural Gas Development
in Rural Colorado. Environmental Health Perspectives 122; doi:10.1289/
ehp.1306722.
14. McKenzie LM, Witter RZ, Newman LS, Adgate JL. 2012. Human health risk
assessment of air emissions from development of unconventional natural gas
resources. Sci. Total Environ. 424:79–87; doi:10.1016/j.scitotenv.2012.02.018.
15. Paulik LB, Donald CE, Smith BW, Tidwell LG, Hobbie KA, Kincl L, et al. 2015.
Impact of natural gas extraction on PAH levels in ambient air. Environ. Sci.
Technol.; doi:10.1021/es506095e.
16. Rabinowitz PM, Slizovskiy IB, Lamers V, Trufan SJ, Holford TR, Dziura JD, et al.
2015. Proximity to Natural Gas Wells and Reported Health Status: Results of a
Household Survey in Washington County, Pennsylvania. Environmental Health
Perspectives 123:21–26; doi:10.1289/ehp.1307732.
17. Saberi P, Propert KJ, Powers M, Emmett E, Green-McKenzie J. 2014. Field Survey
of Health Perception and Complaints of Pennsylvania Residents in the Marcellus
Shale Region. Int J Environ Res Public Health 11:6517–6527; doi:10.3390/
ijerph110606517.
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18. Slizovskiy, Ilya B., Conti LA, Trufan SJ, Reif JS, Lamers VT, Stowe MH, et al.
2015. Reported health conditions in animals residing near natural gas wells in
southwestern Pennsylvania. Journal of Environmental Science and Health, Part A
50: 473–481.
19. Stacy SL, Brink LL, Larkin JC, Sadovsky Y, Goldstein BD, Pitt BR, et al. 2015.
Perinatal Outcomes and Unconventional Natural Gas Operations in Southwest
Pennsylvania. PLoS ONE 10:e0126425; doi:10.1371/journal.pone.0126425.
20. Steinzor N, Subra W, Sumi L. 2013. Investigating Links between Shale Gas
Development and Health Impacts Through a Community Survey Project in
Pennsylvania. NEW SOLUTIONS: A Journal of Environmental and Occupational
Health Policy 23:55–83; doi:10.2190/NS.23.1.e.
21. Williams JF, Lundy JB, Chung KK, Chan RK, King BT, Renz EM, et al. 2014.
Traumatic Injuries Incidental to Hydraulic Well Fracturing: A Case Series. Journal
of Burn Care & Research 1; doi:10.1097/BCR.0000000000000219.
• No indication of significant public health risks or actual adverse health outcomes
(n = 4)
1. Bloomdahl R, Abualfaraj N, Olson M, Gurian PL. 2014. Assessing worker
exposure to inhaled volatile organic compounds from Marcellus Shale flowback
pits. J. Nat. Gas Sci. Eng. 21:348–356; doi:10.1016/j.jngse.2014.08.018.
2. Bunch AG, Perry CS, Abraham L, Wikoff DS, Tachovsky JA, Hixon JG, et al.
2014. Evaluation of impact of shale gas operations in the Barnett Shale region on
volatile organic compounds in air and potential human health risks. Science of
The Total Environment 468–469:832–842; doi:10.1016/j.scitotenv.2013.08.080.
3. Ethridge S, Bredfeldt T, Sheedy K, Shirley S, Lopez G, Honeycutt M.
2015. The Barnett Shale: From problem formulation to risk management. Journal
of Unconventional Oil and Gas Resources; doi:10.1016/j.juogr.2015.06.001.
4. Fryzek J, Pastula S, Jiang X, Garabrant DH. 2013. Childhood cancer
incidence in Pennsylvania counties in relation to living in counties with
hydraulic fracturing sites. J. Occup. Environ. Med. 55:796–801; doi:10.1097/
JOM.0b013e318289ee02.
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Health: All Papers (n=62)
• Indication of potential public health risks or actual adverse health outcomes (n=58)
1. Adgate JL, Goldstein BD, McKenzie LM. 2014. Potential Public Health Hazards,
Exposures and Health Effects from Unconventional Natural Gas Development.
Environ. Sci. Technol. 48:8307–8320; doi:10.1021/es404621d.
2. Bamberger M, Oswald RE. 2012. Impacts of Gas Drilling on Human and Animal
Health. NEW SOLUTIONS: A Journal of Environmental and Occupational Health
Policy 22:51–77; doi:10.2190/NS.22.1.e.
3. Bamberger M, Oswald RE. 2014. Unconventional oil and gas extraction and
animal health. Environ. Sci.: Processes Impacts; doi:10.1039/C4EM00150H.
4. Bamberger M, Oswald RE. 2015. Long-term impacts of unconventional drilling
operations on human and animal health. Journal of Environmental Science and
Health 50: 447–459.
5. Brown D, Weinberger B, Lewis C, Bonaparte H. 2014. Understanding exposure
from natural gas drilling puts current air standards to the test. Rev Environ
Health; doi:10.1515/reveh-2014-0002.
6. Brown DR, Lewis C, Weinberger BI. 2015. Human exposure to unconventional
natural gas development: A public health demonstration of periodic high
exposure to chemical mixtures in ambient air. Journal of Environmental Science
and Health, Part A 50: 460–472.
7. Casey JA, Ogburn EL, Rasmussen SG, Irving JK, Pollak J, Locke PA, et al.
2015. Predictors of Indoor Radon Concentrations in Pennsylvania, 1989–2013.
Environmental Health Perspectives; doi:10.1289/ehp.1409014.
8. Chalupka S. 2012. Occupational silica exposure in hydraulic fracturing.
Workplace Health Saf 60:460; doi:10.3928/21650799-20120926-70.
9. Colborn T, Kwiatkowski C, Schultz K, Bachran M. 2011. Natural Gas Operations
from a Public Health Perspective. Human and Ecological Risk Assessment: An
International Journal 17:1039–1056; doi:10.1080/10807039.2011.605662.
10. Colborn T, Schultz K, Herrick L, Kwiatkowski C. 2014. An Exploratory Study of
Air Quality near Natural Gas Operations. Human and Ecological Risk Assessment:
An International Journal 0:null; doi:10.1080/10807039.2012.749447.
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11. Coram A, Moss J, Blashki G. 2014. Harms unknown: health uncertainties cast
doubt on the role of unconventional gas in Australia’s energy future. Med. J.
Aust. 200.
12. Down A, Armes M, Jackson RB. 2013. Shale Gas Extraction in North Carolina:
Research Recommendations and Public Health Implications. Environ Health
Perspect 121:A292–A293; doi:10.1289/ehp.1307402.
13. Esswein EJ, Breitenstein M, Snawder J, Kiefer M, Sieber WK. 2013. Occupational
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Journal of Occupational and Environmental Hygiene 11:D174–D184; doi:10.108
0/15459624.2014.933960.
15. Ferrar KJ, Kriesky J, Christen CL, Marshall LP, Malone SL, Sharma RK, et al.
2013. Assessment and longitudinal analysis of health impacts and stressors
perceived to result from unconventional shale gas development in the Marcellus
Shale region. International Journal of Occupational and Environmental Health
19:104–112; doi:10.1179/2049396713Y.0000000024.
16. Finkel M, Hays J, Law A. 2013a. The Shale Gas Boom and the Need for
Rational Policy. American Journal of Public Health e1–e3; doi:10.2105/
AJPH.2013.301285.
17. Finkel ML, Hays J. 2013. The implications of unconventional drilling for natural
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Appendix 6.B

Chronic Toxicity Screening Values
for Well Stimulation Chemicals
Prepared by California Office
of Health Hazard Assessment
The letter reproduced below was sent to an author of this chapter, Thomas E. McKone,
by Dr. Ken Kloc of the California Office of Environmental Health Hazard Assessment
(OEHHA).
The letter also included two tables that are available online. Table 6.B-1, Chronic Hazard
Screening Criteria, Inhalation Route, provides the OEHHA chronic inhalation-hazard
screening criteria for use in the Senate Bill 4 (SB 4) well-stimulation-treatment (WST)
hazard evaluation along with the current list of California WST additives that has been
developed by the California Council on Science and Technology/Lawrence Berkeley
National Laboratory (CCST/LBNL) project team. Table 6.B-2, Chronic Hazard Screening
Criteria, Oral Route, provides the OEHHA chronic oral-hazard screening criteria for use
in the SB 4 WST hazard evaluation along with the current list of California WST additives
that has been developed by the CCST/LBNL project team. The tables have two footnotes
denoted with asterisks as follows:
* Prepared by the California Office of Environmental Health Hazard Assessment, Draft,
December 5, 2014
** May also contain asbestos.
Both tables are available for download at:
http://ccst.us/projects/hydraulic_fracturing_public/SB4.php
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Office of Environmental Health Hazard Assessment
George V. Alexeeff, Ph.D., D.A.B.T., Director
Headquarters • 1001 I Street • Sacramento, California 95814
Mailing Address: P.O. Box 4010 • Sacramento, California 95812-4010
th
Oakland Office • Mailing Address: 1515 Clay Street, 16 Floor • Oakland, California 94612
Matthew Rodriquez
Secretary for
Environmental Protection

Edmund G. Brown Jr.
Governor

December 8, 2014
Thomas E. McKone
School of Public Health
University of California
50 University Hall #7360
Berkeley, CA 94720-7360
Sent by email: temckone@lbl.gov
Dear Dr. McKone:
With this letter, I’ve attached a short write-up and a spreadsheet containing two sets of draft
chronic hazard screening criteria for your use in the SB4 WST hazard evaluation (also
included in the spreadsheet is the current list of California WST additives that has been
developed by the CCST/LBNL project team).
As explained in more detail in the write-up, these screening values were compiled from a
variety of dose-response information sources, including OEHHA criteria as well as toxicity
values from other state and federal agency databases. In order to allow for the ranking of
chemicals according to their health hazard characteristics, various unit conversions were
made to produce screening values with the same units of measurement (and without any
associated exposure factors). In some cases additional uncertainty factors were applied. For
the inhalation exposure route, the screening values are presented in units of milligrams per
3
cubic meter (mg/m ). For the oral exposure route, the values are in units of milligrams per
kilogram body weight per day (mg/kg-d).
These values can be used for carrying out a simple hazard ranking. For more detailed risk
calculations, however, the original dose-response criteria should be used in conjunction with
the appropriate risk assessment exposure metrics. It is likely that we will update these tables
with new information on WST additives as the SB4 hazard evaluation progresses.
In addition, we note that OEHHA has developed health-based criteria for a variety of additional
constituents that are not WST additives per se, but are emitted into air or wastewater from oil
and gas production processes during or as a result of WST. Hazard screening values should
be developed for these additional constituents for the SB4 evaluation.

Best Regards,
Ken Kloc, Ph.D. Associate Toxicologist
Air Toxicology and Risk Assessment Section

California Environmental Protection Agency
Sacramento: (916) 324-7572

Oakland: (510) 622-3200

www.oehha.ca.gov
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Toxicity Criteria for Use in the SB4 Human Health Hazard Screening Evaluation
(Office of Environmental Health Hazard Assessment, December 2014 Draft)
Health hazard screening values for fracking fluid constituents were developed from several
sources of chronic dose-response information compiled by California and federal health
agencies. These values, presented in the right-most column of the accompanying
spreadsheets, can be used to rank chemicals according to their human health hazard
potential. For risk-based calculations and risk-ranking, the original health-based criteria, as
reported in the other spreadsheet columns, should be used in combination with the
appropriate risk assessment exposure metrics.
Screening Values for the Inhalation Route
For hazards related to inhalation exposures, the following sources were used to define
hazard screening values:

1. OEHHA-derived Reference Exposure Levels (RELs) for non-carcinogenic

toxicants, and inhalation Unit Risk values (URs) for carcinogens (OEHHA,
2014a);

2. US EPA toxicity criteria, which are similar to the OEHHA criteria in both form

and method of derivation. US EPA develops Reference Concentrations
(RfCs) for non- carcinogens and Unit Risk Estimates (UREs) for carcinogens1
(US EPA, 2014a,b);

3. Agency for Toxic Substances and Disease Registry (ATSDR) Minimal Risk

Levels (MRLs) for non-carcinogens, also similar to the OEHHA REL values
(ATSDR, 2014).

For purposes of comparison, the available dose-response values were converted into a
3
consistent scale of measurement, namely, a reference concentration in units of mg/m .
Since, US EPA RfCs are already reported in these units, they did not require conversion.
3
OEHHA RELs, which are reported in µg/m , were multiplied by 0.001. ATSDR MRLs,
which are reported in units of parts-per-million by volume, were converted by multiplying
the MRL by the molecular weight of the substance and dividing by the volume of a mole
of air at 25 deg.
Celsius (24.45 liters per mole (L/mol). Dose-response values for carcinogens were
converted to reference concentrations by choosing an acceptable lifetime risk level of 1in-100,000 and calculating the air concentration that would produce this risk over 70
years of continuous exposure. In cases where a screening value for a particular chemical
was available from more than one of these information sources, the most restrictive value
was chosen as the hazard screening value. In this manner, hazard screening values
were obtained for 29 of the fracking fluid additive chemicals.
Occupational health criteria were then used to supplement the list of chemicals for which
hazard information could be developed. Permissible Exposure Limits (PELs), compiled by
1

US EPA’s Integrated Risk Information System (IRIS) was used as the primary source of
information from US EPA. In some cases, additional values were based on Provisional Peer
Reviewed Toxicity Values (PPRTVs) derived by US EPA's Superfund Health Risk Technical
Support Center, or US EPA’s Health Effects Assessment Summary Tables.
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the California Occupational Safety and Health Administration (CalOSHA), Recommended
Exposure Limits (NIOSH RELs), developed by the National Institute for Occupational
Safety and Health (NIOSH), and time Weighted Average (TWA) concentrations, published
by the American Conference of Governmental Industrial Hygienists (ACGIH), were
identified for additional fracking chemicals. The occupational criteria are intended to be
protective of workers for average inhalation exposures over a typical work shift throughout
a working life. In cases where several values were available for a particular chemical, the
most restrictive one was chosen for the screening value. In order to make the
occupational values consistent with the general public criteria developed above, the
3
following conversions were made: (1) The occupational value in mg/m was adjusted to
an equivalent constant 24-hour exposure level by multiplying it by the ratio of the
inhalation rate for workers during an 8-hour workday to a 24-hour inhalation rate (the
3
3
default value used by OEHHA is 10 m /20 m ), and (2) The adjusted value was then
reduced by an uncertainty factor (UF) of 30 to achieve an equivalent level of protection to
the general population as provided by the non-occupational criteria.
Since occupational standards are developed for healthy working adults, an intra-species
UF of 30 was used (OEHHA, 2008) to account for children and other sensitive
subpopulations.
It should be noted that occupational health criteria may, in some cases, be set at relatively
high levels such that reduction by a UF of 30 would not be sufficiently protective of the
general public. This is particularly the case for carcinogenic substances, for which riskbased public health criteria are typical much lower than current occupational health
criteria. A UF of 30 may also be insufficient for developmental and reproductive toxicants.
In this preliminary draft list of screening values, OEHHA has excluded several WST
additive chemicals for which occupational values exist, but for which there is some
evidence that these chemicals may be carcinogenic or mutagenic. We are continuing to
review the occupational values for potential carcinogenic or developmental and
reproductive toxicity issues, and may revise them based on additional review. We are also
reviewing the magnitude of the UFs, and may modify them in a future version of these
tables.
With the addition of values based on occupational health criteria, hazard screening values
were obtained for a total of 46 fracking fluid additives.
Screening Values for the Oral Route
For hazards related to oral exposures, the following sources of toxicity information were
used:

1. OEHHA-derived values: Public Health Goals (PHGs) and Maximum Contaminant
Levels (MCLs) for drinking water, "No Significant Risk Levels" (NSRLs), and
Maximum Allowable Dose Levels (MADLs) for carcinogens and reproductive
toxicants listed under Proposition 65 (OEHHA, 2014a,c);

2. US EPA: oral Reference Doses (RfDs) and cancer Slope Factors (SFs)
(EPA, 2014a,b);

3. ATSDR MRLs for oral exposure (ATSDR, 2014).
For consistency, the screening values were presented in terms of milligrams per kilogram
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body weight per day of oral intake (mg/kg-d). The OEHHA oral criteria (PHGs, MCLs,
NSRLs, and MADLs) include either additional exposure factors or are based on a defined
risk level.
Therefore to obtain comparable screening values from these criteria the appropriate doseresponse data were extracted from the criteria development documents. For criteria based
on
non-cancer effects, the lowest effect level in mg/kg-d and applied uncertainty factors were
used to define a screening value. In cases where the OEHHA criterion was based on
carcinogenic potency value, the screening level in mg/kg-d was determined by calculating
a daily intake that would result in a 1-in-100,000 lifetime risk over a 70-year exposure
period. The units of the US EPA RfDs and ATSDR MRLs were already in the appropriate
intake units and did not require conversion. EPA cancer slope factors were converted to
hazard screening intakes as above, by assuming a 1-in-100,000 acceptable risk level.
Using these sources of information, oral hazard screening values were developed for 37
of the fracking fluid additives.
Reference Compounds
For several of the fracking fluid additives, a reference chemical was identified that
represented the most relevant hazardous substance to which an individual would be
exposed. For example, while crystalline silica in the form of sand is one of the more
common minerals used in fracking, other minerals, such as kyanite, bauxite, and talc have
also been used.
Depending upon their geological sources, these minerals may contain significant
crystalline silica impurities (e.g., some commercial sources of bauxite contain as much as
30 percent crystalline silica, according to their material safety data sheets). Thus, the
potential hazards of exposure to these minerals would be dominated by the silica
impurity. In addition, it should also be noted that talc may contain asbestos which would
constitute a high hazard relative to talc without asbestos impurities.
In the case of the oral hazard criteria, several of the fracking additives undergo a relatively
rapid conversion to other related species in dilute aqueous solutions typical of fracking
fluid formulations. For example, the boron-containing additives are expected to convert
primarily to boric acid and its conjugate base in dilute aqueous solution as well as in
biological fluids (Smith, 2012). The reference chemical for the various borate additives in
fracking fluid is thus boric acid. Along the same lines, the reference substance for copper,
zirconium, and iron containing compounds is considered to be the respective metal ion in
aqueous solution.
Data Gaps
An additional datasheet is included in the Excel spreadsheet file that provides the list of
constituents identified by LBNL as WST fluid additives that have been used in California.
This list contains more than 250 additive names, many of which are insufficiently
specified as to chemical identity, or if specified, the chemicals have little or no published
toxicity information. As a concluding note, OEHHA points out that the lack of information
on the identity and toxicity of these WST additives represents a potentially significant data
gap for the hazard screening analysis.
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Figure 6.B-1. Letter sent to Thomas E. McKone by Ken Kloc of the California Office of
Environmental Health Hazard Assessment (OEHHA).
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Appendix 6.C

Chemical Hazard
Ranking Matrices
Tables 6.C-1 through 4 give information on the hazard screening matrices developed for
this report. The column headers have footnotes denoted with numbers; the text of the
footnotes is given below.
Table 6.C-1. Hazard Screening Matrix for Acute Human Health
Effects of Well Stimulation Fluid Substance.

1 GHS scores were calculated either from information derived from the literature or
using information from MSDS sheets for each chemical. GHS w/o from the literature only
includes oral and inhalation toxicity; 2 MSDS data used to calculated GHS also includes
acute effects such as eye irritation, aspiration and skin sensitization; 3 EHMacute metrics
listed as “NT” indicate that toxicity data was available but toxicity was above the range
considered toxic, i.a., very low toxicity or GHS value = 6, EHMacute metrics listed as
blank indicate insufficient data for chemical use and/or toxicity.
Table 6.C-2. Hazard Screening Matrix for Chronic Human
Health Effects of Well Stimulation Fluid Substances.

Aluminum oxide inhalation screening value is only for non-fibrous forms of aluminum
oxide, and does not apply to fibrous forms because of carcinogenicity concerns; 2 Chronic
screening values for aluminum oxide, titanium oxide, propargyl alcohol, glyoxal, butyl
glycidyl ether, hydrogen peroxide, and ethanol are available for occupational health
criteria but screening values are not provided because for each of these substances, there
was an indication in the literature of possible mutagenicity or carcinogenicity such that
the available occupational health criteria might not be sufficiently health protective of
workers and the general population.
1

Table 6.C-3. Hazard Screening Matrix for Acute Human Health
Effects of SCAQMD Acidization Fluid Substances.

GHS scores were calculated both with and without information from MSDS sheets for
each chemical. GHS w/o MSDS only includes oral and inhalation toxicity; 2MSDS data
used to calculated GHS also includes acute effects such as eye irritation, aspiration and
skin sensitization; 3 EHUacute metrics listed as “NT” indicate that toxicity data was available
but toxicity was above the range considered toxic, i.a., very low toxicity, EHMacute metrics
listed as blank indicate insufficient data for chemical use and/or toxicity.
1
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Table 6.C-4. Hazard Screening Matrix for Chronic Human Health Effects of SCAQMD
Acidization Fluid Substances.
Chronic screening values for aluminum oxide, titanium oxide, propargyl alcohol, glyoxal,
butyl glycidyl ether, hydrogen peroxide, and ethanol are available for occupational health
criteria but screening values are not provided because for each of these substances, there
was an indication in the literature of possible mutagenicity or carcinogenicity such that
the available occupational health criteria might not be sufficiently health protective of
workers and the general population.

1

All tables are available for download at:
http://ccst.us/projects/hydraulic_fracturing_public/SB4.php
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Appendix 6.D

Occupational Health Overview
for the Oil and Gas Industry
According to the National Institute for Occupational Safety and Health (NIOSH) (http://
www.cdc.gov/niosh/programs/oilgas/risks.html), the oil and gas extraction industry had
an annual occupational fatality rate of 27.5 per 100,000 workers (2003-2009)—more
than seven times higher than the rate for all U.S. workers. The fatality rate in 2012 was
25.2 per 100,000 (personal communication – Kyla Retzer, NIOSH, December 2014). Of
the 716 fatalities that were reported during 2003-2009, the majority were either highway
motor vehicle crashes (29%) or workers being struck by tools or equipment (20%). The
next most common fatal events were explosions (8%), workers caught or compressed in
moving machinery or tools (7%), and falls to lower levels (6%). The annual occupational
fatality rate is highly variable, and correlates with the level of drilling activity. For
example, the numbers of fatalities increased from 112 in 2011 to 138 in 2012, the largest
number of deaths of oil and gas workers since 2003. This may be the result of an increase
in the proportion of inexperienced workers, longer working hours (more overtime), and
the utilization of all available rigs (older equipment with fewer safeguards).
According to the United States Bureau of Labor Statistics (U.S. BLS; 2015) over the fiveyear period from 2007 to 2011, there were 529 fatal injuries in the oil and gas industries.
Texas recorded the highest number of fatalities (199), followed by Oklahoma (64) and
Louisiana (62). Of the 112 fatalities in 2011, 70 percent were white, non-Hispanic, and
25 percent were Hispanic or Latino. Men accounted for all of these fatal work injuries
in 2011. Transportation incidents led to just under half of the workplace fatalities (51
fatalities) while contact with objects and equipment accounted for 26 fatalities, and
fires or explosions resulted in 12 fatal injuries. In 2011, 17 of the 112 fatal occupational
injuries in the oil and gas industries were due to multiple fatality events in which at least
two workers were killed in the same incident.
6.D.1. Injuries
According to the U.S. BLS, in 2011 there were an estimated 9,900 nonfatal injuries and
illnesses in the North American Industry Classification System (NAICS) 211, 213111 and
213112. The total recordable rate of injuries and illnesses for support activities for oil and
gas operations (NAICS 213112) was 2.1 cases per 100 full-time workers, and the rate for
drilling oil and gas wells (NAICS 213111) was 3.0 cases per 100 full-time workers. This
compares to a rate of 3.5 cases for all private industries combined.
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The incidence rate for days-away-from-work cases (the more severe non-fatal cases)
was 0.4 cases for 100 fulltime workers in NAICS 211, 0.8 per 100 fulltime workers for
NAICS 213112, and 0.9 per 100 fulltime workers in NAICS 213111. The incidence rate
for all private industry was 1.1 cases per 100 full-time workers. The median days away
from work in NAICS 211 was 24, three times higher than the median of 8 days for all
industries. Almost one-quarter of all injuries and illnesses with days away from work
were fractures that may have greater severity and time away from work. Workers were
frequently injured by being struck by objects (35 percent of cases), and occurred in
multiple occupations such as extraction workers, metal or plastic workers, motor
vehicle operators, and material movers. Workers who were injured were mostly white
and non-Hispanic.
In California, injury and illness data is publically available only for mining (NAICS 21) but
includes oil and gas extraction and related support activities. In 2013, the total recordable
case rate for NAICS 21 was 1.6 per 100 workers, compared with an overall private sector
rate of 3.5 per 100 full-time workers. The days-away-from-work cases for NAICS 21 was
0.6 cases for 100 full-time workers, compared with an overall incidence rate in private
industry of 1.1 cases for 100 full-time workers.
An additional source of data on occupational injuries and illnesses in California is the
Workers Compensation Information System (WCIS). The WCIS uses electronic data
interchange (EDI) to collect comprehensive information from claims administrators on all
work-related injuries and illnesses to help the Department of Industrial Relations oversee
the state’s workers’ compensation system. Claims from the WCIS may be significantly
higher than estimates from the BLS Survey of Occupational Illness and Injuries (Joe et al.,
2014). A summary of number of claims is provided in Table 6.D-1.
Table 6.D-1. Injury and illness claims – California oil and gas extraction 2009-2013.
Year of Injury

Claims

2009

221

2010

267

2011

324

2012

312

2013

296

Source: Personal communication, Rebecca Jackson MPH, California Department of Industrial Relations
Workers Compensation Information System.

The most frequent nature of injury in oil and gas operations was strain (22%) and contusion
(13%) involving the finger (13%) and low back (10%). Injuries occurred most often
among floor hands (18%), crew workers (12%), roustabouts (10%), and motormen (4%).
Five deaths were also reported to the WCIS as summarized in Table 6.D-2.

687

Volume II, Chapter 6: Appendix 6.D

Table 6.D-2. Death claims – California oil and gas development 2009-2013.
Nature of injury

Cause of injury

Incident description

Occupation

Crushing

Motor vehicle

Thrown from top of vehicle hitting head
on pavement

Floorhand

Myocardial
infarction

Repetitive motion

Heart failure

Motorman

Crushing

Object handled by others

Employee climbing up a-leg when it
came loose and fell on him

Driller

Cancer

Absorption, ingestion, inhalation,
or not otherwise classified

Alleged death claim from skin cancer
due to prolonged exposure to the sun

Tool pusher

Concussion

Struck or injured by

Blunt force injury to the head

Foam unit operator

Source: Personal communication, Rebecca Jackson MPH, California Department of Industrial Relations Workers
Compensation Information System, December 2014.

Similar to many industries, under-reporting of injuries in oil and gas extraction may occur
due to the use of safety incentives, poor safety culture, and/or concern about job loss
(Witter et al., 2014). The use of newer drilling rigs appears to provide a safer working
environment, especially for workers with the greatest exposure to heavy machinery, such
as floormen and roughnecks (Blackley et al., 2014).
6.D.1.1. Hazardous Chemical Exposures
There have been three published peer-reviewed studies characterizing exposures to
chemicals in onshore oil and gas production (Esswein et al., 2014; Verma et al., 2000;
Esswein et al., 2013). Two of the studies evaluate VOCs—including benzene—and one
study considered silica exposure. There are no published studies in the oil and gas industry
on other chemical hazards such as diesel particulate matter, acids, or hydrogen sulfide.
Occupational exposures to benzene and total hydrocarbons (THC) were assessed in the
Canadian upstream petroleum industry (conventional oil/gas, conventional gas, heavy oil
processing, drilling and pipelines) (Verma et al., 2000). A total of 1,547 air samples taken
by five oil companies included personal long- and short-term samples and area long-term
samples. The percentage of personal long-term and area samples exceeding one part per
million for benzene ranged from 0 to 0.7%, and 0 to 13% respectively. Five percent of
short-term personal samples exceeded 5 parts per million (ppm) of benzene.
While there has been characterization of occupational exposures to benzene in the oil
and gas industry, the data are limited on the exposures in well stimulation treatments.
One study has been published by NIOSH researchers who characterize chemical exposure
risks during flowback of hydraulic fracturing (Esswein et al., 2014). Full-shift exposure
assessments were conducted during operations at six flowback sites across two states
with 35 personal breathing zone (PBZ) samples analyzed. Benzene was identified as
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the primary VOC exposure hazard for workers and inhalation risks for benzene were
associated with time spent working in close proximity to emission sources such as hatches
on production and flowback tanks.
Opening thief hatches and gauging tanks were the two tasks identified by Esswein et
al. (2014) that increased worker exposure risk for benzene. During tank gauging, 15
of the 17 samples met or exceeded the NIOSH recommended exposure limit (REL) for
benzene of 0.1ppm as a full-shift time-weighted average (TWA), and 2 of the 15 met
or exceeded the American Conference of Governmental Industrial Hygienists (ACIGH)
threshold limit value (TLV) of 0.5ppm as a full-shift TWA. Personal breathing zone
samples exceeded the NIOSH permissible exposure limits (PEL) and ACGIH TLV in certain
cases when the workers performed tasks near point sources for benzene emissions such
as tank headspaces and thief hatches. Other exposures may occur as a result of fugitive
emissions from equipment throughout the flowback process, especially when performing
maintenance. While all workers were observed wearing some degree of personal
protective equipment (including flame-resistant clothing, safety glasses, hard hat, and
occasional fall or hearing protection), none was wearing respirators, nor were they clean
shaven, a requirement for proper respirator function.
Recommendations for reducing occupational exposure to benzene on hydraulic fracturing
sites include developing alternative tank gauging procedures to limit exposure to vapors;
limiting time spent in proximity to point sources; using appropriate respiratory protection;
conducting worker exposure assessments to determine risks for benzene exposure;
and using the most conservative NIOSH REL of 0.1ppm TWA for worker benzene
exposures. Additional studies were recommended to characterize the risks associated with
concomitant exposures to complex mixtures of VOCs, particularly in the context of long
work hours, pre-existing health conditions, and use of tobacco, drugs, or alcohol.
Only one study has been published to date that characterizes the silica exposure of oil
and gas workers on a hydraulic fracturing site. It was conducted by NIOSH researchers in
the Field Effort to Assess Chemical Exposures in Oil and Gas Extraction Workers (Esswein
et al., 2013). Workers were observed at eleven sites across five states, and respirable
silica was measured in 111 personal breathing zone samples. At each of the eleven sites,
full-shift samples exceeded occupational exposure criteria (Occupational Safety & Health
Administration (OSHA) PEL, NIOSH REL, and ACGIH TLV), in some cases by factors of
ten or more. While workers typically wore half-mask respirators, these may not have
been sufficiently protective, as the observed respirable silica concentrations exceeded the
maximum use concentrations for those types of respirators. Specific recommendations to
control exposures include product substitution (when feasible), engineering controls or
modifications to sand handling machinery, administrative controls, and use of personal
protective equipment.
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Exposure to respirable crystalline silica has been well established as an occupational
health hazard for numerous industries, but limited data exist on the hazards to oil and
gas workers (Esswein et al., 2013). Occupational exposures to respirable crystalline silica
are associated with the development of silicosis, lung cancer, pulmonary tuberculosis, and
airways diseases. These exposures may also be related to the development of autoimmune
disorders, chronic renal disease, and other adverse health effects. The literature suggests
that occupational deaths attributed to silicosis often go under-reported. Occupational
deaths due to silicosis recorded on death certificates from 2000 to 2005 averaged 162
annually (Esswein et al., 2013). Oil and gas workers are exposed to respirable crystalline
silica through sand dust and particulates created by the transportation, storage, and use of
sand as a proppant in hydraulic fracturing (Esswein, 2013).
Although studies specific to the well stimulation industry are lacking, it is established that
occupational exposure to diesel exhaust is causally related to lung cancer for occupational
settings (IARC, 2013). It is well established that exposure to combustion products such as
polycyclic aromatic hydrocarbons (PAHs) and their derivatives result in a higher health
risk. This results from the small size and toxic composition of diesel particulate matter
(dPM), as approximately 90% of the dPM mass is within the inhalable range (< 10
mm). dPM is considered as an occupational carcinogen by several government agencies,
including the U.S. Environmental Protection Agency (EPA) and NIOSH.
Hydroflouric and hydrochloric acids (HF and HCl) are the acids used most often in matrix
acidizing and acid fracturing in well development and stimulation and all acid-related
activities in oil and gas wells. Both are powerful solvents that are used to dissolve rock
formations and can damage mucous membrane and tissue through chemical contact,
either in liquid or vapor form, leading to skin burns and ulcers, lung damage, and if
absorbed through skin, can lead to death (ATSDR, 1993). HF has a low boiling point at
atmospheric pressure of 67 degrees F (19 °C) and can form a dense vapor cloud that can
be inhaled, causing respiratory distress and damage.
Hydrogen sulfide (H2S), also known as “sour gas,” can be found in natural gas and can
also result from anaerobic bacterial digestion of organic matter during the extraction
process (Witter et al., 2014). It is a colorless irritant and asphyxiant gas with a noxious
odor of “rotten eggs” that can cause symptoms ranging from mild mucous membrane
irritation to permanent neurologic impairment and cardiopulmonary arrest (Gabbay,
et al., 2001). Worker exposure to H2S can occur during a variety of activities, including
well servicing, tank gauging, and well-swabbing operations. Data on the frequency and
extent of workplace exposures to hydrogen sulfide in the oil and gas industry are not
available (Witter et al., 2014). One study of health outcomes in oil and gas workers found
that workers with H2S exposures in Alberta, Canada had an increased risk of respiratory
symptoms and airway hyperactivity (Hessel et al., 1997). OSHA recommendations to
reduce H2S exposure in the natural gas industry include installing ground-level tank gages
and continuous monitoring during servicing operations (Witter et al., 2014).
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6.D.1.2. Physical Hazards
Physical hazards that are commonly associated with oil and gas development including
well stimulation include motor vehicle related accidents, heavy machinery, exposure to
radiation, elevated noise and working with chemicals that have hazardous properties such
as inflammability, reactivity, and corrosivity.
Motor vehicle-related fatalities were reported as the leading cause of death for oil and
gas workers from 2003-2011, accounting for 39.7% of all work-related fatalities over this
period (Retzer et al., 2013; Mulloy, 2014). Workers and truck drivers travel between oil
and gas wells located on rural highways, which often lack firm road shoulders, rumble
strips, and pavement. Fatigue has been identified as an important risk factor in motorvehicle accidents; workers are often on 8- or 12-hour shifts, 7-14 days in a row (CDC,
2013). A large proportion of oil and gas workers who were fatally injured in a motor
vehicle accident were not wearing safety belts (Retzer, et al., 2013; CDC, 2013).
Workers from small companies, drilling contractors, and well-servicing companies—and
those who have worked for their employer for 1 year or less—are at the greatest risk
for motor vehicle-related fatality (Mulloy, 2014; Retzer, et al., 2013). In over half of
the motor vehicle accidents, the decedent was the driver or passenger in a pickup truck
(Retzer et al., 2013). While Federal Motor Carrier Safety Regulations (FMCSRs) regulate
hours-of-service, limit consecutive hours of driving, and specify minimum numbers of
off-duty hours, these FMCSRs do not apply to pickup trucks unless they are identified as
carrying hazardous materials [49 CFR 383.91(a)] (Retzer et al., 2013).
Many of the hazards associated with using heavy tools and heavy machinery in the oil and
gas industry were documented in the 1970s, and being struck by these items remains the
second-most common event leading to an occupational fatality. From 2003 through 2011,
27.7% of the fatalities for oil and gas extraction workers resulted from contact with heavy
machinery (CDC, 2013; Mulloy, 2014).
While data in California on radiation in flowback and produced water associated with well
stimulation is unknown, an estimated 30 percent of oil and gas wells nationwide produce
technologically enhanced naturally occurring radioactive materials in the flowback/
produced water, with the amount of radioactive materials varying significantly by well
and location (Garvey, 2014; Rich et al, 2013). The primary radioactive materials found
in oil and gas-drilling wastes include radium and radon gas, both of which emit ionizing
radiation in the form of alpha and beta particles, and gamma radiation (Rich et al., 2013;
Garvey, 2014).
Dissolved radioactive compounds in wastewater can precipitate out of the water, building
up inside pipes as radioactive “scale,” or remain dissolved in the waste water or pit
sludge (Brown, 2014; Rich et al., 2013). Primary sources of technologically enhanced
naturally occurring radioactive materials on well sites include pipe scale, recycling water,
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separation pits, shale shakers, filters, and pit sludge (Nicoll, 2012) Highest exposure rates
are associated with areas on-site with the longest contact time, primarily at separators
and choke manifolds, and where cleaning and decontamination operations are performed
(Hamlat et al., 2001).
OSHA regulations (29CFR 1910.1096) require that workers not be exposed to a wholebody dose more than 1.25 rems in three months; if measured radiation levels are
more than 25 percent of regulated levels the employer is required to supply radiation
monitoring equipment to employees (Nicoll, 2012). Typical occupational radiation
protection includes OSHA-regulated signage, periodic radiation surveys, safety training,
occupational monitoring using film badges, personal protective equipment, and
designated “clean” areas for eating and storage or personal items (Nicoll, 2012).
No comprehensive study of the radioactivity hazards and levels on well pads have been
conducted or published to date (Brown, 2014; Nicoll, 2012; Hamlat et al., 2001). One
study analyzing pit sludge in one site found beta particle radiation levels that exceeded
regulatory guideline values by more than 800 percent (Rich et al., 2013). Technologically
enhanced, naturally occurring radioactive materials wastes generated during well
exploration, development, and production of oil and gas have been categorized by the
EPA as “special wastes,” and are currently exempt from certain federal hazardous waste
regulations (Rich et al., 2013)
There are numerous sources of occupational noise exposure in the oil and gas production
workplace, including diesel engines, generators, heavy equipment, mechanical brakes,
draw works, radiator fans, pipe handling, and drilling (Witter et al., 2014). According to
NIOSH, occupational hearing loss is the most common work-related illness in the United
States. Approximately 22 million U.S. workers are exposed to hazardous noise levels
at work, and an additional 9 million are exposed to ototoxic chemicals. Noise-induced
hearing loss is usually the result of long-term exposure, but acoustic trauma, defined as
a permanent threshold shift from a single exposure, may result from a brief exposure to
extremely loud noise. From October 2010 to September 2011, OSHA inspections of the
oil and gas industry resulted in two citations for noise exposure. Inspections and citations
for noise exposure are limited, because companies involved in well servicing and drilling
are exempt from several sections of the OSHA noise standard, including Noise-Hearing
conservation 1910.95(o) (Witter et al., 2014).
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Appendix 6.E

California Division of
Occupational Safety and Health
(Cal/OSHA) Inspections in Oil and
Gas Production1 (January 1,
2004 – December 31, 2013)
Date of
incident

Event summary

Occupation

Incident type

Injury

1/10/04

Employee Is Injured From 20 Foot
Fall

N/A

Fall

Hospitalized - femur fracture

2/20/04

Employee Falls And Fractures Ankle

Mechanic

Fall

Hospitalized - ankle fracture

3/19/04

Unsecured Coring Machine Flips
And Lands On Employee

Driller

Struck by

Hospitalized - multiple injuries

5/12/04

Employee Is Burned By Hot Oil
During Valve Maintenance

Mechanic

Burn

Hospitalized – burns left arm, hand
and both legs

5/22/04

Employee Is Injured After Being
Struck By Steel Pipe

Helper

Struck by

Hospitalized - leg fracture

5/27/04

Employee Clothing And Arm
Caught In Drive Shaft Of Pump

Mechanic

Caught between

Hospitalized - face and arm injuries

6/2/04

Employee Is Killed After Run Over
By Forklift

Laborer

Forklift rollover

Fatality

6/28/04

Employee Is Injured When Struck
By Falling Grating

Helper

Struck by

Hospitalized - face and arm injuries

7/9/04

Employee Finger Is Caught
Between Trailer Hitch And Truck

Technician

Caught between

Amputation – thumb

8/31/04

Burned Oil Well Employee Is
Hospitalized

Driller

Burn

Hospitalized – first and second degree
burns

9/14/04

Employee Fractures Back In Fall
From Elevation

N/A

Fall

Hospitalized – spinal fractures

10/28/04

Employee Injured When Struck By
Boom

N/A

Struck by

Hospitalized – multiple rib fractures
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Date of
incident

Event summary

Occupation

Incident type

Injury

12/30/04

Employee Suffers Back Injuries In
Derrick Fall

Derrickman

Fall

Hospitalized – low back injury

3/14/05

Employee Is Injured When Struck
By Falling Pumping Equipment

Field hand

Struck by

Amputation - finger and thumb

3/22/05

Employee Injured When Struck By
Falling Drill Rig Auger

Driller

Struck by

Hospitalized – laceration of arm

4/4/05

Employee Struck By Wrench

Well puller

Struck by

Fatality

4/8/05

One Employee Is Killed, Other
Injured In Fall From Derrick

Derrickman

Fall

Fatality

4/8/05

Employee Burns Legs While
Working In Well

Driller

Burn

Hospitalized – burns to lower legs

4/13/05

Electric Shock - Contact With
Overhead Line Thru Boom

Crane operator

Electrical

Fatality

5/3/05

Employee’s Finger Is Crushed While
Changing Pump

Well puller

Caught between

Amputation – 4th digit

5/10/05

Employee Suffers Amputation In
Drilling Pipe Nip Point

Driller

Caught between

Amputation – thumb

5/12/05

Employee Is Burned At Oil Well

Well puller

Burn

Hospitalized – burns to left side

5/13/05

Employee Is Injured While Servicing
Oil Well Drill Pipe

Laborer

Caught between

Hospitalized – laceration and
dislocation fingers

5/19/05

Three Employees Receives Burns,
One Dies, In Well Fire

Driller

Burn

Fatality

8/4/05

Employee Is Injured When Struck
By Well Head

Mechanic

Struck by

Hospitalized – concussion and arm
fracture

8/17/05

Employee Suffers Burns When
Carburetor Backfires

Truck driver

Burn

Hospitalized – burns on face and torso

10/16/05

Employee Is Burned While Fighting
Fuel Fire

Foreman

Burn

Hospitalized – burns on face and arms

10/20/05

Employee’s Skull Fractured When
Struck By Falling Object

Driller

Struck by

Hospitalized – fractured skull

11/08/05

Employee’s Finger Is Amputated By
Tension Plate

N/A

Caught between

Amputation – finger

12/19/05

Employee’s Leg Fractured By Flying
Object

N/A

Struck by

Hospitalized – leg fracture

12/19/05

Employee Amputates Finger While
Using Carbide Mill

Welder

Caught between

Amputation – finger

1/04/06

Employee Is Injured When Struck
By Falling Pipe

N/A

Struck by

Hospitalized – spinal fractures

1/17/06

Employee’s Finger Is Amputated By
Wire Rope

Hoist operator

Caught between

Amputation – finger
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Date of
incident

Event summary

Occupation

Incident type

Injury

2/13/06

Employee is injured in explosion

N/A

Explosion

Hospitalized – burns on face and
hands

3/15/06

Worker Is Struck By Whipping
Motion Of Unsecured Pipeline

Laborer

Struck by

Hospitalized – leg fracture

3/29/06

Employee Fractures Vertebra In
Neck In Fall At Drilling Site

Laborer

Fall

Hospitalized – neck fracture

7/12/06

Employee Is Injured When Leg Is
Caught Between Machine Parts

Floor hand

Struck by

Hospitalized – leg fracture

10/19/06

Employee Is Killed When Oil Rig
Tips Over

Laborer

Fall

Fatality

11/25/06

Employee Is Burned In Electrical
Arc Flash Repairing Breaker

Electrician

Burn

Hospitalized – flash burns

12/10/06

Employee Is Injured When Struck
By Unstable Object

Motorman

Struck by

Hospitalized – multiple injuries

12/21/06

Employee’s Fingers Are Crushed
While Loading Pipe Onto Truck

N/A

Caught between

Amputation – fingers

12/28/06

Employee Is Killed When Struck By
Counter Weight

Pumper

Struck by

Fatality

1/5/07

Employee Is Killed In Elevator
Mishap On Rig

N/A

Struck by

Fatality

3/10/07

Employee’s Tongue Is Amputated
When Struck In Chin

N/A

Caught between

Amputation - tongue

4/28/07

Employee’s Back Is Fractured In
Trench Cave-In

Laborer

Struck by

Hospitalized – spine fracture

8/23/07

Employee Fractures Leg While
Refurbishing Gas Well

Laborer

Caught between

Hospitalized – leg fracture and
multiple injuries

10/4/07

Employee Fractures Back In Fall
From Platform

Engineer

Fall

Hospitalized – lumbar fracture

10/10/07

Employee Is Injured When Struck
By Lubricator

Explosives worker

Struck by

Hospitalized – pelvic fracture

10/27/07

Employee Suffers Multiple Injuries
From Electric Shock

Lineman

Electrocution

Hospitalized – cardiac arrest

11/2/07

Employee Suffers Chemical Burns
On Feet

Laborer

Burn

Hospitalized – burns to feet

2/28/08

Two Employees Are Injured When
Struck By Block

Supervisor and
rig hand

Struck by

Hospitalized - pelvic and leg fracture
Amputation – ankle

3/19/08

Employee’s Hand Is Struck By
Object, Amputates Finger

Driller

Struck by

Amputation – finger

3/31/08

Employee Is Burned While Servicing
Steam Injection Well

N/A

Burn

Hospitalized – burns to shoulder and
back

4/26/08

Employee Is Injured When Pinned
By Forklift

Floorhand

Caught between

Hospitalized – fractures hip and ankle
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Date of
incident

Event summary

Occupation

Incident type

Injury

5/6/08

Employee’s Leg Is Struck By Falling
Object, Later Amputated

Driller

Struck by

Amputation – leg

5/9/08

Employee Is Burned In Well
Explosion

Driller

Explosion

Hospitalized – burns to leg and
buttock

5/16/08

Employee Dies Of Apparent HeatRelated Illness

N/A

Heat illness

Fatality

6/6/08

Employee Is Killed When Crushed
By Drill Rig

Driller

Caught between

Fatality

7/9/08

Employee Sustains Heat Illness
When Exposed To Heat

Driller

Heat illness

Hospitalized – heat illness

9/4/08

Employee Is Injured When Struck
By Debris

Driller

Struck by

Hospitalized – chest and arm trauma

9/16/08

Employee’ Finger Is Fractured When
Caught In Log Splitter

N/A

Caught between

Amputation – finger

10/4/08

Employee Is Injured In Fall Through
Rat Hole

N/A

Fall

Hospitalized – multiple lacerations

10/28/08

Employee’s Hand Is Injured In
Winch Cable Tangle

N/A

Caught between

Amputation – finger

10/31/08

Employee Amputated Finger

N/A

Struck by

Amputation – finger

11/5/08

Employee Falls On Same Level And
Fractures His Tibia And Fib

Roughneck

Fall

Hospitalized – fractures leg

11/21/08

Well Puller Is Injured When Struck
By Falling Pipe

Well puller

Struck by

Hospitalized – fractures and
lacerations

12/31/08

Oil Well Worker Fractures Leg
Descending Stairway

N/A

Fall

Hospitalized – fracture leg

1/21/09

Oil And Gas Worker Strikes Head
Against Pipes And Later Dies

Driller

Struck by

Fatality

3/2/09

Employee Amputates Finger While
Working An Oil Rig

Driller

Caught between

Amputation – finger

3/12/09

Employee Slips And Falls Into
Wellhead

Drill hand

Fall

Hospitalized – fractures leg

3/20/09

Employee Fractures Leg When
Struck By Oil Well Hose

Machine operator

Struck by

Hospitalized – fracture leg

3/27/09

Employee’ Leg Is Injured When
Caught In Hoist

N/A

Caught between

Amputation - leg

6/25/09

Employee Suffers From Heat
Exhaustion

Truck operator

Heat illness

Hospitalized – heat illness

7/25/09

Employee Is Killed When Crushed
By Falling Pipe

N/A

Caught between

Fatality

9/4/09

Employee Is Hit By Falling Rod
Elevator And Amputates Thumb

N/A

Struck by

Amputation – thumb
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Date of
incident

Event summary

Occupation

Incident type

Injury

11/4/09

Employee Fractures Arm When
Struck By Falling Fan

N/A

Struck by

Hospitalized – fracture arm

12/7/09

Employee Steps Into Hot Liquid,
Receives Burns

N/A

Burn

Hospitalized – burn to foot

1/13/10

Employee Fractures Leg While
Using Monkey Wrench

N/A

Struck by

Hospitalized – fracture leg

5/26/10

Employee Dies From Head Trauma

Vehicle washer

Struck by

Fatality

8/2/10

Employee Suffers Heat Related
Injuries

Floor hand

Heat illness

Hospitalized – heat illness

8/22/10

Employee amputates finger in well
casing flange

Driller

Caught between

Amputation – finger

9/21/10

Employee Receives Bruises And
Contusions Struck By Object

N/A

Struck by

Hospitalized – contusions

9/27/10

Plumber Is Burned By Steam From
Failed Fitting

Plumber

Burn

Hospitalized – extensive burns

1/26/11

Employee Falls From Rope,
Receives Injuries

Laborer

Fall

Hospitalized – multiple injuries

3/3/11

Falling Industrial Truck Parts
Fracture Worker’s Femur

N/A

Struck by

Hospitalized – fracture leg

3/10/11

Employee Is Burned By Hot Water
And Steam Release

Truck driver

Burn

Hospitalized – burn to upper body

3/25/11

Oil Rig Worker Amputates Finger
While Installing Well Flange

Mechanic

Caught between

Amputation – finger

4/6/11

Employee Finger Is Injured In
Crushed Machine

Operator

Caught between

Amputation – finger

4/28/11

Employee Is Injured When Struck
And Pinned By Pipe

N/A

Struck by

Hospitalized – spinal and rib fractures

5/20/11

Employee Is Struck By Unhooked
Elevator And Is Paralyzed

Floorhand

Struck by

Hospitalized – multiple spinal fractures

5/28/11

Employee Fractures Finger When
Struck By Joint Of Pipe

N/A

Struck by

Hospitalized – finger injuries

6/21/11

Oil Worker Dies From Burns When
Falls Into Sinkhole

N/A

Fall

Fatality

7/5/11

Employee Is Crushed When
Trapped By Drilling Rig

Laborer

Caught between

Hospitalized – fracture ribs and
concussion

8/25/11

Employee’s Finger Is Amputated By
Suspended Load

N/A

Struck by

Amputation – finger

9/26/11

Employee Is Killed During
Disassembly Of Drilling Rig

Driller

Caught between

Fatality

4/20/12

Employee Is Rolled Over By Ford
F-250 Pick-Up Truck

N/A

Caught between

Fatality
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Date of
incident

Event summary

Occupation

Incident type

Injury

6/7/12

Employee’s Thumb Is Crushed
Under Steel Mandrel

N/A

Caught between

Hospitalized – fracture thumb

6/12/12

Employee Crushes Finger in Chain
and is amputated

N/A

Caught between

Amputation – finger

7/13/12

Employee Crushes Finger In Drilling
Rig

Driller

Caught between

Amputation – finger

7/16/12

Employee’s Hand Is Crushed When
Caught By Machinery

N/A

Caught between

Amputation – finger

12/10/12

Employee’s Forehead Is Struck By
Bucket And Is Fractured

Floorhand

Struck by

Hospitalized – skull fracture

1/7/13

Employee Suffers Head Concussion
When Utility Truck Overturn

N/A

Struck by

Hospitalized – head injury

1/12/13

Employee’s Hand Is Struck By
Falling Object And Injured

N/A

Struck by

Amputation – finger

1

Source: (https://www.osha.gov/pls/imis/establishment.html) for NAICS 211, 213111, 213112

1. Cases where narrative of investigation is available
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Appendix 6.F

Noise Pollution Associated with
Well-Stimulation-Enabled Oil
and Gas Development:
A Review of the Literature
6.F.1. Introduction
Noise is a biological stressor that has been studied as a potential health risk for decades.
Here, we review the scientific literature on environmental noise exposure to determine
the potential risks unconventional oil and gas development presents to public health. The
epidemiology of noise exposure has focused on both auditory and non-auditory effects.
Studies have analyzed occupational noise exposure in the workplace and environmental
noise from sources such as airports, road traffic, and railways. There are numerous
large-scale epidemiological studies that provide evidence to link population exposure to
environmental noise with adverse health outcomes.
Noise exposure modifies the function of the body’s organs and systems (Munzel et al.,
2014) and can be a contributing factor to the development and aggravation of conditions
related to stress, (e.g., high blood pressure). Noise is classified as a nonspecific stressor
that arouses both the autonomous nervous system and endocrine system (Maschke
et al., 2000). It has been shown to threaten adaptable and homeostatic systems in
the body (Kirschbaum and Hellhammer, 1999), which can lead to a number of poor
health outcomes. For instance, noise exposure has been associated with cardiovascular
diseases (Babisch, 2000; 2008; Babisch et al., 2013), birth outcomes (Gehring et al.,
2014), cognitive impairment in children (Evans, et al., 1998; Evans, 1993; Lercher et
al., 2002), and sleep disturbance (Hume et al., 2012; Tiesler et al., 2013). The World
Health Organization (WHO) estimated that at least 1 million healthy life years (disabilityadjusted life-years) are lost every year in high-income western European counties
(population about 340 million people) due to environmental noise exposure (World
Health Organization, 2011).
Unconventional oil and gas development is an industrial activity that sometimes occurs
in close proximity to human populations. The types of noise associated with oil and gas
operational activities can be complex in nature, owing to a wide variety of sources. Some
of these noises are spontaneous, some are continuous, and many vary in their intensity.
Further, because noise exposure involves a psychological dimension, the effects of noise
from oil and gas development is highly related to the specific relationship between the
operations and the exposed individual.
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Most of the noises for unconventional oil and gas development are similar to those
associated with conventional oil and gas development; however, some aspects can differ
in important ways. For instance, drilling a horizontal well can take 4 to 5 weeks of 24
hours per day drilling to complete whereas a traditional vertical well usually takes less
than a week (Nagle, 2009). Also, high volume hydraulic fracturing requires a greater
volume of water and higher pressure to frac a horizontal well, resulting in more pump
and fluid handling noise than traditional oil and gas development (Nagle, 2009). Some
of these differences may or may not be relevant to California unconventional oil and
gas development.
Our review of the existent body of health literature on noise exposure considered with
decibel (dB) levels associated with oil and gas operations suggests that noise from oil and
gas development presents potential adverse health outcomes.
6.F.2. Methods
This review draws upon literature pertinent to the public health implications of noise
resulting from oil and gas development. There is a substantial body of science pertaining
to both the auditory and non-auditory effects of noise. Nearly all of the literature on
environmental noise exposure examines non-auditory health outcomes and does not
consider hearing impairment. While there are no peer-reviewed studies that directly assess
the health effects of noise from oil and gas development, there are some environmental
impact reports/statements (EIR/EIS) and health impact assessments (HIA) that provide
specific dB (unit of noise measurement) readings for oil and gas operational activities.
These readings can then be matched with the body of literature that focuses on the health
effects of environmental exposure to noise.
Research on the health effects of noise exposure is extensive, and the studies provided in
this review do not represent an exhaustive collection of the available literature.
For this review, we adopted a search strategy comprised of the following:
• Systematic searches in PubMed (National Center for Biotechnology, U.S. National
Library of Medicine) complimented by Google and Google Scholar
• Manual searches (hand-searches) of references included in review articles
published within the past ten years, as well as references included in EIS/HIA and
other reports directly relevant to noise and oil and gas development
For bibliographic databases, we used a combination of Medical Subject Headings (MeSH)based and keyword strategies, which included the following combinations of terms: noise
AND health; noise AND epidemiology; noise AND non-auditory health effects; noise
AND industry; noise AND natural gas; noise AND oil; noise AND hypertension; noise
AND traffic; noise AND sleep disturbance; noise AND cardiovascular disease; noise AND
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myocardial ischemia; noise AND myocardial infarction; noise AND annoyance; noise
AND congenital abnormalities; noise AND birth defects; noise AND immune system; noise
AND tinnitus; noise AND stress; noise AND occupational health; noise exposure; noise
pollution; environmental noise pollution; environmental noise pollution AND health;
noise pollution AND psychological health; construction noise AND health; chronic
noise exposure.
6.F.2.1. Noise and Health
The health effects of noise can be categorized as (1) auditory (e.g., temporary and
permanent deafness); (2) extra-auditory (e.g., annoyance, fatigue); (3) biological (e.g.,
sleep disturbances, autonomic functions (cardiovascular, endocrine)); and (4) behavioral
(e.g., medication intake, psychiatric symptoms). Figure 6.F-1 shows the severity of health
effects due to noise exposure and the number of people affected. The top three levels
of the triangle refer to physiological outcomes and include stress indicators (e.g., stress
hormones), risk factors (e.g., blood pressure), and manifest diseases (e.g., hypertension,
ischaemic heart disease).
Health outcomes associated with noise exposure have been studied for some time and
were originally recognized in occupational settings with hearing loss (e.g., factories,
mills). However, there has been an increasing body of literature on the non-auditory
health effects of environmental noise exposure. Most of these studies have analyzed
associations between adverse health outcomes and noise from airports, road traffic,
and railways. Some of the more commonly identified non-auditory health endpoints
for noise exposure have been annoyance/perceived disturbance, sleep disturbance, and
cardiovascular health (Basner et al., 2014).
Noise is a stressor that activates the sympathetic nervous and endocrine systems. Acute
noise effects are not limited to high sound levels such as those found in occupational
settings, but also at relatively low environmental sound levels when other activities are
disturbed (e.g., sleep, concentration, etc.) (Babisch, 2002). Both the sound level of the
noise (objective noise exposure) and its subjective perception can influence the impact
of noise on neuroendocrine homeostasis (Munzel et al., 2014). In other words, noise
exposure can lead to adverse health outcomes through direct and indirect pathways.
Figure 6.F-2 depicts the relationships between exposure to noise and primary and
secondary health effects. Non-physical effects of noise are mediated by psychological and
psychophysiological processes (Shepherd et al., 2010).
Certain levels of noise exposure have been shown to produce both auditory and nonauditory adverse health outcomes. Here, we consider some of the more common nonauditory health outcomes associated with environmental noise exposure. These have been
summarized by the European Environment Agency with corresponding thresholds (see
Table 6.F-1). We briefly discuss potential mechanisms and some relevant epidemiological
evidence that has considered threshold calculations and exposure-response relationships.
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6.F.2.1.1. Annoyance
Annoyance appears to be one of the more common responses to environmental noise
exposure among communities. Noise annoyance may produce a host of negative
responses, such as feeling of anger, displeasure, anxiety, helplessness, distraction, and
exhaustion (Babisch, 2002; Babisch et al., 2013; World Health Organization, 2011). It is
important to keep in mind that most definitions of health encompass not only disease and
infirmity, but also wellbeing (World Health Organization, 1946). Annoyance affects both
the wellbeing and quality of life among populations exposed to environmental noise.
Noise sensitivity is a strong predictor of noise annoyance (Paunovié et al., 2009; Stansfeld,
1992). Sensitivity is a personality trait that varies among individuals depending on the
attention one pays to a sound, its evaluation, and the emotional response. There are a
number of stress-related psychosocial symptoms that have been associated with noise
annoyance, such as tiredness and stomach discomfort (Öhrström et al., 2006).
It has been difficult to develop an exposure-response relationship for annoyance because
it varies significantly among individuals due to noise sensitivity. Nonetheless, efforts have
been made to synthesize existing data from community annoyance surveys to develop
exposure-response relationships (Fidell et al., 1991; Miedema and Oudshoorn, 2001;
Schultz, 1978). Annoyance is also source dependent, meaning that dBA readings alone are
not always sufficient to gauge annoyance thresholds. However, for transport noises the
thresholds are generally taken to be the same (42 Lden) (European Environment Agency
(EEA), 2010). Still, a number of uncertainties and limitations remain, and there have been
significant differences among study results.
In a 2002 position paper, the EU Commission considered dose response relationships
between transportation noise and annoyance for aircraft, road traffic, and rail traffic
noise (see Table 6.F-1). These data are based on a Netherlands Organization for Applied
Scientific Research (TNO) report in Leiden, which compiled an archive of original
datasets from studies in Europe, North America, and Australia on annoyance caused by
environmental noise (European Commission, 2002).
6.F.2.1.2. Sleep Disturbance
Sleep disturbance is another common response among populations exposed to
environmental noise. It is associated with significant impacts on both health and quality
of life and is often considered the most severe non-auditory effect of environmental noise
exposure (Muzet, 2007). Depending on the severity and frequency of sleep disturbance,
noise can cause meaningful levels of sleep fragmentation and deprivation, which in turn
can adversely affect both physical and mental health (Hume et al., 2012).
Sleep is a physiological state that enables us to recuperate. Noise can impact sleep in
a number of ways and can have immediate effects (e.g., arousal, sleep stage changes),
after-effects (e.g., drowsiness, cognitive impairment), and long-term effects (e.g., chronic
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sleep disturbance) (World Health Organization, 2011). The body still responds to stimuli
coming from the environment during sleep. Similar to annoyance, noise sensitivity plays
a significant role in sleep disturbance as well, and is influenced by both noise dependent
factors (e.g., noise type, intensity, frequency) and other subjective factors (e.g., age,
personality, self-estimated sensitivity) (Muzet, 2007). Some evidence also suggests a
genetic component in determining noise sensitivity (Heinonen-Guzejev et al., 2005).
There has been a large amount of research on sleep and health that has led to both
variable and controversial results. Because the effects of noise exposure on sleep are
dependent on a number of objective and subjective factors, it has been difficult to
determine a clear dose-effect relationship. However, reviews of evidence produced
by epidemiological and experimental studies have been able to develop a relationship
between night noise exposure and adverse health effects (see Table 6.F-3) (Ristovska and
Lekaviciute, 2013). It is generally accepted that no effects on sleep tend to be observed
below the level of 30 dB Lnight, and no sufficient evidence that the biological effects that
have been observed below 40 dB (A) Lnight are harmful to health. Adverse health effects
such as self-reported sleep disturbance, insomnia, and increased use of drugs are observed
at levels above 40 dB (A) Lnight and levels above 55 dB (A) present a major public health
concern (see Table 6.F-3).
6.F.2.1.3. Cardiovascular Health
The generalized stress model can be used to explain reactions to noise exposure, where
reactions can be caused at both a conscious and non-conscious level. Specifically, noise
can trigger emotional stress reactions from perceived discomfort, as well as physiological
stress from interactions between the auditory system and other regions of the central
nervous system (Basner et al., 2014). Exposure to noise can increase systolic and diastolic
blood pressure, create changes in heart rate, and cause the release of stress hormones
(e.g., catecholamines and glucocorticoids) (Basner et al., 2014). Studies on chronic noise
exposure have shown relationships with elevated blood pressure, hyptertension, and
ischaemic heart disease (Munzel et al., 2014).
The epidemiology linking environmental noise exposure continues to grow. A number of
studies have indicated an increased risk of high blood pressure and myocardial infarction
(MI) in populations exposed to environmental noise (Babisch et al., 1993; Babisch et
al., 2005; de Kluizenaar et al., 2007; Selander et al., 2009). Systematic and quantitative
reviews provide evidence of a relationship between noise exposure and cardiovascular
disease as well (Babisch, 2000; Babisch, 2006; Stansfeld and Matheson, 2003; van Kempen
et al., 2002). Some meta-analyses have developed exposure-response curves that can be
used for quantitative health impact assessments (Argalášová-Sobotová et al., 2013).
Notably, Babisch (2000) performed a numerical meta-analysis of two descriptive and five
analytical studies and assessed an exposure-response relationship between environmental
noise and cardiovascular risk in order to derive a common dose-effect curve (Babisch,
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2008). This meta-analysis looked specifically at the association between road traffic noise
levels and the risk of myocardial infarction. An increase in cardiovascular risk was found
in noise levels above 60 dB(A), but not below, indicating a dose-response relationship
between environmental noise and cardiovascular risk. According to a subsequent followup review, Babisch (2006) found that the evidence for a causal relationship between
environmental noise exposure and cardiovascular risk increased after additional research
was published (Babisch, 2006).
6.F.3. Vulnerable Populations
Noise exposure, like other health risks, may disproportionately impact vulnerable
populations, such as children, the elderly, and the chronically ill. In addition to these
groups, the literature also considers those who are hearing impaired, sensitive to noise, of
a low social economic status, suffering from tinnitus, shift workers, mentally ill, and fetus
or neonates (van Kamp and Davies, 2013). Overall, there is a dearth of epidemiological
literature on the effects of environmental noise exposure on vulnerable groups, and so
determining dose-response curves and setting specific limit values is difficult. Most of the
literature has focused on environmental noise and cognitive impairment in children, so we
include this in our discussion.
Children can be more or less vulnerable for certain health effects associated with noise
exposure than adults. For instance, evidence suggests that they are actually less vulnerable
for annoyance, but more vulnerable for cognitive effects (van Kamp and Davies, 2013).
This may be due to children’s sensitive development period and less developed coping
mechanisms (van Kamp and Davies, 2013). Noise can impact children’s cognition in
a number of ways and can be detrimental to comprehension, memory, and attention/
perception (Haines et al., 2001a; Haines et al., 2001b). Children who are chronically
exposed to noise may have their development impaired and suffer lifelong effects on
educational attainment (World Health Organization, 2011).
There have been a number of studies that have shown an association between
environmental noise exposure and a negative impact on children’s cognitive performance
(Basner et al., 2014; Evans, 1993). For instance, Clark et al. (2006) examined exposure
around three major European airports and found that aircraft noise exposure was
associated with impaired reading comprehension (Clark et al., 2006). Kaltenbach et al.
(2008) found an association between learning difficulties in school children and exposure
to aircraft daytime noise of 50 dBA (Kaltenbach et al. 2008). Another study by Ljung et
al. (2009) found that road traffic noise impaired reading speed and basic mathematics,
although no effect on reading comprehension or mathematical reasoning was observed
(Ljung et al., 2009).
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6.F.4. Oil & Gas Operational Noise Sources and Levels
The main sources of noise from oil and natural gas operational activities can be grouped
into the following categories (1) the construction phase (road and well pad construction
machinery); (2) drilling and completion phases (flaring operations, drilling rig, compressor
station, injection well complex); (3) production phase and (4) truck traffic (all phases).
There is currently no peer-reviewed literature on the noise levels and potential health
impacts from noise exposure related to oil and gas development. However, measurements
and estimates for noise dB levels for oil and gas development can be found in a number
of environmental impact reports. These sources are subject to a number of limitations and
can vary significantly in terms of methodology and the type of oil or gas development for
which the measurements were taken.
In what follows, we summarize some of the more recent and relevant findings, estimates,
and predictions from environmental impacts statements, reviews, and health impact
assessments. Because the reports often use different methods (e.g., source, distance, etc.),
their findings are not necessarily commensurate. Furthermore, some of the data contained
in these reports are industry/consultant predictions and do not necessarily reflect actual
field monitoring results. Nonetheless, they are useful in providing a rough estimate of the
noise levels from various sources that might be expected from the development of shale
in California.
In a report prepared for the West Virginia Department of Environmental Protection,
McCawley (2013) monitored noise levels associated with various stages of natural gas
development from 2-4 sampling sites located 190.5 m (625 ft) from the center of five
different well pads (see Table 6.F-4). McCawley (2013) provided actual monitoring results
from a number of different sites and for a variety of stages in the development process,
including site preparation, drilling, hydraulic fracturing, and truck traffic. This report
frequently recorded noise levels above 55 dBA for natural gas operations in West Virginia
(see Table 6.F-4). According to the report, noise exceeded 85 dBA a number of times from
190.5 m (625 ft) (Mccawley, 2013).
A 2006 Bureau of Land Management Environmental Impact Statement for the Jonah
Infill Drilling Project in Sublette County, Wyoming suggested that drilling and well testing
operations such as fracturing and flaring create noise levels up to 115 (dBA), with a
noise level of 55 dBA at 1,067 m (3,500 ft; 0.66 mi) from the source (Bureau of Land
Management, 2006). Noise levels from one compressor station were recorded between
58-75 dBA about 1.6 km (1 mi) and 54 dBA about 2 km (1.25 mi) to the southeast, while
another station provided readings of about 65 dBA about 1.6 km (1 mi) east (Bureau of
Land Management, 2006). Readings from construction activities ranged from 70 dBA to
90 dBA about 15 m (50 ft from the source. The measurements provided in this report
came from sources with no residences in or immediately adjacent to the area.
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In a more recent report prepared for the Wyoming Game and Fish Department, Ambrose
and Florian (2014) recorded sound levels at the Pinedale Anticline Project Area (PAPA)
in Wyoming. The purpose of this project was to measure the potential threat caused
by this type of anthropogenic noise to greater sage grouse, a species reliant on vocal
communication for its propagation. Ambrose and Florian (2014) measured sound level at
100 meters (~ 328 feet) for a number of common PAPA gas field activities. There were
a number of sources that produced median sound levels at least 50 dBA at 100 meters
(~328 feet), including an active drill rig (62 dBA), an injection well complex (56 dBA), a
drill rig being disassembled (54 dBA), a compressor station (54 dBA), a gathering facility
with generator (52 dBA) and a well pad with 21 well heads and generator (50 dBA)
(Ambrose and Florian, 2014).
The New York State Department of Environmental Conservation’s Revised Draft
Supplemental Environmental Impact Statement On The Oil, Gas and Solution Mining
Regulatory Program provided a number of estimates for noise levels associated with
specific construction equipment used for well pad preparation at a number of distances
(see Table 6.F-6 ). Composite noise levels exceeded 50 dBA for all measured distances
(52 dBA at 610 m or 2,000 ft, 55 dBA at 457 or 1,500 ft, 58 dBA at 305 m or 1,000 ft,
64 dBA at 152 m or 500 ft, and 84 dBA at 15 m or 50 ft) (New York State Department of
Environmental Conservation, 2011).
A 2011 Health Impact Assessment (HIA) conducted by the Colorado School of Public
Health (CSPH) considered the health impacts of noise, vibration, and light pollution on
health in the Battlement Mesa community in Garfield County, Colorado. CSPH obtained
documentation of noise monitoring from an operator (Antero) conducted at a well pad
from 8/29/10 through 9/2/10. Noise levels during drilling operations were measured
below industrial noise limits at 191 m (625 ft) to the northwest and 165 m (540 ft) to the
southeast (75 and 80 dBA during night and day, respectively), but they varied as much
as 25 dBA and were measured at levels that the data suggest may cause health impacts
(Garfield County, Colorado, 2011).
6.F.5. Well Stimulation-Enabled Oil and Gas Development in California
In response to concerns about environmental noise exposure from oil and gas activities,
many cities and counties in California have enacted regulations and noise ordinances
that require operators to meet specific decibel levels (e.g., Table 6.F-8a). The primary
method used by local governments to promote noise and land use compatibility involve
form of a nuisance noise control, zoning, or grading ordinance. Additionally, noise
abatement companies offer a variety of mitigation techniques to help operators meet
these levels, such as sounds walls, temporary and permanent acoustical barriers, engine
exhaust silencers, acoustical equipment enclosures, sound-absorbing blankets/panels, and
acoustically treated buildings (e.g., sound-dampening flooring and siding materials).
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6.F.6. Discussion
When considering the health impacts of noise from a given source, the volume and
intensity of the noise, whether it is prolonged and continuous, how it contrasts with the
ambient noise levels, and the time of day must be taken into account. Noise levels depend
not only on the source, but also on other factors such as distance from the source, air
temperature, humidity, wind gradient, and the topography. A loss of 6 dB per doubling
of distance is generally used to estimate sound attenuation, but this can be influenced
by the aforementioned factors. The specific environment should also be taken into
account, such as whether or not the dB level is indoor/outdoor or whether it is heard in
a hospital, school, or other facility. The World Health Organization published guidelines
for community noise in specific environments that also considers associated health effects
with particular readings in a variety of environments (see Table 6.F-7).
Due to the psychological dimension of noise exposure, the relationship between the source
and the exposed individual can vary dramatically. Thus, while most of the epidemiology
on noise exposure involves aircraft, road traffic, and railways, the dBA associated with
these sources are not necessarily transferable to oil and gas development for all health
outcomes. For instance, levels of annoyance from noise exposure to oil and gas activities
may be greater or less than levels of annoyance associated with road traffic, depending on
the individual.
Our review of the health literature on noise exposure considered with dB levels associated
with oil and gas operations suggest that noise from oil and gas development in California
presents a number of potential adverse health outcomes. This finding is consistent with
the few other studies and reports that consider the health impacts of noise exposure in
the context of oil and gas development (Garfield County, Colorado, 2011; Mccawley,
2013; Witter et al., 2013). Although measurements and results of health studies differ, the
literature indicates that oil and gas activities frequently produce noise at levels that may
adversely impact human health.
To determine the potential for health outcomes, thresholds from Tables 6.F-1, 6.F-2, 6.F3, and 6.F-7 can be compared with data from Tables 6.F-4 through 6.F-6. Generally, an
increase in cardiovascular risk was found in noise levels above 60 dB(A), and many oil
and gas operations produce noise at or above that sound level (see Tables 6.F-4 through
6.F-6). Other health impacts that occur at lower noise levels such as annoyance and sleep
disturbance are even more probable (see Tables 6.F-2 and 6.F-3). Flaring operations are
generally regarded as one of the activities with the highest noise level and BLM estimates
for 0.1 mile distance (528 ft) were 66.3 dB(A). Noise levels associated with well pad
preparation (trucks, construction, and sit prep) were measured around 64-65 dB on
average from two different sites located 191 m (625 ft) from the center of the well pad
(see Table 6.F-4) and estimated in separate environmental impact statements at around
64-65 dB from 152 m (500 ft) (see Table 6.F-6).
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There are also a number of other significant noise events associated with oil and gas
development that aren’t accounted for in environmental impact reports. For instance,
blow-down events, which vent natural gas in order to reduce pressure in the pipeline
system, have generated some complaints among citizens. This review, however, could not
find any dB readings associated with blow-down events.
There are a number of factors that need to be taken into account when assessing the
health impacts of noise exposure, such as the distance of populations to oil and gas
operations, mitigation techniques used by the industry, and differences in noise sensitivity
among individuals. Not all of the dB readings and estimates contained in Tables 6.F-4
through 6.F-6 would be experienced by the majority of the population, and some readings
come from locations in much closer proximity than setback distances from oil and gas
operations. Nonetheless, there is strong evidence that oil and gas operations can, and
often do, produce noise levels that may adversely impact population and community
health in relatively close proximity to these operations.

Figure 6.F-1. Severity of noise effects and number of people affected*.

* adapted from Babisch (2002) and WHO (2011) (Babisch, 2002; World Health
Organization, 2011)
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Figure 6.F-2. The impact of noise on health*.

* adapted from Figure 1 in Sheperd et al. (2010) (Shepherd et al., 2010) (model detailing

how noise might compromise health). NIHL refers to Noise Induced Hearing Loss. The dashed
lines indicate the physical effects of noise and the solid lines indicate the non-physical effects.

Annoyance and sleep disturbance act as mediators between predisposing factors and secondary
health effects, such as quality of life or cardiovascular disease.
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Table 6.F-1. Effects of noise on health and wellbeing with sufficient evidence*.
Effect

Dimension

Acoustic indicator†

Threshold

Time domain

Annoyance disturbance

Psychosocial,
quality of life

Lden

42

Chronic

Self-reported sleep
disturbance

Quality of life,
somatic health

Lnight

42

Chronic

Learning, memory

Performance

Leq

50

Acute, chronic

Stress hormones

Stress indicator

Lmax
Leq

N/A

Acute, chronic

Sleep (polysomnographic) Arousal, motility,
sleep quality

Lmax, indoors

32

Acute, chronic

Reported awakening

Sleep

SELindoors

53

Acute

Reported health

Wellbeing clinical
health

Lden

50

Chronic

Hypertension

Physiology somatic
health

Lden

50

Chronic

Ischaemic heart diseases

Clinical health

Lden

60

Chronic

* adapted from Table 1.1 in European Environment Agency (EEA, 2010)
† refer to glossary for acoustic indicator definitions

Table 6.F-2. %A and %HA at various noise exposure levels
(Lden) for aircraft, road traffic, and rail traffic*†.

Lden

Aircraft

Road Traffic

Rail Traffic

%A

%HA

%A

%HA

%A

%HA

45

11

1

6

1

3

0

50

19

5

11

4

5

1

55

28

10

18

6

10

2

60

38

17

26

10

15

5

65

48

26

35

16

23

9

70

60

37

47

25

34

14

75

73

49

61

37

47

23

* adapted from Table 1 from EU position paper on dose response relationships between transportation and annoyance.
† % A = percent annoyed; % HA = percent highly annoyed; Lden = average noise level during daytime, evening,
and night-time, applying a 5 dB penalty to noise in the evening and a 10 dB penalty to noise in the night (10 lg
[(12/24).10LD/10 + (4/24).10(LE+5)/10 + (8/24).10(LN+10)/10] ).
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Table 6.F-3. WHO definitions for the effects of different levels
of night noise on the population’s health*.

Average night noise level
over a year Lnight,outside

Health effects observed in the population

Up to 30 dB

Although individual sensitivities and circumstances may differ, it appears that up
to this level no substantial biological effects are observed. Lnight,outside of 30
dB is equivalent to the NOEL for night noise.

30 to 40 dB

A number of effects on sleep are observed from this range: body movements,
awakening, self-reported sleep disturbance, arousals. The intensity of the effect
depends on the nature of the source and the number of events. Vulnerable
groups (for example children, the chronically ill and the elderly) are more
susceptible. However, even in the worst cases the effects seem modest.
Lnight,outside of 40 dB is equivalent to the LOAEL for night noise.
Adverse health effects are observed among the exposed population. Many
people have to adapt their lives to cope with the noise at night. Vulnerable
groups are more severely affected.

40 to 55 dB

Above 55 dB

The situation is considered increasingly dangerous for public health. Adverse
health effects occur frequently, a sizeable proportion of the population is highly
annoyed and sleep-disturbed. There is evidence that the risk of cardiovascular
disease increases.

* adapted from the WHO night noise guidelines for Europe (World Health Organization, 2009b)

Table 6.F-4. Collective sampling site results from natural gas well operations in West Virginia *†.
Well Pad

Development Stage

Sampling Site and Average dBA
(625 foot setbacks)
A

B

C

D

Avg

Donna Pad

Hydraulic Fracturing

49

-

60

47

52

Mill Wetzel Pad 2

Trucks/Construction

56

-

73

-

65

Mill Wetzel Pad 3

Site Preparation

58

-

69

-

64

Maury Pad

Hyd Frac/Flowback

-

55

-

61

58

Lemons Pad

Vertical Drilling

-

-

54

-

-

* adapted from data contained in McCawley (2013). The readings were taken at a 625-foot setback distance from
the center of each well pad.
†Key: dBA = A-weighted decibels
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Table 6.F-5a. Typical noise levels near gas field operations*†.
Source

Noise Level (dBA)

Description

Flaring Operations (on-site)

97.9

Loud

Flaring Operations (0.1-mile distant)

66.3

Moderate

Flowback Separator (on-site)

63.7

Moderate

Drilling Rig (on-site)

77.5

Moderate

Drilling Rig (0.25-mile distant)

50.1

Quiet

Compressor Station (on-site)

63.8

Moderate

Compressor Station (0.25-mile distant)

39.5

Very Quiet

*adapted from Figure 3.13 from the Final Environmental Impact Statement, Jonah Infill Drilling Project (Bureau of
Land Management, 2006).
†Key: dBA = A-weighted decibels

Table 6.F-5b. Comparison of measure noise levels with common sounds*†.
Source

Noise Level (dBA)

Description

Normal breathing

10

Barely audible

Rustling leaves

20

Soft whisper (at 16 feet)

30

Library

40

Quiet office

50

Normal conversation (at 3 feet)

60

Busy traffic

70

Factory

80

Heavy truck (at 49 feet)

90

Very quiet
Quiet
Moderately noisy
Loud

*adapted from Table 3.16 from the Final Environmental Impact Statement, Jonah Infill Drilling Project (Bureau of
Land Management, 2006).
†Key: dBA = A-weighted decibels
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Table 6.F-6. Estimated construction noise levels at various distances for well pad preparation*†.
Construction Equipment

Distance in Feet/SPL (dBA)
50

500

1000

1500

2000

Excavator

77

57

51

47

45

Bulldozer

78-89

58-69

52-63

48-59

46-57

Water Truck

72-88

52-68

46-62

42-58

40-56

Dump Truck

75-88

55-68

49-62

45-58

43-56

Pickup Truck

74

54

48

44

42

Crane

88

68

62

58

56

Backhoe

85

65

59

55

53

Tractor

80

60

54

50

48

Concrete Pump

82

62

56

52

50

Front End Loader

83

63

57

53

51

Road Scraper

87

67

61

57

55

Air Compressor

82

62

56

52

50

84-85

64-65

58-59

55

52-53

Composite Noise Level
(Construction Site Avg.)

*adapted from Table 6.55 from the NYS DEC Revised Draft SGEIS 2011 (New York State Department of
Environmental Conservation, 2011) and Table 3-47 from the La Plata County Oil and Gas Impact Report (La Plata
County, CO, 2002). Where findings were available from both reports a range is provided. The high end of the range
corresponds to the La Plata County Oil and Gas Impact Report. The NYS SGEIS only provided estimates for the first
five type of equipment listed above.
†Key: dBA = A-weighted decibels; SPL = Sound Pressure Level

Table 6.F-7. WHO guideline values for community noise in specific environments*.
Environment

Critical health effect(s)

LAeq
[dB] †

Time base
[hours]

LAmax,
fast [dB] ††

Outdoor living area

Serious annoyance, daytime and evening
Moderate annoyance, daytime and evening

55
50

16
16

-

Dwelling, indoors

Speech intelligibility and moderate annoyance,
daytime and evening
Sleep disturbance, night-time

35

16

40

8

45

Outside bedrooms

Sleep disturbance, window open (outdoor
values)

45

8

60

School classrooms and pre-schools,
indoors

Speech intelligibility, disturbance of information
extraction, message communication

35

During
class

-

Preschool bedrooms, indoors

Sleep disturbance

30

Sleep time

45

School, outdoor playground

Annoyance (external source)

55

During
play

-

Hospital, ward rooms

Sleep disturbance, night-time
Sleep disturbance, daytime and evenings

30
30

8
16

40
-

Inside bedrooms
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Environment

Critical health effect(s)

LAeq
[dB] †

Time base
[hours]

LAmax,
fast [dB] ††

Hospital, treatment rooms

Interference with rest and recovery

#1

Industrial, commercial, shopping
and traffic areas, indoors and
outdoors

Hearing impairment

70

24

110

Ceremonies, festivals and
entertainment events

Hearing impairment (for patrons, < 5 times/year)

100

4

110

Public addresses, indoors and
outdoors

Hearing impairment

85

1

110

Music through headphones/
earphones

Hearing impairment (free-field value)

85 #2

1

110

Impulse sounds from toys,
fireworks and firearms

Hearing impairment (adults)
Hearing impairment (children)

-

-

140 #3
120 #3

Outdoors in parkland and
conservation areas

Disruption of tranquility

#4

#1: as low as possible;
#2: under headphones, adapted to free-field values;
#3: peak sound pressure (not LAmax, fast), measured 100 mm from the ear;
#4: existing quiet outdoor areas should be preserved and the ratio of intruding noise to natural background sound
should be kept low
* adapted from Table 4.1 from WHO Guidelines for Community Noise (2009) (World Health Organization, 2009a)
† LAeq[dB] = lowest decibel level, measured as the average of continuous noise level, where noisy events have a
significant influence
†† LAmax, fast [dB] = maximum decibel level, measured as the maximum A-weighted level of a single sound

Table 6.F-8a. State of California Model Noise Ordinance Recommended Standards*.
Receiving Land Use

Duration of Intrusive Sound

Daytime Standard
(7 a.m. – 10 p.m.)

Nighttime Standard
(10 p.m. – 7 a.m.)

One & Two Family
Residential

30-60 min/hour

55

45

15-30 min/hour

60

50

5-15 min/hour

65

55

1-5 min/hour

70

60

< 1 min/hour

75

65

* these recommended standards are not adopted State standards and are merely guidelines intended to assist cities
and counties develop noise standards for their jurisdictions. They are based on the California Department of Health/
California Office of Noise Control Model Community Noise Ordinance of 1977.
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Table 6.F-8b. City of Hermosa Beach Noise Level Standards†.
Cumulative Number of Minutes In
Any 1 Hour Time Period

Noise Level Standards, dBA*
Daytime (8 a.m. – 7 p.m.)

Nighttime (7 p.m. – 8 a.m.)

30

50

45

15

55

50

5

60

55

1

65

60

0

70

65

† adapted from City of Hermosa Environmental Impact Report for the Proposed E&B Drilling and Oil Production
Project (City of Hermosa Beach, 2014) and based on Article VI of the City of Hermosa Beach Oil Code (established
by Ordinance No. 85-803 and added to the Municipal Code as Chapter 21A), defining noise level standards for oil
drilling and re-drilling operations
* measured at property lines

Table 6.F-9. Equipment noise levels for drilling and production*.
Work Stage

Equipment

Sound Power Level† (dBA)

Hydraulic Power Unit

110.7

Mud Pump

105.4

Drill Rig

93.3

Shaker

75.3

Pipe Handling (Quiet Mode)

107.5

Well Pumps

97.7

Drilling
(30 month scheduled duration)

Production
(at rate of 800 barrels per day)

Produced Oil Pump

77.7

Produced Water Pump

86.7

Shipping Pump

92.8

Water Booster Pump

86.7

Water Injection Pumps (2)

102.8

Vapor Recovery Compressor

88.6

Vapor Recovery Unit Cooler

90.2

1 Stage Compressor (2)

96.2

st

2 Stage Compressor (2)

96.2

Compressor Cooler

102.0

Amine Cooler

102.1

DEA Charge Pump

77.7

nd

Regenerator Reflux Pump

77.7

Chiller

85.0

Glycol Regenerator

92.4

Micro-turbines (5)

92.9

Variable Frequency Drives

83.3
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* adapted from Hermosa Beach E&B Oil Drilling and Production Project (Final Environmental Impact Report)
(City of Hermosa Beach, 2014). Measurements reflect the source noise level and do not include noise control design
features, where proposed, such as acoustical barriers, etc.

Table 6.F-10. Glossary of terms.
Sound

Rapid fluctuations in air pressure processed by the human auditory system

Noise

Unwanted sound that may be disturbing

Decibel, dB

A unit for measuring sound pressure level or the intensity of sound. It is equal to
10 times the logarithm to the base 10 of the ratio of the measure sound pressure
squared to a reference pressure, which is 20 micropascals.

dBA

A-weighted decibel. This is a frequency dependent correction that is applied
to a measured to mimic the varying sensitivity of the ear to sound for different
frequencies. The A-weighted decibel scale (dBA) is most common and correlates
well with human perceptions of the annoying aspects of noise.

Sound Pressure Level

The magnitude of the sound. It is a ratio between the actual sound pressure and
a fixed reference pressure. Sound pressure level takes into account surroundings.

Sound Power Level

The amount of acoustical energy produced by a sound source. Sound power
level does not take into account a specific object’s surroundings.

Frequency

The rate at which sound pressure changes

Pure Tone

Noise in which a single frequency stands out

Ambient noise level

Noise level before a noise of concern is added

Lmax

Maximum sound pressure occurring in an interval

SEL

Sound exposure level (sound pressure level over an interval normalized to 1
second)

Lday

Average sound pressure level over 1 day

Lnight

Average sound pressure level over 1 night

L24h

Average sound pressure level of a whole day

Ldn

Average sound pressure level of a whole day (compound indicator where the
night value gets a penalty of 10 dB)

Lden

Average sound pressure level over all days, evenings, and night in a year
(compound indicator where evening gets penalty of 5 dB and night 10 dB)

Leq

Equivalent continuous sound pressure level
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1.1. Background
In 2013, the California Legislature passed Senate Bill 4 (SB 4), setting the framework for
regulation of well stimulation technologies in California, including hydraulic fracturing.
SB 4 also requires the California Natural Resources Agency to conduct an independent
scientific study of well stimulation technologies in California. SB 4 stipulates that the
independent study assess current and potential future well stimulation practices, including
the likelihood that these technologies could enable extensive new petroleum production
in the state; evaluate the impacts of well stimulation technologies and the gaps in data
that preclude this understanding; identify potential risks associated with current practices;
and identify alternative practices that might limit these risks. This scientific assessment
addresses well stimulation used in oil and gas production both on land and offshore in
California.
Well stimulation enhances oil and gas production by making the reservoir rocks more
permeable, thus allowing more oil or gas to flow to the well. The reports discuss three
types of well stimulation as defined in SB 4 (Table 1.1-1 and Volume I, Chapter 2). The
first type is “hydraulic fracturing.” To create a hydraulic fracture, an operator increases
the pressure of an injected fluid in an isolated section of a well until the surrounding
rock breaks, or “fractures.” Sand injected into these fractures props them open after the
pressure is released. The second type is “acid fracturing,” in which a high-pressure acidic
fluid fractures the rock and etches the walls of the fractures, so they remain permeable
after the pressure is released. The third type, “matrix acidizing,” does not fracture the
rock; instead, acid pumped into the well at relatively low pressure dissolves some of
the rock and makes it more permeable. See Box 1.1-1 for a short history of oil and gas
production in California.
This study is issued in three volumes. Volume I, issued in January 2015, describes how
well stimulation technologies work, how and where operators deploy these technologies
for oil and gas production in California, and where they might enable production in the
future. Volume II, issued in July 2015, discusses how well stimulation could affect water,
atmosphere, seismic activity, wildlife and vegetation, and human health. Volume II
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reviews available data, and identifies knowledge gaps and alternative practices that could
avoid or mitigate these possible impacts. Volume III, this volume, presents case studies
that assess environmental issues and qualitative risks for specific geographic regions. The
Summary Report summarizes key findings, conclusions and recommendations of all three
volumes.
Table 1.1-1. Well stimulation technologies included in Senate Bill 4 (SB 4).
Hydraulic Fracturing Stimulation
Common feature: All treatments create sufficient pressure in the well to induce fractures in the reservoir.
Proppant Fracturing:
Uses proppant to retain fracture permeability
Traditional Fracturing: Creates long,
narrower hydraulic fractures deep into
the formation for stimulating flow
through lower-permeability reservoirs;
proppant injected into fractures to retain
fracture permeability

Acid Fracturing:
Uses acid instead of proppant

Frac-Pack: Creates short, wider hydraulic
fractures near wells within higherpermeability reservoirs; objectives are
bypassing regions near-the wellbore
damaged by drilling and preventing sand
from the reservoir entering the well

Similar to traditional fracturing, but uses
acid instead of proppant to retain fracture
permeability by etching, or “roughening”
the fracture walls; only used in carbonate
reservoirs

Acidizing Stimulation
Common feature: All treatments use acid to dissolve materials impeding flow
Matrix Acidizing: Dissolves material in the near-well region to make the reservoir rocks more permeable; typically only used for
reservoirs that are already permeable enough to not require traditional or acid fracturing
Sandstone Acidizing: Uses hydrofluoric acid in combination with
other acids to dissolve minerals (silicates) that plug the pores of
the reservoir; only used in reservoirs composed of sandstone or
other siliceous rocks

Carbonate Acidizing: Uses hydrochloric acid (or acetic or
formic acids) to dissolve carbonate minerals, such as those
comprising limestone, and bypass rock near the wellbore
damaged by drilling; only used in carbonate reservoirs

Volumes I, II and III of this report address issues that have very different amounts of
available information and cover a wide range of topics and associated disciplines, which
have well established but differing protocols for inquiry. In Volume I, available data and
methods of statistics, engineering and geology allow the authors to present the factual
basis of well stimulation in California. With a few exceptions, the existing data was
sufficient to accurately identify the technologies used, analyze where and how often
they are used, and evaluate where they are likely to be used in the future (see Volume I,
Chapter 3).
The authors of Volume II faced the challenge of assessing and presenting the impacts
of well stimulation. Since many impacts have never been thoroughly investigated,
the authors drew on literature describing conditions and outcomes in other places,
circumstantial evidence and expert judgment to catalog a complete list of potential
impacts that may or may not occur in California. Volume II also identifies a set of
concerning situations – “risk factors” (summarized in Appendix D of the Summary
Report and Table 6.2-1 of Volume II) – that warrant a closer look and perhaps regulatory
attention.
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Box 1.1-1. History of Oil and Gas Production in California
California has some highest concentrations of oil in the world and oil and gas production remains
a major California industry. Commercial production started in the middle of the 19th century from
hand-dug pits and shallow wells. In 1929, at the peak of oil development in the Los Angeles Basin,
California accounted for more than 22% of total world oil production (American Petroleum Institute,
Basic Petroleum Data Book, Volume XIII, Number 2, 1993). California’s oil production reached an alltime high of almost 64 million m3 (400 million barrels) in 1985 and has generally declined since then.
Today California is the third highest producing state, with about 6% of US production but less than
1% of global production. In 1960, almost as much oil was produced in California as was consumed,
but by 2012 Californians produced only 32% of the oil they used (31.5 million m3 or198 million
barrels produced in the state out of a total of about 98.7 million m3 or 621 million barrels consumed).
Californian’s mainly made up the shortfall of about 67.3 million m3 (423 million barrels) mainly with oil
delivered by tanker from Alaska, Saudi Arabia, Ecuador, Iraq, Colombia, and other countries.
Over the years, water flooding, gas injection, thermal recovery, hydraulic fracturing, and other
techniques have been used to enhance oil and gas production as California fields mature. The diatomite
reservoirs in the western San Joaquin Valley contain billions of barrels of oil in rocks that are not very
permeable, and can only be produced with hydraulic fracturing—now accounting for about 20% of
California oil and gas production (see Volume I, Chapter 3). Most of the natural gas produced in the
state is a co-product of oil production, which is known as “associated” gas production. Most of this
production occurs in the San Joaquin Valley, including reservoirs that use hydraulic fracturing.
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Volume III largely extends the method of inquiry used in Volume II to location-specific
issues for offshore, the Monterey Formation Case Study, the Los Angeles Basin, and
the San Joaquin Basin. The Offshore Case Study evaluates what we know and do not
know about the use of stimulation technologies in that environment. The Monterey Case
Study identifies the geographic locations (or “footprint”) of the parts of the Monterey
Formation that could contain producible oil and gas in “source rock,” (see the Summary
Report, Appendix E for a definition of source rock) and examines the implications if new
production were to begin in those regions. Likewise, the San Joaquin Basin Case study
evaluates likely future production with hydraulic fracturing and examines the implications
of that production.
The first part of the Los Angeles Basin Case Study describes the geologic basis of oil
production and its implications for future oil and gas production using technology such
as hydraulic fracturing. The second part evaluates sparse information about public health
implications of oil and gas development in a densely populated mega-city. This study
compensates for the lack of data documenting adverse health outcomes by investigating
information that suggests, but does not confirm with certainty, the risks to human health.
The precepts of the field of public health include an emphasis on the anticipation of
potential problems even though specific problems have not been observed or proven
to create risk. In this way, the public health chapter of Volume II and the public health
analysis for the Los Angeles Basin Case Study differ from other parts of this report. A
major goal of public health research is to anticipate and avoid harm rather than to observe
and allocate cause for harm.
The authors of this report hope this flexible and appropriate use of different (but well
established) methods of inquiry under highly variable conditions of data availability and
potential impacts serves useful to California.
1.2. CCST Committee Process
The California Council on Science and Technology (CCST) organized and led the study
reported on here. Members of the CCST steering committee were appointed based
on technical expertise and a balance of technical viewpoints. (Appendix B provides
information about CCST’s steering committee.) Under the guidance of the steering
committee, Lawrence Berkeley National Laboratory (LBNL) and subcontractors (the
science team) developed the findings based on the literature review and original
technical data analyses. Appendix C provides information about the LBNL science team
and subcontractors who authored Volumes I, II, and III of this report. The science team
reviewed relevant literature and conducted original technical data analyses.
The science team studied each of the issues required by SB 4, and the science team and the
steering committee collaborated to develop a series of conclusions and recommendations
that are provided in this summary report. Both science team and steering committee
members proposed draft conclusions and recommendations. These were modified based

4

Chapter 1: Introduction

on discussion within the steering committee along with continued consultation with the
science team. Final responsibility for the conclusions and recommendations in this report
lies with the steering committee. All steering committee members have agreed with these
conclusions and recommendations. Any steering committee member could have written a
dissenting opinion, but no one requested to do so.
SB 4 also required the participation of the California Environmental Protection Agency’s
Office of Environmental Health Hazard Assessment (OEHHA) in this study. OEHHA
provided toxicity and other risk assessment information on many of the chemicals used
in hydraulic fracturing, offered informal technical advice during the course of the study,
and provided comments on drafts of Volumes II and III. OEHHA also organized a February
3, 2015 public workshop in Bakersfield in which representatives of CCST, LBNL, and
subcontractors heard comments from attendees on the topics covered in the report.
This report has undergone extensive peer review. (Peer reviewers are listed in Appendix
F, “California Council on Science and Technology Study Process”). Seventeen reviewers
were chosen for their relevant technical expertise. More than 1,500 anonymous review
comments were provided to the authors. The authors revised the report in response
to peer review comments. In cases where the authors disagreed with the reviewer,
the response to review included their reasons for disagreement. Report monitors then
reviewed the response to review and when satisfied, approved the report.
1.3. The Four Case Studies
The case studies in this volume examine the impacts and issues that arise in four locations
in California that are affected by well stimulation. Focus on a specific geography allows a
more detailed examination of practices, impacts and potential risks specific to that region.
Offshore Case Study: Offshore production became controversial with the Santa Barbara
oil spill in the 1970s, and subsequent policies severely limited development of the vast
reserves that lie off the California coast. Concerns about hydraulic fracturing have
exacerbated concerns about ocean contamination. The Offshore Case Study assembles
available data describing stimulation practices offshore, the possible impacts on the ocean
environment, and describes data gaps. The case study focuses on production in state
and federal waters (those that are more than 5.6 km, or three nautical miles offshore).
(Volume III, Chapter 2, Offshore Case Study).
Monterey Formation Case Study: The Energy Information Agency produced an
estimate of shale-oil production potential in the source rocks of the Monterey Formation
that caused concern about an imminent oil boom in California. A subsequent estimate
downgraded the first by 96%; however, neither of these estimates have a strong basis in
data (see Volume I). The Monterey Formation Case Study attempts to map the geographic
locations where there is some possibility of deep, underlying source-rock shale oil that
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could possibly be produced with stimulation technology and how these locations compare
to current land use. In these locations, we also map the specific environmental and
ecological issues that might cause concern if oil and gas development did occur and we
provide some guidance about what it would take to get a more reliable estimate of the
production potential for these rocks (Volume III, Chapter 3, Monterey Formation Case
Study)
Los Angeles Basin Case Study: Los Angeles, a megacity with challenging air pollution
problems, has giant, world-class oil fields within the city boundary. The development of
these fields, contemporaneous with the growth of the city, has caused conflict for nearly
a hundred years. Though oil production has been declining for years, there have been
reports recently suggesting the possibility of additional large-scale oil production enabled
by hydraulic fracturing. The Los Angeles Basin Case Study has two parts: The first part
investigates the resource potential in the region in particular with regards to possible
future production from deep source rocks. The second part examines air pollution in the
valley caused by oil and gas development and the contribution to that air pollution made
by stimulated wells. Although the oil and gas sector contributes a minor percentage of
the total air pollution burden in the valley, the concentration of these air contaminants
can be much larger near the wells that are a source of emissions. Exposure to toxic
pollutants from production wells depends on how close people are to the wells. We look
at the current proximity of population including vulnerable portions of the population to
oil and gas development in general and to stimulated wells in particular. The future of
oil production in the urban environment, including that enabled by well stimulation, has
potential implications for human health. (Volume III, Chapter 4, Los Angeles Basin Case
Study).
San Joaquin Basin Case Study: The San Joaquin Basin produces most of the oil and gas
in California and is home to 96% of the stimulation treatments. The valley is also a major
center of industrial agriculture and suffers from chronic air pollution and water shortage.
The San Joaquin Basin Case Study examines the likely future of well stimulation and the
potential risks posed by this practice to water, air and human health (Volume III, Chapter
5, San Joaquin Basin Case Study).
One other case study was initially considered but not developed. Most of our focus has
been on oil production and gas production associated with oil production. However,
northern California does have “un-associated” or “dry” gas production. We found very
little evidence to support a new major dry gas play that would require well stimulation or
any evidence supporting extensive use of well stimulation in current dry gas production,
so there seemed little point in pursuing a northern California gas case study.
These case studies integrate what we learned about stimulation practices in Volume I with
generalized potential impacts evaluated in Volume II and focus on more detailed locally
specific issues. Each case study is different and depends entirely on apparent issues for
each location. Each might well be revisited in the future as more data is collected and as
the practice in industry changes.
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1.4. Data and Literature Used in the Report
This assessment reviews and analyzes both existing data and scientific literature, with
preference given to findings presented in the peer-reviewed scientific literature. The study
included both voluntary and mandatory reporting of stimulation data, as well as non-peer
reviewed reports and documents if they were topically relevant and determined to be
scientifically credible by the authors and reviewers of this volume. Finally, the California
Council on Science and Technology solicited and reviewed nominations of literature from
the public, employing specific criteria for material as described in Appendix E, “Review of
Information Sources.” The science team did not collect any new data, but did do original
analysis of available data.
1.4.1. Data on Well Stimulation Statistics and Stimulation Chemistry
A comprehensive understanding of well stimulation in the state requires complete
and accurate reporting, as directed by SB 4, and sufficient time for a representative
number and type of operations to be reported. The analyses summarized in this report
assess less than one year of well stimulation data reported under mandatory reporting
starting on January 1, 2014. Mandatory reporting under SB 4 includes data submittals
to FracFocus, a website created by petroleum industry groups to disclose information
about drilling and chemical use in hydraulic fracturing, as well as submission of this and
additional information to the California Division of Oil, Gas and Geothermal Resources
(DOGGR), which provides access through its website. Other sources of data collected
under mandatory reporting include data from the South Coast Air Quality Management
District (SCAQMD) since June 2013 and from the Central Valley Regional Water Quality
Control Board (CVRWQCB) for 2012 and 2013. The SCAQMD and CVRWQCB data are
limited to the Los Angeles Air Basin and the Central Valley Region, respectively. Voluntary
data on hydraulic fracturing operations have been available for longer time periods
going back several years, but remain incomplete and are not fully verifiable. Voluntary
sources include information submitted to FracFocus, between 2011 and 2013, and well
construction histories provided to and available from DOGGR going back many years.
We estimate more than half of hydraulic fracturing operations in California are recorded
in these histories. The content of each record varies from as little as just an indication a
hydraulic fracturing operation occurred to as much as the times, flow rates, stages, fluid
type, injection pressures, and proppant loading schedule for the operation. In all cases,
analyses summarized in this report only assess data available prior to 2015, and prior to
July 2014 for many of the data sets considered starting in Volume I.
The conclusions about hydraulic fracturing onshore derived in this report are supported
by information from voluntary and mandatory reported data, scientific literature,
government reports, and other sources such as patents and industrial literature which give
largely consistent results, indicating that we can have reasonable confidence in the quality
and consistency of the data collected before and since mandatory reporting began despite
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the limitations in the data. Consequently, the authors think the report conclusions about
hydraulic fracturing are generally accurate and representative of well stimulation activities
in the state. Additional data in the future might change some of the quantitative findings
in the report, but it is unlikely these will fundamentally alter the report findings about the
current and likely future use of well stimulation in California.
We consider the available information on the geology of conventional resources in
California and the potential for future use of well stimulation in reservoirs of the state to
be of high quality. In contrast, current estimates on the recoverable shale-oil resources in
the deep Monterey source rock are highly uncertain.
1.4.2. Information and Data on Well Stimulation Impacts
The SB 4 completion reports contain reliable data on stimulation statistics and provide
a basis for assessment of certain potential environmental and health impacts, such
as the quantity of fresh water for hydraulic fracturing or the fracturing depth in the
vicinity of groundwater resources. For many other impacts, however, only incomplete
information and data exist, and questions remain that require additional research and
data collection. For example, few scientific studies of health and environmental impacts
of well stimulation have been done to date, and the ones that have been done address
other parts of the country, where practices differ significantly from present-day practices
in California. Generally, environmental baseline data has not been collected in the vicinity
of stimulation sites before stimulation. The lack of baseline data makes it difficult to
know if the process of stimulation has changed groundwater chemistry or habitat, or how
likely any potential impacts might be. No records of contamination of protected water by
hydraulic fracturing fluids in California exist, but few if any targeted studies have been
conducted to look for such contamination. Data describing the quality of groundwater
near hydraulic fracturing sites are not universally available. The requirement for
groundwater monitoring in SB 4 addresses this issue by requiring groundwater monitoring
when protected water is present. Applications for hydraulic fracturing operations
that have no nearby protected groundwater have been exempted from groundwater
monitoring. Thus, the requirements and exemptions provide some information about the
quality of water near proposed hydraulic fracturing sites.
A complete analysis of the risks posed by well stimulation (primarily hydraulic fracturing)
to water contamination, air pollution, earthquakes, wildlife, plants, and human health
requires much more data than that available. However, the study authors were able to
draw on their technical knowledge, data from other places, and consideration of the
specific conditions in California to identify conditions in California that deserve more
attention and make recommendations for additional data collection, increased regulation,
or other mitigating measures. These conditions, or “risk factors” have become the subjects
of the conclusions and recommendations under the heading of “Impacts.” Appendix D of
the Summary Report also provides a summary of risk issues in a tabular form.
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1.4.3. Data for Case Studies
The data sources used to construct the case studies is largely the same as the sources
above with the same limitations on the length and accuracy of records and data gaps.
We describe the limitations of the data throughout the volume in order to transparently
qualify the accuracy of the conclusions.
1.5. Conclusions and Recommendations of Volume III
The following conclusions and recommendations are numbered to correspond to the full
set of conclusions and recommendations as given in the Summary Report, but only those
conclusions and recommendations that derive from this volume are given below. This
is the reason that the conclusions and recommendations are not numbered sequentially
starting with number 1. However, for the sake of consistency, some conclusions include
information from other volumes as noted.
Offshore Case Study:
Conclusion 1.5. Record keeping for hydraulic fracturing and acid stimulation in
federal waters does not meet state standards.
Current record-keeping practice on stimulations in federal waters (from platforms more than
5.6 km, or three nautical miles offshore) does not meet the standards set by the pending
SB 4 well treatment regulations and does not allow an assessment of the level of activity
or composition of hydraulic fracturing chemicals being discharged in the ocean. The U.S.
Environmental Protection Agency’s (U.S. EPA) National Pollutant Discharge Elimination
System (NPDES) permits that regulate discharge from offshore platforms do not effectively
address hydraulic fracturing fluids. The limited publicly available records disclose only a few
stimulations per year.
The federal government does not maintain a website or other public portal with data
on the use of hydraulic fracturing from platforms in federal waters (federal waters are
more than 5.6 km or three nautical miles, from the coast) except for data that has been
requested through the Federal Freedom of Information Act (FOIA). The FOIA records
include about one hydraulic fracturing operation per year out of the 200 wells installed
from 1992 through 2013, all but one of these operations were in the Santa BarbaraVentura Basin (Volume I, Chapter 3). Through NPDES, EPA permits offshore facilities in
federal waters to discharge recovered hydraulic fracturing fluids mixed with produced
water to the ocean, subject to constraints on contaminant concentrations. However, the
constraints do not include limits on hydraulic fracturing chemicals. EPA requires sampling
of produced water discharge and testing these samples through a “whole effluent toxicity”
or “WET” test that provides an integrated assessment of the toxicity of the effluent.
However, these tests do not occur in coordination with any hydraulic fracturing operation,
so they are likely to miss any impacts that hydraulic fracturing chemicals might cause.
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Recommendation 1.2. Improve reporting of hydraulic fracturing and acid
stimulation data in federal waters.
The State of California should request that the federal government improve data
collection and record keeping concerning well stimulation conducted in federal
waters to at least match the requirements of SB 4. The U.S. EPA should conduct an
assessment of ocean discharge and, based on these results, consider if alternatives to
ocean disposal for well stimulation fluid returns are necessary (Volume III, Chapter 2
[Offshore Case Study]).
Monterey Formation Case Study:
Conclusion 2.2. Oil resource assessment and future use of hydraulic fracturing and
acid stimulation in the Monterey Formation1 of California remain uncertain.
In 2011, the U.S. Energy Information Administration (EIA) estimated that 2.4 billion
m3 (15 billion barrels) of recoverable shale-oil resources existed in Monterey source rock.
This caused concern about the potential environmental impacts of widespread shale-oil
development in California using hydraulic fracturing. In 2014 the EIA downgraded the 2011
estimate by 96%. This study reviewed both EIA estimates and concluded that neither one
can be considered reliable. Any potential for production in the Monterey Formation would
be confined to those parts of the formation in the “oil window,” that is, where Monterey
Formation rocks have experienced the temperatures and pressures required to form oil. The
surface footprint of this subset of the Monterey Formation expands existing regions of oil and
gas production rather than opening up entirely new oil and gas producing regions. Significant
unconventional gas resources (such as those of the Appalachian Basin Marcellus Shale or the
Fort Worth Basin Barnett Formation which have been produced with large-scale hydraulic
fracturing operations) probably do not exist in California.
In 2011, the EIA reported that more than 2.4 billion m3 (15 billion barrels) of oil could be
recovered from the “Monterey/Santos2 (source rock) Play” across the state, presumably
by means of hydraulic fracturing or acid stimulation. At the time, this estimate exceeded
the estimated recoverable oil volume from source rock for the entire rest of the country.
The EIA’s projection, combined with widespread production using hydraulic fracturing
of petroleum source rocks in North Dakota, Texas, and elsewhere, led to speculation
and concern that similar development might be in the offing for California. Many
Californians became concerned that California could experience a “boom-town” surge

1. The Summary Report, Appendix G provides an explanation of the terms Monterey Formation and Monterey Source Rock.
2. The 2011 and 2014 EIA assessments both use the term “Monterey/Santos” in describing the shale oil play in
California. The “Santos” appears to be an erroneous reference to the Saltos shale of the Cuyama basin. Geochemical
studies have not identified the Saltos shale as a significant source of hydrocarbons, so it is likely that the Monterey is the
dominant source rock considered in the EIA evaluation.
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in oil production, i.e., activity in regions of the state that have not yet experienced oil
production, unacceptable water use in a water-short state, water contamination, and
health impacts. While no significant source-rock production has yet occurred in the state,
future technical innovations might facilitate such development. A second EIA report,
released in 2014, reduced the estimate of recoverable oil in Monterey source rocks to
0.1 billion m3 (0.6 billion barrels). Figure 1.5-1 shows both these estimates. However,
EIA provided little documentation to support either estimate. Consequently, neither of
these estimates can be scientifically evaluated, and they do little to constrain the range of
possible source rock oil resources in the Monterey Formation.

US EIA/INTEK (2011)

US EIA (2014)
0.6

3.4
9.6
3.6

Monterey/Santos
Bakken

20.7

15.4

Eagle Ford/Austin
Chalk/Boda

Total: 30.6 BBO

Total: 22.4 BBO

Figure 1.5-1. The Energy Information Administration 2011 and 2014 estimates of the potential
of recoverable oil in source rock in the United States. The 2011 estimate for the Monterey/

Santos is more than 2.4 billion m3 (15 billion barrels), whereas the 2014 estimate decreases the

Monterey estimate to about 4 % of the earlier estimate while increasing the total U.S. estimate
by 30% (figure modified from Volume III, Chapter 1).

The footprint of the oil and gas window of the Monterey Formation primarily expands
the regions that currently produce oil and gas. No part of this footprint is more than ~20
km (12 miles) from existing production. Any potential future development of Monterey
Formation source rocks would likely involve hydraulic fracturing or acid stimulation and
would occur in the vicinity of current oil and gas producing regions with their existing
infrastructure and economy (Figure 1.5-2) (Volume III, Chapter 3 [Monterey Formation
Case Study]).
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Figure 1.5-2. The approximate geographic footprint of those parts of the Monterey Formation in
the oil and gas window (i.e. those parts that might be actively generating oil and gas) mapped
along with current land use. Black hatching indicates the locations of existing oil fields. Thin

black lines mark the footprint of the Monterey source rock oil window and dashed black lines
mark a ~5 km ( three-mile) buffer to include uncertainty in the actual extent. Note that the

boundaries of the Monterey source rock window are in the vicinity of existing oil and gas fields,
but cover a larger area (Figure modified from Volume III, Chapter 3 [Monterey Formation Case
Study]).

The geological conditions in California do not likely include basin-wide gas accumulations.
The Sacramento Basin, which contains the majority of dry gas reservoirs, does not exhibit
the geological features of the Marcellus or Barnett Formations, or the Uinta-Piceance
Basin, that would result in significant gas accumulations—at least at the depths that have
been explored so far (Volume I, Chapter 4).
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Recommendation 2.1. Assess the oil resource potential of the Monterey
Formation.
The state should request a comprehensive, science-based and peer-reviewed
assessment of source-rock (“shale”) oil resources in California and the technologies
that might be used to produce them. The state could request such an assessment from
the U.S. Geological Survey (USGS), for example.
Recommendation 2.2. Keep track of exploration in the Monterey Formation.
As expansive production in the Monterey Formation remains possible, DOGGR should
track well permits for future drilling in the “oil window” of the Monterey source rocks
(and other extensive source rocks, such as the Kreyenhagen) and be able to report
increased activity (Volume I, Chapter 4; Volume III, Chapter 3 [Monterey Formation
Case Study]).
Los Angeles Basin Case Study:
Conclusion 6.3. Emissions concentrated near all oil and gas production could present
health hazards to nearby communities in California.
Many of the constituents used in and emitted by oil and gas development can damage health,
and place disproportionate risks on sensitive populations, including children, pregnant
women, the elderly, and those with pre-existing respiratory and cardiovascular conditions.
Health risks near oil and gas wells may be independent of whether wells in production have
undergone hydraulic fracturing or not. Consequently, a full understanding of health risks
caused by proximity to production wells will require studying all types of productions wells,
not just those that have undergone hydraulic fracturing. Oil and gas development poses more
elevated health risks when conducted in areas of high population density, such as the Los
Angeles Basin, because it results in larger population exposures to toxic air contaminants.
California has large developed oil reserves located in densely populated areas. For
example, the Los Angeles Basin reservoirs, which have the highest concentrations of oil in
the world, exist within the global megacity of Los Angeles. Approximately half a million
people live, and large numbers of schools, elderly facilities, and daycare facilities exist,
within one mile of a stimulated well, and many more live near oil and gas development
of all types (Figure 1.5-3). The closer citizens are to these industrial facilities, the higher
their potential exposure to toxic air emissions and higher risk of associated health effects.
Production enabled by well stimulation accounts for a fraction of these emissions.
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Figure 1.5-3. Population density within 2,000 m (6,562 ft) of currently active oil production

wells and currently active wells that have been stimulated (figure from Volume III, Chapter 4
[Los Angeles Basin Case Study]).

Studies from outside of California indicate that, from a public health perspective, the most
significant exposures to toxic air contaminants such as benzene, aliphatic hydrocarbons
and hydrogen sulfide occur within 800 m (one-half mile) from active oil and gas
development. These risks depend on local conditions and the type of petroleum being
produced. California impacts may be significantly different, but have not been measured.
Recommendation 6.3. Assess public health near oil and gas production.
Conduct studies in California to assess public health as a function of proximity to
all oil and gas development, not just stimulated wells, and develop policies such as
science-based surface setbacks, to limit exposures (Volume II, Chapter 6; Volume III,
Chapters 4 and 5 [Los Angeles Basin and San Joaquin Basin Case Studies]).
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San Joaquin Basin Case Study:
Conclusion 2.1. Future use of hydraulic fracturing in California will likely resemble
current use.
Future use of hydraulic fracturing will most likely expand production in and near existing oil
fields in the San Joaquin Basin that currently require hydraulic fracturing.
The vast majority of hydraulic fracturing in the state takes place in the San Joaquin Basin
in reservoirs that require this technology for economic production. A significant amount of
oil remains in these reservoirs. Future additional development in these reservoirs would
likely continue to use hydraulic fracturing (Volume I, Chapter 4; Volume III, Chapter
5 [San Joaquin Basin Case Study]). Figure 1.5-4 shows an example of how hydraulicfracture-enabled production has expanded in the Cahn pool of the Lost Hills field in the
San Joaquin Basin over time.

a) 1977

b) 1986

c) 1995

d) 2004

Well type
Cyclic steam
Water injector
Oil and gas
producer

±

0

0

3

2
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12
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Figure 1.5-4. Growth in the number of wells operating over time in the Cahn pool in the Lost

Hills field, one of the two pools in the field where hydraulic fracturing enables production. Data
indicate that operators use hydraulic fracturing in almost all to all production wells in this

field. Future growth in production would likely follow a similar pattern. The digital data on this
field extends back to 1977. The primary well pattern reached nearly its full extent in 1986. By
1995, operators started infill drilling and by 2004, they were deploying water flooding (from
Volume III, Chapter 5 [San Joaquin Basin Case Study]).
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Conclusion 4.1. Produced water disposed of in percolation pits could contain
hydraulic fracturing chemicals.
Based on publicly available data, operators disposed of some produced water from stimulated
wells in Kern County in percolation pits. The effluent has not been tested to determine if
there is a measureable concentration of hydraulic fracturing chemical constituents. If these
chemicals were present, the potential impacts to groundwater, human health, wildlife,
and vegetation would be extremely difficult to predict, because there are so many possible
chemicals, and the environmental profiles of many of them are unmeasured.
A commonly reported disposal method for produced water from stimulated wells in
California is by evaporation and percolation in percolation surface impoundments,
also referred to as percolation pits, as shown in Figure 1.5-5. Information from 2011
to 2014 indicates that operators dispose of some 40-60% of the produced water from
hydraulically fractured wells in percolation pits during the first full month of production
after stimulation. The range in estimated proportion stems from uncertainties about which
wells were stimulated prior to mandatory reporting. Produced water from these wells may
contain hazardous chemicals from hydraulic fracturing treatments, as well as reaction
byproducts of those chemicals. We do not know how long hydraulic fracturing chemicals
persist in produced water or at what concentrations or how these change in time, which
means that hazardous levels of contaminants in produced water disposed into pits cannot
be ruled out.

Figure 1.5-5. Percolation pits in Kern County used for produced water disposal (figure modified
from Volume II, Chapter 1). Image courtesy of Google Earth.
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The primary intent of percolation pits is to percolate water into the ground. This
practice provides a potential direct pathway to transport produced water constituents,
including returned hydraulic fracturing fluids, into groundwater aquifers. Groundwater
contaminated in this way could subsequently intercept rivers, streams, and surface water
resources. Contaminated water used by plants (including food crops), humans, fish,
and wildlife could introduce contaminants into the food chain. Some states, including
Kentucky, Texas and Ohio, have phased out the use of percolation pits for produced water
disposal, because their use has demonstrably contaminated groundwater.
Operators have reported disposal of produced water in percolation pits in several
California counties (e.g., Fresno, Monterey, and Tulare counties). However, records from
2011 to mid-2014 show that percolation pits received produced water from hydraulically
fractured wells only in Kern County. Specifically, wells in the Elk Hills, South Belridge,
North Belridge, Lost Hills, and Buena Vista fields were hydraulically fractured, and these
fields disposed of produced water to percolation pits in the region under the jurisdiction of
the CVRWQCB. An estimated 36% of percolation pits in the Central Valley operate without
necessary permits from the CVRWQCB.
The data reported to DOGGR may contain errors on disposition of produced water.
For example, DOGGR’s production database shows that, during the past few years, one
operator discharged produced water to percolation pits at Lost Hills, yet CVRWQCB
ordered the closure of percolation pits at Lost Hills in 2009.3
Data collected pursuant to the recent Senate Bill 1281 (SB 1281) will shed light on the
disposition of produced water and locations of percolation pits statewide. With the data
available as of the writing of this report, we cannot rule out that some produced water
from hydraulically fractured wells at other fields went to percolation pits and that this
water might have contained chemicals used in hydraulic fracturing. Figure 1.5-6 shows
that many of these pits overlie protected groundwater. The pending well stimulation
regulations, effective July 1, 2015, disallow fluid produced from a stimulated well from
being placed in percolation pits.4

3. Order R5-2013-0056, Waste Discharge Requirements for Chevron USA, Inc., Central Valley Regional Water Quality
Control Board.
4. Title 14 California Code of Regulations, Section 1786(a)(4)
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Figure 1.5-6. Location of percolation pits in the Central Valley and Central Coast used for

produced water disposal and the location of groundwater of varying quality showing that many
percolation pits are located in regions that have potentially protected groundwater shown in
color (figure from Volume II, Chapter 2).

Recommendation 4.1. Ensure safe disposal of produced water in percolation
pits with appropriate testing and treatment or phase out this practice.
Agencies with jurisdiction should promptly ensure through appropriate testing that
the water discharged into percolation pits does not contain hazardous amounts
of chemicals related to hydraulic fracturing as well as other phases of oil and gas
development. If the presence of hazardous concentrations of chemicals cannot
be ruled out, they should phase out the practice of discharging produced water
into percolation pits. Agencies should investigate any legacy effects of discharging
produced waters into percolation pits including the potential effects of stimulation
fluids (Volume II, Chapter 2; Volume III, Chapters 4 and 5 [Los Angeles Basin and
San Joaquin Basin Case Studies]).
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Conclusion 4.3. Required testing and treatment of produced water destined for reuse
may not detect or remove chemicals associated with hydraulic fracturing and acid
stimulation.
Produced water from oil and gas production has potential for beneficial reuse, such as for
irrigation or for groundwater recharge. In fields that have applied hydraulic fracturing
or acid stimulations, produced water may contain hazardous chemicals and chemical
byproducts from well stimulation fluids. Practice in California does not always rule out
the beneficial reuse of produced water from wells that have been hydraulically fractured
or stimulated with acid. The required testing may not detect these chemicals, and the
treatment required prior to reuse necessarily may not remove hydraulic fracturing
chemicals.
Growing pressure on water resources in the state means more interest in using produced
water for a range of beneficial purposes, such as groundwater recharge, wildlife habitat,
surface waterways, irrigation, etc. Produced water could become a significant resource for
California.
However, produced water from wells that have been hydraulically fractured may contain
hazardous chemicals and chemical by-products. Our study found only one oil field where
both hydraulic fracturing occured and farmers use the produced water for irrigation. In
the Kern River field in the San Joaquin Basin, hydraulic fracturing operations occasionally
occured, and a fraction of the produced water goes to irrigation (for example, Figure 1.57). But we did not find policies or procedures that would necessarily exclude produced
water from hydraulically fractured wells from use in irrigation.

Figure 1.5-7. Produced water used for irrigation in Cawelo water district. Photo credit: Lauren
Sommer/KQED (figure from Volume II, Chapter 1).
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The regional water quality control boards require testing and treatment of produced
water prior to use for irrigation, but the testing does not include hydraulic fracturing
chemicals, and required treatment would not necessarily remove hazardous stimulation
fluid constituents if they were present. Regional water-quality control boards have also
established monitoring requirements for each instance where produced water is applied to
irrigated lands; however, these requirements do not include monitoring for constituents
specific to, or indicative of, hydraulic fracturing.
Safe reuse of produced water that may contain stimulation chemicals requires appropriate
testing and treatment protocols. These protocols should match the level of testing and
treatment to the water-quality objectives of the beneficial reuse. However, designing the
appropriate testing and treatment protocols to ensure safe reuse of waters contaminated
with stimulation chemicals presents significant challenges, because so many different
chemicals could be present, and the safe concentration limits for many of them have
not been established. Hydraulic fracturing chemicals may be present in extremely small
concentrations that present negligible risk, but this has not been confirmed.
Limiting hazardous chemical use as described in Recommendation 3.2 would also help
to limit issues with reuse. Disallowing the reuse of produced water from hydraulically
fractured wells would also solve this problem, especially in the first years of production.
This water could be tested over time to determine if hazardous levels of hydraulic
fracturing chemicals remain before transitioning this waste stream to beneficial use.
Recommendation 4.3. Protect irrigation water from contamination by
hydraulic fracturing chemicals and stimulation reaction products.
Agencies of jurisdiction should clarify that produced water from hydraulically
fractured wells cannot be reused for purposes such as irrigation that could negatively
impact the environment, human health, wildlife and vegetation. This ban should
continue until or unless testing the produced water specifically for hydraulic
fracturing chemicals and breakdown products shows non-hazardous concentrations,
or required water treatment reduces concentrations to non-hazardous levels (Volume
II, Chapter 2; Volume III, Chapter 5 [San Joaquin Basin Case Study]).
Conclusion 4.4. Injection wells currently under review for inappropriate disposal
into protected aquifers may have received water containing chemicals from
hydraulic fracturing.
DOGGR is currently reviewing injection wells in the San Joaquin Valley for inappropriate
disposal of oil and gas wastewaters into protected groundwater. The wastewaters injected into
some of these wells likely included stimulation chemicals because hydraulic fracturing occurs
nearby.
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In 2014, DOGGR began to evaluate injection wells in California used to dispose of oil
field wastewater. DOGGR found that some wells inappropriately allowed injection of
wastewater into protected groundwater and subsequently shut them down. DOGGR’s
ongoing investigation will review many more wells to determine if they are injecting into
aquifers that should be protected.
Figure 1.5-8 is a map of the Elks Hills field in the San Joaquin Basin showing one example
where hydraulically fractured wells exist near active water disposal wells. The DOGGR
review includes almost every disposal well in this field for possible inappropriate injection
into protected water. Some of the produced water likely came from nearby production
wells that were hydraulically fractured. Consequently, the injected wastewater possibly
contained stimulation chemicals at some unknown concentration.

Legend
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Oil and gas wells
that have probably been
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Figure 1.5-8. A map of the Elk Hills field in the San Joaquin Basin showing the location of wells

that have probably been hydraulically fractured (black dots). Blue dots are the location of active
water disposal wells, and blue dots with a red center are the location of disposal wells under

review for possibly injecting into groundwater that should be protected (figure from Volume II,
Chapter 1).
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Recommendation 4.4. In the ongoing investigation of inappropriate disposal
of wastewater into protected aquifers, recognize that hydraulic fracturing
chemicals may have been present in the wastewater.
In the ongoing process of reviewing, analyzing, and remediating the potential impacts
of wastewater injection into protected groundwater, agencies of jurisdiction should
include the possibility that hydraulic fracturing chemicals may have been present in
these wastewaters (Volume II, Chapter 2; Volume III, Chapter 5 [San Joaquin Basin
Case Study]).
Conclusion 5.1. Shallow fracturing raises concerns about potential groundwater
contamination.
In California, about three quarters of all hydraulic fracturing operations take place in shallow
wells less than 600 m (2,000 ft) deep. In a few places, protected aquifers exist above such
shallow fracturing operations, and this presents an inherent risk that hydraulic fractures
could accidentally connect to the drinking water aquifers and contaminate them or provide
a pathway for water to enter the oil reservoir. Groundwater monitoring alone may not
necessarily detect groundwater contamination from hydraulic fractures. Shallow hydraulic
fracturing conducted near protected groundwater resources warrants special requirements and
plans for design control, monitoring, reporting, and corrective action.
Hydraulic fractures produced in deep formations far beneath protected groundwater are
very unlikely to propagate far enough upwards to intersect an aquifer. Studies performed
for high-volume hydraulic fracturing elsewhere in the country have shown that hydraulic
fractures have propagated no further than 600 m (2,000 ft) vertically, so hydraulic
fracturing conducted many thousands of feet below an aquifer is not expected to reach a
protected aquifer far above. In California, however, and particularly in the San Joaquin
Basin, most hydraulic fracturing occurs in relatively shallow reservoirs, where protected
groundwater might be found within a few hundred meters (Figure 1.5-9). A few instances
of shallow fracturing have also been reported in the Los Angeles Basin (Figure 1.5-10), but
overall much less than the San Joaquin Basin. No cases of contamination have yet been
reported, but there has been little to no systematic monitoring of aquifers in the vicinity of
oil production sites.
Shallow hydraulic fracturing presents a higher risk of groundwater contamination, which
groundwater monitoring may not detect. This situation warrants additional scrutiny.
Operations with shallow fracturing near protected groundwater could be disallowed or be
subject to additional requirements regarding design, control, monitoring, reporting, and
corrective action, including: (1) pre-project monitoring to establish a base-line of chemical
concentrations, (2) detailed prediction of expected fracturing characteristics prior to
starting the operation, (3) definition of isolation between expected fractures and protected
groundwater, providing a sufficient safety margin with proper weighting of subsurface
uncertainties, (4) targeted monitoring of the fracturing operation to watch for and react to
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evidence (e.g., anomalous pressure transients, microseismic signals) indicative of fractures
growing beyond their designed extent, (5) monitoring groundwater to detect leaks, (6)
timely reporting of the measured or inferred fracture characteristics confirming whether or
not the fractures have actually intersected or come close to intersecting groundwater, (7)
preparing corrective action and mitigation plans in case anomalous behavior is observed
or contamination is detected, and (8) adaption of groundwater monitoring plans to
improve the monitoring system and specifically look for contamination in close proximity
to possible fracture extensions into groundwater.
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Figure 1.5-9. Shallow fracturing locations and groundwater quality in the San Joaquin and Los

Angeles Basins. Some high quality water exists in fields that have shallow fractured wells (figure
from Volume II, Chapter 2).
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Figure 1.5-10. Depths of groundwater total dissolved solids (TDS) in mg/L in five oil fields in the
Los Angeles Basin. The numbers indicate specific TDS data and the colors represent approximate

interpolation. The depth of 3,000 mg/L TDS is labeled on all five fields. Blue (<3,000 mg/L) and
aqua (between 3,000 mg/L and 10,000 mg/L) colors represent protected groundwater. Depth

of 10,000 mg/L TDS is uncertain, but it is estimated to fall in the range where aqua transitions
to brown. The heavy black horizontal line indicates the shallowest hydraulically fractured well

interval in each field. (Asterisks denote the fields of most concern for the proximity of hydraulic

fracturing to groundwater with less than 10,000 mg/L TDS.) (figure from Volume III, Chapter 4
[Los Angeles Basin Case Study]).

The potential for shallow hydraulic fractures to intercept protected groundwater
requires both knowing the location and quality of nearby groundwater and accurate
information about the extent of the hydraulic fractures. Maps of the vertical depth of

24

8,000

Depth (ft)

Inglewood*

Depth of groundwater with 10,000
mg/L TDS relatively unconstrainted

0

Chapter 1: Introduction

protected groundwater with less than 10,000 mg/L TDS for California oil producing
regions do not yet exist. Analysis and field verification could identify typical hydraulic
fracture geometries; this would help determine the probability of fractures extending
into groundwater aquifers. Finally, detection of potential contamination and planning of
mitigation measures requires integrated site-specific and regional groundwater monitoring
programs.
The pending SB 4 well stimulation regulations, effective July 1, 2015, require operators to
design fracturing operations so that the fractures avoid protected water, and to implement
appropriate characterization and groundwater monitoring near hydraulic fracturing
operations. However, groundwater monitoring alone does not ensure protection of
water, nor will it necessarily detect contamination should it occur. The path followed by
contamination underground can be hard to predict, and may bypass a monitoring well.
Groundwater monitoring can give false negative results in these cases,5 and does nothing
to stop contamination from occurring in any case.
Recommendation 5.1. Protect groundwater from shallow hydraulic fracturing
operations.
Agencies with jurisdiction should act promptly to locate and catalog the quality
of groundwater throughout the oil-producing regions. Operators proposing to use
hydraulic fracturing operation near protected groundwater resources should be
required to provide adequate assurance that the expected fractures will not extend
into these aquifers and cause contamination. If the operator cannot demonstrate the
safety of the operation with reasonable assurance, agencies with jurisdiction should
either deny the permit, or develop protocols for increased monitoring, operational
control, reporting, and preparedness (Volume I, Chapter 3; Volume II, Chapter 2;
Volume III, Chapter 5 [San Joaquin Basin Case Study]).
Conclusion 5.2. Leakage of hydraulic fracturing chemicals could occur through
existing wells.
California operators use hydraulic fracturing mainly in reservoirs that have been in
production for a long time. Consequently, these reservoirs have a high density of existing
wells that could form leakage paths away from the fracture zone to protected groundwater or
the ground surface. The pending SB 4 regulations going into effect July 1, 2015 do address

5. Chemical tracers (non-reactive chemicals that can be detected in small concentrations) can be added to hydraulic
fracturing fluids and, if groundwater samples contain these tracers, it is evidence that the stimulation fluid has migrated
out of the designed zone. However, the use of tracers does not guarantee that leaks to groundwater will be detected.
Groundwater flow can be highly channelized and it can be difficult to place a monitoring well in the right place to
intersect a possible plume of contaminant. The use of tracers is good practice, but does not “solve” the problem of
detecting contamination.
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concerns about existing wells in the vicinity of well stimulation operations; however, it
remains to demonstrate the effectiveness of these regulations in protecting groundwater.
In California, most hydraulic fracturing occurs in old reservoirs where oil and gas has been
produced for a long time. Usually this means many other wells (called “offset wells”) have
previously been drilled in the vicinity of the operation. Wells constructed to less stringent
regulations in the past or degraded since installation may not withstand the high pressures
used in hydraulic fracturing. Thus, in California, as well as in other parts of the country,
existing oil and gas wells can provide subsurface conduits for oil-field contamination to
reach protected groundwater. Old wells present a risk for any oil and gas development,
but the high pressures involved in hydraulic fracturing can increase this risk significantly.
California has no recorded incidents of groundwater contamination due to stimulation.
But neither have there been attempts to detect such contamination with targeted
monitoring, nor studies to determine the extent of compromised wellbore integrity.
Historically, California has required placement of well casings and cement seals to protect
groundwater with a salinity less than 3,000 mg/L total dissolved solids (TDS). Now, SB
4 requires more stringent monitoring and protection from degradation of non-exempt
groundwater with less than 10,000 mg/L TDS. Consequently, existing wells may not
have been built to protect groundwater between 3,000 mg/L and 10,000 mg/L TDS. For
instance, there may be no cement seal in place to isolate the zones containing water that
is between 3,000 and 10,000 mg/L TDS from deeper zones with water that is higher than
10,000 mg/L TDS.
The new well stimulation regulations going into effect in July 1, 2015 require operators
to locate and review any existing well within a zone that is twice as large as the expected
fractures. Operators need to design the planned hydraulic fracturing operation to confine
hydraulic fracturing fluids and hydrocarbons within the hydrocarbon formation. The
pressure buildup at offset wells caused by neighboring hydraulic fracturing operations
must remain below a threshold value defined by the regulations.
The new regulations for existing wells are appropriate in concept, but the effectiveness
of these requirements will depend on implementation practice. For example: How
will operators estimate the extent of the fractures, and how will regulators ensure the
reliability of these calculations? Is the safety factor provided by limiting concern to an area
equal to twice the extent of the designed fractures adequate? How will regulators assess
the integrity of existing wells when information about these wells is incomplete? How will
regulators determine the maximum allowed pressure experienced at existing wells? Will
the regulators validate the theoretical calculations to predict fracture extent and maximum
pressure with field observations?

26

Chapter 1: Introduction

Recommendation 5.2. Evaluate the effectiveness of hydraulic fracturing
regulations designed to protect groundwater from leakage along existing wells.
Within a few years of the new regulations going into effect, DOGGR should conduct
or commission an assessment of the regulatory requirements for existing wells near
stimulation operations and their effectiveness in protecting groundwater with less
than 10,000 TDS from well leakage. This assessment should include comparisons of
field observations from hydraulic fracturing sites with the theoretical calculations
for stimulation area or well pressure required in the regulations (Volume II, Chapter
2; Volume III, Chapters 4 and 5 [Los Angeles Basin and San Joaquin Basin Case
Study]).
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Chapter Two

A Case Study of California
Offshore Petroleum Production,
Well Stimulation, and Associated
Environmental Impacts
James Houseworth, William Stringfellow1
1

Lawrence Berkeley National Laboratory, Berkeley, CA

2.1. Abstract
This case study summarizes current practices concerning the use of well stimulation and
associated potential environmental impacts for California offshore petroleum-production
operations. It includes an assessment of the discharges and emissions of contaminants
and their potential environmental impacts. Well stimulation includes hydraulic fracturing
(with proppant or acid) and matrix acidizing as presented in Volume I, Chapter 2. The
case study describes current offshore oil and gas production facilities, including the
geologic and petrophysical characteristics of the oil and gas reservoirs under production,
and the available information on fluid handling and ultimate disposition of stimulation
flowback fluids as ocean discharge or injection into the producing or waste disposal zones.
This case study also provides an explanation of the current regulatory limits on ocean
discharge of stimulation flowback fluid and comingled produced water under the National
Pollutant Discharge Elimination System, as well as a review of existing information
on discharge volumes and characteristics. In addition, an assessment of offshore air
emissions, including criteria pollutants, toxic pollutants, and greenhouse gases, is
included.
Volume I presents the level of well stimulation activity for offshore California. Of the
109 wells per month on average undergoing hydraulic fracturing in California, about 1.5
per month were in state waters. Hydraulic fracturing in federal waters occurs even less
frequently, at about 1 per year (Volume I, Chapter 3). Offshore acid treatments appear
to be used more frequently than hydraulic fracturing in state and federal waters, but the
levels of activity are difficult to quantify from the available records. There are no records
of acid fracturing conducted offshore.
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Studies of produced water discharge into the marine environment have shown that there
may be adverse impacts, particularly for reproductive behavior and larval development of
some species. However, site-specific studies of fish populations around offshore facilities
indicate that rockfish species reached high densities around offshore oil and gas facilities.
While some level of adverse impacts are likely as a result of wastewater discharge in
general (including well stimulation fluids), the available data on fish species inhabiting
platforms indicates that any negative impacts of discharge are relatively minor given that
population growth rates in the vicinity are very high.
Criteria pollutants emitted by offshore oil and gas production facilities represent a
small fraction of total emissions in the associated air basins. Only a small fraction of
these offshore oil production emissions can be attributed to well stimulation. Toxic air
emissions from the facilities in federal waters should have minor-to-negligible public
health effects, but may be of more concern for worker safety. Facilities in state waters
may have somewhat greater health impacts because they are closer to human population.
Greenhouse gas (GHG) emissions for offshore operations on a unit oil and gas production
basis are about the same as for average California operations. The associated GHG impact
relative to benefits of usable energy produced from these operations is not exceptional.
GHG emissions linked to well stimulation and well-stimulation-enabled production are
expected to contribute only a small fraction of the total emissions.
Water associated with well-stimulation-enabled production in state waters is primarily
injected back into producing oil reservoirs and a small fraction into water disposal wells.
The volumes requiring disposal are small compared to the volume of water requiring
disposal for onshore oil and gas production in counties adjacent to these offshore
operations. Therefore, offshore produced-water disposal linked with well-stimulationenabled production adds little to the hazard of induced seismicity.
Significant data gaps include data concerning the occurrence of well stimulation
treatments, information on stimulation-fluid composition, treatment intervals and depths,
flowback quantities and compositions, and ultimate disposition of flowback. Data relevant
to these issues are insufficient and inadequate for quantitative impact assessments. In
some cases, such as flowback quantities and compositions, the information is completely
absent. In addition, no studies have been conducted on the toxicity and impacts of well
stimulation fluids discharged in federal waters to the marine environment.
In addition to the collection of more data on offshore well stimulation, a recommendation
is made to investigate alternatives to ocean disposal of stimulation flowback fluids for
facilities in federal waters.
2.2. Introduction
This case study summarizes current practices concerning the use of well stimulation
and associated potential environmental impacts for California offshore petroleum-
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production operations. Operators use hydraulic fracturing (including acid fracturing) and
matrix acidizing to improve the flow of oil or gas into a production well, by increasing
the effective permeability of the reservoir rock (making flow through the rock easier),
removing or bypassing near-wellbore permeability damage from the drilling and well
completion process, and reducing the tendency for reservoir rock fines migration that
reduces permeability. Hydraulic fracturing can be used to address all three of these
problems, whereas matrix acidizing is used primarily to resolve formation damage.
Chapter 2 of Volume I provides a more in-depth discussion of well stimulation.
The majority of offshore production takes place without hydraulic fracturing (Volume
I, Chapter 3). Ninety percent of the limited hydraulic fracturing activity in California
is waters conducted on man-made islands close to the Los Angeles coastline in the
Wilmington field; little hydraulic fracturing activity is documented on platforms.
Operations on close-to-shore, man-made islands resemble onshore oil production
activities. On these islands, operators conduct about 1–2 hydraulic fracturing treatments
in the 4–9 wells completed per month. The only available survey of stimulation in federal
waters records that 22 fracturing stimulations occurred or were planned from 1992
through 2013. About 10–40% of fracturing operations in wells in California waters and
half of operations in U.S. waters were frac-packs (Volume I, Chapter 3). No instances of
acid fracturing were recorded for state or federal offshore facilities.
Offshore production extracts petroleum fluids (oil and/or gas) from a petroleum reservoir
situated beneath the ocean. While offshore production mainly takes place through wells
that are drilled from offshore platforms or artificial islands, in a few cases, onshore wells
are directionally drilled to enable petroleum production from offshore reservoirs.
Offshore petroleum production operations in California occur under either state or federal
jurisdiction. State authority extends out to three geographic miles from the coastline;
operations conducted further than three geographic miles from the coastline fall under
federal authority. Currently, state waters host four offshore platforms and five artificial
islands used for petroleum production in state waters, along with offshore production
from onshore wells. Federal waters off the coast of California host 23 offshore platforms.
The currently operating facilities in state waters are located between 0.2 and 3.2 km (0.1–
2 mi) from shore in water depths ranging from 6.7 to 64 m (22 to 211 ft). The platforms
in federal waters are located between 6 and 16.9 km (3.7 and 10.5 mi) from shore in
water depths ranging from 29 to 365 m (95 to 1,198 ft). Figure 2.2-1 shows the facility
locations in and near the Santa Barbara channel and south of Los Angeles in or near San
Pedro Bay. Most of the current petroleum production platforms (19 of 23) in federal
waters are in or near the Santa Barbara Channel, and most of the petroleum production
platforms (3 of 4) and artificial islands (4 of 5) in state waters are south of Los Angeles, in
or near San Pedro Bay. Note that some reservoirs in state waters are produced from both
onshore and offshore wells.
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Figure 2.2-1. Map of current California offshore petroleum production facilities. All facility
names are shown; onshore wells are labeled using the associated petroleum field.
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Figure 2.2-2. Map of abandoned offshore production facilities. All facility names are shown;
onshore wells and seafloor completions are labeled using the associated petroleum field.

Eight platforms in state waters in the Santa Barbara Channel and one artificial island
in San Pedro Bay have been abandoned and removed (Figure 2.2-2). Four piers used
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for petroleum production and four seafloor completions1 in the Santa Barbara Channel
have been abandoned. Four onshore sites in the Santa Barbara Channel and two onshore
sites in Santa Monica Bay have also been abandoned. The locations of abandoned (and
generally older) facilities in Figure 2.2-2 show, by comparison with Figure 2.2-1, the trend
in offshore development over time, from locations along the shoreline and near-shore to
locations further from the shoreline.
Following this introduction, Section 2.3 discusses the historical development of offshore
oil production. Section 2.4 covers offshore reservoir petroleum geology and reservoir
characteristics for currently operating offshore reservoirs, along with historical oil and gas
production data. Section 2.5 provides a detailed description of the offshore production
facilities in terms of location, facility type, water depth, fluids handling, and past use of
well stimulation. Section 2.6 presents information on wastewater discharge to the ocean.
One important operational difference between the offshore facilities in state and federal
waters is that those in state waters are not permitted to discharge wastewater into the
ocean, but those in federal waters are allowed to discharge wastewater into the ocean
(subject to certain restrictions). The National Pollutant Discharge Elimination System
(NPDES) permits for ocean disposal from platforms in federal waters are described. Air
emissions from offshore oil and gas operations are also summarized. The impacts of ocean
wastewater discharge and air emissions are discussed in Section 2.7. The potential effect
of wastewater injection on induced seismicity is also addressed. Section 2.8 presents the
findings, conclusions, and recommendations based on this case study.
2.3. Historical Development of Offshore Oil and Gas Production in California
2.3.1. Initial Oil Development
The initial development of oil production offshore followed observations of oil and gas
seeps. Active seeps offshore have been observed from Point Conception to Huntington
Beach south of Los Angeles. Figure 2.3-1 shows offshore seeps cataloged by Wilkinson
(1972). The pattern of these natural oil seeps roughly correlate with the pattern of
offshore oil production in Figures 2.2-1 and 2.2-2.
The first offshore development in California occurred at Summerland near Santa Barbara
in 1898 (Figure 2.3-2), based on observations of oil and gas seeps in the area (Love et al.,
2003). By 1902, oil drilling and production was conducted from as many as 11 wooden
piers extending into the ocean up to 375 m (1,250 ft), as well as from the shoreline (Love
et al., 2003; Schempf, 2004). Operators drilled more than 400 sea wells between 1898

1. A seafloor (or subsea) completion is one in which the producing well does not include a vertical conduit from the
wellhead back to a fixed access structure. A subsea well typically has a production tree sitting on the ocean floor to
which a flow line is connected allowing production to another structure, a floating production vessel, or occasionally
back to a shore-based facility (NPC, 2011).
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and 1902 (Grosbard, 2002). A strong storm in 1903 severely damaged this early phase of
the Summerland oil field, and high tides and storms finally destroyed the last pier and oil
production in 1939 (Grosbard, 2002).
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Figure 2.3-1. Offshore oil seep locations (based on data from Wilkinson, 1972).

Figure 2.3-2. Summerland offshore oil development circa 1900. (NOAA, 2015).
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By 1944, operators constructed several piers as far as 700 m (2,300 ft) offshore into 35
ft of water at Elwood, also near Santa Barbara (Frame, 1960). However, subsequent
production from Elwood favored the use of directionally drilled wells from the tidelands.
The Rincon field near Ventura also used piers for offshore development (Frame, 1960).
From 1930 to 1960, operators drilled “directional” wells from onshore into near-shore
reservoirs at Huntington Beach, Redondo Beach, and West Newport Beach near Los
Angeles; and at Gaviota and West Montalvo in the Santa Barbara Channel (Frame, 1960).
These reports include one of the earliest successes in directional drilling in 1932 for wells
drilled onshore from Huntington Beach to access oil resources under the ocean (Weaver,
1937) (Figure 2.3-3). Also during this period, the first offshore platform was installed
offshore California at Rincon in 1932. This platform, called the “Steel Island,” stood in
12 m (38 ft) of water about 0.8 km (0.5 mi) offshore (Figure 2.3-3). Steel Island was
destroyed by storms in 1940, and for the first time divers were used to remove well casing
and set abandonment plugs (Silcox et al., 1987).

a)

b)

Figure 2.3-3. (a) Huntington Beach (1932) - first directional drilling from onshore under the
ocean. (Wentworth, 1998); (b) Steel Island (1932) – first offshore platform. (Love, 2003).

2.3.2 Initial Post World War II Development
The development of modern offshore platforms started in the latter part of the 1950s. The
first post-World War II free-standing platform to be used offshore California was Platform
Hazel (Figure 2.3-4), installed in 1958 in 30 m (100 ft) of water about 2.4 km (1.5 mi)
offshore to produce from the Summerland offshore oil field (Frame, 1960; Santa Barbara,
2015a). Platform Hazel was abandoned and removed in 1996.
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Figure 2.3-4. Platform Hazel (1958). (Carlisle et al., 1964).

In addition to offshore platforms, operators began to build artificial islands for offshore
petroleum production. The first artificial island, Belmont Island, constructed near
Long Beach Harbor in 1954 to produce the Belmont field (Figure 2.3-5), stood about
2.4 km (1.5 mi) offshore in about 13 m (42 ft) of water (Ahuja et al., 2003) and was
decommissioned and removed in 2002. Rincon Island was constructed northwest of
Ventura to produce the Rincon field offshore. The island stands about 853 m (2,800 ft)
offshore in about 14 m (45 ft) of water and is the only artificial island connected to the
mainland by a causeway (Yerkes et al., 1969) (Figure 2.3-5).

a)

b)

Figure 2.3-5. Offshore Artificial Islands. (a) Belmont Island (1954) - first offshore island.

(McGuffee, 2002); (b) Rincon Island and causeway (1958). (Wikimedia Commons, 2015).
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Offshore development accelerated in the 1960s, emphasizing the use of offshore platforms
but also utilizing artificial islands. In the offshore Los Angeles area, Island Esther was
installed near Huntington Beach in 1964. Islands Grissom (Figure 2.3-6), White, Chaffee,
and Freeman, known collectively as “THUMS” (for the Texaco, Humble, Union, Mobil,
and Shell oil companies that initially developed these islands), were all installed in 1967
offshore of Long Beach.

a)

b)

Figure 2.3-6. (a) Grissom Island (1967) – one of the THUMS islands. (The Atlantic Photo,

2014); (b) Platform Hogan (1967) – first platform installed in federal waters. (Carpenter,

2011).

The THUMS islands continue to operate; however, Esther was later converted to a
platform after storms damaged the island in the winter of 1982–83. Platforms Emmy
(1963) and Eva (1964) installed off of Huntington Beach still operate. In the 1960s,
operators constructed platforms in the state waters of the Santa Barbara Channel,
including Hilda (1960), Helen (1960), Harry (1961), Herman (1963), Hope (1965), Heidi
(1966), and Holly (1966) (see Figures 2.2-1 and 2.2-2); all except Holly have since been
abandoned and removed. Platforms Hogan (1967) (Figure 2.3-6), Houchin (1968), A
(1968), B (1968), and Hillhouse (1969) in federal waters of the Santa Barbara Channel
area continue to operate (California State Lands Commission, 1999). In addition to
these facilities, offshore wells were also installed as “seafloor completions” in the Santa
Barbara Channel area. In some cases (shown on Figure 2.2-2), these completions were
not associated with a platform and connected directly to shore; in other cases, seafloor
completions were linked to a platform, e.g., platform Herman (Adams, 1972).
2.3.3. 1969 Santa Barbara Oil Spill
The rapid-pace offshore oil production facility development slowed markedly following
the Santa Barbara oil spill in 1969. The blowout and oil spill occurred at platform A,
operated by Union Oil, about 11 km (7 mi) southeast of Santa Barbara (Figure 2.2-1). The
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disaster was a result of operator errors during drilling operations (not well stimulation)
that led to a loss of well control and an insufficient casing length in the upper part of the
well (see Box 2.3-1). In total, more than 12,700 m3 (80,000 barrels or 3,360,000 gallons)
of oil leaked into the ocean. The spill spread over 2070 km2 (800 mi2) of ocean around
platform A, and 35 miles of mainland coastline were coated with an oil layer up to 0.15 m
(0.5 ft) thick (Engle, 2006). The spill surrounded Anacapa Island, and parts of Santa Cruz
and Santa Rosa Islands (Figure 2.3-7). The environmental cost of the spill included killing
over 3,600 sea birds and a large number of seals and dolphins.

Figure 2.3-7. A view of Santa Barbara Channel with the location of platform “A” during the

1969 well blowout including the extent of the oil spill. (University of California, Santa Barbara,
2011).
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Box 2.3-1 – What Caused the Platform A Blowout?
Platform A was installed in September 1968 in federal waters about 8.9 km (5.5 mi) from the coast
in 57.3 m (188 ft) of water. The blowout began on January 28, 1969, during drilling of the 5th
development well, 402-A-21 (The Resources Agency of California, 1971). The first stage of the blowout
started while pulling the drill pipe from the directionally drilled well at a measured depth of 976 m
(3,203 ft). The drill pipe was pulled faster than the drilling mud could replace the pipe volume, leading
to a pressure drop in the well. The pressure drop resulted in petroleum reservoir fluids rising up the
well. The rising pressure caused drilling mud to flow up through the drill pipe onto the platform,
followed by an oil condensate mist from the reservoir (McCulloh, 1969). The remaining drill pipe still
in the hole was dropped to the bottom of the hole, and the blowout preventer blind rams were closed to
halt the gas flow about 15 minutes after the blowout began (Adams, 1969). While this stopped the flow
up the well, pressure from the reservoir began to build up inside the well. The well only had 73 m (238
ft) of conductor casing and no surface casing, instead of the usual 91 m (300 ft) of conductor casing and
265 m (870 ft) of surface casing normally required (Santa Barbara, 2015b). The use of a shorter casing
had been requested by Union Oil and approved by the U.S. Geological Survey. The pressure released
from the reservoir blew out around the shoe of the conductor casing and fractured the surrounding
seafloor as far away as 244 m (800 ft) from the platform, creating an underground blowout (Hauser
and Guerard, 1993; The Resources Agency of California, 1971). Gas and oil leaked into the ocean from
five locations on the seafloor around the well. The blowout continued for eleven days until the well
was killed by pumping mud down the well. While this stopped most of the leakage, lower-rate leakage
continued for months (NOAA, 1992).
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2.3.4. Development in the 1970s and 1980s
During the 1970s, development of offshore California slowed. Only platforms Hondo
(1976), C (1977), Henry (1979), and Grace (1979) were installed during this decade,
all in federal waters. The development pace accelerated again during the 1980s with the
installation of platforms Gina (1980), Elly (1980), Ellen (1980), Gilda (1981), Habitat
(1981), Edith (1983), Eureka (1984), Hermosa (1985), Harvest (1985), Irene (1985),
Hidalgo (1986), Gail (1987), Harmony (1989), and Heritage (1989) (Figure 2.3-8), all in
federal waters (CSLC, 1999). In 1990, island Esther in San Pedro Bay (state waters) was
converted to platform Esther.

Figure 2.3-8. Platform Heritage (1989) – the most recent platform installed in federal waters.
(MMS, 2007).

The development of additional offshore production facilities stopped after 1990. This
drop-off in activity was directly related to the moratoriums on offshore oil and gas leasing
for both federal waters since 1982 and state waters since 1969 (Sutherland Asbill &
Brennan LLP, 2008; Chiang, 2009). The moratorium for state waters became part of
California law in 1994 (California Coastal Sanctuary Act, 1994). Although the moratorium
in federal waters was lifted in 2008, no new offshore leases were sold (Sutherland Asbill
and Brennan LLP, 2008; BOEM, 2015a). In November 2011, the Obama Administration
imposed a five-year moratorium starting in 2012 that closed all offshore California to new
oil and gas drilling (U.S. House of Representatives, 2011).
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2.4. Petroleum Geology and Characteristics of California Offshore Oil and Gas
Reservoirs
This section draws upon the petroleum geology of offshore California presented in Chapter
4 of Volume I and provides additional information about reservoir rock characteristics and
petroleum production.
Petroleum source rocks and reservoir rocks all occur in sedimentary basins. Sedimentary
basins are created where tectonic and other geologic processes (such as geothermal
contraction and erosion) create depressions at the surface. Sediments created by erosion
of rock, such as through fluvial (water driven) and aeolian (wind driven) processes,
lead to the movement of sediments driven by gravitational forces into these depressions.
Over millions of years, these depressions fill up with sediments to become sedimentary
basins. Figure 2.4-1 shows the offshore sedimentary basins for California, Oregon, and
Washington states.
Most of the oil and gas fields in California are located in structural basins (DOGGR,
1982; 1992; 1998) formed over the past 23 million years. These basins are filled with
mainly marine sedimentary rocks, originally including both biogenic (produced by marine
organisms) and clastic (derived by erosion of existing rocks) sediments. In each basin,
geologists have identified distinct packages of sedimentary rocks as formations, which
share similar time-depositional sequences and have distinctive characteristics that can be
mapped.
Oil and gas accumulations (also known as reservoirs or pools) are found within oil and
gas fields. The reservoirs are organized into groups called plays that have common factors
associated with hydrocarbon generation, accumulation, and entrapment (BOEM, 2014a).
In the BOEM (2014a) assessment of offshore oil and gas resources for the Pacific Outer
Continental Shelf Region, plays were organized according to source rock, reservoir rock,
and trap characteristics of stratigraphic units.
Current offshore oil production comes from the Santa Barbara, Santa Maria, and offshore
Los Angeles Basins. Geologic and petrophysical characterization of these basins will
be presented first, including both currently operating petroleum reservoirs and other
reservoirs within these basins. This will be followed by a discussion of potential future
petroleum resources from undeveloped offshore basins.
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Figure 3-2. Map of the Pacific OCS Region showing assessment provinces, geologic basins
and areas, and assessed areas.
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Well stimulation is conducted offshore for the same reasons as onshore – to facilitate
production from low permeability reservoirs and to counter the effects of formation
damage near the well. The production of oil and gas from a reservoir depends on reservoir
permeability, but it is also a function of reservoir thickness, the viscosity of the produced
fluids, and other factors (Volume I, Chapter 2). Because of the complexity of the problem,
an exact permeability threshold for the use of well stimulation technologies does not exist
(Holditch, 2006). However, the likelihood that well stimulation is needed to economically
produce oil and gas increases as the reservoir permeability falls below about 10-15 square
meters (m2; about 1 millidarcy, md) (e.g., King, 2012). Hydraulic fracturing for low
permeability conditions is intended to open permeable fracture pathways to enable oil or
gas production. However, hydraulic fracturing technology has been expanded to deal with
other oil production issues that occur in moderate-to higher-permeability conventional
reservoirs. These other issues are formation damage around the well and sand production
into the well. The hydraulic fracturing technology used for these purposes is called “frac
and pack” or just “frac-pack” (Sanchez and Tibbles, 2007) and may also be referred to
as a “high-rate gravel pack” (Cardno ENTRIX, 2012). The American Petroleum Institute
(API) notes that frac-packs are a common well stimulation method used for offshore
oil and gas production sites that often have moderate to high permeability and sand
control problems (API, 2013). Therefore, hydraulic fracturing may be used under any
condition of reservoir permeability, but is not essential (i.e., not used in all cases) when
permeabilities exceed about 10 md (about 10-14 m2). California oil and gas reservoirs are
predominantly rich in silicate rocks, which means that the form of matrix acidizing used is
called “sandstone acidizing” (Volume I, Chapter 2). This type of acidizing is normally used
only when formation damage near the well is impeding flow into the well. This is because
penetration of a sandstone acidizing treatment into the formation is generally only about
0.3 m (1 ft). However, there is much less known about sandstone acidizing in siliceous
reservoirs with permeable natural fractures, such as in some parts of the Monterey
Formation (Kalfayan, 2008). In these circumstances, sandstone acidizing may be able to
penetrate and remove natural or drilling-induced blockage in fractures deeper into the
formation (Rowe et al., 2004; Patton et al., 2003; Kalfayan, 2008).
2.4.1. Santa Barbara Basin
The Santa Barbara/Ventura Basin is a structurally complex east-west trending synclinal
trough, bounded on the north and northeast by the Santa Ynez and San Gabriel faults,
and on the south by the Santa Monica Mountains and Channel Islands. The onshore and
offshore parts are a single continuous structure. The onshore part is referred to as the
Ventura Basin, while the offshore part is known as the Santa Barbara Basin. The basin has
been structurally deformed by the active tectonic processes associated with the Pacific/
North American plate margin. The stratigraphic column in Figure 2.4-2 shows that the
sequence of formations has resulted in oil reservoirs that consist mainly of sandstones and
the Monterey, which is a fractured siliceous shale.
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The Santa Barbara/Ventura Basin exhibits as much as 7,000 m (23,000 ft) of structural
relief on the base of the Miocene section (Tennyson and Isaacs, 2001) and a succession
of Upper Cretaceous to Quaternary sedimentary rocks as much as 11,000 m (36,000
ft) thick. In the primary depocenter, the Plio-Pleistocene strata are more than 6,100 m
(20,000 ft) thick (Dibblee, 1988; Nagle and Parker, 1971).
There are twelve petroleum fields under production in the Santa Barbara Basin shown in
Figure 2.4-3, which also shows the three currently producing oil fields in the Santa Maria
Basin. There are four plays identified in this basin in federal waters (BOEM, 2014a). The
Pico-Repetto (PR) play consists of Pliocene and early Pleistocene turbidite sandstones.
The Fractured Monterey (FM) play consists of middle to late Miocene siliceous fractured
shale reservoirs of the Monterey Formation. The Rincon-Monterey-Topanga-Sespe-AlegriaVaqueros (RMT-SAV) sandstone play consists of late Eocene to middle Miocene reservoirs.
The Gaviota-Sacate-Matilija (GSM) play consists of Eocene to early Oligocene sandstones
of various origins deposited as turbidites, fans, channels, and near-shore bars. The plays
in state waters that are currently producing are the Neogene and Paleogene plays (Keller,
1995).
Production statistics for the Santa Barbara Basin are given in Table 2.4-1. Annual
production in 2013 for all of offshore California shows about 64% of the oil and 75% of
the gas is produced in the Santa Barbara Basin. About 90% of oil and gas production from
the Santa Barbara Basin comes from six fields—Hondo, Pescado, Sacate, South Elwood,
Carpinteria, and Dos Cuadras—that lie along the Rincon trend and its continuation along
the five-mile trend and splay (Figure 2.4-3). The Hondo, Pescado, Sacate, and South
Elwood fields produce mainly from fractured, siliceous, Miocene reservoir rock in the
Fractured Monterey play. The Carpinteria and Dos Cuadras fields produce mainly from
Pliocene turbidite sandstones in the Pico and “Repetto” (lower Pico) play. The Rincon field
itself also lies along this trend but has only minor amounts of oil and gas production. The
production levels for the Santa Barbara Basin in 2013 are about 8.6% of the state onshore
oil production and about 15% of the gas production.
Other undeveloped reservoirs are shown in Figure 2.4-3. These are expected to be similar
to the existing reservoirs, in that most of the remaining oil is likely to be in the identified
plays, with current oil production in the Santa Barbara Basin today.
The source rocks for reservoirs in the Pico, “Repetto,” and Monterey Formations are
likely to be in the Miocene Monterey Formation (Monterey Formation reservoir rocks lie
in the same formation as the source rock). Other older source rocks include Cretaceous
to Eocene organic shales. Sources for high gravity oil include Cretaceous, Eocene,
and Miocene shales. Sources for low gravity, high sulfur oil are most likely Miocene
formations.
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v
Figure 2.4-2. Stratigraphic column of the Santa Barbara-Ventura Basin showing formation

thickness ranges (ft) and source rock and reservoir rock hydrocarbon classifications (BOEM,
2014a).
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Figure 2.4-3. Operating oil fields and production facilities in the Santa Barbara and Santa

Maria Basins showing faults and geologic trends. Modified from BOEM (2014a). Fields Point

Pedernales, Point Arguello, and Rocky Point are in the Santa Maria Basin. All other fields are in
the Santa Barbara Basin. Black font labels with black arrows denote oil fields. Red font labels
with red arrows denote offshore production facilities. Note that offshore production from the

West Montalvo field is performed using wells spud onshore. Facilities and field names in state
waters are italicized.

Properties of the main reservoirs currently under production are given in Table 2.42. Notably, reservoir depths are mainly in excess of 1000 m below the ocean floor,
and reservoir permeabilities are in the millidarcy to darcy range (where 1 millidarcy
approximately equals 1015 m2 and 1 darcy approximately equals 10-12 m2).
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The API gravities show that the crude oils produced are mostly heavy to medium, with
a few that are at the low end of the light crude category.2 Only the lower end of the
permeability ranges are below 10 md (about 10-14 m2); therefore, hydraulic fracturing is
not likely to be essential for petroleum production.
Table 2.4-1. Production and resource estimates for currently producing fields in the Santa
Barbara Basin in 2013 (BOEM, 2013; DOGGR, 2010, 2011, 2012, 2013, 2014a).

Original Recoverable
Reserves

Field**

Oil,
(m3) x106
(bbl#) x106

Gas,
(m3) x106
(Mcf##) x106

Cumulative Production
Oil,
(m3) x106
(bbl) x106

Gas,
(m3) x106
(Mcf) x106

Annual Production
Oil,
(m3) x106
(bbl) x106

Gas,
(m3) x106
(Mcf) x106

Remaining Reserves
Oil,
(m3) x106
(bbl) x106

Gas,
(m3) x106
(Mcf) x106

Carpinteria

11.8
(74.1)

1770
(62.5)

11.4
(71.5)

1,690
(59.8)

0.0592
(0.373)

11.4
(0.402)

0.414
(2.61)

77.5
(2.74)

Dos Cuadras

44.5
(280)

4,980
(176)

42.5
(267)

4,470
(158)

0.157
(0.988)

46.6
(1.65)

2.04
(12.8)

508
(17.9)

Hondo

62.4
(393)

22,400
(793)

48.7
(306)

19,000
(670)

0.814
(5.12)

319
(11.3)

13.8
(86.8)

8,970
(317)

Hueneme

1.92
(12.1)

347
(12.3)

1.87
(11.8)

290
(10.3)

0.0171
(0.108)

14.1
(0.499)

0.0513
(0.323)

56.4
(1.99)

Pescado

29.0
(182)

4,750
(168)

22.7
(143)

6,220
(220)

0.369
(2.32)

97.8
(3.45)

6.29
(39.6)

2,350
(82.9)

0.0334
(0.211)

6,770
(239)

0.0333
(0.209)

6,590
(233)

2.19x10-5
(1.38x10-4)

4.70
(0.166)

1.60x10-4
(1.01x10-3)

186
(6.56)

Sacate

19.5
(123)

3,120
(110)

7.00
(44.0)

1,210
(42.7)

0.566
(3.56)

131
(4.64)

12.5
(78.6)

1,910
(67.6)

Santa Clara

7.67
(48.3)

2,040
(71.9)

7.28
(45.8)

1,970
(69.6)

0.0604
(0.380)

9.78
(0.345)

0.390
(2.45)

65.9
(2.33)

Sockeye

8.38
(52.7)

3,050
(108)

7.24
(45.5)

2,760
(97.5)

0.156
(0.984)

32.8(1.16)

1.14
(7.20)

291
(10.3)

South Elwood

NA

NA

12.1
(75.9)

1,780
(62.7)

0.276
(1.73)

27.0
(0.954)

NA

NA

Rincon

NA

NA

0.0101
(0.0636)

1.47
(0.0518)

0.00108
(0.00680)

0.0489
(0.00172)

NA

NA

1.66
(10.4)

194
(6.84)

1.53
(9.65)

167
(5.91)

0.0574
(0.361)

1.87
(0.0660)

0.128
(0.803)

26.2
(0.927)

Pitas Point

West Montalvo

*Volumes of gas that have been injected into the reservoir are added to remaining reserves (Hondo and Pescado)
NA – not available; # bbl = oil barrel (one bbl = 42 gallons); ## Mcf = one thousand cubic feet (one Mcf = 7481 gallons)** The South Elwood, Rincon, and West Montalvo fields are in state waters. All other fields are in federal waters.

2. The API gravity is a measure of the oil density at a standard temperature of 60° F (American Society for Testing and
Materials (ASTM) D287-12b, 2012). A crude oil with API gravity greater than 10° will float on pure water. Crude oil
density correlates with viscosity, and both density and viscosity increase with decreasing API gravity (Saniere, 2011;
Sattarin et al., 2007). Crude oil is classified as light if the API gravity is greater than 31.1° and as heavy if it is less than
22.3° but greater than 10°. Crude oils with API gravity between 22.3° and 31.1° are classified as medium. Crude oils with
API gravity less than 10° are called extra-heavy or bitumen (Saniere, 2011).

46

Chapter 2: Offshore Case Study

Table 2.4-2. Santa Barbara Basin Reservoir characteristics for some currently producing
reservoirs (MMS, 1993; 1994; DOGGR, 1992; Keller, 1995).

Field

Formation

Epoch

Play

Average
Depth (m) (ft)

Net Thickness
(m) (ft)

Permeability
(m2) x 1015

Porosity

API Gravity
(o)

Carpinteria

P

P

PR

1,010
(3,300)

305 – 351
(1,000-1,150)

1 - 2171

15 - 39

25.5

305 – 319
(1,000-1,050)

49 - 987

15 - 40

25

Dos Cuadras

P(R)

P

PR

488
(1,600)

Hondo

M

M

FM

2,590
(8,500)

10 – 223
(32.8-732)

0.1 - 1678

9 - 23

17

Hondo

V/S

M/O

RMT-SAV

3,050
(10,000)

137 – 223
(449-732)

10 - 1480

10 - 35

35.1

46 – 76
(151-249)

1 - 1480

12 - 40

14.5

Hueneme

H/S

M/O

RMT-SAV

1,560
(5,100)

Pescado

M

M

FM

2,050
(6,710)

366
(1,200)

0.1 - 1678

2 - 30

17

Pitas Point

P(R)

P

PR

3,380
(11,100)

91
(299)

1 - 20

15 - 18

Gas

53
(174)

1 - 197

12 - 40

23

Santa Clara

P

P

PR

2,150
(7,050)

Santa Clara

M

M

FM

2,290
(7,500)

366
(1200)

1 - 1283

3 - 30

28

Sockeye

M

M

FM

1,370
(4,500)

61 – 76
(200-249)

0.1- 987

2 - 30

16.5

259
(850)

1 - 7106

20 - 30

29.5

Sockeye

US

M/O

RMT-SAV

1,740
(5,700)

South Elwood

M

M

N

1,020
(3,350)

152
(499)

NA

NA

25-34

Rincon

P

P

N

1,080
(3,560)

116
(381)

39

22

32

P

3,510
(11,500)

762
(2,500)

NA

NA

13-32

West Montalvo

S

O

Formation: M – Monterey; P – Pico; P(R) – Pico (Repetto); V – Vaqueros; S – Sespe; US – Upper Sespe; H – Hueneme
Epoch: P – Pliocene; M – Miocene; O – Oligocene
Play: PR – Pico-Repetto; FM – Fractured Monterey; RMT-SAV – Rincon-Monterey-Topanga-Sespe-Alegria-Vaqueros;
N – Neogene; P – Paleogene; NA – not available

2.4.2. Santa Maria Basin
The Santa Maria Offshore Basin is a complexly faulted extensional structure, separated from
the Santa Maria Onshore Basin by the Hosgri Fault Zone. Sub-basins bounded by normally
faulted basement blocks were rapidly filled by volcanic, biogenic, and siliciclastic rocks of
the Lospe, Point Sal, Monterey, Sisquoc, Foxen, and Careaga Formations (Figure 2.4-4).
These formations, which directly overlie basement rocks, are more than 3,050 m (10,000 ft)
thick. In most areas, Paleogene strata are entirely absent. Near Point Piedras Blancas (Figure
2.4-5), the Neogene stratigraphic section thins to less than 305 m (1,000 ft). In many areas,
the Neogene section consists of only the Sisquoc Formation (BOEM, 2014a).
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Figure 2.4-4. Stratigraphic column of the Santa Maria Basin showing source rock and reservoir
rock hydrocarbon classifications (BOEM, 2014a).

The stratigraphic column in Figure 2.4-4 shows that the sequence of formations contains
reservoirs in sandstones and the Monterey, which is a fractured siliceous shale. However,
current offshore oil production in the Santa Maria Basin is limited to the fractured
Monterey reservoir rock. Three petroleum fields are under production in the Santa Maria
Basin, as shown in Figure 2.4-3.
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Four petroleum geologic plays have been identified for the Santa Maria−Partington
Basin. The Fractured Monterey Play in the Monterey Formation is the only one that has
been established offshore. In this play, petroleum reservoirs have been found in fractured
Miocene siliceous and dolomitic rocks. The Basal Sisquoc Sandstone play has only been
established for the Santa Maria basin onshore. The other two plays, the Breccia play
and the Paleogene Sandstone play, remain conceptual. The Monterey Formation is the
likely host of source rocks for all of these plays except for some zones in the Paleogene
Sandstone play, which may require a source rock in older (Paleogene) strata.
Production statistics for the Santa Barbara Basin are given in Table 2.4-3. Annual
production in 2013 for all of offshore California shows about 13% of the oil and 11% of
the gas is produced in the Santa Maria Basin. Production from Point Pedernales and Point
Arguello were similar in 2013, with production from Rocky Point a distant third place. The
production levels for the Santa Maria Basin in 2013 are about 1.7% of the state onshore
oil production and about 2.2% of the gas production.
Table 2.4-3. Production and resource estimates for currently producing fields in the Santa
Maria Basin in 2013 (BOEM, 2013).

Original Recoverable
Reserves

Field**

Oil,
(m3) x106
(bbl#) x106

Gas,
(m3) x106
(Mcf##) x106

Cumulative Production
Oil,
(m3) x106
(bbl) x106

Gas,
(m3) x106
(Mcf) x106

Annual Production
Oil,
(m3) x106
(bbl) x106

Gas,
(m3) x106
(Mcf) x106

Remaining Reserves
Oil,
(m3) x106
(bbl) x106

Gas,
(m3) x106
(Mcf) x106

Point Arguello

31.8
(200)

3,940
(139)

29.6
(186)

4,870
(172)

0.234
(1.47)

77.3
(2.73)

2.21
(13.9)

1,260
(44.5)

Point Pedernales

16.9
(106)

1,140
(40.3)

14.8
(93.2)

946
(33.4)

0.263
(1.65)

19.1
(0.675)

2.03
(12.8)

195
(6.87)

Rocky Point

3.34
(21.0)

425
(15.0)

0.435
(2.74)

61.5
(2.17)

0.0140
(0.0881)

2.46
(0.0868)

2.90
(18.3)

363
(12.8)

*Volumes of gas that have been injected into the reservoir are added to remaining reserves (Point Arguello)
**All fields are in federal waters. # bbl = oil barrel (one bbl = 42 gallons);
##

Mcf = one thousand cubic feet (one Mcf = 7481 gallons)

Other undeveloped reservoirs are shown in Figure 2.4-5. These are expected to be similar
to the existing reservoirs, in that most of the remaining oil is likely to be in the identified
plays, with current oil production in the Santa Maria Basin today.
Properties of the main producing reservoirs currently under production are given in Table
2.4-4. Reservoir depths are in excess of 1,000 m below the ocean floor, and reservoir
permeabilities are in the millidarcy to darcy range, similar to ranges found for the Santa
Barbara Basin. Only the lower end of the permeability ranges are below 10 md (about
10-14 m2); therefore, hydraulic fracturing is not likely to be essential for petroleum
production. The API gravities show that the crude oils produced fall into the heavy oil
category.
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Both are northwest-trending basins with fault-bound eastern limits and structural highs on
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Figure 3-24. Map of the Santa Maria−Partington Basin assessment area showing petroleum geologic plays
and wells.
Figure 2.4-5. Partington and Santa Maria Basins (BOEM, 2014a).
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Table 2.4-4. Santa Maria Basin Reservoir characteristics for some currently producing reservoirs
(MMS, 1993).

Net
Thickness
(m)

Permeability
(m2) x 1015

Porosity

API Gravity
(o)

Field

Formation

Epoch

Play

Average
Depths (m)

Point Arguello

M

M

FM

2377
(7800)

305
(1000)

1- 2961

10 - 11

18

FM

1524
(5000)

130-145
(427-476)

0.1- 4737

2 - 39

16.3

Point Pedernales

M

M

Formation: M – Monterey, Epoch: M – Miocene , Play: FM – Fractured Monterey
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2.4.3. Offshore Los Angeles Basin
The dominant feature of the Los Angeles Basin is the Central Syncline, a poorly
understood north-northwest trending 72 km (45 mi) long trough within which organicrich Miocene sediments have been buried to the oil window and beyond, beneath thick
submarine fan deposits (Wright, 1991). The Central Syncline is bordered on the north by
east-west trending faults and the southern edge of the Santa Monica Mountains, on the
east and northeast by en echelon folds and the Whittier Fault Zone, and on the southwest
by the Newport-Inglewood Fault Zone and adjacent southwest structural shelf. The
offshore area probably partly shares the thick, porous, and permeable reservoir submarine
fan sandstones of latest Miocene Puente Formation and the early Pliocene Repetto
Formation, which contain most of the known oil onshore.
Six plays were identified by BOEM (2014a) for the federal waters area. However, only one
of these plays, the Puente Fan Sandstone play, is currently being produced. The petroleum
reservoirs for this play are found in the Puente and Repetto Formations, in Miocene and
Pliocene fan sandstones (Figure 2.4-6).
Source rocks are found at the base of the Miocene Monterey Formation in the “nodular
shale” and in Puente Formation Miocene mudstones and shales (BOEM, 2014a).
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Figure 2.4-6. Offshore Los Angeles – Santa Monica – San Pedro Basins stratigraphy (BOEM, 2014a).

Unlike the Santa Barbara and Santa Maria Basins, most of the oil production activity for this
basin is in state waters. There are four oil fields within state waters, three of which contain
multiple reservoirs. These reservoirs all lie within the same play identified by Beyer (1995)
as the Southwestern Shelf and Adjacent Offshore State Lands play. This play consists mainly
of reservoirs in marine turbidite sandstones of Miocene and Pliocene epochs.
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Undiscovered petroleum resources are also expected to consist primarily of marine
Miocene and Pliocene turbidite sandstones, and possibly, but to a lesser degree, Miocene
fractured shale and Cretaceous-Jurrasic conglomerates and breccias from the Catalina
Schist.
The source rock for the relatively higher-sulfur oils in producing reservoirs is believed to
be the Miocene organic-rich basal unit (“nodular shale”) of the Monterey Formation.

Wilmington
Belmont
Pier J
Grissom
White
Freeman
Chaffee

Esther
Eva
Emmy
Huntington West
Beach
Newport
Beach

Edith
Ellen
Elly
Eureka

Beta

Figure 2.4-7. Operating oil fields and production facilities in the offshore Los Angeles Basin
showing faults. Modified from BOEM (2014a). Black font labels with black arrows denote
oil fields. Red font labels with red arrows denote offshore production facilities. Note that

offshore production from the West Newport Beach field is performed using wells spud onshore.
Production from the Huntington Beach field is performed from Platforms Eva and Emmy plus
wells spud onshore. Facilities and field names in state waters are italicized.

Production statistics for the offshore Los Angeles Basin is given in Table 2.4-5. Annual
production in 2013 for all of offshore California shows about 23% of the oil and 14%
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of the gas is produced in the offshore Los Angeles Basin. About 80% of oil and gas
production from this region comes from the Wilmington offshore oil field. Production
is dominated by reservoirs in the middle Miocene and Pliocene turbidite sands. The
undiscovered resources of the offshore Los Angeles Basin are expected to be found in
sandstone reservoirs similar to those producing today. The production levels for the
offshore Los Angeles Basin in 2013 are about 6.5% of the state onshore oil production and
about 2.6% of the gas production.
Properties of the main producing reservoirs currently under production are given in
Table 2.4-6. There are several reservoirs in which the reservoir depths are less than 1000
m (3280 ft); however, all of these shallow reservoirs have high permeabilities (> 100
md), which means that hydraulic fracturing is not likely to be essential for petroleum
production. In all cases, reservoir permeabilities are in the millidarcy to darcy range. The
API gravities show that the crude oils produced are mostly heavy to medium.
Table 2.4-5. Production and resource estimates for currently producing fields in the offshore
Los Angeles Basin in 2013 (BOEM, 2013; DOGGR, 2010, 2011, 2012, 2013, 2014a).
Original Recoverable
Reserves

Field*

Oil,
(m3) x106
(bbl#) x106
Beta
Belmont
Huntington
Beach
West Newport
Wilmington

Cumulative Production

Gas,
(m3) x106
(Mcf##) x106

Oil,
(m3) x106
(bbl) x106

Gas,
(m3) x106
(Mcf) x106

Annual Production 2013
Oil,
(m3) x106
(bbl) x106

Gas,
(m3) x106
(Mcf) x106

Remaining Reserves
Oil,
(m3) x106
(bbl) x106

18.1
(114)

1,040
(36.7)

15.4
(97.0)

889
(31.4)

0.240
(1.51)

10.5
(0.370)

2.67
(16.8)

150
(5.29)

NA

NA

11.1
(69.8)

1,100
(39.0)

0.112
(0.702)

7.90
(0.279)

NA

NA

NA

NA

94.5
(595)

9,340
(330)

0.256
(1.61)

17.1
(0.604)

NA

NA

10.5
(65.8)

256
(9.03)

10.1
(63.8)

238
(8.39)

0.00383
(24.1)

0.277
(0.00979)

0.316
(1.98)

18.0
(0.636)

NA

NA

24.9
(157)

1,420
(50.1)

1.55
(9.77)

95.2
(3.36)

NA

NA

* The Beta field is in federal waters. All other fields are in state waters.
#

Gas,
(m3) x106
(Mcf) x106

bbl = oil barrel (one bbl = 42 gallons); ## Mcf = one thousand cubic feet (one Mcf = 7481 gallons)
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Table 2.4-6. Offshore Los Angeles Basin Reservoir characteristics for some currently producing
reservoirs (MMS, 1993; DOGGR, 1992; Beyer, 1995).
Net
Thickness
(m)(ft)

Permeability
(m2) x 1015

Porosity

API Gravity
(o)

Formation

Epoch

Play

Average
Depth (m)(ft)

Beta

D

M

PFS

1,158 (3,800)

434 (1,420)

1 - 296

16 - 26

18

Belmont

RP

P/M

SSAOSL

899 (2,950)

30 (98)

963

30 - 33

16 – 27

Belmont

P

M

SSAOSL

1,219 (4,000)

8 (26)

234

34

23 – 29

Belmont

P

M

SSAOSL

1,676 (5,500)

76 (250)

177

20

23 – 29

Belmont

RP

P/M

SSAOSL

1,128 (3,700)

32 (100)

1617

35

21 – 30

Belmont

P

M

SSAOSL

1,219 (4,000)

46 (150)

725

31

23 – 29

Belmont

P

M

SSAOSL

1,463 (4,800)

26 (85)

493

31

23 – 29

Belmont

P

M

SSAOSL

1,646 (5,400)

61 (200)

138

25

25 – 28

Belmont

P

M

SSAOSL

1,859 (6,100)

23 (76)

79

25

25 – 28

Huntington Beach

RP

P

SSAOSL

460 (1,510)

27 (89)

987

34

15

Huntington Beach

P

M

SSAOSL

671 (2,200)

38 (120)

987

32

11 – 14

Huntington Beach

P

M

SSAOSL

732 (2,400)

58 (190)

296

25

17 – 18

Huntington Beach

P

M

SSAOSL

869 (2,850)

37 (120)

395 - 888

28

14 – 19

Huntington Beach

P

M

SSAOSL

1,097 (3,600)

76 (250)

89 - 166

21 - 24

22

Huntington Beach

P

M

SSAOSL

1,158 (3,800)

137 (449)

168 - 716

23 - 24

22

West Newport

P

M

SSAOSL

1,143 (3,750)

143 (469)

NA

NA

19

Wilmington

RP

P

SSAOSL

640 (2,100)

37 (120)

987

35

12 – 15

Wilmington

RP

P/M

SSAOSL

762 (2,500)

46 (150)

1253

32

12 – 25

Wilmington

P

M

SSAOSL

914 (3,000)

91 (300)

888

33

14 – 25

Wilmington

P

M

SSAOSL

1,097 (3,600)

112 (367)

459

27

25 – 30

Wilmington

P

M

SSAOSL

1,615 (5,300)

38 (120)

74

27

25 – 32

Wilmington

P

M

SSAOSL

1,981 (6,500)

91 (300)

74

23

28 – 32

Wilmington

P

M

SSAOSL

2,438 (8,000)

61 (200)

5

10

28 – 32

Wilmington

CS

LC

SSAOSL

2,591 (8,500)

5 (16)

5

10

28 – 32

Field

Formations: D – Delmontian; RP - “Repetto” Puente; P – Puente; CS – Catalina Schist
Epoch: P – Pliocene; M – Miocene; LC – Late Cretaceous
Play: PFS – Puente Fan Sandstone; SSAOSL - Southwestern Shelf and Adjacent Offshore State Lands
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2.4.4. Other Offshore Basins
Currently, petroleum production only occurs in three offshore sedimentary basins as
described in Sections 2.4.1 through 2.4.3. Figure 2.4-1 shows 19 sedimentary basins for
offshore California, which means that 16 additional basins have potential for oil and gas
development. Information about the physical characteristics of petroleum reservoirs in
these other offshore basins is very limited, although BOEM (2014a) has estimated reserves
for all of these basins. However, as noted in Section 2.3, an offshore development ban in
the 1969 in state waters and a moratorium in federal waters since the 1982 has slowed
offshore development. Although the moratorium in federal waters ended in 2008, no
offshore lease sales have occurred since that time.
As described in Volume I, Chapter 4, potentially more significant undiscovered or
undeveloped conventional accumulations are expected to be present along the central
and southern California coast. If these were developed, they would likely only involve the
occasional use of well stimulation for their development, because the formations where oil
is likely to be found typically do not require permeability enhancement. The development
of these more easily produced resources would take priority over any low-permeability
plays requiring routine well stimulation. Given the limited information available about
petroleum resources and development in these other offshore basins, and the low level
of offshore development activity since 1990, the focus of this case study is on well
stimulation associated with current offshore production.
2.5 Offshore Production Operations and Well Stimulation
Offshore petroleum production operations and their use of well stimulation split into
two categories: state waters and federal waters. The main difference for these two
categories is the different regulatory environments for state and federal waters governing
the disposition of well stimulation fluids. California disallows discharge of fluid into
the ocean in state waters if it contains any hydrocarbon or other pollutants (California
Public Resources Code Section 6873), whereas in federal waters, operators can discharge
restricted quantities of hydrocarbons and certain other pollutants as specified in the
NPDES permit. This section summarizes operational aspects of fluids handling, treatment,
and discharge, and the use of well stimulation offshore in both federal and state waters.
The conduct of offshore well stimulation in general is described in Volume I, Chapter 2.
Well stimulation fundamentally applies the same way offshore as onshore. The majority
of onshore hydraulic fracturing in California helps to produce low-permeability diatomite
reservoirs that have permeability on the order of 10-15 m2. Most offshore reservoirs are
significantly more permeable than this, as seen from Tables 2.4-2, 2.4-4, and 2.4-6.
Hydraulic fracturing is not essential for production from more permeable reservoirs;
this is consistent with historical information discussed below. Matrix acidizing is more
commonly used for higher permeability systems and could have application offshore, but
data concerning the use of matrix acidizing for operations in federal waters are currently
not available.
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Generally speaking, there are three types of fluids that need to be handled on an offshore
platform or island: (1) aqueous; (2) hydrocarbon liquids; and (3) hydrocarbon gases.
Aqueous fluids include produced water from the subsurface petroleum reservoir; well
treatment, completion and workover fluids; water injection fluids (for waterflooding);
some drilling muds; and other fluids such as cooling water. Hydrocarbon liquids and
gases are the fluids produced by the reservoir, as well as some drilling muds that consist
of hydrocarbon-based fluids. In some cases, operators inject hydrocarbon fluids as part
of a strategy for recovering reservoir hydrocarbons. The quantity of fluids injected and
produced typically exceeds the storage capacity on a platform. Therefore, fluids must
be moved off the platform in one of the following four ways: (1) transported onshore;
(2) injected into the subsurface environment; (3) discharged to the ocean; (4) flared,
depending on the type of fluid. For example, the release of bulk (or free) hydrocarbon
phases to the ocean is not permitted, and only volatile hydrocarbon gases may be flared,
subject to permit restrictions.
2.5.1. Operations in Federal Waters
Federal waters are defined to be more than 5.6 km (3 geographical miles or about 3.5
miles) offshore according to the Submerged Lands Act of 1953 (Title 43 U.S. Code,
Section 1312). The locations of federal offshore operations are shown in Figure 2.2-1 and
in more detail in Figures 2.4-3 and 2.4-7, which also show the federal-state boundary.
Table 2.5-1 provides information about the offshore facilities.
Platforms in federal waters lie 6 to 16.9 km (3.73 to 10.5 miles) from land in water depths
ranging from 29 to 365 m (95.1 to 1200 ft). There are 15 to 96 slots on each platform,
which are distinct sites on the platform deck available for drilling wells.
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Table 2.5-1. Oil production facilities in Federal waters (BOEM, 2015b).

Platform

Operator**

Field

Distance
to Land
(km)(miles)

A

DCOR

Dos Cuadras

9.3 (5.8)

Santa Barbara Basin

57

57.3 (188)

1968

B

DCOR

Dos Cuadras

9.2 (5.7)

Santa Barbara Basin

63

57.9 (190)

1968

C

DCOR

Dos Cuadras

9.2 (5.7)

Santa Barbara Basin

60

58.5 (192)

1977

Gilda

DCOR

Santa Clara

14.2 (8.8)

Santa Barbara Basin

96

62.5 (205)

1981

Gina

DCOR

Hueneme

6.0 (3.7)

Santa Barbara Basin

15

29.0 (95.0)

1980

Habitat

DCOR

Pitas Point

12.6 (7.8)

Santa Barbara Basin

24

88.4 (290)

1981

Henry

DCOR

Carpinteria

6.9 (4.3)

Santa Barbara Basin

24

52.7 (173)

1979

Hillhouse

DCOR

Dos Cuadras

8.9 (5.5)

Santa Barbara Basin

60

57.9 (190)

1969

Harmony

ExxonMobil

Hondo

10.3 (6.4)

Santa Barbara Basin

60

365 (1200)

1989

Heritage

ExxonMobil

Pescado/Sacate

13.2 (8.2)

Santa Barbara Basin

60

328 (1080)

1989

Hondo

ExxonMobil

Hondo

8.2 (5.1)

Santa Barbara Basin

28

257 (842)

1976

Hogan

POO

Carpinteria

6.0 (3.7)

Santa Barbara Basin

66

46.9 (154)

1967

Houchin

POO

Carpinteria

6.6 (4.1)

Santa Barbara Basin

60

49.7 (163)

1968

Gail

Venoco

Sockeye

15.9 (9.9)

Santa Barbara Basin

36

225 (739)

1987

Grace

Venoco

Santa Clara

16.9 (10.5)

Santa Barbara Basin

48

96.9 (318)

1979

Harvest

FMO&G

Point Arguello

10.8 (6.7)

Santa Maria Basin

50

206 (675)

1985

Hermosa

FMO&G

Point Arguello

10.9 (6.8)

Santa Maria Basin

48

184 (603)

1985

Hidalgo

FMO&G

Point Arguello/Rocky Point

9.5 (5.9)

Santa Maria Basin

56

131 (430)

1986

Irene

FMO&G

Point Pedernales

7.6 (4.7)

Santa Maria Basin

72

73.8 (242)

1985

Ellen

Beta

Beta

13.8 (8.6)

Offshore Los Angeles Basin

80

80.8 (265)

1980

Elly*

Beta

Beta

13.8 (8.6)

Offshore Los Angeles Basin

NA

77.7 (255)

1980

Eureka

Beta

Beta

14.5 (9.0)

Offshore Los Angeles Basin

60

213 (700)

1984

Edith

DCOR

Beta

13.7 (8.5)

Offshore Los Angeles Basin

72

49.1 (161)

1983

Location

Slots

Water
Depth
(m)(ft)

Date
installed

*Elly is a processing platform for production from Ellen and Eureka, not a production platform
**FMO&G – Freeman McMoRan Oil and Gas, LLC; DCOR – Dos Cuadras Offshore Resources, LLC;
POO – Pacific Operators Offshore, LLC; Beta – Beta Operating Company, LLC; Venoco – Venoco, Inc.;
ExxonMobil – ExxonMobil Production Company
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2.5.1.1. Offshore Wells
The BOEM database (BOEM, 2015c) identifies 1370 offshore wells, but only 745 of these
produced petroleum in 2013 (BOEM, 2015d). Generally the wells are not vertical but
are directionally drilled with some component of horizontal offset. Directional drilling
offshore California allows the wells to access laterally offset locations. (In unconventional
shale reservoirs in the U.S. midcontinent, directional drilling has a different purpose. It
increases the length of the production interval along a thin but horizontally extensive
reservoir.) A recently drilled well (Well #SA-16) has the longest lateral reach, about
10,300 m (33,682 ft), of any well offshore California (Armstrong and Evans, 2011). This
well, drilled from Platform Heritage, accesses the Sacate field (Figure 2.4-3). Figure 2.5-1
shows the well profile for Well #SA-16. As shown in Figure 2.5-1, the well does not have
a long horizontal production interval, but drops angle to about 45 degrees through the
producing zone. True vertical depths for the wells were not identified, but should roughly
correspond to the reservoir depths given in Tables 2.4-2, 2.4-4, and 2.4-6.

Figure 2.5-1. Well profile for #SA-16 extended reach well drilled from Platform Heritage into
the Sacate oil field (modified from Armstrong and Evans, 2011).

2.5.1.2. Well Stimulation
No formal data collection system has been set up to track use of well stimulation
conducted in federal waters. Estimates for hydraulic fracturing in federal waters have
been made utilizing documents made available in response to requests under the Freedom
of Information Act (FOIA) by various interested groups. These FOIA documents are
available on the Bureau of Safety and Environmental Enforcement website (BSEE, 2015;
see also Appendix A). However, they do not contain a concise listing of well stimulation
activities, but rather an assortment of various types of draft and final documents, field
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reports, and e-mails with clues scattered throughout thousands of pages about well
stimulation activities that were proposed or performed. Therefore, the estimation of past
well stimulation activities can only provide an approximate idea about the level of activity.
Tables 2.5-2 and 2.5-3 present the identified hydraulic fracturing and matrix acidizing
treatments, respectively, identified from the records.
Table 2.5-2 shows 22 fracture treatments spanning a 22-year time frame, or about one
fracture treatment per year on average. Some of the treatments involved multiple zones
in the same well that are counted here as one treatment if performed in the same year.
Hydraulic fractures conducted at Platform Hidalgo in the Point Arguello field were in
fractured Monterey Shale and two at Platform Gail. The other treatments were mainly
frac-packs in sandstones (Repetto and Sespe Formations). Fracturing fluid volumes from
six of these treatments were identified in the FOIA documents; they ranged from 51.1 m3
(13,500 gallons) to 303 m3 (80,000 gallons), averaging about 121 m3 (32,000 gallons).
It is possible that not all such stimulations have been captured in the records obtained
through FOIA simply because the records were not set up to ensure an accurate retrieval
of this information. No other records or documents of hydraulic fracture stimulations in
federal offshore waters beyond that obtained through FOIA have been identified. Despite
this uncertainty, the information from the FOIA documents suggests that the level of
hydraulic fracturing activity in federal waters is low.
Table 2.5-3 shows 12 matrix acidizing treatments identified in the FOIA documents
for federal offshore waters over nearly 30 years. The FOIA requests tended to focus on
hydraulic fracturing, with less emphasis on matrix acidizing. The FOIA documents clearly
do not include all the matrix acidizing applications that have occurred. Thirty nine matrix
acidizing treatments performed in 26 wells at the Point Arguello field in just a two-year
period from 2000 through 2002 were reported by Patton et al. (2003), and none of
these treatments was identified from the FOIA documents. Patton et al. (2003) indicated
that the typical treatment volume was 55.8 m3 (14,750 gallons), consisting of 7.57 m3
(2,000 gallons) of 80%/20% hydrochloric acid (HCl) and xylene, 15.1 m3 (4,000 gallons)
of 12%/3% HCl/hydrofluoric (HF) mud acid, 21.8 m3 (5,750 gallons) of ammonium
chloride, and 11.4 m3 (3,000 gallons) of a “foamed pill” for acid diversion. DOGGR has
recently issued a draft regulation specifying a quantitative definition to distinguish matrix
acidizing from other uses of acid for well maintenance (DOGGR, 2014b). Data from
Patton et al. (2003) do not provide enough information to determine whether the acid
treatments qualify as matrix acidizing or well cleanout. The data do suggest that operators
perform acid treatments of some kind, not necessarily matrix acidizing, more frequently
than hydraulic fracturing.
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Table 2.5-2. Hydraulic fracturing in Federal offshore waters (BSEE, 2015).
API

Well

Lease

Operator

Platform

Field

Date

560452006200

C-1

P-0450

Chevron

Hidalgo

Point Arguello

1997

560452006701

C-11

P-0450

Chevron

Hidalgo

Point Arguello

1997

043112068200

E-11

P-0205

Venoco

Gail

Sockeye

1992

043112067402

E-8

P-0205

Venoco

Gail

Sockeye

2009

043112067402

E-8

P-0205

Venoco

Gail

Sockeye

2010

043112056101

S-60

P-0216

Nuevo/Torch

Gilda

Santa Clara

1994

043112063901

S-52

P-0216

Nuevo/Torch

Gilda

Santa Clara

1996

043112060501

S-53

P-0216

Nuevo/Torch

Gilda

Santa Clara

1996

043112063901

S-89

P-0216

Nuevo/Torch

Gilda

Santa Clara

1996

043112075400

S-87

P-0216

Nuevo/Torch

Gilda

Santa Clara

1997

043112063901

S-62

P-0216

Nuevo/Torch

Gilda

Santa Clara

1997

043112058201

S-28

P-0216

Nuevo/Torch

Gilda

Santa Clara

1998

043112061500

S-61

P-0216

Nuevo/Torch

Gilda

Santa Clara

1998

NA

S-68

P-0216

Nuevo/Torch

Gilda

Santa Clara

1998

043112061000

S-44

P-0216

Nuevo/Torch

Gilda

Santa Clara

2001

043112063901

S-62

P-0216

Nuevo/Torch

Gilda

Santa Clara

2001

043112061601

S-65

P-0216

Nuevo/Torch

Gilda

Santa Clara

2001

043112061000

S-44

P-0216

Nuevo/Torch

Gilda

Santa Clara

2003

043112068400

S-075

P-0216

Nuevo/Torch

Gilda

Santa Clara

2013**

043112068100

S-071

P-0216

Nuevo/Torch

Gilda

Santa Clara

2013*

043112056800

S-033

P-0216

Nuevo/Torch

Gilda

Santa Clara

2013*

043112050100

S-005

P-0216

Nuevo/Torch

Gilda

Santa Clara

2013*

NA – not available
*applied for Categorical Exclusion Review
**received approval based on Categorical Exclusion Review for treatment
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Table 2.5-3. Matrix acidizing in Federal offshore waters (BSEE, 2015).
API

Well

Lease

Operator

Platform

Field

Date

560452006200

C-1

P-0450

Chevron

Hidalgo

Point Arguello

1992

560452006500

C-4

P-0450

Chevron

Hidalgo

Point Arguello

1992

560452006200

C-1

P-0450

Chevron

Hidalgo

Point Arguello

1997

560452006701

C-11

P-0450

Chevron

Hidalgo

Point Arguello

1997

560452006701

C-11

P-0450

Chevron

Hidalgo

Point Arguello

1999

043112067402

E-8

P-0205

Venoco

Gail

Sockeye

2010

043112061000

S-44

P-0216

Nuevo/Torch

Gilda

Santa Clara

1985

043112061000

S-44

P-0216

Nuevo/Torch

Gilda

Santa Clara

1988

043112061000

S-44

P-0216

Nuevo/Torch

Gilda

Santa Clara

2001

043112051300

S-07

P-0216

Nuevo/Torch

Gilda

Santa Clara

2002

043112054600

S-19

P-0216

Nuevo/Torch

Gilda

Santa Clara

2002

043112075400

S-87

P-0216

Nuevo/Torch

Gilda

Santa Clara

2011

2.5.1.3. Fluids Handling
Pipelines transport fluids between facilities and between offshore and onshore locations.
Pipelines exclusively transport oil and gas destined for sale onshore, with potential
exceptions for temporary system breakdowns and delivery of well stimulation fluids to
offshore facilities. Fluid handling includes separation of oil, gas, and produced water,
and in some cases water treatment. Subject to restrictions of the NPDES permit, well
stimulation fluids can be mixed with produced water for disposal, with potential impacts
on the marine environment.
In several cases, the fluids-handling systems operate cooperatively for groups of platforms;
each platform does not necessarily operate independently for delivery of oil and gas
onshore and for produced water disposal. Figure 2.5-2 below shows the connections for
transporting oil, gas, and water by platform groups that interact for fluids handing and
the expected disposition of produced water disposal. Where one cell expands laterally
to two cells, a separation is indicated (e.g., an oil/water mixture separated into bulk oil
and water phases). Where two cells expand laterally into one cell, the fluid streams are
combined.
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b)

a) Platform Irene
Platform
Irene
G/OW
Injection

Lompoc
Onshore
O/W
Injection

b) Dos Cuadras Group: Platforms A, B, C, Hillhouse and Henry
Discharge

Discharge

Platform
Henry
G/O/W

Platform
Hillhouse
G/O/W

Platform C
G/O/W

c)

Platform B

d) G/O/W

Platform
Houchin
G/OW

Platform
Hogan
G/OW

Discharge

Discharge

Platform
Habitat
G/W

Platform
Grace
G/O/W

Injection

Discharge

Platform
Gilda
G/OW

g) Point Arguello Group: Platforms Hermosa,
Hidalgo, and Harvest

Platform
Gina
G/OW

Platform
Hondo
G/OW

Discharge

Mandalay
Onshore
O/W

h) Santa Ynez Group: Platforms Heritage,
Harmony, and Hondo

Discharge

Platform
Hermosa
G/O/W

Carpinteria
Onshore

Discharge

Carpinteria
Onshore

h)

Platform
Hidalgo
G/O/W

Platform
Gail
G/O/W

f) Santa Clara-Hueneme Group: Platforms Gina and Gilda

Discharge

Platform
Harvest
G/O/W

Discharge

d) Sockeye-Santa Clara Group: Platforms Gail and Grace

La Conchita
Onshore
O/W

f)

e) Platform Habitat

Rincon
Onshore

Discharge

Discharge

c) Carpinteria Group: Platforms Houchin and Hogan

Platform A
G/O/W

Platform
Heritage
G/OW

Gaviota
Onshore
O/W
Injection

Discharge
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Platform
Harmony
G/OW

Discharge

Los Flores
Onshore
O/W
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i)

i) Beta Group: Platforms Ellen, Elly, Eureka, and Edith
Injection/
Discharge

Injection

Platform
Eureka
G/O/W

Platform
Ellen, Elly
G/O/W

San Pedro
Onshore

Platform
Edith
G/O/W

Platform
Eva*

Huntington
Beach
Onshore

Flare or
Injection

Discharge

*Eva is a platform in state waters – see Section 2.5.2
Figure 2.5-2. Fluids handling for offshore facilities in Federal waters (BOEM, 2014b).

Separation process indicated by G/OW for gas separation only, G/O/W for gas/oil/water

separation, O/W for oil water separation and G/W for gas/water separation. Blue solid lines

designates water, red dotted lines for gas, black dash-dot lines for oil, purple dashed lines for

water-oil mixtures, orange solid lines for facilities, and red solid lines for gas flaring/injection.

Platforms Irene, Ellen/Elly, and Gail are reported to inject 94% or more of their produced
water (CCC, 2013) while the other platforms inject less than 15%. Therefore, in Figure
2.5-2, injection is indicated for Irene, Ellen/Elly, and Gail, and discharge is indicated
for the others. For the Point Arguello and Beta groups in Figure 2.5-2g and 2.5-2i, some
separation of oil and water is done on the platform and/or further oil/water separation
could be done onshore.
In addition to gas, oil, and water that must be handled as a result of production, platforms
use and typically discharge drilling muds to the ocean. Some platforms use cooling
water, mainly to cool down gas after being compressed (Shah, 2013). In other cases, gas
compression cooling is performed using air. Volumetrically, cooling water was found to be
86% of the total discharge to the ocean in a 2005 survey of offshore California platform
discharges to the ocean (Lyon and Stein, 2010). Produced water represented the second
largest discharge at 14%, and other discharges comprised than 1%.
While the description given here indicates the general ways in which operators handle
fluids at the different offshore facilities, the specific modes of fluids handling may vary
with time and conditions, especially where alternatives are available without requiring
changes in permitting or infrastructure.
2.5.2. Operations in State Waters
State waters lie within 5.6 km (3 geographical miles or about 3.5 miles) offshore,
according to the Submerged Lands Act of 1953 (Title 43 U.S. Code, Section 1312). Figure
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2.2-1 above shows the locations of state offshore operations, and Figures 2.4-3 and 2.4-7
show these in more detail along with the federal-state boundary. Table 2.5-4 provides
information about the offshore facilities. Platforms in state waters lie as far as 3.2 km (2.0
miles) from land in water depths ranging up to 64.3 m (211 ft).
Table 2.5-4. Oil production facilities in State waters (CSLC, 2008; 2009; 2010a; 2010b; 2012;
2013; Goleta, 2015).

Offshore
Facility

Water
Depth (m)

Date
installed

30

64.3
(211)

1966

Los Angeles Basin

52

14.3
(46.9)

1964

2.9
(1.8)

Los Angeles Basin

37

17.4
(57.1)

1963

Belmont

1.9
(1.2)

Los Angeles Basin

64

6.7
(22.0)

1990

Rincon LP

Rincon

0.8
(0.5)

Santa Barbara Basin

NA

13.4
(44.0)

1958

Grissom

Oxy LB

Wilmington

0.2
(0.1)

Los Angeles Basin

NA

12.2
(40.0)

1967

White

Oxy LB

Wilmington

0.7
(0.4)

Los Angeles Basin

NA

12.2
(40.0)

1967

Chaffee

Oxy LB

Wilmington and
Belmont

1.3
(0.8)

Los Angeles Basin

NA

12.2
(40.0)

1967

Freeman

Oxy LB

Wilmington

2.0
(1.2)

Los Angeles Basin

NA

12.2
(40.0)

1967

Rincon LP

Rincon

0.7
(0.4)

Santa Barbara Basin

N/A

16.8
(55.1)

1961

Operator**

Field

Holly

Venoco

South Elwood

Emmy

Occidental

Eva
Esther

Distance to Land
(km)(miles)

Location

Slots

3.2
(2.0)

Santa Barbara Basin

Huntington
Beach

1.9
(1.2)

DCOR

Huntington
Beach

DCOR

Rincon

Platforms

Artificial Islands

Seafloor
Completion
Rincon
Onshore***
Hunter

West Montalvo

0

Santa Barbara Basin

N/A

N/A

NA

Huntington
Beach

West Montalvo

*

Huntington
Beach

0

Los Angeles Basin

N/A

N/A

NA

West Newport

*

West Newport

0

Los Angeles Basin

N/A

N/A

NA

NA – not available; N/A – not applicable; *Numerous operators; ** DCOR – Dos Cuadras Offshore Resources, LLC;
Rincon LP, Rincon – Rincon Island Limited Partnership; Hunter - Hunter Oil and Gas, Inc. LLC;
Venoco – Venoco, Inc.; Oxy LB – Oxy Long Beach; Occidental – Occidental Petroleum Corporation;
*** Onshore - Onshore Well Locations for Offshore Production
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2.5.2.1. Offshore Wells
The DOGGR database identifies 1,972 active or idled offshore wells (DOGGR, 2015).
As in federal waters, wells in state waters typically have some amount of lateral offset
achieved with directional drilling (Section 2.5.1.1). As a result, true vertical depths were
not identified in most cases, but should roughly correspond to the reservoir depths given
in Tables 2.4-2, 2.4-4, and 2.4-6.
2.5.2.2 Well Stimulation
Records given in Appendix M, Volume I of this report allow evaluation of past use of
well stimulation conducted in state waters. All of the offshore hydraulic fracturing in
state waters has occurred on the THUMS islands and Platform Esther that operate in the
Wilmington and Belmont fields. The data shows hydraulic fractures that were performed
between January 2002 and December 2013. In total, operators conducted 117 hydraulic
fracture treatments, with 106 conducted on the THUMS islands in the Wilmington field, 5
conducted on Island Chaffee (one of the THUMS islands) in the Belmont field “old area”
and 6 conducted on Platform Esther in the Belmont field “surfside area.” No hydraulic
fracturing was reported from facilities in state waters in the Santa Barbara Channel
or from Platforms Eva and Emmy in the Los Angeles Basin. Treatment volumes for 19
stimulations conducted on the THUMS islands were recorded. The volumes ranged from
114 to 803 m3 (30,000 to 212,000 gallons) of stimulation fluids, with an average of 530
m3 (140,000 gallons). It is not known whether these stimulations used fresh water or
seawater.
Only the South Coast Air Quality Management District has records that include matrix
acidizing information for facilities in state waters in the Los Angeles Basin. This data
shows that from June 2013 to April 2014 there were 135 acid treatments offshore, with
111 on the THUMS islands, 17 on Pier J, and 7 at Huntington Beach for wells that extend
offshore. Treatment volumes ranged from 12.5 to 319 m3 (3,300 to 84,300 gallons),
with an average of 15,900 gallons. However, these treatments may not meet the matrix
acidizing thresholds established by DOGGR per Senate Bill 4. The average treatment
volume is close to the average treatment volume of 60.2 m3 (14,750 gallons) reported by
Patton et al. (2003) for acidizing in federal offshore waters at the Point Arguello field (see
Section 2.5.1.2). Given the limited coverage for acid treatments, the numbers reported
here strongly suggest that acid treatments (including both well cleanout and matrix
acidizing) are performed more frequently than hydraulic fracturing.
2.5.2.3. Fluids Handling
As in federal waters, pipelines transport fluids between facilities and between offshore and
onshore, separation of oil, gas, and produced water, and in some cases water treatment.
Pipelines exclusively transport oil and gas destined for sale onshore, with potential
exceptions for temporary system breakdowns and delivery of well stimulation fluids to
offshore facilities. Fluid handling includes separation of oil, gas, and produced water, and
in some cases water treatment.
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Disposal of produced water for facilities in state waters is mainly done by injection
into the reservoir, with some disposal onshore. Figure 2.5-3 shows the connections for
transporting oil, gas, and water by platform groups that interact for fluids handing and
the expected disposition of produced water disposal. Where one cell expands laterally
to two cells, a separation is indicated (e.g., an oil/water mixture separated into bulk oil
and water phases). Where two cells expand laterally into one cell, the fluid streams are
combined.
b)

a)

a) Platform Holly

b) Platform Esther

Platform
Holly
G/O/W

Elwood
Onshore
O/W

Injection

Injection

c)

Powers
Equipment
Platform
Esther
G/O/W

d)

Seal Beach
Onshore

Injection

c) Platform Eva
Platform
Edith*
G/O/W

d) Platform Emmy
Huntington
Beach
Onshore
O/W

Platform
Eva
G/O/W
Injection

e)

f)

Discharge
to Orange
County
Sanitation

Platform
Emmy
G/O/W
Injection

Huntington
Beach
Onshore
Water
Treatment

*Edith is a platform in federal waters
e) THUMS islands and Pier J
THUMS
G/O/W

f) Rincon Island

Pier J
Onshore
O/W

Rincon
G/O/W

Injection

Rincon
Onshore

Injection

Figure 2.5-3. Fluids handling for offshore facilities in State waters (CSLC, 2008; 2009; 2010a;
2010b; 2012; 2013; Santa Barbara, 2011). Separation process indicated by G/OW for gas

separation only, G/O/W for gas/oil/water separation, O/W for oil water separation and G/W

for gas/water separation. Blue solid lines designates water, red dotted lines for gas, black dashdot lines for oil, and purple dashed lines for water-oil mixtures, orange solid lines for facilities,
and red solid lines for gas use in powering operations.
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For the Holly (Figure 2.5-3a), Eva (Figure 2.5-3c), Emmy (Figure 2.5-3d), and THUMS
(Figure 2.5-3e), some separation of oil and water is done on the platform, and further
oil/water separation can be done onshore, which is either injected onshore, discharged
into a sanitary sewer, or sent back offshore for injection. Therefore, the table shows water
discharge from the platform with oil/water mixtures still sent onshore. Rincon produced
water is injected into disposal wells on Rincon Island.
2.6. Ocean Discharge and Atmospheric Emissions
Environmental impacts from any activity are often connected to some type of discharge
or emission of a material or possibly energy (e.g., heat, sound, light). This section focuses
on intentional discharges to the ocean and atmospheric emissions, but also provides
some discussion of accidental releases. In general, it is difficult to separate impacts from
overall oil and gas operations from those directly associated with well stimulation. For this
reason, many of the impacts discussed are based on oil and gas operations overall, with
the recognition that well stimulation is only applied to a small, but difficult to quantify,
subset of the producing wells.
2.6.1. Ocean Discharge from Offshore Facilities
As discussed in Section 2.5, intentional discharge to the ocean is only allowed at facilities
in federal waters. Ocean discharge from offshore California operations in federal waters
is regulated by the U.S. EPA under the NPDES permit CAG280000 (U.S. EPA, 2013a).
This permit sets up specific limits for the types and quantities of materials that may be
discharged to the ocean, as well as the ways in which the discharge is monitored. The
results of the monitoring are recorded in discharge monitoring reports (DMRs) for each
offshore facility. In Section 2.6.1.1, the permit limitations and monitoring requirements
are summarized. The DMR information is summarized in Section 2.6.1.2.
2.6.1.1. NPDES Permit CAG280000
NPDES permit number CAG280000 covers the following categories of discharge: (1)
drilling fluid and cuttings; (2) produced water; (3) well treatment, completion, and
workover fluids; (4) deck drainage; (5) domestic and sanitary wastes; and (6) 17
miscellaneous other discharge categories, including noncontact cooling water and waterflooding discharges. The most recent general permit was reissued on March 1, 2014,
and replaces the previous general permit; also, permit number CAG280000, issued on
September 22, 2004 (U.S. EPA, 2013b), is applicable through February 28, 2019 (U.S.
EPA, 2013a) and applies to all 23 platforms in federal waters.
Well stimulation fluids fall under well treatment, completion, and workover fluids
(collectively called TCW fluids). For TCW discharge, the permit disallows any free
oil discharge and restricts the amount of oil and grease in the discharge to 42 mg/L
maximum and 29 mg/L monthly average. The permit does not restrict the volume of
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TCW fluids that can be discharged per se, but specifically provides for discharge of these
fluids mixed with produced water under the restrictions for produced water discharge.
Although the NPDES permit covers well stimulation under the TCW category, it does not
specifically refer to acidizing, and hydraulic fracturing is only mentioned in its section on
definitions for the term “produced sands.” Consequently, the NPDES permit governing
ocean discharges from oil platforms in federal waters does not specifically account for
stimulation chemicals or their potential impact on the marine environment.
Some earlier EPA documents discuss fracturing and acidizing in the context of offshore
effluent limitations and general information about typical additives (U.S. EPA, 1993;
1995; 1996). In particular, U.S. EPA (1993) provides a chemical analysis of an acidizing
fluid used at THUMS and metals content of a California fracturing fluid. The following
conclusion by U.S. EPA (1995) provides the basis for the current NPDES permit strategy
for well treatment, completion, and workover fluids: “EPA has determined, moreover, it is
not feasible to regulate separately each of the constituents in well treatment, completion
and workover fluids because these fluids in most instances become part of the produced
water waste stream and take on the same characteristics of produced water. Due to the
variation of types of fluids used, the volumes used and the intermittent nature of their use,
EPA believes it is impractical to measure and control each parameter. However, because
of the similar nature and commingling with produced water, the limitations on oil and
grease and/or free oil in the Coastal Guidelines will control levels of certain toxic priority
and nonconventional pollutants for the same reason as stated in the previous discussion
on produced water.” The “previous discussion” referred to a statement (U.S. EPA, 1995)
that “oil and grease serves as an indicator for toxic pollutants in the produced water waste
stream which includes phenol, naphthalene, ethyl benzene, and toluene.” This list of toxic
substances of concern does not include toxic substances used in stimulation treatments,
nor does it provide justification for oil and grease being an effective indicator of the
presence or absence of stimulation chemicals.
More complex requirements for produced water vary from platform to platform, as shown
in Table 2.6-1, where “S” indicates a sampling requirement and specific concentration
limits are indicated by numerical values. Where the NPDES permit requires sampling
but no specific limit is given, the limits given in Table 2.6-2 apply. The last six facilities
in Table 2.6-1 must comply with all the restrictions imposed by Table 2.6-2. All facilities
must conform with a uniform requirement for oil and grease concentrations in produced
water identical to the discharge limits quoted above for TCW fluids.
The limits in Table 2.6-1 and 2.6-2 are based on the Best Conventional Pollutant Control
Technology (BCT) and the Best Available Treatment Economically Achievable (BAT) as
originally published by the U.S. EPA in the Federal Register (FR, 1993) The limits also
rely on an analysis of the Ocean Discharge Criteria, section 403(c) of the Clean Water Act
(1972) (see also 33 USC §1343), assuming BCT and BAT are in place (CCC, 2013).
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The NPDES permit provides additional detail concerning sampling frequency and method
of collection. Concentrations in the measured effluent are reduced by a site-specific
dilution factor that corresponds to a point with a 100 m lateral offset from the discharge
release point. The diluted concentration is then compared with the concentration limits
in the permit. Dilution factors for offshore California platforms have been found to range
from 467:1 to 2,481:1 (MMS, 2001).
Table 2.6-1. NPDES produced water limits for all platforms; constituent sampling requirements
and concentration limits for some platforms (U.S. EPA, 2013a)

Platform

Annual Discharge Limit
(m3) x106 (bbl#)x106

A

2.09 (13.140)

B

2.61 (16.425)

Amn

Copr

Benz

BzA

S

BzP

BzkF

BzbF

S

S

S

S

S

S

Chry

DBzA

USulf

Znc

Edith

0.522 (3.285)

S

Elly***

1.74 (10.950)

S

Gail

0.696 (4.380)

Gilda

4.05 (25.500)

Gina

*

Habitat

0.261(1.6425)

Harmony, Heritage,
Hondo**

5.37 (33.7625)

Harvest

5.22 (32.850)

Hermosa

6.40 (40.250)

Hidalgo

2.90 (18.250)

Hillhouse

1.16 (7.300)

Hogan

2.21 (13.900)

#C

2.09 (13.140)

#Eureka

***

#Grace

0.348 (2.190)

#Henry

1.04 (6.570)

#Houchin

2.21 (13.900)

#Irene

8.88 (55.845)

S

S

S

5.79
1.67

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

5.79
1.39

S

S

S

S

S

22
5.9

S

S

S

S

S

S

S

S

S

S

S

S

S

S

S

5.77
4.9

S

S

S

S

S

S

S

S

S

S

S

S

S

17.6
5.9

S
S
S

Limits for Amn, Copr, Benz, BzA, BzP, BzkF, BzbF, Chry, DBzA, USulf, Znc, and HC are in μg/L. #bbl=oil barrel
(42 gallons) * Limit given for Gilda is a combined limit for both Gina and Gilda. **Discharge for these platforms are
combined and discharged from Platform Harmony. ***Limit for Elly is for combined discharge with Ellen and Eureka.
#Limits on chemical constituents discharged in produced water are given in Table 2.6-2 for these platforms. Amn =
Ammonia, Copr = Copper, Benz = Benzene, BzA = Benzo (a) Anthracene, BzP = Benzo (a) Pyrene, BzkF = Benzo (k)
Fluoranthene, BzbF = Benzo (b) Fluoranthene, Chry = Chrysene, DBzA = Dibenzo (a,h) Anthracene, USulf = Undissolved Sufides, Znc = Zinc, HC = Hexavalent Chromium. “S” denotes a requirement to measure without any specified
limits. Quantified limits are given as maximum daily value – upper number; average monthly value – lower number.
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In addition to total discharge and chemical concentration limits, the NPDES permit also
specifies quarterly whole effluent toxicity (WET) tests for produced water. These tests are
conducted to estimate the chronic toxicity of produced water. WET tests are conducted for
the following species:
• Red abalone, Haliotis rufescens, larval development test
• Giant kelp, Macrocystis pyrifera, germination and germ-tube length tests
• Topsmelt, Atherinops affinis, larval survival and growth tests
Various triggers and effluent limits are defined for the different tests, and testing
requirements and frequency are modified by the test results. For example, consistent
passing scores for the WET tests lead to reduced testing frequency. The tests are only
performed for the following platforms: A, B, Edith, Elly, Gail, Gilda, Gina, Habitat,
Harmony, Harvest, Hermosa, Hidalgo, Hillhouse, and Hogan. So nine platforms, C,
Henry, Houchin, Ellen, Eureka, Grace, Irene, Hondo, and Heritage are not tested. As
stated previously, all discharge for the Santa Ynez group, platforms Harmony, Hondo, and
Heritage, is released from platform Harmony. It appears that discharge from platforms
Ellen and Eureka are combined with Elly. Platform Irene does not discharge to the ocean
at this time. The reasons for not performing WET tests for platforms C, Henry, Houchin,
and Grace are not clear. As discussed in Section 2.5.1.2, the historical record indicates
that hydraulic fracturing has only been used on platforms Gilda, Gail, and Hidalgo.
Another observation is that the more extensive tests required for produced water,
including chemical constituent and toxicity tests and limits, do not apply to TCW fluids
if they are not mixed with produced water for discharge. Also, because of the transient
nature of well stimulation discharge, the WET tests may not capture toxicity effects from
well stimulation fluid discharge if the tests are not conducted at the time of the discharge.
However, the timing of WET tests is not linked to well stimulation events in the NPDES
permit.
Table 2.6-2. NPDES constituent concentration limits for platforms for which limits were not
specified in Table 2.6-1 (U.S. EPA, 2013a).

Constituent

Limit (μg/L)

Ammonia

1300/600; 2400

Arsenic

36/8; 32

Cadmium

8.8/1; 4

Copper

3.1/3; 12

Cyanide

1/1; 4

Lead

8.1/2; 8

Manganese

100; NA
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Mercury

0.051/0.04; 0.16

Nickel

8.2/5; 20

Selenium

71/15; 60

Silver

1.9/0.7; 2.8

Zinc

81/20; 80

Benzene

5.9

Benzo (a) Anthracene

0.018; NA

Benzo (a) Pyrene

0.018; 3

Chrysene

0.018; NA

Benzo (k) Fluoranthene

0.018; NA

Benzo (b) Fluoranthene

0.018; NA

Dibenzo (a,h) Anthracene

0.018; NA

Hexavalent Chromium

50/2

Phenol

1,700,000; 120

Toluene

15,000; 50

Ethylbenzene

2,100; 4.3

2,4-Dimethylphenol

850; none

Undissociated Sufides

5.79; NA

Napthalene

none; 23.5

Total Chromium

NA; 8

Bis (2-ethylhexyl) phthalate

NA; 3.5

The limits for all platforms are the numbers preceding the semicolon. Limits following the semicolon are for platform
Irene. Limits separated by a “/” represent differing federal and state limits, respectively. The most stringent limits are
applied where conflicting limits exist. NA – limit not applicable; “none” means constituent was listed without a limit.

2.6.1.2. NPDES Discharge Monitor Reports
The historical discharge quantities and testing results stipulated by the NPDES permit
are recorded in the U.S. EPA’s Integrated Compliance Information System and Permit
Compliance System database (ICIS/PCS) (U.S. EPA, 2015a). The database at present
contains discharge data for some but not all of the platforms. The platforms and their
data status are given in Table 2.6-3. Only 9 of the 23 platforms have data. Table 2.64 shows the 6 platforms with complete produced water flow records for 2012 through
2014. In general, the actual produced water discharges are significantly lower than the
NPDES permit limits. Oil and grease are regularly measured and exceeded the limit in two
instances. Values for ammonia, copper, undissociated sulfides, and zinc remained within
the discharge limits. Measurements of Benzo (a) Anthracene, Benzo (a) Pyrene, Benzo (k)
Fluoranthene, Benzo (b) Fluoranthene, Chrysene, Dibenzo (a,h) Anthracene are required
for many of the platforms listed in Table 2.6-4, but no measurements were reported in the
DMRs. WET tests are reported on a pass/fail basis; all test results in the DMRs have been
reported as “pass.” The DMRs do not track the quantity or composition of any specific
constituents associated with well stimulation flowback fluids.
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Table 2.6-3. Discharge monitoring report status (U.S. EPA, 2015a).
Platform

Facility-specific NPDES number

Data Status

A

CAF001156

Data – 2011 - 2014

B

CAF001157

Data – 2011 - 2014

C

CAF001300

Data – 2011 - 2014

Edith

CAF001150

Data – 2011 - 2014

Ellen

CAF001147

No data

Elly

CAF001148

No data

Eureka

CAF001149

No data

Gail

CAF000002

No data

Gilda

CAF001152

Data – 2011 - 2014

Gina

CAF001151

Data – 2011 - 2014

Grace

CAF000005

No data

Habitat

CAF001304

Data – 2011 - 2014

Harmony

CAF000006

No data

Harvest

CAF001305

No data

Henry

CAF001301

Data – 2011 - 2014

Heritage

CAF000007

No data

Hermosa

CAF001306

No data

Hidalgo

CAF001307

No data

Hillhouse

CAF001154

Data – 2011 - 2014

Hogan

CAF000003

No data

Hondo

CAF001302

No data

Houchin

CAF000004

No data

Irene

CAF001153

No data
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Table 2.6-4. DMR values for produced water discharge and constituent concentrations (U.S.
EPA, 2015a).

Platform

Annual Produced
Water Flow
(m3) x106 (#bbl) x106

Annual Produced
Water NPDES Limit
(m3) x106 (bbl) x106

Oil and
grease
(mg/L)

Ammonia
(μg/L)

Copper
(μg/L)

Undissociated
sulfides
(μg/L)

Zinc
(μg/L)

40

NA

NM

NA

NA

62

NA

2.01

NA

NA

A – 2014

0.248
(1.559)

A – 2013

0.373
(2.345)

A – 2012

0.187
(1.177)

20

NA

2.01

NA

NA

B – 2014

0.348
(2.188)

29.3

NA

NA

NA

NA

B – 2013

0.267
(1.682)

28

NA

NA

NA

NA

B – 2012

0.368
(2.317)

42

NA

NA

NA

NA

Edith – 2014

0.0382
(0.240)

11.3

NA

NA

NA

8

Edith – 2013

0.0266
(0.1670

16.5

NA

NA

NA

8.008

Edith – 2012

0.0499
(0.314)

46.6

NA

NA

NA

8.1

Gilda – 2014

0.354
(2.227)

39

NA

2

0.82

NA

Gilda – 2013

0.318
(1.999)

19

NA

2.01

0.73

NA

Gilda – 2012

0.369
(2.321)

20

NA

2

0.48

NA

Gina – 2014

0.118
(0.740)

25

24.83

2

NA

NA

Gina – 2013

0.809
(0.509)

27

26.55

2.01

NA

NA

Gina – 2012

0.0585
(0.368)

20

39.13

2

NA

NA

Hillhouse –
2014

0.370
(2.327)

14

NA

NA

NA

NA

Hillhouse –
2013

0.454
(2.856)

18

NA

NA

NA

NA

Hillhouse –
2012

0.431
(2.709)

21

NA

NA

NA

NA

42

600

3

5.79

20

Limits

NA

2.09
(13.140)

2.61
(16.425)

0.522
(3.285)

4.05
(25.500)

1.16
(7.300)

NA

Concentrations are maximum measured values; limits are maximum daily values;
NA – not applicable; NM – no measurement; #bbl=oil barrel (one barrel = 42 gallons)

74

Chapter 2: Offshore Case Study

Lyon and Stein (2010) reported on the results of a 2005 special monitoring study for
offshore California discharge into federal waters as part of a “reasonable potential
analysis” for the EPA. This study provided a more comprehensive data set (but just for
2005) than available from the current DMRs, with measurements for all of the platforms
in federal waters. A complete set of measurements was made for all the constituents in
Table 2.6-2 plus undissociated sulfides, with the exception of one or two constituents at
three platforms.
In summary, the NPDES permit provides protection against contamination expected from
hydrocarbons and produced water. However, for well stimulation fluid flowback, it relies
on an assumption that dilution, exposure, and toxicity for any different chemicals present
in the discharge are sufficiently similar to those in petroleum fluids and produced water to
prevent adverse impacts.
2.6.1.3. Offshore Spills
Spills in federal waters associated with offshore oil and gas exploration and production
have been recorded by the BOEM. In general, the database displays spills of crude oil and
or other chemicals, but the material most often released by accident is crude oil. When
looking only at spills in federal waters offshore California, all but two of the 16 recorded
spills of 10 barrels or more is crude oil (Table 2.6-5). In terms of spill volume, the 1969
Santa Barbara oil spill represents 98% of the releases over a 40-plus year record (see
Section 2.3.3). Accidental releases of well stimulation fluids have not been reported.
Despite the relatively small quantities of spills since the 1969 oil spill, events such as the
2010 Macondo blowout in the Gulf of Mexico and similar major oil spills elsewhere have
influenced the current regulatory climate for offshore California oil and gas development.
Table 2.6-5. Offshore California spills in federal waters from oil and gas exploration and
production (BOEM, 2015e).
Spill Volume
(m3) (bbl)

Product(s)
Spilled

Operation

Platform A

12,700
(80000)

crude oil

Drilling

Platform C

143
(900)

crude oil

Pipeline

1981-08-24

Platform Ellen

2.7
(17)

crude oil

Production

1981-09-13

Platform Henry

1.6
(10)

crude oil

Production

1981-10-23

Platform Henry

1.6
(10)

diesel

Production

Platform Elly

2.7
(17)

crude oil

Production

Date

Facility

1969-01-28
1969-12-16

1981-10-24
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1984-07-19

Rig Diamond M. Eagle

4.9
(31)

crude oil

Abandonment

1987-11-25

Platform Hondo

3.2
(20)

crude oil

Pipeline

Plat Habitat

16
(100)

16 m (100
bbl) mineral
oil in 22.9 m3
(144 bbl) of
oil-based mud

Drilling

1991-05-10

Plat Gina

7.9
(50)

crude oil

Pipeline/Motor
Vessel

1991-11-21

Platform C

1.6
(10)

crude oil

Production

Plat Hondo

4.8
(30)

crude oil

Production

1994-12-17

Plat Hogan

7.9
(50)

crude oil

Production

1996-05-01

Plat Heritage

23.8
(150)

crude oil

Pipeline

Platform Eureka

1.6
(10)

crude oil

Pipeline

Platform A

4.8
(30)

crude oil

Production

3

1990-05-07

1994-05-25

1999-06-05
2008-12-07

Note: Database for spills > 50 bbl covers years 1964 through 2011.
Database for spills between 10 and 50 bbl covers years 1970 through 2011. #bbl=oil barrel (one barrel = 42 gallons)

A California Office of Emergency Services (19 CCR 2703(a)) database of spills from 2009
through 2014 also records about 170 spill incidents offshore. The database covers facilities
in both state and federal waters. The spill reports generally involve small or unknown
quantities, with the largest quantified spill occurring on platform Eva on 1/6/2009. This
spill of 1.3 m3 (8 barrels) of drilling mud on the platform resulted in about 0.02 m3 (0.14
barrels) being released into the ocean. No reports specifically identified spills of well
stimulation fluids.
Unintentional release in connection with hydraulic fracturing can also occur if the
hydraulic fracture extends out of zone and provides a leakage pathway to the sea floor.
Fracture height is limited by natural boundaries, stresses, leakoff, and volume of injection
(see Volume I, Chapter 2). The maximum fracture height observed in hydraulic fracturing
operations is 588 m (1,930 ft) in the Barnett shale in Texas. The statistics of observed
fracture heights show that only 1% exceeds 350 m (1,150 ft). Reservoir depths from
Tables 2.4-2, 2.4-4, and 2.4.6 are all greater than 350 m (1,150 ft), and only two are less
than 588 m (1930 ft), Dos Cuadras at 488 m (1,600 ft) depth and the shallowest reservoir
in the Huntington Beach field at 460 m (1,510 ft) depth. Both of these reservoirs have
high permeability (Dos Cuadras, 49-987 md; Huntington Beach shallowest reservoir, 987
md) making the use of hydraulic fracturing less likely. Furthermore, there are no reports
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of hydraulic fracturing having been used in these reservoirs. Therefore, the possibility of a
spill caused by hydraulic fracturing between a reservoir and the ocean floor appears to be
remote.
2.6.2. Atmospheric Emissions from Offshore Facilities
Offshore facility operations incur emissions of air pollutants and greenhouse gases
(GHGs). Intentional emissions include combustion products. Unintentional emissions
result from process inefficiencies such as fugitive methane releases from natural gas
production. The primary pollutants are nitrous oxides (NOx), sulfur oxides (SOx), carbon
monoxide (CO), volatile organic compounds (VOCs), and particulate matter (PM). Other
pollutants are grouped into the classification of hazardous air pollutants (HAPs), which
include some VOCs but also other items such as crystalline silica, hydrochloric acid, and
methanol. GHGs include carbon dioxide (CO2), methane (CH4), carbon monoxide (CO),
nitrous oxide (N2O), VOCs, and black carbon.
The emissions estimates in this case are done for all offshore facilities as a group. Unlike
the ocean discharge issue, there is no significant distinction in air emissions discharge
handling between facilities in state and federal waters. The fraction of air emissions
caused by well stimulation activities is not available, but is expected to be a small fraction
of the overall emissions for oil and gas activities.
2.6.2.1. Air Pollutant Emission Estimates
Specific air pollutant emission estimates for each offshore facility were obtained from
the California Air Resources Board (CARB, 2015a) database for 2012. These consist of
the following criteria pollutants that comprise the major components of air pollution:
total organic gases (TOG), reactive organic gases (ROG), carbon monoxide (CO), nitrous
oxides (NOX), sulfur oxides (SOX), particulate matter (PM), particulate matter less than
10 microns in diameter (PM10); particulate matter less than 2.5 microns in diameter
(PM2.5). The emissions are available by offshore facility. Table 2.6-6 shows the summary
of mass emissions grouped for the Santa Maria and Santa Barbara Basins and the offshore
Los Angeles Basin. This does not include air emissions from onshore wells that reach
offshore. As discussed in Section 2.7.2.1, these emissions are typically a small fraction of
the overall emissions in the corresponding air basins.
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Table 2.6-6. Criteria pollutant emissions (metric tons (lbs), 2012) (CARB, 2015a).
Region

TOG

ROG

CO

Santa Barbara and
Santa Maria Basins

912
(2,010,000)

471
(1,040,000)

346
(763,000)

368
(811,000)

113
(250,000)

58.0
(128,000)

29.3
(64,600)

1,030
(2,260,000)

529
(1,170,000)

375
(827,000)

Offshore Los Angeles
Basin
Total

NOX

SOX

PM

PM10

PM2.5

100
(221,000)

51.7
(114,000)

50.9
(112,000)

49.0
(108,000)

219
(484,000)

0.1
(220)

6.9
(15,200)

6.7
(14,800)

6.7
(14,800)

587
(1,290,000)

100
(221,000)

58.6
(129,000)

57.6
(127,000)

55.7
(123,000)

In addition, numerous toxic pollutant emissions are reported (Table 2.6-7). Toxic air
pollutants are substances that have a direct adverse health effect and are known or
suspected of being carcinogens, endocrine disruptors, or cause other serious health
effects. Common toxic pollutants to both regions include 1,3-Butadiene, arsenic, benzene,
cadmium, formaldehyde, lead, methylene chloride, ammonia (NH3), naphthalene, nickel,
and polycyclic aromatic hydrocarbons (PAHs). Toxic air pollutant emissions in Table 2.6-7
are from CARB’s 2012 emissions inventory, but these emissions are not tabulated for each
year and may be estimated from data over a range of years.
Air emissions resulting directly from well stimulation have not been reported; however,
these are presumably included in the total emissions given in Tables 2.6-6 and 2.6-7, and
are expected to represent a small percentage of the overall air emissions.
Table 2.6-7. Toxic air pollutant emissions (kg/yr (lbs/yr), 2012) (CARB, 2015a).

Toxic pollutant
1,3-Butadiene

Santa Maria and
Santa Barbara Basins
392 (863)

Offshore Los
Angeles Basin
250 (551)

Total
642 (1,410)

2MeNaphthalene

0.00

0.48 (1.1)

0.48 (1.1)

Acenaphthene

0.00

0.02 (0.04)

0.02 (0.04)

Acenaphthylene

2,370 (5,230)

0.08 (0.18)

2,370 (5,230)

Acrolein

316 (696)

0.00

316 (696)

Arsenic

2.36 (5.20)

1.81 (3.99)

4.17 (9.19)

Asbestos

0.00

4.99 (11.0)

4.99 (11.0)

B[b]fluoranthen

0.00

0.00

0.00

B[e]pyrene

0.00

0.01 (0.02)

0.01 (0.02)

B[g,h,i]perylen

0.00

0.01 (0.02)

0.01 (0.02)

1,680 (3,700)

625 (1,380)

2,300 (5,080)

0.72 (1.6)

0.53 (1.2)

1.25 (2.76)

4.03 (8.88)

1.70 (3.75)

5.73 (12.6)

Benzene
CCl4
Cadmium
Chlorobenzn

0.81 (1.8)

0.00

0.81 (1.8)

Choroform

0.56 (1.2)

0.00

0.56 (1.2)

Chromium

18.6 (41.1)

0.00

18.6 (41.1)
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Copper
Chrysene

7.33 (16.2)

0.00

7.33 (16.2)

0.00

0.01 (0.02)

0.01 (0.02)

Cr(VI)

0.14 (0.31)

0.11 (0.24)

0.25 (0.55)

DieselExhPM

74.9 (165)

0.00

74.9 (165)

DieselExhTOG

83.6 (184)

0.00

83.6 (184)

0.87 (1.9)

0.64 (1.4)

1.51 (3.3)

EDB
EDC

0.00

0.34 (0.75)

0.34 (0.75)

917 (2,020)

0.00

917 (2,020)

Fluoranthene

0.00

0.02 (0.04)

0.02 (0.04)

Fluorene

0.00

0.08 (0.18)

0.08 (0.18)

Fluorocarb(Cl)

0.00

90.7 (200)

90.7 (200)

Formaldehyde

21,900 (48,400)

2,930 (6,450)

24,900 (54,800)

0.00

0.00

0.00

Ethyl Benzene

H2S
HCl

264 (582)

0.00

264 (582)

10,200 (22,600)

0.00

10,200 (22,600)

Lead

13.4 (29.5)

9.39 (20.7)

22.8 (50.2)

Manganese

22.6 (49.9)

0.00

22.6 (49.9)

Mercury

2.87 (6.33)

0.00

2.87 (6.33)

Hexane

Methanol
Methylene Chlor
NH3
Naphthalene

125 (276)

0.00

125 (276)

1.68 (3.70)

0.29 (0.64)

1.97 (4.34)

742 (1,640)

1,570 (3,460)

2,310 (5,100)

65.0 (143)

24.4 (53.7)

89.4 (197)

23. 8 (52.4)

4.41 (9.72)

28.2 (62.1)

PAHs

116 (256)

41.4 (91.2)

157 (347)

Perc

111 (244)

0.00

111 (244)

Nickel

Phenanthrene
Propylene
Propylene Oxide
Pyrene

0.00

0.15 (0.33)

0.15 (0.33)

1,490 (3,270)

0.00

1,490 (3,270)

738 (1,630)

0.00

738 (1,630)

0.00

0.02 (0.04)

0.02 (0.04)

3.13 (6.90)

0.00

3.13 (6.90)

Styrene

0.49 (1.1)

0.00

0.49 (1.1)

Toluene

31,300 (68,900)

0.00

31,300 (68,900)

0.00

0.22 (0.49)

0.22 (0.49)

2,710 (5,970)

0.00

2,710 (5,970)

31.8 (70.2)

0.00

31.8 (70.2)

Selenium

Vinyl Chloride
Xylenes
Zinc

2.6.2.2. Greenhouse Gas Emission Estimates
GHG emissions for 2013 in terms of CO2-equivalent mass (CO2eq.) are reported for eight
offshore facilities in the EPA’s flight tool (U.S. EPA, 2015b). These facilities are platforms
Hermosa, Hidalgo, Harvest, Gail, Edith, Ellen, Elly, and Eureka. Emissions from the Beta
field (Edith, Ellen, Elly, and Eureka) were reported as a single emission value. Oil and gas
production for Platform Gail (only platform in the Sockeye field) and for the Beta field are
given in Tables 2.4-1 and 2.4-5, respectively. Oil and gas production data for platforms
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Hermosa, Hidalgo, and Harvest were computed individually from BOEM production data
(BOEM, 2015d). The production data were correlated with the CO2eq. emissions as shown
in Figure 2.6-1. Barrels of oil equivalent (BOE) were computed using a conversion factor
of (5,620 cubic feet) of gas per BOE (BOEM, 2014a). A weighting factor of 6.3 on the gas
BOE was found to produce the best correlation with CO2eq.

Correlation between CO2eq. and Weighted BOE
80000

CO2e
eq. (Mt) 2013

70000

y = 0.0297x
R² = 0.8834

60000
50000
40000
30000

BOEM and EPA
data
Linear (BOEM
and EPA data)

20000
10000
0
0

500,000

1,000,000 1,500,000 2,000,000 2,500,000

Weighted BOE (bbl) 2013

Figure 2.6-1. Correlation between oil production and CO2eq. emissions.

Production data from Tables 2.4-1, 2.4-3, and 2.4-5 are used with the correlation to
estimate GHG emissions. The values are shown in Table 2.6-8.
Table 2.6-8. Oil and gas production values for offshore regions in 2013 and GHG (CO2eq.)
emission estimates.

Region

Oil (m3) x106
(#bbl) x106

Gas (m3) x106
(##Mcf) x 106

BOE*
(m3) x106
(bbl) x106

Weighted
BOE (m3) x106
(bbl) x106

CO2eq.
(metric tons) x106
(lbs) x106

Santa Barbara Basin

2.53
(15.9)

696
(24.6)

3.23
(20.3)

6.91
(43.5)

1.29
(2,850)

Santa Maria Basin

0.511
(3.21)

98.9
(3.49)

0.511
(3.21)

1.13
(7.10)

0.212
(466)

Santa Barbara and
Santa Maria Basins

3.04
(19.1)

795
(28.1)

3.74
(23.5)

8.04
(50.6)

1.50
(3,310)

2.17
13.6

131
(4.62)

2.30
(14.4)

2.99
(18.8)

0.558
(1,230)

5.21
(32.8)

926
(32.7)

6.14
(38.6)

11.0
(69.5)

2.06
(4,550)

Offshore Los Angeles
Basin
Total

#

bbl = oil barrel (one barrel = 42 gallons); ## Mcf = one thousand cubic feet (one Mcf = 7,481 gallons); *BOE =
barrels of oil equivalent
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As a check on the GHG emission estimate, GHG emissions from California oil production
in 2012 can be estimated from total oil and gas production for California from DOGGR
(2013) and BOEM (2012) using the correlation from Figure 2.6-1. This estimate may be
compared with the CARB (2015b) GHG emission inventory report for California, which
gives statewide emission estimates resulting from oil and gas production activity in 2012.
The results are shown in Table 2.6-9.
Table 2.6-9. Oil and gas production values for California oil and gas production in 2012 and
GHG (CO2eq.) emission estimates.

#

Location

Oil (m3) x106
(#bbl) x106

Gas (m3) x106
(##Mcf) x106

BOE* (m3) x106
(bbl) x106

Weighted BOE
(m3) x106
(bbl) x106

CO2eq.
(metric tons)
x106 (lbs) x106

California

31.4
(198)

6,300
(222)

37.7
(237)

71.0
(447)

13.3
(29,300)

Federal offshore

2.81
(17.7)

771
(27.2)

3.58
(22.5)

7.66
(48.2)

1.43
(3,160)

Total

34.2
(215)

7,070
(250)

41.3
(260)

78.7
(495)

14.7
(32,400)

bbl = oil barrel (one barrel = 42 gallons); ## Mcf = one thousand cubic feet (one Mcf = 7,481 gallons); *BOE =

barrels of oil equivalent

The CARB estimate for 2012 GHG CO2eq. emissions from oil and gas operations is
16,856,000 metric tons. It is not clear if the CARB estimate includes GHG emissions from
federal offshore facilities, but if it does, the correlation-based emission estimate is about
13% smaller than the CARB estimate.
GHG emission estimates for California oil and gas production operations are also
presented in Volume II, Chapter 3, Table 3.3-19. These estimates are based on a CARB
industry survey conducted in 2007. The offshore CO2eq. emissions estimates from the
CARB survey are found to be much lower than the correlation-based estimates given here,
which are based on CO2eq. emissions estimates from the EPA flight tool. The reported
2013 offshore CO2eq. emissions in the EPA flight tool totaled 260,000 metric tons but
was only for 8 out of a total of 32 offshore facilities. The 2007 CARB industry survey
reported 140,100 metric tons CO2eq. emissions for all offshore operations. While the
reasons behind the differences in emission estimates are not known, the higher estimates
developed here are more consistent on a per unit hydrocarbon production basis with
average California oil and gas production emission rates (see Section 2.7.2.3).
2.7. Impacts of Offshore Well Stimulation Activities and Data Gaps
The potential impacts of offshore well stimulation are related to the possibility of
discharge of contaminants into the air and water, and the injection of stimulation fluids
and produced water into the subsurface. This section explores the possibility that these
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may lead to contamination of the marine environment and atmosphere, and increased
seismic activity.
2.7.1. Impacts of Offshore Well Stimulation to the Marine Environment
Data documenting the impacts of well stimulation fluids discharged to the marine
environment have not been found. However, studies of ecological conditions and
contamination in the marine environment around California offshore platforms have
been conducted. Although these do not directly target the effects of well stimulation
fluid discharge, the observations and findings from such investigations implicitly include
the cumulative effects of all discharge that has occurred. In addition to these field
investigations, laboratory investigations of toxicity of produced water discharge into the
ocean have been conducted.
Ecological Studies around California Offshore Platforms
Several ecological studies have been conducted around California offshore platforms
that provide information about the ecological effects of offshore platforms on marine
life. Love et al. (2003) found that platforms support higher densities of many species of
common reef fish at platforms compared to natural outcrops. Therefore, the platforms
appear to act as a kind of marine refuge. A survey of fish counts for young-of-the-year
(less than one year old) rockfishes, a dominant species at platforms and natural reefs in
the Santa Barbara Channel area, shows in Figure 2.7-1 the higher density of species at
Platform Hidalgo versus a natural outcrop about one kilometer from the platform, North
Reef, over a six-year period. Differences in fish density were mainly due to differences in
the abundance of various rockfish species, rather than differences in the kinds of species
present.
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Figure 3.22. Mean densities of young-of-the-year rockfishes, all species combined, at Platform
Hidalgo midwater and North Reef, 1996–2001.
Figure 2.7-1. Young-of-the-Year Rockfish densities at Platform Hidalgo and North Reef (Love et
al., 2003).

these structures. This recruitment pattern was repeated
due to generally higher densities for more species at
in each year of our surveys as young-of-the-year rockfish
platforms. In particular, widow rockfish young-of-thedensities were always greater at the platform than at the
year, canary, copper, flag, greenblotched, greenspotted,
A comparison
of theyears,
growth
rates
formore
young-of-the year blue rockfish at Platform Gilda
outcrop (Figure
3.22). In some
densities
were
greenstriped, halfbanded, and vermilion rockfishes,
atgreater
NaplesatReef
is shown in Figure 2.7-2. Note
that platform
Gilda was
found
tohistory
have stages
than 100and
times
the platform.
bocaccio,
painted greenling
and
all life
the most hydraulic fracturing treatments of anyofplatform
in federal
waters (see
Table Yellowtail
lingcod were
more abundant
at platforms.
4. A Comparison
of Fish Assemblages
of Platforms
rockfish
and theofdwarf
species
pygmy,
squarespot,
and
2.5-2). Growth
rates measured
using the otoliths
(earbones)
the fish
were
found
to be
and Natural Outcrops off Central and Southern
swordspine
rockfishes
were
more
abundant
on
natural
0.046 cm/day (0.018 inches/day) and 0.014 cm/day (0.0055 inches/day) for Platform
California
outcrops.
Some of
differences
be explained
Gilda and Napes Reef, respectively, based on the
straight-line
fitsthese
in Figure
2.7-2.can
The
Findings at a Glance
by recruitment (settlement) processes and the greater
difference
in of
growth
was and
found
significant (Love et al., 2003).
Based
on surveys
seven rates
platforms
overto80be statistically
chance for survival at the platform habitats. We believe
natural outcrops, rockfishes dominate almost all of the
that as fish size increases with age the platforms act as
platform and hard seafloor habitats. A greater number
de facto marine reserves because fishing pressure is
of species was observed at the natural outcrops (94) than
light or nonexistent. Platforms can be characterized
at the platforms (85). There is a high degree of overlap
as having higher densities of young-of-the-year rockin species composition and differences are primarily
fishes than natural outcrops.
3-24
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Figure 3.34. A comparison of daily growth rates of young-of-theyear2.7-2.
blueGrowth
rockfish
collected at
Gilda
and Naples
Reef
inet al.,
Figure
rate comparison
for Platform
Platform Gilda
and Naples
Reef in 1999
(Love
1999. Fish from Platform Gilda grew at a statistically faster rate
2003).
than did those from the natural outcrop.
Fish production rates have been found to be about an order of magnitude higher at
California offshore platforms compared with other natural areas studied around the
world (Claisse et al., 2014). Locations where production rates have been quantified are
shown in Figure 2.7-3. Figure 2.7-4 presents the total production rates of fish mass per
unit area at 16 platforms and 7 natural areas. This shows that higher production rates are
found around platforms than in natural areas. In Figure 2.7-4, total production is divided
between somatic (yellow portion of total growth bars) and recruitment production (purple
portion of total growth bars). Somatic production is the increase of mass in the existing
fish population, whereas recruitment production is the growth of fish mass through
reproduction. Similar findings of high densities of cowcod and bocaccio around Platforms
Gail and Hidalgo were reported by Love et al. (2005).

the Santa Barbara Channel during 1996 through 1998,
the cooler waters of 1999 brought with it a relatively good
year for cool-temperate rockfish recruitment throughout
the channel.
The timing of this upsurge in young-of-the-year
rockfish settlement in the Santa Barbara Channel also
coincided with what may have been a Northeast Pacific
oceanographic regime shift from warm to cool waters
that overlaid the El Niño and La Niña events. This may
have been reflected in the 2000 and 2001 rockfish recruitment at platforms in the eastern channel, which remained
higher than pre-1999 levels. We should note that the last
cold water regime off southern California occurred in the 1970s, a period84that saw heavy
settlement of young-of-the-year blue, olive,
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The underlying reason for the improved environment for marine life around platforms
is thought to be a result of (1) platforms having a high ratio of habitat surface area to
seafloor area and (2) platforms providing protection because access is restricted around
the platform, and (3) platforms tend to be in isolated locations (Martin and Lowe,
2010; Claisse et al., 2014). Although these factors do not address the impacts of fluids
discharged on the marine environment, the findings of robust fish populations around
platforms imply that any adverse impacts of intentional fluid discharge are less than the
other advantages afforded by the platform environment.
Osenberg et al. (1992) conducted a study of benthic marine organism densities and
growth rates at a location near Carpinteria, about 200 to 300 m (656 to 985 feet) offshore
in 10 to 12 m (33 to 39 feet) of water. Osenberg et al. (1992) state that produced water
was discharged at this location nearly continuously at a rate of 2,640 m3/day (16,600
bbl/day). Densities of the benthic organisms were found to be quite sensitive to distance
from the diffuser within a range of approximately 100 m. One group of organisms,
nematodes (roundworms), were found to benefit from exposure to the produced water,
while a second group, polychaetes (segmented worms), displayed a reduction in density
within 100 m (328 ft) of the produced water discharge (Figure 2.7-5). Other organisms,
including mussels, showed no distinct variation in density with distance from the outfall.
However, mussel growth rates were found to be more sensitive, with depressed rates
found as a function of distance up to one kilometer away from the discharge point
(Figure 2.7-6). However, observations of mussel growth rates at offshore platforms have
been found to be higher than for corresponding natural habitats (Claisse et al., 2014).
One possibility is that the effects of discharge may have been amplified in this relatively
shallow environment compared with offshore platforms in the Santa Barbara Channel
area, where water depths are 29 m (95 ft) or more (see Tables 2.5-1 and 2.5-4), as
suggested by Gale et al. (2012). Baake et al. (2003) investigated similar impacts caused
by oil production operations in the North Sea and found that the effects of produced water
discharge result in sublethal effects for some species up to one to two kilometers from the
discharge point.
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Figure 2.7-5. Densities of benthic organisms as a function of distance from the Carpinteria
produced water outfall (Osenberg et al., 1992).

Figure 2.7-6. Variations in mussel tissue growth rates with distance from the Carpinteria outfall
for two species, a) M. californianus; and b) M. edulis (Osenberg et al., 1992).

A study of pollutant-related reproductive impairment in fish called atresia was conducted
by Love and Goldberg (2009) on the Pacific sanddab. Discharge of drilling muds and
produced water were identified as sources of contamination at the platform sites. The study
was performed at two offshore platforms, Gilda and B, and two natural areas, Rincon and
Santa Cruz, for comparison. The locations of the sites are shown in Figure 2.7-7.
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Figure 2.7-7. Locations for samples to investigate atresia in the Pacific sanddab (Love and
Goldberg, 2009).

The study was conducted to compare the reproductive capability of the Pacific sanddab
at oil platforms and natural areas. The following observations were used to evaluate
reproductive health: (1) hydrated eggs for upcoming spawning; (2) vitellogenesis
(yolk deposition) in mode of smaller eggs for subsequent spawning; (3) postovulatory
follicles (evidence of recent spawning); (4) follicular atresia (degenerating oocytes
(egg cell)), characterized as minor or pronounced. Results are shown in Table 2.7-1,
where higher percentages of hydrated eggs, yolks in smaller modes, and post-ovulatory
follicles correspond to positive reproductive characteristics, whereas occurrences of
atresia, particularly pronounced atresia, correspond to reproductive impairment. Love
and Goldberg (2009) concluded that the data do not show substantial reproductive
impairment in fish living at the platforms, and that large-scale reproductive damage is
unlikely to be occurring.
Table 2.7-1. Pacific sanddab reproductive characteristics at two platform and two natural sites
(Love and Goldberg, 2009).

Site

n

Hydrated
eggs

Yolks in smaller
modes

Post-ovulatory
follicles

Minor
atresia

Pronounced
atresia

Platform B

18

95

95

61

22

6

Rincon

19

50

55

5

35

16

Platform Gilda

20

100

100

35

60

0

Santa Cruz

21

85

85

65

15

0

Values in each column are in percentages of individuals sampled.
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2.7.1.2. Contamination Studies around California Offshore Platforms
Studies of certain types of contamination around California offshore platforms have also
been conducted. These studies include polycyclic aromatic hydrocarbons (PAH) that are
a component of crude oil as well as other organic contaminants unrelated to petroleum
operations (Gale et al., 2012; 2013; Bascom et al., 1976), trace metals contained
in drilling muds and produced waters (Love at al., 2013; Bascom et al., 1976), and
reproductive impairment in marine life (atresia) caused by exposure to environmental
contamination (Love and Goldberg, 2009).
Gale et al. (2012, 2013) investigated the levels of PAH in Pacific sanddabs, kelp rockfish,
and kelp bass. Pacific sanddabs are benthic-dwelling flatfish that are ubiquitous in the
southern California marine environment and found both at natural sites and around oil
and gas platforms. Kelp rockfish and bass are found at mid-water depths around platforms
and at rocky reef natural sites. The locations investigated are shown in Figure 2.7-8, which
include 7 platforms and 12 natural sites.

Figure 2.7-8. Sites investigated for PAH contamination (Love et al., 2013).

The investigation involved sampling bile from the fish gall bladders and measuring
contamination levels. Because PAHs are rapidly metabolized in the fish livers, PAH
metabolites in the bile were the target chemical species in the investigation. This
methodology has been used to successfully identify PAH contamination in fish exposed to
natural oil seeps relative to other areas that have not been exposed to petroleum seepage
(Gale et al., 2013). The study used 74 fish samples from the platform sites and 64 fish
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samples from the natural sites. The results of the study found that PAH exposure in
resident fish populations at platforms is not observably different than in fish from nearby
natural areas. 1-Hydroxypyrene, which has been used as a bioindicator of PAH exposure
of fish, was not detected in any samples from the platform sites, and only low levels of
1-hydroxypyrene were detected in 3 of 12 kelp rockfish from the Santa Barbara Point reef.
The highest levels of PAH metabolites were found in fish near Platform Holly, although
even these levels of contamination were considered low by Gale et al. (2012). Platform
Holly is in state waters and does not discharge wastewater to the ocean. Detectable PAH
metabolite concentrations at platforms in federal waters (at platforms Gilda, Gina, and
Hogan) were at levels comparable to detectable concentrations at natural sites.
Gale et al. (2013) performed a follow-on study to Gale et al. (2012), which again
considered PAH contamination but also included aliphatic hydrocarbons found in crude
oil and several other organic contaminants (polychlorinated biphenyls, organochlorine
pesticides, and polybrominated diphenylethers) not related to oil and gas production. The
PAH study involved measurements of recalcitrant, higher molecular weight PAHs in fish
tissues of Pacific sanddab. These allow for detection of potential chronic exposure to PAHs
not readily detectable by PAH metabolite measurements in the earlier study. The same
sampling sites as shown in Figure 2.7-8 were used for the follow-on study. The results of
the study found that aliphatic hydrocarbon concentrations were uniformly low, less than
100 ng/g per component, in all samples from the platforms and the natural locations.
Total-PAH concentrations were found to range from 15 to 37 ng/g at natural areas and
from 8.7 to 22 ng/g at platforms. The types of PAHs found at all natural and platform sites
were similar. Balk et al. (2011) found a somewhat different result investigating levels of
four PAH metabolites in fish bile at two oil production sites in the North Sea. There were
three out four metabolites at one of the sites that showed statistically significant higher
concentrations than the control. None of the metabolites was significantly different than
the control at the other site.
A study of trace metals in fish around California platforms was conducted by Love et al.
(2013) during 2005-2006. The study was conducted at 5 of the 7 platform sites (excludes
platforms C and Ellen) and 10 of the 12 natural areas (excludes Santa Barbara Point reef
and Santa Barbara Point offshore) shown in Figure 2.7-8. This study evaluated results for
21 trace metals in 98 Pacific sanddabs, 80 kelp rockfish, and 18 kelp bass. These species
were selected because they are common at both natural and platform sites, and because
they are likely to ingest prey containing elevated concentrations of trace elements.
In particular, the benthic-dwelling sanddab, which ingests benthic infauna, might be
expected to accumulate trace metals. The elements evaluated are aluminum, arsenic,
barium, cadmium, chromium, cobalt, copper, gallium, iron, lead, lithium, manganese,
mercury, nickel, rubidium, selenium, strontium, tin, titanium, vanadium, and zinc. These
trace metals are present in drilling muds, produced water, and crude, such that they may
end up in waste discharge streams from some platforms in federal waters. The trace metal
measurements were conducted on whole-fish samples. Of the 21 elements, concentrations
of 6 trace metals were found to exceed toxicity thresholds. These six elements of concern
are listed in Table 2.7-2, along with the number of fish that exceeded the toxicity
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threshold at platforms and natural areas. For example, 4 out of 10 kelp bass sampled in
natural areas were found to have exceeded the toxicity threshold for arsenic, and 17 out
of 48 Pacific sanddabs sampled at platforms were found to exceed the toxicity threshold
for cadmium. As can be seen from Table 2.7-2, the results do not indicate that trace metal
contamination at oil platforms is significantly different than in natural areas.
Table 2.7-2. Numbers of fish contaminated (with percent of total sampled in parentheses)
beyond toxicity threshold (Love et al., 2013).

Kelp Bass
Trace Metals
arsenic
cadmium
chromium
lead

Platforms

Kelp Rockfish

Natural Areas

Platforms

Pacific Sanddabs

Natural Areas

Platforms

Natural Areas

0

4 (40%)

0

14 (35%)

7 (15%)

6 (12%)

1 (13%)

0

2 (5%)

0

17 (35%)

22 (44%)

0

0

0

0

0

22 (44%)

0

0

1 (3%)

0

0

0

3 (38%)

9 (90%)

1 (3%)

10 (25%)

7 (15%)

3 (6%)

selenium

0

0

0

0

0

2 (4%)

Number of fish
sampled

8

10

40

40

48

50

mercury

2.7.1.3. Laboratory Investigations of the Impact of Waste Discharge from Offshore
Oil and Gas Operations on the Marine Environment
Other investigations concerning produced water impacts on the marine ecological
environment have been conducted. A laboratory toxicological study by Raimondi and
Boxshell (2002) concerned the effects of produced water on the California offshore
environment. In this study, the reproductive behavior of a selection of marine invertebrates
was examined after exposure to various levels of diluted produced water mixed with
seawater. In particular, results for the species Watersipora subtorquata, are highlighted
here. A colonial marine species, W. subtorquata, spends its adult life attached to hard
substrates, including rocks, shells, docks, vessel hulls, etc. Larvae are formed within the
adult colony prior to release to the water column for a brief free-swimming stage lasting a
few hours, after which the larvae settle out and attach to a hard surface to continue further
stages of development. Laboratory experiments were conducted in which W. subtorquata
larvae were exposed to different concentrations of produced water from an offshore oil
and gas operation mixed with seawater. The experiments then tracked swimming time and
attachment rates to assess any sublethal effects on the larval development stage. After 90
minutes, larvae not exposed to produced water were found to still be swimming, whereas
none of the larvae at 10% produced water concentration were mobile after 15 minutes.
Figure 2.7-9 shows the effects of exposure time and concentration on the percentage
of larvae still swimming after 15 and 75 minutes. Despite the distinct sublethal effects
observed, no evidence was found that these impacts in the larval stage carried over and
impacted the growth or competitive abilities of the subsequent W. subtorquata adults.
Similar results were found for other invertebrate species investigated.
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Figure 1. Proportion of Watersipora subtorquata
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to PW after 15 minutes and 75
Chapterswimming
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minutes.

Figure 2.7-9. Impacts of produced water concentration on the fraction of W. subtorquata larvae

still swimming after 15 and 75 minutes (Raimondi and Boxshell, 2002).
Table 8. The percentage of W. subtorquata larvae showing each behavior 3 and 31 hours after exposure. The
numbers in brackets are the actual number of each larvae showing each behavior.

A study conducted by Krause et al. (1992) was performed using the same produced water
TreatPercent Post-exposure behavior
mentinvestigated by Osenberg et al. (1992) (see Section 2.7.1.1). This study investigated
3 hours
after
Percent
31 purple
hours after
exposure
the effects Percent
of produced
water
onexposure
reproductive behavior
of the
sea urchin.
The
total swim
settlement
deadis representative
swim settlement
reproductive
behavior
of the purplenot
sea urchin
of othernot
benthicdead
marine
larvae that broadcast
activities
moving
activities
movingtakes place.
organisms
eggs and
sperm into the water where
fertilization
10 (1)
90 (9)
100 (10)
0% Treatments
10
were performed using either specific dilutions of the raw produced water
80 (12)
7 (1)the ocean
13 (2) at various 87
(13) from the outfall.
13 (2)
0.01%
15
with seawater or samples
taken from
distances
of up to 1% produced
effect on mortality,
13 (2)
80 (12)
7 (1) water had no
87 (13)
13 both
(2)
0.1%Although
15 concentrations
field
samples
sublethal effects
that depressed the
rate of
7 (1) and 73
(11)
20produced
(3)
93 (14)
7 (1)
1% specific
15 dilutions
reproductive development at dilutions as high as 1,000,000:1. The percentage of embryos
67 (10)
20 (3) 13 (2)
80 (12)
20 (3)
10%
15
reaching the pluteus (larval) stage as a function of exposure type and produced water
dilution is shown in (Figure 2.7-10).

Mortality
When larval mortality occurred, it tended to be in higher concentrations of PW and was visible
after the first hours of exposure rather than during exposure. There was no mortality during
exposure in Experiments 1, 2 or 3.
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Figure 2.7-10. Effects of produced water concentration on various exposure scenarios for the
development of embryos to the pluteus (larval) stage after 48 hours (Krause et al., 1992).

The depressed development, however, was shown to be temporary, in that after 96 hours
the progression to the pluteus stage was independent of the level of produced water
exposure (Figure 2.7-11), with the control and different exposure scenarios converging
to a value of about 85% at 96 hours. While such sublethal effects may lead to increased
mortality or an overall reduction in reproductive success in the natural environment,
insufficient information exists to extrapolate these results to ecological consequences in
the field.

Figure 2.7-11. The effects of 1% produced water exposure scenarios on development to the
pluteus stage as a function of time (Krause et al., 1992).
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2.7.1.4. Evaluation of Typical Well Stimulation Chemicals and Marine Ecotoxicity
Marine ecotoxicity analyses were conducted on two stimulation fluid compositions as
an alternative approach to evaluate the impacts of ocean discharge of stimulation fluid
flowback. Because flowback compositions were not available, the discharge was assumed
to consist of the same composition as the stimulation fluids. The hydraulic fracturing
fluid composition was taken from a DOGGR public disclosure report (DOGGR, 2014c).
Fracturing fluid compositions were only available for onshore treatments, and all but two
of those reported were for diatomite. The two others were for Pico/Repetto sandstone,
which is a more likely type of lithology offshore than diatomite. The fracturing fluid
with the highest chemical load was selected, which is shown in Table 2.7-3. Acidizing
stimulation fluid compositions were taken from another DOGGR public disclosure report
(DOGGR, 2014d). As for fracturing fluid, the only compositions available were from
onshore stimulations. The acidizing treatment selected for analysis utilized three distinct
fluids that are commonly used sequentially for acidizing. The three fluids are (1) an HCl
acid preflush fluid, (2) a main acidizing fluid that was generated from mixing hydrochloric
acid and ammonium bifluoride to produce an HCl/HF mud acid, and (3) an ammonium
chloride overflush fluid. The compositions are given in Table 2.7-4. For these acidizing
fluids, some of the additives could not be analyzed because the concentrations used were
not provided in the disclosure, even though the chemicals were listed as part of the fluid.
The maximum percentage by mass was converted to a diluted concentration by assuming
a fluid density of 1 kg/liter and an average dilution factor of 746. The average dilution
factor is based on a harmonic average of the minimum and maximum dilutions given in
Section 2.6.1.1. A coarse toxicity screen was conducted by utilizing all available data in
the ECOTOX database (U.S. EPA, 2015c). The predicted average concentration of each
chemical following dilution was compared to the lowest available acute or chronic LC50 or
EC50 toxicity value for 90 marine species in the following six species groups: algae, moss,
fungi; crustaceans; fish; invertebrates; molluscs; and worms. The hydraulic fracturing case
study included 33 chemicals. Seven (21%) of these chemicals had toxicity data for marine
organisms, and 26 (79%) did not. Out of the seven chemicals with toxicity data, none was
predicted to occur at concentrations above acute or chronic toxicity levels. The acidifying
case study included 17 distinct chemicals (note that several of the chemicals in Table
2.7-4 are used in more than one of the three acidizing stages). Twelve (71%) had toxicity
data in marine organisms, and 5 (29%) did not. Out of the 12 chemicals with toxicity
data, two were predicted to occur at concentrations above acute or chronic toxicity levels:
ammonium chloride and dodecylbenzenesulfonic acid.
The biocide 5-Chloro-2-methyl-3(2H)-isothiazolone (CMIT) was associated with some
of the lowest acute or chronic toxicity values for marine species out of the chemicals
screened for this case study. However, the volume of CMIT used in the offshore case study
resulted in very low predicted concentrations in surrounding waters. Further study of the
use of CMIT and its potential toxicity to marine species is needed.
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The lack of toxicity data for 31 of the 48 distinct chemicals (methanol and ethylene
glycol are in both hydraulic fracturing and acidizing fluids and both have toxicity data)
is a significant problem with this evaluation approach. An additional important caveat
is that the approach used here cannot address toxic interactions between chemicals in a
complex mixture such as these stimulation fluids. Similarly, very little data were available
on chronic impacts of these chemicals in the marine environment. These represent critical
data gaps in the analysis of potential impacts of offshore drilling to sensitive marine
species.
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Table 2.7-3. Hydraulic fracturing fluid composition (DOGGR, 2014c)
Chemical Constituent

CAS

Maximum percentage by mass

Crystalline Silica: Quartz (SiO2)

14808-60-7

29.08368%

Guar Gum

9000-30-0

0.25305%

Paraffinic Petroleum Distillate

64742-55-8

0.12652%

Petroleum Distillates

64742-47-8

0.12652%

Oxyalkylated Amine Quat

138879-94-4

0.04739%

Methanol*

67-56-1

0.03048%

Diatomaceous Earth, Calcined

91053-39-3

0.02959%

Sodium Chloride*

7647-14-5

0.02564%

1-Butoxy-2-Propanol

5131-66-8

0.02109%

Isotridecanol, Ethoxylated

9043-30-5

0.02109%

Cocamidopropylamide Oxide

68155-09-9

0.01588%

Cocamidopropyl Betaine

61789-40-0

0.01588%

Boric Acid (H3BO3)*

10043-35-3

0.01524%

Methyl Borate

121-43-7

0.01524%

Ammonium Persulfate*

7727-54-0

0.00667%

Nitrilotris (Methylene Phosphonic Acid)

6419-19-8

0.00444%

Quaternary Ammonium Chloride

61789-71-7

0.00444%

Hemicellulase Enzyme Concentrate

9025-56-3

0.00379%

Potassium Bicarbonate

298-14-6

0.00311%

Glycerol

56-81-5

0.00159%

Caprylamidopropyl betaine

73772-46-0

0.00159%

Acid Phosphate Ester

9046-01-9

0.00148%

Vinylidene Chloride-methylacrylate polymer

25038-72-6

0.00062%

5-Chloro-2-Methyl-4-Isothiazolin-3-One*

26172-55-4

0.00049%

Magnesium Nitrate

10377-60-3

0.00049%

2-Butoxy-1-Propanol

15821-83-7

0.00042%

2-Methyl-4-Isothiazolin-3-One

2682-20-4

0.00024%

Magnesium Chloride*

7786-30-3

0.00024%

Phosphonic Acid

13598-36-2

0.00015%

Ethylene Glycol*

107-21-1

0.00015%

Crystalline Silica: Cristobalite

14464-46-1

0.00005%

Hydrated magnesium silicate

14807-96-6

0.00002%

Poly(tetrafluoroethylene)

9002-84-0

0.00001%

Note: Stimulation fluid for well API 411122247, Ventura Oil Field
* Chemical with toxicity data.
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Table 2.7-4. Matrix acidizing fluid composition

Stages

HCl preflush

main acid
(HCl/HF)

overflush

Chemical Constituent

CAS

Maximum percentage
by mass

Acetic acid*

64-19-7

0.9828%

Citric acid*

77-92-9

0.8288%

Hydrochloric acid*

7647-01-0

15.3241%

Methanol*

67-56-1

0.0795%

Diethylene glycol*

111-46-6

0.3136%

Cinnamaldehyde

104-55-2

0.3136%

Formic acid*

64-18-6

0.8317%

Isopropanol*

67-63-0

0.1233%

Dodecylbenzene sulfonic acid*†

27176-87-0

0.4780%

2-butoxyethanol*

111-76-2

1. 9997%

Ethoxylated hexanol

68439-45-2

0.1514%

Ethylene glycol*

107-21-1

0.0022%

Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-whydroxy-*

9016-45-9

0.0088%

Hydrochloric acid*

7647-01-0

14.7779%

Ammonium bifluoride

1341-49-7

4.3887%

Methanol*

67-56-1

0.0795%

Diethylene glycol*

111-46-6

0.3136%

Cinnamaldehyde

104-55-2

0.3136%

Formic acid*

64-18-6

0.8317%

Isopropanol*

67-63-0

0. 1215%

Citric acid*

77-92-9

0.0395%

Hydroxylamine hydrochloride

1304-22-2

0.0395%

Silica, amorphous - fumed

7631-86-9

0.0003%

Dodecylbenzene sulfonic acid*†

27176-87-0

0.4707%

2-butoxyethanol*

111-76-2

1.9687%

Ethoxylated hexanol

68439-45-2

0.1491%

Ethylene glycol*

107-21-1

0.0022%

Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-whydroxy-*

9016-45-9

0.0087%

Isopropanol

67-63-0

0.0854%

Ammonium chloride*†

12125-02-9

5.0009%

2-butoxyethanol*

111-76-2

0.1685%

Ethylene glycol*

107-21-1

0.0012%

Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-whydroxy-*

9016-45-9

0.0047%

Note: Stimulation fluid for well API 403052539, Elk Hills Oil Field.
* Chemical with toxicity data.
†These chemicals exceeded the toxicity limits for some species.
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2.7.1.5. Discussion of Impacts of Well Stimulation Fluids Discharge to the Marine
Environment
Direct evidence for impacts of well stimulation fluid discharge into the marine
environment is not available. The available information only provides a rough idea
concerning the magnitude of stimulation activity conducted offshore, and the composition
and disposition of stimulation flowback fluids are not known. There are no studies
of stimulation or flowback fluids effects on the marine environment. Our analysis of
stimulation fluids indicated that some constituents of matrix acidizing fluids could be
discharged at levels that are acutely toxic to marine organisms; this seems less likely for
hydraulic fracturing fluid constituents. However, our analysis was based on a number of
reasonable assumptions; empirical data on the constituents of discharges from offshore
platforms following stimulation is lacking. Wastewater discharge conducted by facilities
in federal waters, including produced water, drilling muds, and well stimulation fluids,
contain a number of toxic contaminants, including hydrocarbons, heavy metals, and
chemical additives such as corrosion inhibitors and biocides (Volume II, Chapter 2).
The effects of produced water have been shown to have some sublethal impacts on
reproductive behavior and possibly on the overall health of some species. However,
studies of the fish populations and contamination levels in fish around California offshore
facilities appear to indicate that adverse affects are offset by the increased habitat afforded
by the offshore oil and gas facilities. Contamination studies suggest that contaminant
exposure levels, presumably as a result of the level of dilution of contaminants discharged,
have remained below levels that result in significant adverse impacts. While some level
of adverse impacts are likely as a result of wastewater discharge in general, these appear
to be subtle relative to positive effects of habitat associated with offshore oil and gas
facilities.
2.7.2. Impacts of Offshore Well Stimulation to Air Emissions
The main impacts of offshore air emissions of criteria and toxic pollutants are on air
quality locally, while GHG emissions impact climate globally.
2.7.2.1. Criteria Pollutants
Offshore air emissions of criteria pollutants contribute to air pollution within geographical
domains identified by CARB as “air basins.” These basins are shown in Figure 2.7-12.
Offshore oil and gas production facilities in the Santa Maria and Santa Barbara Basins are
closest to the South Central Coast Air Basin. This air basin consists of San Luis Obispo,
Santa Barbara, and Ventura counties. Offshore oil and gas production facilities in the
offshore Los Angeles Basin are closest to the South Coast Air Basin. This air basin consists
of parts of Los Angeles, San Bernardino and Riverside counties, and all of Orange County.
Pollutants released within an air basin move freely within the basin and are generally
retained within the basin, but may sometimes be transported from one basin to another.
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Figure 2.7-12. Southern California air basins and counties.

Offshore emissions reported in Table 2.6-6 are compared in Table 2.7-5 with emissions
within the respective air basins.
Table 2.7-5. Offshore oil and gas production criteria pollutant emissions for 2012 compared

with overall air basin emissions,(metric tons (lbs)) a) South Central Coast Air Basin; b) South
Coast Air Basin. (CARB, 2015a).

a)
Emission
Location

TOG

ROG

CO

NOx

SOx

PM

PM10

PM2.5

South Central
Coast Air Basin

60,600
(1.34x108)

25,600
(5.63x107)

109,000
(2.40x108)

23,400
(5.15x107)

729
(1.61x106)

25,300
(5.57x107)

14,400
(3.16x107)

4,310
(9.51x106)

Offshore
Oil and Gas
Production

912
(2.01x106)

471
(1.04x106)

346
(7.63x105)

368
(8.11x105)

100
(2.21x105)

51.7
(1.14x105)

50.9
(1.12x105)

49.0
(1.08x105)

Percentage

1.5%

1.8%

0.3%

1.6%

13.8%

0.2%

0.4%

1.1%

Emission
Location

TOG

ROG

CO

NOx

SOx

PM

PM10

PM2.5

South Coast
Air Basin

503,000
(1.11x109)

209,000
(4.61x108)

853,000
(1.88x109)

171,000
(3.77x108)

6,630
(1.46x107)

82,200
(1.81x108)

60,900
(1.34x108)

31,100
(6.87x107)

Offshore
Oil and Gas
Production

113
(2.50x105)

58.0
(1.28x105)

29.3
(6.46x104)

219
(4.84x105)

0.1
(220)

6.9
(1.52x104)

6.7
(1.48x104)

6.7
(1.48x104)

Percentage

0.023%

0.028%

0.003%

0.128%

0.002%

0.008%

0.011%

0.021%

b)
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Criteria pollutants emitted by offshore oil and gas production facilities have been found
to be less than 2% of the total emissions in the South Central Coast Air Basin (San Luis
Obispo, Santa Barbara, and Ventura counties) except for SOx, where offshore emissions
account for 13.8% of the overall air basin emissions. For offshore Los Angeles, the air
emissions from offshore oil and gas production facilities are an even smaller fraction of
the total criteria pollutant emissions compared with emissions within the South Coast
Air Basin. Well stimulation and well-stimulation-enabled production are expected to
contribute only a small fraction of the total criteria pollutants emitted by offshore oil and
gas production. Therefore, the impacts to the total air emissions are believed to be small.
2.7.2.2. Toxic Pollutants
Toxic air pollutants are also emitted by offshore oil and gas production facilities. The role
of well stimulation in the emission of these toxic pollutants cannot be ascertained, because
the fraction of emissions due to well stimulation has not been documented. However,
several of the toxic pollutants emitted are also components of well stimulation fluids,
including methanol, hydrochloric acid, xylene, ethyl benzene, toluene, and naphthalene.
Given that offshore oil and gas production facilities have a buffer zone between the
location of the emissions and the public, the public health effects may be expected to be
reduced as a result of attenuation of impacts with distance. The impacts of toxic pollutant
emissions on public health in Volume II, Chapter 6, indicate that the distance at which
effects become negligible is about 3 km. Distances of the offshore facilities to land given in
Tables 2.5-1 and 2.5-4 suggests that toxic air emissions from the facilities in federal waters
should have negligible public health effects, but facilities in state waters (and onshore
facilities that access offshore reservoirs) may have some impact, depending on population
distributions in the near-shore areas around these facilities. However, these impacts are
likely to be small compared with the emissions from onshore oil and gas production
activities in the same air basins. Therefore, the impacts of toxic air emissions are expected
to be low with respect to public safety, but may be of more concern for worker safety.
Of the 12 facilities within 3 km of the coastline, nine are near Los Angeles and Orange
Counties. A more detailed analysis of the proximity effects of air emissions in a populated
urban setting is given in Chapter 4 of this volume for the Los Angeles case study.
2.7.2.3. Greenhouse Gases
The impact of GHG emissions is on global climate behavior rather than local air quality.
Therefore, a comparison to air basin GHG emissions is not useful. Instead, the comparison
is made to California GHG emissions for oil production activities per unit BOE output. This
is a comparison indicating the level of GHG emissions relative to the value of the activity.
Higher GHG emissions per unit BOE output indicate greater cost of production in terms of
global climate impact. A more complete analysis would consider the total life-cycle GHG
emissions per BOE, including refining, transportation, and combustion downstream of oil
production activities, but this lies outside the domain of this study. From Table 2.6-9, the
level of GHG emissions for California oil production activities (including offshore) per unit
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BOE production can be computed to be 0.057 Mt CO2eq./BOE, while offshore production
alone is found to have a value of 0.053 Mt CO2eq./BOE. Therefore, offshore oil production
is estimated to have a 6% lower GHG emission rate per BOE production than for overall
California oil production activities. For comparison, using the 2012 CARB CO2eq. emission
estimate of 16.9 million tons for all California oil and gas production, the emission rate
lies between 0.065 and 0.071 metric tons CO2eq./BOE, depending on whether or not
the CARB estimate includes federal offshore emissions. Given the uncertainties in these
estimates, the GHG emissions for offshore operations on a unit oil and gas production
basis are about the same as for average California operations.
2.7.3. Impacts of Offshore Well Stimulation on Induced Seismicity
As described in Volume II, well stimulation itself does not result in sufficient quantities of
fluid injected into the subsurface to be a significant hazard in terms of induced seismicity.
Produced water disposal, which involves much greater volumes of water, has a greater
potential to facilitate seismic activity if this water adds to the total volume of fluid in the
local underground environment. Injection of produced water back into the formation
from which it was withdrawn does not involve a net increase in fluid volume within the
injection horizon. Therefore, this type of injection process is not expected to have much
influence on seismic activity.
Most of the wastewater generated at offshore oil and gas production facilities in federal
waters is discharged to the ocean. Three platforms in federal waters (Irene, Gail, Ellen)
inject most of their produced water (> 94%). The 20 other platforms in federal waters
inject only a small fraction of their produced water (< 15%), and the remainder is
discharged into the ocean (CCC, 2013). The volume of produced water injected in federal
waters has not been quantified, nor has whether or not this injection is into producing
reservoirs or some other horizon used for disposal.
The state offshore oil and gas production operations produced 7.2 x 107 m3 (4.5 x 108
bbl) of water in 2013. There are only 11 active, idle, or new water disposal wells in
state waters. These wells dispose of only about 1.3% of all produced water generated by
offshore facilities in state waters. Most of the remaining produced water is injected into
the producing oil reservoirs.
The water disposal volumes cannot be quantified in all cases for operations in federal
waters. However, using the maximum of 15% injection for platforms other than Irene,
Gail, and Ellen, a maximum volume can be estimated. This is a maximum disposal volume
because some platforms inject less than 15% of the produced water, and some of this
injection is not disposal but injection back into the producing oil reservoir. The estimated
maximum water disposal volume offshore in the Santa Barbara and Santa Maria basins is
about 9.1 million m3 (57 million barrels) in 2013, including facilities in federal and state
waters. Although difficult to quantify, only a small fraction of this would be attributed to
production enabled by well stimulation. To put this number in context, the onshore water
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disposal volume in Santa Barbara and Ventura counties in 2013 was about 10 million m3
(63 million barrels).
The estimated maximum volume of water disposal in the offshore Los Angeles Basin in
2013 is about 1 million m3 (6 million barrels), including facilities in both federal and
state waters. More than 0.8 million m3 (5 million barrels) of this water disposal is for the
Beta field, which has no record of hydraulic fracturing. To put this number in context, the
onshore water disposal volume in Los Angeles and Orange counties in 2013 was about 3.5
million m3 (22 million barrels).
The results indicate that the volume of water injected into water disposal wells offshore
associated with well-stimulation-enabled production is much smaller than the volume of
water disposal for onshore oil and gas production in counties adjacent to these offshore
operations. Therefore, the hazard of induced seismicity caused by offshore produced water
disposal linked with well-stimulation-enabled production is expected to be significantly
lower than the hazard of induced seismicity associated with water disposal associated with
onshore oil and gas production in these same locations.
2.7.4. Data Gaps
Data gaps have been identified in several areas throughout this report and are
summarized here. These can be divided into two areas: well stimulation activities and
environmental effects of emissions and discharge.
2.7.4.1. Well Stimulation Activities
Records of federal offshore activities do not include information on well stimulation
sufficient to assess this activity. While information on well stimulation exists in records
submitted and made available through FOIA document releases, it is extremely difficult to
decipher from these documents with confidence what well stimulation activities have been
conducted. Records of the activities need to be maintained in a way that can be accessed
and understood. Furthermore, other available records indicate that the documentation
present in the FOIA documents is extensively incomplete.
The documentation both on a state and federal level is incomplete and inadequate in
terms of the compositions and quantities of stimulation fluids used, the depth intervals
treated, the composition and quantities of stimulation fluid flowback, and the disposition
of this fluid for disposal.
State records of well stimulation are now improved as a result of the Senate Bill 4
reporting requirements. The evaluation of well stimulation activity should be revisited
when a more substantial record of treatments has been captured. However, no similar
actions have been initiated to improve records of well stimulation in federal waters that
are also needed to repair the existing serious gaps in reporting and record keeping.
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2.7.4.2. Air Emissions, Ocean Discharge, Injection and Associated Impacts
The impacts of ocean discharge are hampered by the lack of complete records, or even
any records for several facilities, concerning the quantities of materials released into the
ocean. Separate samplings and monitoring requirements are needed for discharge of well
stimulation fluids. If well stimulation fluids are mixed with produced water for discharge,
samplings for contaminants are needed when this mixture of wastes is discharged.
An assessment of the discharge of wastewater well stimulation fluids into the ocean
should be done. Acute and chronic toxicity data for well stimulation chemicals, as well
as chemicals identified in flowback fluids that may be discharged to the ocean, should be
determined to provide a basis for understanding environmental effects of this discharge,
just as these types of studies have been performed to assess the impacts of produced water
discharge. Alternatively, WET testing that clearly includes stimulation fluid chemicals at
discharge concentrations could be used to assess and limit impacts.
If well stimulation fluids are injected, the type of injection needs to be documented, i.e., if
the injection is into the producing reservoir or into a disposal horizon. For injection into a
disposal horizon, the time profile of pressure and injection rate needs to be monitored for
evaluation of potential induced seismicity.
Records concerning air emissions are more detailed, complete, and easier to access than
wastewater discharge. Nevertheless, the information is still not adequate to quantitatively
assess the atmospheric emissions related to well stimulation activities as distinct from air
emissions caused by other oil and gas activities.
2.8 Findings, Conclusions, and Recommendations
The findings regarding the conduct of well stimulation treatments for offshore California
operations are not substantially different from findings already made for well stimulation
activities discussed in Volume I. Hydraulic fracture stimulations at platforms in federal
offshore waters have used small injection volumes, whereas the bulk of the activity at
THUMS islands close to Los Angeles uses larger treatment volumes similar to onshore
California stimulations. Matrix acidizing treatment volumes are even more poorly
documented than hydraulic fracturing, but appear to use significantly smaller treatment
volumes than hydraulic fracturing; however, they also appear to be used more frequently.
The potential role of hydraulic fracturing in causing leakage from the subsurface is
complex, but fracturing from the reservoir to the seafloor is highly unlikely in most
cases, because the depths of the reservoirs exceed the maximum potential hydraulic
fracture heights that have been observed. However, hydraulic fracturing does involve the
temporary use of high pressures in the well. Given the uncertainty surrounding the effects
of this pressure on well integrity and potential leakage, precautions as recommended
in Appendix D of Volume II should be considered, including injection of hydraulic
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fracturing fluids through protective tubing and shutting in offset wells within the zone of
pressurization of a hydraulic fracturing treatment.
The effects of produced water have been shown to have some sublethal impacts on
reproductive behavior and possibly on the overall health of some species. However,
studies of the fish populations around California offshore facilities appear to indicate that
adverse affects are offset by the increased habitat afforded by the offshore oil and gas
facilities. Contamination studies suggest that contaminant exposure levels, presumably as
a result of the level of dilution of contaminants discharged, have remained below levels
that result in significant adverse impacts. While some level of adverse impacts are likely
as a result of wastewater discharge in general, these appear to be subtle relative to the
positive effects of habitat on fish populations associated with offshore oil and gas facilities.
The requirements for TCW wastes discharged without mixing with produced water
should be reconsidered. For example, the WET test requirements under NPDES that
are applicable to produced water (and produced water mixed with TCW wastes)
should be considered for TCW discharged on its own. Furthermore, WET testing should
be performed when stimulation fluid discharge occurs. Data collection and records
concerning well stimulation should be improved for stimulations conducted in federal
waters to at least match the requirements of Senate Bill 4. When representative data
become available, an assessment of ocean discharge should be conducted and, based on
these results, the necessity of alternatives to ocean disposal for well stimulation flowback
should be considered.
Criteria pollutants emitted by offshore oil and gas production facilities have been found
to be a small fraction of total emissions in the associated air basins. Well stimulation and
well-stimulation-enabled production are expected to contribute only a small fraction of the
total criteria pollutants emitted by offshore oil and gas production. Therefore, the impacts
to the total air emissions are believed to be small. Because of distances between offshore
oil and gas production and local populations, toxic air emissions from the facilities in
federal waters should have minor to negligible public health effects. But facilities in state
waters may have somewhat greater impact because of closer proximity to population.
The impacts of toxic air emissions are expected to be low with respect to public safety,
but may be of more concern for worker safety. GHG emissions for offshore operations
on a unit oil and gas production basis are about the same as for average California
operations. The associated GHG impact relative to benefits of usable energy produced
from these operations is not exceptional. GHG emissions linked to well stimulation and
well-stimulation-enabled production are expected to contribute only a small fraction of the
total.
The results indicate that the volume of water injected into water disposal wells offshore
associated with well-stimulation-enabled production is much smaller than the volume of
water disposal for onshore oil and gas production in counties adjacent to these offshore
operations. Therefore, the hazard of induced seismicity caused by offshore produced-water
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disposal linked with well-stimulation-enabled production is expected to be significantly
lower than the hazard of induced seismicity associated with water disposal related to
onshore oil and gas production in these same locations.
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3.1. Abstract
Recent estimates of vast resources in the Monterey formation have focused attention on
Monterey source rock as an untapped oil resource. Historically, most California production
has been migrated oil in conventional traps, rather than oil produced directly from source
rocks. Here we evaluate Monterey source rock geology and examine prior estimates of its
resources. High-volume hydraulic fracturing in conjunction with long-reach horizontal
wells is the key technological advance that has allowed source-rock production outside
California. However, horizontal drilling and hydraulic fracturing have not yet enabled
commercial production of Monterey source rocks. One major barrier is that the Monterey
is highly discontinuous – that is, rather than lying flat, it is folded and faulted. As a
result, horizontal wells cannot run for great lengths along the Monterey Source Rock, and
without a long well bore, it is difficult to conduct massive, multi-stage hydraulic fractures.
We conclude that large-scale production from Monterey source rock is unlikely without
some as-yet unforeseen technological advance.
In order to fully understand the potential resources in the Monterey source rock, we
recommend that the state commission a comprehensive, peer-reviewed probabilistic
resource assessment of continuous-type (shale) oil resources in California. We undertake
one important initial step in such a resource assessment by mapping the extent of
potential Monterey-equivalent source rocks in California. The Monterey formation and its
equivalents form a much larger than the area of potential source rock. Potential Monterey
source rock is restricted to the same six basins that have hosted the largest proven oil
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reserves and production in California. Some, but not all, of the footprint of potential
Monterey source rock overlaps with oil fields tapping shallower, migrated deposits.
About 8% of the area within the footprint of potential Monterey source rock reservoirs
has already been developed for oil and gas production. The remaining 92%, while not
presently producing oil, is at most about 20 kilometers (12 miles) from an existing oil
field.
We outline how one can use public records to identify exploration of Monterey source rock
so the public can be apprised of the leading indications of likely source-rock development.
Information collected by the Division of Oil, Gas and Geothermal Resources (DOGGR)
would conceivably allow state agencies to identify successful early exploration of
Monterey source rocks and conduct a more detailed evaluation of potential impacts at that
time. However, data on exploratory wells would most likely be classified as confidential
and would not be made publicly available until the confidentiality of the well(s)
expired. Therefore, the public would most likely be unaware of the extent of source-rock
production until the first stages of non-exploratory, commercial development were already
underway.
We evaluate potential environmental impacts of Monterey source rock development
by examining the setting of the source rock footprint in terms of water resources, air
quality, potential for seismic activity, and sensitive species and habitats. Given the
many uncertainties about how source rock would be developed, as well as data gaps
about the environmental impacts of well stimulation identified in Volume II, we cannot
make detailed predictions about how impacts from source rock production would differ
from the effects of current production. The greatest changes we expect from large-scale
development of source rock would be an increase in quantity of oil and gas production
and its associated impacts, and an expansion of oil and gas activity into new areas near
existing oil fields.
3.2. Introduction
In California, most of the oil and gas (referred to in this chapter as petroleum) originated
in deep portions of the Monterey formation – the state’s most prolific source rock –
and yet most petroleum is not produced directly from Monterey source rocks. Rather,
California’s production consists of petroleum that has migrated away from source rock
into conventional traps. Production of migrated petroleum in conventional traps differs
from source-rock production in a number of ways, including: (1) Source rock (also
known as “shale oil and shale gas”) plays generally cover larger geographic areas than
do migrated conventional accumulations; (2) Well stimulation and horizontal drilling are
necessary for commercially successful production of source rock, and (3) Source rocks are
found at greater average depths than conventional reservoirs of migrated oil.
Direct production of oil from source rocks would represent a fundamental shift in the
geographic scale, technology employed, and quantity of petroleum production in the state.
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Sections 3.3.1. through 3.3.6. describe source rock production, how it has been carried
out in other states, and how it differs from current practice in California. Section 3.3.7
describes the geologic conditions that must be met for successful Monterey source rock
production to be possible.
Monterey source rock might never be extensively developed in California. The volume
of recoverable resources in Monterey source rock remains uncertain, and no rigorous,
probabilistic resource assessment of the Monterey has ever been conducted. The U.S.
Energy Information Administration (U.S. EIA’s) resource projection for the Monterey
Formation dropped from 2.4 billion m3 (15.4 billion barrels) in 2011 to 0.1 billion m3 (0.6
billion barrels) in 2014 (U.S. EIA, 2011; U.S. EIA, 2014), but we regard both estimates
as problematic. To fully understand the range of possible recoverable resources from
Monterey source rock, one would need to undertake a probabilistic assessment that takes
into account the geological uncertainties of the resources and of the technologies that
might be used to produce them. Section 3.3.8 discusses the estimates issued by the U.S.
EIA and outlines the steps required for a systematic resource assessment.
While there has been no clear demonstration that Monterey source rock will be a viable
commercial play, there has been some exploratory drilling. We describe the publicly
available information on exploratory drilling in Monterey source rock in Section 3.3.9, and
outline how one can use public records to identify exploration and production of Monterey
source rock in Section 3.3.9.1. Such a search could be conducted using well-stimulation
disclosures, which include the two key pieces of information: total well depth and the
formation stimulated. However, most exploratory wells are likely to be confidential,
and so the relevant information would not be released to the public until confidentiality
expired.
In Section 3.3.10 we identify the maximum possible surface footprint of Monterey sourcerock plays in California. This footprint is the surface projection of where the Monterey
Formation is thought to have been buried deeply enough to convert its solid organic
matter (kerogen) to petroleum. In this case study we consider the footprint of potential
source rocks within the six major oil-producing basins in California. For brevity, we
refer to this area as simply as “potential Monterey source rock.” We emphasize that the
footprint we identify is a maximum estimate. The true extent of a Monterey source rock
play will likely be smaller because of a number of other conditions that must be met to
produce oil commercially from source rocks, and the end result may be that there is no
viable source rock play.
We discuss potential environmental and human health impacts of Monterey source-rock
development in Section 3.4. We evaluate the location of potential Monterey source rock
with respect to developed oil fields and associated infrastructure, water resources, air
quality, potential for seismic activity, and sensitive species and habitats.
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We end with a summary of data gaps, recommendations on how to rectify the data gaps,
and a summary of findings and conclusions. Though we regard the potential for largescale development of Monterey source rock with skepticism, there are concrete methods
that could reduce the uncertainties about recoverable resources and forewarn the public
if and when there was successful source-rock production. It is also important to recognize
that the maximum extent of potential Monterey source rock is much smaller than the full
extent of the Monterey formation, and is restricted to basins where oil and gas are already
being produced.
3.3. Geological Framework for the Source-Rock Case Study
3.3.1. What is a Source Rock?
Petroleum (which we use in this chapter to refer to oil and gas) originates in source rocks
from insoluble organic matter (kerogen), which has been deposited along with inorganic
materials in sedimentary basins (Hunt, 1995). In petroleum geology, a source rock is
an identifiable sedimentary rock unit (typically a formation or member of a formation)
having sufficient concentration of kerogen of suitable composition for the chemical or
biological generation of petroleum.
The rate at which temperature increases with depth in the earth is the geothermal
gradient. When a potential source rock is progressively buried beneath younger sediments,
it is increasingly heated until its kerogen begins to thermally degrade in a process called
“cracking.” During cracking, shorter-chain hydrocarbon molecules are released from the
original complex organic compounds of the kerogen. Source rocks that have been heated
enough to crack kerogen into hydrocarbons are said to be “thermally mature” with respect
to oil and/or natural gas generation (Figure 3.3-1). A thermally mature source rock is a
fundamental component of a petroleum system.
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Figure 3.3-1. Thermal transformation of kerogen to oil and gas, depicting the depths of the oil

and gas windows (McCarthy et al., 2011). When source rocks are exposed to adequate heat and
pressure, they become “thermally mature,” generating oil and/or natural gas.

Three broad categories of source rocks are recognized based on the type of kerogen they
contain. Monterey Formation has Type II source rocks, which are sedimentary successions
with high concentrations of the remains of phytoplankton and bacterial organic matter
deposited under oxygen-deficient conditions in marine environments. When heated
sufficiently during burial, Type II source rocks generate both oil and natural gas.
Worldwide, most known oil has been formed by the thermal alteration of kerogen in Type
II source rocks.
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Box 3.3-1. What to Call the Monterey?
The Monterey Formation looms large in the public discourse about hydraulic fracturing because a 2011
EIA report estimated 2.4 billion m3 (15 billion barrels) of oil could be produced from the Monterey
Formation using hydraulic fracturing, much like the “shale” oil that is being produced from the Bakken
Formation in North Dakota and the Eagle Ford Formation in Texas. The public identifies the idea of
having similar developments in California through the use of the term “Monterey Shale.”
This report uses more accurate terms than “Monterey Shale” in order to carefully describe the issues
and potential of the Monterey. For over a hundred years, geologists have used the term “Monterey
Formation” for rocks that were originally deposited off the coast of California between about 17.5
and 6 million years ago (middle to late Miocene Epoch). The Monterey Formation underlies much of
California, but varies greatly from place to place in thickness and includes many different rock types,
not just shale (for example: diatomite, porcelanite, chert, and siliceous shale, highly organic-rich and
phosphatic shale, marlstone, clay shale, sandstone, and volcanic rocks).
Generations of geologists have studied the Monterey and given it different names, leading to much
confusion. For example, Antelope Shale, Devilwater Shale, Fruitvale Shale, Gould Shale, McDonald
Shale, Modelo Formation, Monterey, Monterey Formation, Monterey Shale, Nodular Shale, Puente
Formation, and Stevens Sandstone are just some of the names used to describe strata that could
be considered part of the Monterey Formation. For simplicity, this report uses the terms “Monterey
Formation” and “Monterey” interchangeably to describe all of these as a single class.
The Monterey source rocks are those parts of the Monterey Formation that are sources of petroleum.
Oil forms in those parts of the formation that include concentrated organic material and that have
been buried deeply enough so that chemical reactions triggered by heat and pressure transform the
organic matter into oil (i.e. the rocks are in the “oil window”). Some of this oil floats upwards (migrates
by buoyancy) until it meets a barrier or “trap”. The rest of the oil remains behind in the source rock.
Nearly all the petroleum so far produced in California has migrated from these prolific Monterey
source rocks to the near-surface reservoirs that are now under production. The EIA report was not
about this migrated oil. The EIA based their estimate of potential new production on the idea that the
oil remaining behind in the source rocks could also be produced. This case study, like the EIA report,
focuses on the resources present in the Monterey source rocks themselves.
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3.3.2. What is Monterey Source Rock?
In California, the volumetrically most important petroleum source rocks, by far, are
found within the Monterey Formation and its stratigraphic equivalents. Stratigraphic
equivalent formations share similar physical characteristics, geographic occurrence, and
age but have different names. In this case study, we refer to the Monterey Formation and
its stratigraphic equivalents simply as the Monterey. The Monterey is a classic petroleum
source rock that has been intensively studied for more than 100 years (Tennyson & Isaacs,
2001).
The Monterey originally consisted of marine sediments deposited at mid-bathyal depths
(500 to 1,500 meters, or 1,640 to 4,921 ft of water) along the continental margin of
California during the latter half of the Miocene Epoch, between about 7 and 18 million
years ago (mya). The geologic times referred to in this chapter are shown in Appendix
3.B, “Geologic Time Scale.” The Monterey is known to be present in many of the onshore
basins of California, including the Cuyama, La Honda, Los Angeles, Salinas, San Joaquin,
Santa Maria, and Santa Barbara-Ventura Basins. It is also known or postulated to be
present in the offshore basins from Point Arena on the North to the Oceanside Basin on
the south (Figure 3.3-2). The Monterey is believed to be the principal source of oil in the
largest oil fields of the Salinas, San Joaquin, Santa Maria, Santa Barbara-Ventura, and Los
Angeles Basins.
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Key
Faults:
SAF - San Andres Fault
GF - Garlock Fault
HCF - Hayward-Calaveras Fault
MFZ - Mendocino Fracture Zone
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f. Santa Monica, San Pedro
g. Los Angeles
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Figure 3.3-2. Neogene sedimentary basins in and along the coastal margins of California, from
Behl (1999). The Monterey occurs as thick and extensive deposits within many of the Neogene

sedimentary basins in California, including all of the major oil-producing basins. The Monterey
Formation or its equivalents are known from most coastal basins from Point Arena southward
to the Borderland Basins. The Central Valley, or Great Valley of California comprises the
Sacramento Valley in the north and the San Joaquin Valley in the south.

The lithology (physical characteristics) and thickness of the Monterey vary greatly both
within and among the basins. This variability makes it challenging to produce oil directly
from the source rock, as described in greater detail in Sections 3.3.7 and 3.3.8. For greater
detail on the lithology of the Monterey, see Volume I, Chapter 4, Section 4.4.
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3.3.3. Non-Monterey Source Rocks in California
In this case study we focus principally on the Monterey because it is the volumetrically
dominant source-rock system in the state. However, it is important to recognize that other
active source rocks have been identified. Lillis (1994) interpreted the Soda Lake Member
of the Vaqueros Formation to be the source of much of the oil that has been produced in
the Cuyama Basin. Magoon et al. (2009) interpreted the Late Eocene Tumey Formation
to be the source rock for more than 130 million m3 (800 million barrels) of recoverable
oil in fields on the west side of the San Joaquin Basin. The Eocene-age Kreyenhagen
Formation is another petroleum source rock in the San Joaquin Basin. At the location of
its reference section at Reef Ridge, just south of Coalinga in the San Joaquin Basin, it is a
siliceous, shale-rich formation more than 305 m (1,000 ft) thick (Von Estorff, 1930). The
Kreyenhagen is interpreted as the source rock for almost 0.32 billion m3 (2 billion barrels)
of oil in accumulations along the northwest side of the San Joaquin Basin, including oil in
the Coalinga and Kettleman North Dome oil fields, among others (Magoon et al., 2009).
The Moreno Formation is a shale-rich formation of Cretaceous to Paleocene age (McGuire,
1988), which is known to be the source rock for the small quantities of oil produced from
the Oil City pool of the Coalinga oil field (Magoon et al., 2009). Locally, other formations
may serve as petroleum source rocks as well. For a more detailed discussion of these
source rocks and references describing them, please see Volume I, Chapter 4.
3.3.4. What is a Source-Rock System Petroleum Play?
In source-rock plays, hydrocarbons are produced directly from the rock where they were
generated. Such plays, also referred to as “continuous accumulations,” tend to cover large
areas, have low matrix permeability, and low recovery factors. Low matrix permeability
means that hydraulic fracturing is often required to increase hydrocarbon flow rates to
an economic level, and low recovery rates mean that only small proportion of the total
hydrocarbons in place are produced. In conventional reservoirs, hydrocarbons have
migrated out of the source rock and accumulated in a natural trap in a geological layer.
Conventional reservoirs cover relatively small areas, have comparatively high matrix
permeabilities, and have higher recovery efficiencies than unconventional reservoirs.
Figure 3.3-3 shows a stratigraphic section that illustrates the relationship between
source rock and conventional plays. Active source rock is at depth in the oil window,
while conventional petroleum deposits are petroleum that has migrated out of the active
source rock and accumulated under traps.(See Volume I, Section 4.3.1: “Introduction to
Unconventional Resources in the United States”)
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Figure 3.3-3. Example of a hypothetical petroleum system showing, cross section, and timeline
for system formation. Figure from Magoon & Dow, 1994.
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When potentially productive source rocks are buried and heated to thermal maturity,
high pore-fluid pressures resulting from hydrocarbon generation, combined with
sediment compaction, cause some of the newly-formed hydrocarbons and other fluids,
such as water and non-hydrocarbon gases, to be expelled from the source rocks in a
process termed “primary migration.” If these fluids are effectively expelled into adjacent
formations that are porous and permeable, the hydrocarbon fluids move preferentially
upward due to their buoyancy relative to water. The buoyant movement of hydrocarbons
is termed “secondary migration.” The expelled hydrocarbons migrate upward through the
sedimentary basin until they either accumulate at a permeability barrier to migration (a
trap) or they seep out at the surface, where bacteria and inorganic oxidation decompose
them. Trapped accumulations of migrated hydrocarbons are the traditional target
of petroleum exploration. When found and developed such accumulations become
conventional oil or gas fields and the rocks containing the entrapped hydrocarbons are
conventional reservoirs. Nearly all production in California has been of migrated oil from
conventional reservoirs.
Although large amounts of hydrocarbons are expelled during thermal maturation, as long
as the source rock remains in the “oil generation window,” at least some oil will remain
in the source rock, both as free hydrocarbons in pore spaces within the kerogen, and
adsorbed on the surfaces of kerogen and other sedimentary particles. Oil producers have
long been aware that residual hydrocarbons remain in source rocks during and after oil
generation and operators drilling through source-rock intervals have routinely reported
oil “shows.” However, owing to the extremely low permeability of the source rocks, the
residual hydrocarbons were not believed to be commercially producible. This view is now
changing.
In recent years, as conventional fields have become depleted, harder to find, and more
difficult to access, technological advances in directional drilling, down-hole imaging,
and reservoir stimulation have enabled explorationists to commercially produce residual
hydrocarbons directly from source rocks or from other low-permeability sedimentary rocks
that are intimately associated with the source rocks.
Hydrocarbons produced from source rocks are called shale oil or shale gas. In shale oil
and shale gas accumulations, the source rock and the reservoir rock are essentially one
and the same.
3.3.5. Source-Rock Plays Versus Current Petroleum Production Practice in California
Most conventional oil accumulations have clearly identifiable and distinctive source rocks,
reservoirs, traps, and seals, but in continuous-type shale-oil accumulations, source rocks,
reservoir rocks, traps and seals are the selfsame formation. A summary of the major
differences between source rock and conventional reservoirs is presented in Table 3.3-1.
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Table 3.3-1. Comparison of source rock and conventional reservoirs. The table reflects typical
patterns and trends; some formations may be exceptions to the rule.

Characteristic

Source Rock Reservoirs

Conventional Reservoirs

Permeability

Lower

Higher

Geographic extent

Larger

Smaller

Depth

Deeper

Shallower

Recovery rate

Lower

Higher

Role of hydraulic fracturing

Necessary for economic
production

Sometimes necessary for
economic production

Role of horizontal drilling

Nearly always necessary for
economic production

Sometimes necessary for
economic production

From a technical development perspective, perhaps the most important distinction
between conventional reservoirs and unconventional shale oil reservoirs is permeability. In
contrast to reservoirs in most conventional oil fields, shale oil reservoirs exhibit extremely
low permeability. Whereas typical conventional reservoirs are sandstones or limestones
with permeabilities measured in hundreds or even thousands of millidarcies (Levorsen,
1967), shale oil reservoirs, such as the Eagle Ford shale, are Total Organic Carbon (TOC)rich fine-grained rocks having permeabilities measured in tens of nanodarcies (Hentz &
Ruppel, 2011). A nanodarcy is a unit of measurement of permeability equivalent to 1x10-9
Darcy, whereas a millidarcy is a unit of measurement of permeability equivalent to 1x10-3
Darcy.
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Box 3.3-2. Conventional and Unconventional Resources
Versus Migrated and Source Rock Resources
In this chapter, we prefer to use the terms source rock and migrated reservoirs to avoid conflicting
definitions of the terms “unconventional” and “conventional.” Unconventional versus conventional
can differentiate between source rock and migrated resources or between low- and high-permeability
formations. Low-permeability formations require well stimulation to produce (Vol. I, Ch. 2). Source rock
plays are low-permeability and therefore are unconventional by either definition. However, California
has large migrated petroleum resources in low-permeability formations, such as the diatomite in the
southwestern San Joaquin, which would be considered conventional by the first definition (they are
migrated accumulations), but unconventional by the second (they are in low-permeability rocks). To
avoid this confusion we prefer to use the terms source rock and migrated resources. The term source
rock resource is synonymous with the term “continuous resources.” Shale gas and oil are one major
category of source rock resources, and the type under consideration in this case study.
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The development footprint of a source-rock play is typically much larger than that of
traditional oil fields. In most migrated oil fields, particularly in California, resources are
geographically concentrated, with large volumes of petroleum contained in comparatively
small areas. For example, the Long Beach oil field in the Los Angeles Basin originally
contained between 18.9 billion and 22.6 billion m3 (3 billion and 3.6 billion barrels) of
oil in place, with recoverable oil volumes (cumulative historical production plus reported
remaining reserves) of almost 1 billion barrels, all within a productive area of only 7
square kilometers (~143,000,000 barrels/km2). In contrast, source-rock accumulations
extend across thousands or tens of thousands of square kilometers. For example, in its
study of the Bakken Shale/Three Forks oil resources in North Dakota and Montana,
the USGS estimated that between 7 and 8 billion barrels of oil is recoverable from a
potentially productive area of more than 98,000 square kilometers (~80,000 barrels/
km2) (Gaswirth et al., 2013).
In addition to being highly concentrated, conventional accumulations of migrated oil are
typically found at much shallower depths than are source rock plays. This is because the
shale oil accumulations can only be developed at depths where source rocks are thermally
mature for oil generation, whereas conventional accumulations are found in structures
where oil has become trapped after buoyancy-driven secondary migration. For example,
at South Belridge oil field, on the west side of the San Joaquin Basin, migrated oil is
produced from diatomites at average depths of about 1,000 feet, whereas the source rock
for the oil at South Belridge is probably the Monterey-equivalent McLure Shale, which is
thermally mature at depths of 13,000 to almost 20,000 feet (Magoon et al., 2009).
Without fracture stimulation and horizontal drilling, economic production is generally
not possible from source-rock systems. In Texas, North Dakota, and elsewhere, largescale commercial production of oil and gas from low-permeability source-rock system
reservoirs has been achieved by drilling thousands of “horizontal” wells, coupled with
multi-stage massive hydraulic fracturing (e.g., Texas Railroad Commission, 2015). Well
known productive source-rock systems include the gas and liquids produced from the
Barnett Shale in the Fort Worth Basin of northern Texas (Pollastro et al., 2007), the oil,
gas, and natural gas liquids produced from the Eagle Ford Shale in the Gulf Coast Basin
of southern Texas (Harbor, 2011; Hentz and Ruppel, 2011), and oil produced from the
Bakken Formation in the Williston Basin in Montana and North Dakota (Price & LeFever,
1992; Nordeng, 2009).
For example, in the Eagle Ford shale of south Texas, wells are drilled vertically
downward until the shale is encountered, at which point the drilling direction is changed
to follow the formation for 1,000 to 2,500 m (3,281 ft to 8,202 ft). Then, 10 to 30
massive hydraulic fracture treatments are conducted, in which the pore fluid pressure
inside the target source/reservoir rock is raised until the rock breaks (fractures) and
free hydrocarbons flow through the fractures to the wellbore. The fracturing accesses
large areas of the source rock, often opening natural fractures, which are common in
most shales, and enabling flow through manufactured conduits that are much higher
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permeability than the matrix permeability in unfractured shale. In this manner, hydraulic
fracturing makes a distinct reservoir within the contacted areas of the source rock.
Production from such source-rock systems has become economically and politically
important in the United States, significantly reducing the quantities of oil being imported,
(U.S. EIA, 2014), driving down natural gas prices (U.S. EIA, 2014b), and replacing large
quantities of coal by natural gas for electricity generation (Macmillan et al., 2013).
3.3.8. Patterns of Development of Source-Rock Plays Outside California
Shales have long been known to contain producible hydrocarbons, but widespread
production was not feasible until innovations in technology, coupled with sustained
high commodity prices, made commercial production possible. The first large-scale
commercially successful source-rock development was in the Barnett Shale in the Fort
Worth Basin of northern Texas. Beginning in 1981, persistent efforts by Mitchell Energy
and Development Corporation achieved modest production rates from vertical wells. But
in the late 1990s Mitchell began testing horizontal drilling, massive hydraulic fracturing,
and friction-reducing “slick-water” chemicals. In so doing, Mitchell demonstrated that
high-volume shale production could be achieved by the consistent application of advanced
technologies. In the 2000s, gas prices rose and costs of horizontal drilling declined to the
extent that by 2005 horizontal wells outnumbered vertical wells in the Barnett. At the end
of 2012 more than 16,000 wells, the vast majority of them horizontal, were producing
hydrocarbons from the Barnett Shale.
The commercial successes in the Barnett attracted numerous other operators, both to
the Fort Worth Basin and to potential shale plays elsewhere. In addition to the Barnett,
volumetrically large shale gas production has been demonstrated in the Fayetteville Shale
in the Arkoma Basin in Arkansas, the Woodford Shale in the Arkoma basin of Oklahoma
and Arkansas, the Haynesville Formation in Louisiana and Texas, and the Marcellus Shale
in the Appalachian Basin in Pennsylvania and West Virginia, among others.
In recent years shale developments have been victims of their own success, as burgeoning
reserves and production have pushed commodity prices down to levels that made many
shale gas operations sub-economic. As natural gas prices fell relative to oil operators
increasingly focused on producing liquids rather than gas from source rocks. As of
this writing, oil prices have also declined to the extent that investments in shale oil
developments have also slowed.
Although hundreds of organic-rich shales are known in North America and thousands
are recognized worldwide, most shale oil production has come from just two productive
intervals: the Bakken/Three Forks strata in the Williston Basin of North Dakota and
Montana and from the Eagle Ford Formation in southern Texas. As of 2013 these two
“plays” accounted for more than 94% of reserves and slightly less than 94% of production
of shale oil in the United States (U.S. EIA, 2015). The Bakken Formation is described and
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compared to the Monterey Formation in Volume I, Chapter 4 of this study.
Numerous other source-rock system oil plays have been tested in the U.S. and in Canada,
resulting in relatively minor (compared to the Bakken or Eagle Ford) proven reserves and
production. The volumetrically most important of these plays are the oil-productive Bone
Spring/Wolfcampian strata in the Permian Basin of west Texas and eastern New Mexico,
the oil production from the mainly gas-prone Marcellus Shale in the Appalachian Basin
of Pennsylvania and West Virginia, oil production from the mainly gas-productive Barnett
Shale, and oil from the Niobrara Formation in Colorado, Kansas, Nebraska, and Wyoming.
The Eagle Ford Formation, which is arguably the most commercially successful shale oil
development in the world, comprises a succession of fine-grained calcareous strata that
underlie much of southern and southeastern Texas. The potentially productive area of
the Eagle Ford Formation covers roughly 52,000 km2 (20,000 mi2) between the Mexican
border and the Sabine uplift in East Texas in a band 80 km (50 mi) wide, 644 km (400
mi) long, and about 75 m (250 ft) thick. Throughout its productive area, the Eagle
Ford is largely undeformed, gradually dipping into the subsurface from an arcuate band
of outcrops near Del Rio, San Antonio, Austin, and Fort Worth to greater and greater
depths. The Eagle Ford produces oil, gas, and natural gas liquids in various combinations,
depending upon depth and thermal maturity. The formation probably enters the oil
window (the temperature at which oil begins to be generated in significant quantities)
at a depth of about 1,800 m (5,906 ft). The Eagle Ford is most oil-productive between
about 2,400 and 3,700 m (7,874 and 12,139 ft). At greater depths production becomes
increasingly gas-rich. Natural gas has been produced from the Eagle Ford at depths as
great as 5,500 m (18,000 ft). Fundamental to the success of large-scale operations in
the Eagle Ford is its great lateral continuity. It lies flat enough to run long horizontal
well bores (Figure 3.3-4). Over large distances it dips very gradually, allowing for highly
consistent well construction across a large area (Figure 3.3-5). Consistent, repeatable well
construction, stimulation and production over large areas are key to profitable source rock
production.
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Figure 3.3-4. Schematic of a horizontal well with multi-stage hydraulic fractures superimposed
on a road cut in the Eagle Ford Formation, west Texas (public domain image, courtesy of

Halliburton 2013). The curved black line originating at the left represents a well bore turning
horizontal. Potential locations for hydraulic fractures are indicated with vertical black lines.

The yellow lines indicate depositional layers. The schematic demonstrates the lateral continuity
of the Eagle Ford Formation, which lends itself to industrial-scale drilling of extended-reach
horizontal production wells with multi-stage hydraulic fractures.
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Figure 3.3-5. Structure map showing depth to top and initial gas oil ratio of wells producing

from the Eagle Ford Formation as of October 2014. The GOR (gas-oil ratio) values shown are
the amount of natural gas produced (standard cubic feet) per barrel of oil. Image from EIA,
2014.

According to the Texas Railroad Commission (TRRC) Petrohawk Energy drilled the first
Eagle Ford well in 2008. The discovery well was directionally drilled with approximately
975 m (3,200 ft) of lateral displacement at a total depth of 3,396 m (11,141 ft.). The
well initially flowed 215,208 m3 (7.6 million cubic feet) of gas per day. As of December
4, 2014 the TRRC reported that 7,334 oil wells and 3,786 gas wells were on schedule1
with a further 6,565 permitted locations representing pending oil or gas wells (Figure
3.3-6). In 2008, Eagle Ford oil production was a mere 56 m3 (352 barrels) per day, but in

1. “On schedule,” or “on proration schedule,” is a term the TRRC uses to refer to wells that are in their lists as actively
producing or plugged. It excludes wells that are shut in or are not yet producing.
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September 2014 the TRRC reported that Eagle Ford oil production exceeded 148,494 m3
(943,000 barrels) of oil per day during the period of January through September 2014.
According to the Oil and Gas Journal, more than $13 billion dollars were invested in Eagle
Ford production in 2013, with 260 rigs drilling about 300 wells per month (Oil and Gas
Journal, 2015).

Figure 3.3-6. Texas Eagle Ford drilling permits issued by the Texas Railroad Commission

between 2008 and November 2014. Image courtesy of the Texas Railroad Commission (2015).
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3.3.7. What is the Potential for Production from Source-Rock (Shale Oil) in
California?
The Monterey is present in large portions of many of the Tertiary2 sedimentary basins of
California, but its potential for production as a source-rock system (shale oil) reservoir has
not been demonstrated. The basic physical requirements for productive shale oil reservoirs
are quite specific; the Monterey may meet these requirements in certain, restricted areas
of its geographic distribution, as discussed in Section 3.3.10, “The Geographic Footprint of
Thermally Mature Monterey Source Rock in California.”
Highly productive source-rock (shale oil) systems share several physical/geological
characteristics; some are displayed by Monterey Formation source rocks, as summarized in
Table 3.3-2. These characteristics are as follows:
1. High concentration of Type II (marine) kerogen
2. Thickness of highly organic-rich strata in excess of 20 meters.
3. Thermal maturity for oil (%Ro3 of 0.8 to 1.3)
4. Abnormally high pore-fluid pressures (overpressuring, above a normal water
pressure gradient)
5. Brittle4 lithology capable of sustaining natural or induced fractures
6. Simple tectonic history and minimal structural complexity
7. Retention of producible hydrocarbons

2. Technically, the International Commission on Stratigraphy no longer formally recognizes the term “Tertiary.” The
time period covered by the Tertiary is now referred to as the Paleogene and Neogeone, but for simplicity, we will refer
to this period as the Tertiary. A full geologic timeline is provided in Appendix 3.B.
3. Ro stands for vitrinite reflectance in immersion oil, an optical microscopic measure of thermal maturity first
developed by German coal petrographers. Vitrinite is a particular type of organic particle commonly found in coals
and shales, which becomes increasingly reflective to incident light with greater temperature exposure. For this reason,
vitrinite reflectance, or % Ro, is a commonly used measure of the time-temperature exposure of the organic matter in
source-rocks
4. A material is brittle if, when subjected to stress, it breaks rather than deforms. In fine-grained rocks, brittleness is
typically imparted by a significant content of silica or carbonate minerals and a relatively low content of clay minerals
such as illite or kaolinite, which deform readily under stress and do not, in general, sustain fractures.
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Table 3.3-2. Summary of seven characteristics of productive source rocks, the status of data

availability on the Monterey Formation, and our evaluation of whether large portions of the
Monterey are likely to display this characteristic.
Data available on
Monterey formation?

Large portions of Monterey
display this characteristic?

High concentration of Type II (marine)
kerogen

Yes

Yes

Thickness of highly organic-rich strata in
excess of 20 meters.

Yes

Yes

Thermal maturity for oil (%Ro of 0.8 to 1.3)

Yes

Yes

Abnormally high pore-fluid pressures
(overpressuring)

Limited

Likely

Brittle lithology capable of sustaining
natural or induced fractures

Limited

Likely

Simple tectonic history and minimal
structural complexity

Yes

No

Retention of producible hydrocarbons

Limited

Unlikely

3.3.7.1. High Concentration of Type II Kerogen
Parts of the Monterey that are highly enriched in marine kerogen are known to be prolific
petroleum source rocks (Isaacs, 1989; Isaacs, 1992; Peters et al., 2013; Peters et al.,
2007; Tennyson & Isaacs, 2001). According to Graham and Williams (1985), shales of
the Monterey in the San Joaquin Basin have TOC concentrations ranging from 0.40 to
9.16 percent by weight (wt. %), with a mean value of about 3.43 wt. %. Isaacs (1987)
reported TOC concentrations ranging from 4 to 8% from Monterey shales collected in
the Santa Maria Basin and along the Santa Barbara coast, with highest TOC values in the
phosphatic shales of the middle Monterey. In the Los Angeles Basin similar Montereyequivalent phosphatic shales (locally named the Nodular Shale) have from 2 to 18% TOC,
and average about 4% (Jeffrey et al., 1991; Hoots et al., 1935). Many of these measured
values are well in excess of the 2 wt. % average TOC believed to be the necessary
minimum concentration for a commercially successful source-rock reservoir.
3.3.7.2. Thickness of Organic-Rich Strata
In wells and outcrops along the Santa Barbara coast and in the adjacent Santa Maria
and Santa Barbara-Ventura Basins, TOC-rich shales are more than 100 m (328 ft) thick.
In the Los Angeles Basin, west of the Central Syncline, the phosphatic Nodular Shale is
50 to 100 m (164 to 328 ft) thick (Isaacs 1980). In the southwestern San Joaquin Basin,
where the entire Monterey is more than 1,830 m (6,000 ft) thick, it contains four major
shale sequences: the Gould, Devilwater, McDonald, and Antelope shales (Mosher et al.
2013), each of which probably contains net thicknesses of tens of meters of strata having
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concentrations of organic matter sufficient for consideration as possible source-rock
reservoirs.
3.3.7.3. Thermal Maturity
Two variables determine where, when, and at what depths source rocks become thermally
mature: (1) the local geothermal gradient (the rate at which temperature increases with
depth) and (2) the reaction kinetics - the rates at which various sedimentary organic
compounds crack to release hydrocarbons when heated. The Monterey Formation is
known to be in the oil window in the deep parts of most major petroleum basins in
California, but the geothermal gradient varies greatly from basin to basin (e.g., Jeffrey
et al. 1991). Because the reaction kinetics of Monterey source rocks remains somewhat
uncertain, the locations of thermally mature Monterey are also to some degree uncertain
(Tennyson & Isaacs, 2001). Nevertheless, much has been learned in recent decades and
the depth range of the Monterey oil window is generally known in the most petroliferous
basins. In Appendix 3.A, we present maps of the thermally mature sections of the
Monterey.
3.3.7.4. Abnormally High Pore-Fluid Pressures
Commercially successful shale oil developments have generally been in areas where the
target formations display fluid pressures in excess of the hydrostatic pressure of water
(the pressure in a column of water due to the weight of the fluid above it). Both the
highly productive areas of Bakken/Three Forks (Sonnenberg et al., 2011) and Eagle
Ford Formation (Hentz & Ruppel, 2011) display abnormally high fluid pressures. Most
commercially successful shale gas plays, such as the Barnett Shale in the Fort Worth
Basin and the Fayetteville Shale in the Arkoma Basin, also exhibit abnormally high fluid
pressures.
In California, few wells have penetrated thermally mature source rock intervals, but
abnormally high fluid pressures are indicated by certain deeply drilled wells. In the San
Joaquin Basin, wells drilled near Lost Hills for deep gas resources, encountered extremely
high fluid pressures at the depths where source-rock intervals are believed to be thermally
mature. In the Los Angeles Basin, the American Petrofina Central Core Hole No. 1
(Redrill) demonstrated abnormally high pore fluid pressures below about 18,000 feet,
presumably related to hydrocarbon generation in Monterey-equivalent source rocks at
greater depths (Wright, 1991).
3.3.7.5. Brittle Lithology
The remains of diatoms (silica-rich phytoplankton) are an important component of the
Monterey. The physical properties of diatomaceous deposits change systematically during
burial as a result of increasing temperature: Non-crystalline “Opal-A” diatom frustules are
first transformed into crystobalite-type crystallinity “Opal-CT” and at higher temperatures
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to microcrystalline quartz chert (Isaacs, 1981). This temperature-controlled mineralogical
transformation is accompanied by significant shifts in porosity, permeability, elasticity,
and brittleness. As a result, certain Monterey lithologies, such as chert, porcelanite, and
siliceous mudstone, are particularly susceptible to fracturing (Hickman & Dunham, 1992;
Isaacs, 1984). Although by no means certain, it seems reasonable to postulate that the
highly organic-rich source-rocks of the Monterey in the Los Angeles, San Joaquin, and
other basins are interbedded with brittle rocks that could sustain natural or induced
fractures and, therefore, might support petroleum production.
3.3.7.6. Simple Tectonic History and Minimal Structural Complexity
In comparison to the mid-continent settings where most commercially successful shale
plays have been developed, California basins exhibit extreme structural complexity owing
to their tectonic setting along the active continental margin of North America. In the
Williston Basin where the Bakken/Three Forks production has been developed, and in
the Gulf Coast area of southern Texas, where the Eagle Ford shale production has been
demonstrated, productive formations are continuous and essentially undeformed for
tens or hundreds of kilometers. The petroleum producers exploit this lateral continuity
by drilling thousands of similar long-reach horizontal production wells within the
target formation. In contrast, the richest petroleum areas of California are located in
tectonically active settings and exhibit extremely complex faulting and folding, and highly
discontinuous formations, which pose technical challenges to those who would wish to
develop continuous-type plays. Whereas operators in southern Texas can dependably
predict the depths and thermal maturities of Eagle Ford strata over distances of more than
400 km (49 mi), in California basins it is difficult to predict formation characteristics over
distances of even a few hundred meters.
Highly variable lithology, combined with temperature-dependent silica phase transitions
(El Shaari et al., 2011), and complex tectonic settings, set the Monterey apart from most
other source-rock systems (e.g., Wright, 1991; Ingersoll and Rumelhart, 1999). This
inherent stratigraphic, mineralogical, and structural complexity will make it challenging
to discover and develop source-rock oil in California, as evidenced by the largely negative
results of deep drilling in the San Joaquin Basin (Burzlaff and Brewster, 2014). Closely
spaced faults or folds disrupt the reservoir to such an extent that vertical well success
would be unlikely. In any event, this development will only be economic with very high
oil prices with current technology. Because of its extreme variability, effective hydraulic
stimulation methods would need to vary significantly over short distances in various
portions of the Monterey (El Shaari et al., 2011). For these reasons, the techniques and
technologies successfully employed in Texas, North Dakota, and Pennsylvania where many
similar long-reach horizontal wells are drilled over large areas cannot be simply copied for
development of the Monterey (e.g., El Shaari et al., 2011).
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3.3.7.7. Retention of Producible Hydrocarbons
In the Bakken/Three Forks formations in the Williston Basin, in the most productive
areas of the Eagle Ford in south Texas, and in most other highly productive shale plays,
significant volumes of oil and gas have been generated and then retained in the source
rock over long periods of geological time. In contrast, in highly productive California
basins, oil from the Monterey has apparently been effectively expelled to migrate and
accumulate in conventional traps of the major oil fields. The complex tectonic history
of sedimentary basins in California and the extensive presence of natural fractures in
the siliceous Monterey mudstones seem to have facilitated the efficient expulsion and
migration of oil generated in the basin depocenters via higher-permeability fracture
and fault pathways to the producing conventional fields. Therefore, the amount of free
hydrocarbons retained within the thermally mature Monterey source rocks is uncertain,
and lack of oil retention is a significant risk to potential Monterey shale oil production.
3.3.8. Uncertainties Surrounding the Monterey Formation as a Petroleum Reservoir
The lithological variability of the Monterey, its diverse rock types, its vertical and lateral
heterogeneity, and its mineralogical transformations resulting from silica mineral phase
changes during burial make it challenging to predict its reservoir rock properties in
advance of drilling. Superimposed on its sedimentological and stratigraphic heterogeneity
is the structural complexity of many California basins resulting from their tectonic setting
on an active continental plate margin. These complexities, which are inherent to the
Monterey, result in uncertainty that is not easily reduced.
In spite of careful geochemical work (Isaacs and Rullkötter, 2001), the rate at which
Monterey organic matter is converted to petroleum liquids (reaction kinetics) remain
incompletely understood. For this reason, the precise depths and locations where organicrich Monterey rocks are actively generating oil and gas are still difficult to predict with
certainty. Moreover, these depths vary greatly from basin to basin.
The geological complexities of the Monterey and its source rocks are sure to make
widespread production technically difficult. The successful shale plays, which have
been transforming the physical and economic landscapes of Texas and North Dakota,
now depend upon industrial-style drilling programs, in which hundreds or thousands
of horizontal wells, each extending laterally for long distances, are efficiently drilled in
rapid succession, using similar techniques and yielding comparable volumes of produced
hydrocarbons. The lithological, structural and geochemical complexities of the Monterey
make the performance of such long-reach horizontal wells difficult or impossible to
predict. Closely spaced vertical wells are an alternative, but they, too, suffer from the
highly variable rock properties encountered in the Monterey Formation in the subsurface.
Source-rock formations are generally low-permeability, and consequently require
stimulation to allow hydrocarbons to flow to the well (King 2012). Successful shale
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plays in Texas and North Dakota employ multi-stage hydraulic fracturing in tandem with
long-reach horizontal wells (Bazan et al., 2012; Pearson et al., 2013). The stimulation
methods that could be used on the Monterey shale are not well understood at this point.
Matrix acidizing or hydraulic fracturing could be used depending on the local formation
characteristics, in particular, natural fracturing. If there is sufficient permeability from
natural fractures, acidizing may be the preferred method, otherwise hydraulic fracturing is
more likely to be used (El Shaari et al., 2011). Moreover, the social and economic climate
in much of California does not, in general, encourage widespread drilling in previously
undeveloped areas.
In the final analysis, only exploratory and development drilling can significantly
reduce the range of possible development scenarios. However, at present the quantity,
quality, and distribution of potentially recoverable source-rock resources are poorly
constrained and it is extremely difficult to set policy or plan for mitigation against possible
environmental impacts when we are uncertain if, where, and with what technology source
rock would be developed.
3.3.8.1. The EIA Assessment of the Monterey/Santos Shale Oil Play
To our knowledge, no systematic geology- or engineering-based assessment of either
in-place or technically recoverable petroleum resources in unconventional, source-rock
systems (shale oil) of California has ever been published. However, much of the media
focus and public concern about hydraulic fracturing and the potential for widespread
development of shale oil resources in California stem from two point estimates of
technically recoverable resources released by the DOE Energy Information Administration
(EIA). As part of a larger special report entitled “Review of Emerging Resources: U.S.
Shale Gas and Shale Oil Plays”, the EIA announced in 2011 that the “Monterey/Santos
Play” contains some 2.4 billion m3 (15.4 billion barrels) of technically recoverable “shale
oil.” This estimated recoverable volume, which represented the majority of U.S. shale
oil resources reported by EIA, was considerably larger than the reported recoverable
resources attributed to two most active and productive shale oil plays in North America:
the Bakken/Three Forks formations in the Williston Basin and the Eagle Ford Formation
of Texas. Just three years later, in their Annual Energy Outlook for 2014, the EIA reported
the technically recoverable oil in the same “Monterey/Santos play” to be 95.4 million m3
(0.6 billion barrels). Both estimates were supposedly based on a calculation involving
the geographic extent of the play, number of producing wells per unit area, and oil
production per well (Table 3.3-3). Given the position of authority from which EIA reports
energy information and the wildly differing values of these two point estimates, it is not
surprising that these estimates have been the source of much confusion and consternation.
Neither the methodology nor the sources of input data were documented in sufficient
detail to adequately evaluate these deterministic estimates. However, the reduced
estimates of 2014 were explained as follows: “Key factors driving the adjustment included
new geology information from a U.S. Geological Survey review of the Monterey shale and
a lack of production growth relative to other shale plays like the Bakken and Eagle Ford”
(U.S. EIA, 2014b).
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Box 3.3-3: Scientific Estimates and the
Incorporation of Uncertainty
A “deterministic” or “point” estimate generates a single result. This is in contrast to a probabilistic
estimate, which will generate a range of outputs and associated degrees of confidence. An example
of a probabilistic resource estimate is the USGS estimate of additional recoverable oil from nine of
the largest oil fields in the San Joaquin Basin (Tennyson et al., 2012). The USGS estimated with 95%
confidence that at least 572.4 million m3 (3.6 billion barrels) of additional oil could be recovered, and
50% confidence that 1 billion m3 (6.3 billion barrels) of additional oil could be recovered. A commonsense example of deterministic estimates versus probabilistic interval estimates would use a six-sided
die as an example. An example of a deterministic estimate of the output from rolling a die is to take the
mean value of the six sides and estimate the likely result to be 3. A probabilistic interval estimate would
say that the result can range from 1 to 6 and we can say with 100% confidence that the value will be at
least 1, 83% confidence that the value will be at least 2, and so forth.
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Table 3.3-3. Comparison of model parameters for the 2011 U.S. EIA/INTEK and 2014 U.S. EIA
estimates of technically recoverable oil from the “Monterey/Santos play.”

Model Parameters

US EIA/INTEK (2011)

US EIA (2014)

1,752.0

192.0

16.0

6.4

550.0

451.0

15.4

0.6

Areal extent (mi2)
Wells/mi2
Production/well (Kbbl oil)
5

Total recoverable oil (Bbbl oil)
6

55 66

While the EIA estimates cannot be effectively evaluated on the basis of the information
provided, several issues concerning these estimates warrant comment.
1. Given the highly uncertain geological and technical situation surrounding direct
recovery of oil from California source rocks, it seems crucial that any credible
estimate must define exactly what is being evaluated. In the case of the Monterey
Formation, which is both a source rock and, in places, a reservoir for migrated
petroleum, it is particularly important that the scope of the assessment be made clear.
The EIA routinely reports so-called “tight oil” production from California, but makes
no distinction between migrated “tight oil” and source-rock system shale oil. This lack
of clarity makes their estimates nearly impossible to interpret unambiguously.
2. The great uncertainty inherent in an unproven play concept such as shale oil
production in California makes it imperative that any credible estimate be clearly
defined in terms of probability. In other words, is the estimate a mean resource
value? Is it a median estimate? If so, what is the uncertainty surrounding the
estimate? Or, is it a maximum value? Or something else? From the EIA report it is
impossible to tell.
3. The U.S. EIA purports to provide estimates of technically recoverable resources,
but technical recoverability can only be meaningfully evaluated in terms of the
application of a particular technology. In the case of the Monterey source rocks,
no appropriate production technology has yet been identified, so a deterministic
estimate of technical recoverability is highly speculative. The 2014 EIA estimate
seems to assume development with horizontal wells, but no technology is
specified for the 2011 estimate.
4. The confusion surrounding the range of uncertainty in shale oil resources of
California could be clarified by a systematic, geology- and engineering-based
assessment of in-place and technically recoverable resources in the source-rock
systems of each of the principal petroleum basins. Such an assessment should be

5. Kbbl = kilobarrels or a thousand barrels of oil.
6. Bbbl = a billion barrels of oil.
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probabilistic rather than deterministic, and include an evaluation of the principal
sources of uncertainty, with clearly explained methodology and sources of input
data. The USGS is said to be working on such an assessment, but nothing has yet
been published.
3.3.8.2. Recommendation: Comprehensive Peer-Reviewed Probabilistic Resource
Assessment of Continuous-Type (Shale) Oil Resources in California
As of now, the range of possibilities for development of shale-oil type resources is
unconstrained. Consequently the State of California has an insufficient understanding of
the resource situation to understand or develop policy for future development of Monterey
source rock. Therefore, the immediate need is for a systematic resource assessment.
Such an assessment would provide an integrated set of geology- and engineeringbased probabilistic estimates of the resource endowment, technical recoverability, and
(possibly) unit costs for development of continuous-type source-rock or shale oil resources
in California. The assessment of resource endowment gives an understanding of the
magnitude of the potential and provides a tool for prioritization of effort. The assessment
of technically recoverable resources quantifies the volumes and uncertainties of
resources that can be delivered given the application of specific technology and links the
estimated resource with the types and intensities of technologies that would be involved
possible development. Given that the technology that could be used to successfully
develop the Monterey source rock is unknown, the range of possibilities of recoverable
resources would cover the use of various technologies. A resource-cost analysis would
add a measure of monetary value to the volumetric assessments, extend the geological
uncertainty through to its impact on economic measures, and enable the assessment
results to be used in economic models.
3.3.8.2.1. Basic Principles of Assessment
The proposed assessment should be designed to both meet the immediate need to
constrain the uncertainties surrounding the measurement of the potential for petroleum
production from source-rock systems, and be carried out within basic and certain
standards of scientific credibility. These standards should include a careful statement
of the problem to be addressed; clear specification of the desired deliverable output;
peer review; transparent presentation of the exact methodology to be employed; open
presentation of the input data, including data, their sources, and limitations; and a
presentation of the assessment output, including the full range of probabilistic results.
In many cases, the range of values and quantified uncertainty are more important than
the estimates of the central tendency (such as the mean value). Finally, the assessment
should be reproducible within the specified uncertainties by any qualified scientific group
attempting to replicate the study.

139

Chapter 3: Monterey Formation Case Study

3.3.8.2.2. Scope of the Assessment
The study should include all continuous-type source-rock system (shale-oil) resources in
the Tertiary Basins of California. This initial step, the geological screening of potentially
productive areas within the state, has already been undertaken in Volume I Chapter 4 of
this SB4 report, and is reiterated in this Case Study.
The assessment could be completed by organizations with proper staffing and experience.
Organizations with a record of producing similar assessments include the U.S. Geological
Survey, which has long-experience in such quantitative assessments. An example is the
2013 USGS study of the technically recoverable resources in the Bakken/Three Forks
petroleum system of the Williston Basin (Gaswirth et al., 2013). The Texas Bureau of
Economic Geology has also completed high-quality resource assessments, as has the
Norwegian Petroleum Directorate, and the Geological Survey of Canada, among others.
3.3.8.2.3. Components of the Analysis
The recommended assessment would need to comprise several modules, each of which
would have specific deliverables and timeframe, as follows:
1. Geological Screening: As discussed above, an initial basin screening is included in
Volume I, Chapter 4, and reiterated in this Case Study. The potentially productive
basins identified by the screening process are: Cuyama, Los Angeles, Salinas,
Santa Barbara-Ventura, San Joaquin, and Santa Maria.
2. Geological interpretation: The geological framework of the potentially productive
petroleum basins determines the occurrence, distribution, and quality of yet-tofind and yet-to-be-developed continuous-type resources. Therefore, development
of a geological model for hydrocarbon occurrence in each basin is the starting
point for assessment.
3. Play and Sub-Play Identification: Identification, geological description, and
specification of each play and sub-play for analysis. This activity would include
preparation of narrative summaries, mapping play-concept boundaries, and
stratigraphic specifications of play and sub-play extents.
4. Industry/Public Meeting: Convene an open forum for description and discussion
of assessment strategy, methodology, and play concepts to be evaluated during
the assessment project. This would be a solicitation of external comments and
recommendations.
5. Assessment of the State of Nature: Conduct a probabilistic assessment of the total
resource endowment, also known as the original oil in place (OOIP), of each
specified play and or sub-plays identified within each of the petroleum basins.
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Such an assessment identifies those areas of greatest resource potential and
therefore their likely desirability for resource exploitation.
6. Assessment of Technically Recoverable Resources: Probabilistic geological and
engineering assessment of total recoverable resources of each play and subplay for specified technical development model(s). Probabilistic estimates
of technically recoverable resources are fundamental to further use of the
assessments, but must of necessity include an engineering analysis, based upon
the geological models of the plays and sub-plays in order to specify technological
applications that would be required to develop the plays/sub-plays.
7. Appraisal of Resource Costs: The technical model used in the assessment of
technically recoverable resources might include an analysis of the types of wells
and related infrastructure required for development of the postulated shale oil
resources. This technical evaluation is a link between the geological uncertainty
and the financial costs and environmental consequences of development of each
play and sub-play.
8. Aggregation and Allocation of Results: Depending upon the specifications of the
study, results would be aggregated to totals for each play or basin, and, if desired,
allocated to geographic subsets such as water districts, ecological regions, etc.
9. Preparation of Final Report: Final report of methods, input, and results
10. Further Refinement Using Empirical Data: At present, any assessment of the
potential for development of California source rock reservoirs will be highly
uncertain because of the lack of empirical data. If private companies decide to
drill wells in California source rock, publicly reported data from those wells
could be used to revisit the results and reduce the uncertainties of the resource
assessment. See section 3.3.6., “Identifying production from source rock,” for
further details on how information on production is reported to the state.
3.3.9. Exploratory Drilling in Monterey Source Rock to Date
Production of a new reservoir begins with surveys to identify areas and depths of resource
potential, then exploratory drilling, followed by appraisal drilling, then development, and
finally, production. Each step must be successful to proceed with the next. Information
on exploratory drilling is likely to be held confidential by the operators. Records for
exploratory wells are expressly permitted confidential status upon request of the operator,
meaning full records are not reported to the state (California Public Resources Code
Section 3234). However, there is some publicly available documentation of exploratory
drilling from source-rock systems in California. To our knowledge, none of these
exploratory activities have achieved levels of production sufficient to justify commercial
development.
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Quiet exploration for development opportunities in source-rock systems has been
underway for years, as various companies have developed land positions and conducted
the background geological studies necessary to make exploration and development
investments. In its 2011 shale oil report, the U.S. EIA stated that, on the basis of acreage
positions, at least five companies (Berry Petroleum (now Linn Energy), National Fuel
Gas, Occidental (now California Resources Corporation), Plains Exploration (now
Freeport-McMoRan Inc.), and Venoco had active exploration efforts looking for shale
oil opportunities in the Monterey. No doubt other companies have been considering
Monterey source-rock exploration as well.
Although the companies are understandably quiet about their commercial intentions,
the next stage in shale-play evaluation, exploratory drilling, is probably also already
underway, as indicated by deep drilling programs in the vicinity of thermally mature
source rocks in the San Joaquin and the Los Angeles Basins. Of the two, the San Joaquin
has had, by far, the most attention devoted to it.
Venoco drilled a number of San Joaquin Basin wells targeting zones at depths between
1,830 and 4,270 m (6,000 and 14,000 ft), possibly in attempts to test source-rock
intervals (Durham 2010). As part of the effort, Venoco drilled several deep wells in
Semitropic oilfield that evidently targeted the Monterey. One of them, the Scherr Trust
et al. 1-22 (API 03041006), which began drilling in December 2010, went to 4,243 m
(13,921 ft) vertical depth in an attempt to test the Monterey, which was perforated
and fractured at depths of 3,808-3,813 m (12,495-12,510 ft). Flow tests produced noncommercial amounts of oil (DOGGR, 2015).
Attempts to develop the Eocene Kreyenhagen source rocks have had similar results.
Although an industry report by Petzet (2012) concerning testing of hydraulic fracturing
and oil production in the Kreyenhagen indicated the presence of mobile oil, no further
development or oil production from the Kreyenhagen was indicated.
Burzlaff and Brewster (2014) reported that there were 501 wells drilled between 2009
to 2013 to test unconventional oil reservoirs in the Monterey. However, of the 495 that
were identified by field, none had depths in the range of thermally mature source rock
for the basin where they were located. Six wells were listed as “any field” and could not
be associated with a specific basin. These six were drilled by Venoco and had depths in
the 2,734 – 3,048 m (9,000 – 10,000 ft) range, which is potentially deep enough to reach
thermally mature source rock in some California basins. The 501 wells had average initial
production rates of 12 to 24 m3 (75-150 barrels) of oil per day, with expected ultimate
recoveries of (EUR) of 3,200–4,000 m3 (20,000–25,000 barrels) for wells in fields on
the west side of the San Joaquin Basin and 14,000–16,000 m3 (90,000–100,000 barrels)
for wells in fields on the east side of the Basin. This well performance was evidently
considered insufficient for economic production, as no reserves were reported and no
production was established from the wells. However, for comparison, Dana van Wagener
of DOE-EIA reported that horizontal production wells in the Eagle Ford Formation of
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Texas have roughly comparable average EURs, ranging from 12,719 - 53,102 m3 (80,000
to 334,000 barrels), depending upon the county in Texas (van Wagener, 2014).
Most of the area of thermally mature source rocks lies outside existing oil field boundaries
(see Figure 3.3-7). One of several notable exceptions is Elk Hills oil field, where Miocene
and older source rocks are thought to be in the oil window at depths of 3,930–5,850
m (12,900–19,200 ft) (Magoon et al., 2009). In order to evaluate the prospects for
hydrocarbon production from deep intervals at Elk Hills, the U.S. Department of Energy
(DOE) drilled three wells to depths of 5,569–7,455 m (18,270–24,426 ft) (Fishburn,
1990). The wells did not result in commercial production, but they did have shows of oil
and gas. Cores of shale recovered from the Eocene Kreyenhagen Formation below 4,785 m
(15,700 ft) in the 987-25R well, exuded oil and gas from fine fractures.
Another potential deep San Joaquin Basin target is shale that has been displaced due
to deep thrust faulting and folding, such as that described by Wickham (1995) at the
Lost Hills field. Based upon a subthrust play developed for the East Lost Hills, several
exploratory deep wells were drilled into the footwall (the rocks below the fault). In 1998
the first well drilled encountered high gas pressures at 5,377 m (17,640 ft), well control
was lost and the rig was engulfed in flames. It took more than six months to bring the well
under control (Schwochow, 1999).
When and if the results of geological investigations and initial exploratory drilling
warrant, the most likely next steps in source rock reservoir development would entail
demonstrating proof-of-concept with relatively small-scale program of production
wells in geographically select areas. Such development would probably begin with the
drilling several additional exploratory wells that the potential operators would use to
(1) determine the reservoir parameters of the target formations and to (2) prepare a
development plan for production.
Commercial production would not begin until successful production had been
demonstrated by the exploration wells and by geographically restricted production
demonstrations. At that point, if operators had the appropriate permits, they would begin
a development program in the area of the target formation found to have potential. This
could expand to a large number of wells if (a) there is lateral continuity of an interval
with attractive properties, and (b) the production response from initial development
wells is economic. A successful beginning of large-scale production would presumably
be announced with fanfare at some point, as it would be a boon to the net value of the
company. We found no evidence that production in Monterey source rock has moved
beyond the exploratory stage.
3.3.9.1. Identifying Production from Source Rock in Public Records
Tracking exploratory activity in source rock would be useful for allowing state agencies
and the public to recognize and plan for new oil and gas development. It is not
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straightforward to identify a comprehensive list of exploratory wells in source rock from
the public records maintained by DOGGR. There are four key characteristics that one
would look for to identify an exploratory well in source rock:
1. Completion with well stimulation, either hydraulic fracturing or matrix acidizing;
2. True vertical depth (TVD) great enough to potentially reach thermally mature
source rocks;
3. Production from a formation that could potentially generate oil or gas when
exposed to sufficient heat and pressure (these formations are listed in Table 3.34), and
4. Confidential status (exploratory wells are typically filed under confidential status,
as defined in California Public Resources Code Section 3234).
If a well meets all four of these characteristics, it may be exploring source rock; however,
one would need information on the precise depth of thermally mature rock at those
coordinates to definitely identify a well as producing from source rock.
The only place where information on the four characteristics is systematically compiled
in a searchable format is in the Well Stimulation Disclosure Reports database, which
compiles information on stimulated wells dating back to January 2014 (15 months before
the writing of this case study).7 Under the proposed final regulations on well stimulation,
expected to go into effect July 1, 2015, the first characteristic (completion with
stimulation) would be part of the public well stimulation disclosures, even for confidential
wells. A well’s confidential status would also be part of the public disclosures. However,
true vertical depth and productive horizon would be held in confidence by the state until
the information becomes public record (DOGGR, 2015b). A state agency with access to
confidential information could search in the Well Stimulation Disclosure Reports (DOGGR,
2015c) for wells meeting the four criteria described above to track early evidence of
source rock activity. Onshore wells are granted confidentiality for a two-year period, and
offshore wells are granted confidentiality for a five-year period, with the possibility of
extensions (California Public Resources Code Section 3234).

7. Information on TVD, production horizon/pool, and well completion and confidential status is mostly available in
well records. The PDFs of well records are available through DOGGR’s online well search database, including those of
confidential wells, once confidential status has expired (DOGGR, 2015a). However, it is not possible to systematically
perform a search based on the four characteristics of interest in the online database.
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We performed a search in this database and found three stimulated wells8 of sufficient
depth and producing from the Monterey or Kreyenhagen, both potential source rocks, but
these three wells were not filed as confidential. In fact, no confidential wells have been
listed in the database to date. As a result we are skeptical that any well listed thus far
in the well stimulation disclosures is an exploratory well. Most likely the three wells we
identified, while quite deep, are producing from regions of the Monterey or Kreyenhagen
that are shallower than thermally mature rock in that location. Information that would
help one understand whether well is exploring a new formation includes (a) the location
of the wells with respect to existing oil fields, (b) how close adjacent wells are located,
and (c) the depths and intervals adjacent wells (or wells in the area) are completed in.
One would expect an exploratory well to be either relatively distant laterally from any
neighboring wells, and/or completed at a substantially different depth from nearby wells.
The relevant information is available in the DOGGR online well record database (DOGGR,
2015a). Continued monitoring of the records in the stimulation disclosures would show if
there is substantial interest and exploration of California source rocks.
Table 3.3-4. Potential source rocks (shales rich in total organic carbon). The pools listed below
are those that could be positively identified in DOGGR’s 2011-2014 production databases as
shales rich in total organic carbon; when found below the top of the oil window, they are

expected to generate hydrocarbons. Other pools listed in the database were not potential source
rocks, or we had insufficient information to determine their status. Basin abbreviations: SJ =
San Joaquin, SM = Santa Maria. Data from DOGGR (2014).

Pool Name

Basin

Field Name(s)

Antelope

SJ

Monument Junction

Antelope Shale

SJ

Asphalto

Antelope Shale/Carneros

SJ

Railroad Gap

Antelope Shale-East Dome

SJ

Buena Vista

Antelope Shale-West Dome

SJ

Buena Vista

Antelope/McDonald

SJ

Lost Hills

Fruitvale

SJ

Tejon, North

Kreyenhagen

SJ

Kettleman Middle Dome

McDonald

SJ

Belridge, South

McDonald-Devilwater

SJ

Cymric

McLure

SJ

Kettleman Middle Dome

Miocene-Oligocene

SJ

Wheeler Ridge

Monterey

SJ

Cymric

Reef Ridge-Antelope

SJ

Cymric

S Margarita-Fruitvale-Rd Mtn

SJ

Tejon

8. API numbers 02957574, 03120504, and 03052679.
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Monterey Deep

SM

Orcutt

Monterey North Block

SM

Zaca

Monterey South Block

SM

Zaca

Monterey-Knoxville

SM

Guadalupe (ABD)

Monterey-Lospe

SM

Lompoc

Monterey-Pt. Sal

SM

Casmalia

Sisquoc-Monterey

SM

Barham Ranch

3.3.10. The Geographic Footprint of Thermally Mature Monterey Source Rock in
California
Although the Monterey and its equivalents can be found throughout much of California,
a potential Monterey source rock play is restricted to just the six basins with the
largest proven oil reserves in the state. While the Monterey is a named formation in
various Tertiary Basins (Figure 3.3-2), years of geological mapping and exploratory
drilling demonstrate that thick successions of highly organic-rich Monterey strata at the
appropriate levels of thermal maturation for active petroleum systems are only present in
a handful of basins. These are the same basins that contain large conventional oil fields
sourced from the Monterey: the Cuyama, Los Angeles, Salinas, San Joaquin, Santa Maria,
and Santa Barbara-Ventura Basins (Figure 3.3-7, and for a detailed examination of the
geological context of potential source-rock system developments in each of the basins, see
Appendix 3.A). Because the Monterey is naturally highly fractured and releases much of
the oil it generates, we infer that any basin with a prolific Monterey source rock would
also have large pools of oil originating from the Monterey.
For a detailed examination of the geological context of potential source-rock system
developments in each of the basins, see Appendix 3.A, “Source Rock Potential of Major
Oil-Producing Basins in California.”
The maps of the footprint of potential Monterey source rock in Figure 3.3-7, and the
supporting maps in Appendix 3.A, differ slightly from maps of potential source rock
in Volume I, Chapter 4 in two ways. First, the maps of source rock in the San Joaquin
basin in this chapter show a slightly larger area because they include all areas where
the Monterey formation lies below the top of the oil window; the corresponding maps
in Volume I, Chapter 4, show only portions in the oil window while excluding the lower
regions in the gas window. Second, the maps of potential source rock in the Santa Maria
and Cuyama Basins are somewhat larger in this chapter than in Volume I, Chapter 4.
In this chapter we used a slightly shallower cut-off for the minimum depth of the oil
window than in Volume I, Chapter 4. The cut-off points for the top of the oil window
and supporting citations are given in Table 3.3-5. Our rationale was that we wished to
evaluate the possible impacts within the largest reasonably defensible estimate of potential
Monterey source rock.
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Table 3.3-5. Characteristics of Monterey source rock in each of the six major oil-producing
basins in California.

Estimated
surface area
of Monterey
formation in oil
and gas window

Estimated
shallowest depth of
thermally mature
source rocks
Basin

(m)

(ft)

Reference

(km2)

(mi2)

Reference

Counties

Cuyama

2,500

8,200

Lillis (1994)

150

60

Lillis, 1994;
Sweetkind et al.,
(2013)

San Luis Obispo,
Santa Barbara

Los Angeles

2,400

8,000

Pitman (2014)

460

180

Wright, (1991);
Gautier, (2014)

Los Angeles, Orange

Salinas

4,000

13,000

Menotti and
Graham (2012)

220

80

Durham, (1974);
Menotti and
Graham, (2012)

Monterey, San Luis
Obispo

San Joaquin
(Antelope
and McClure)

3,000

10,000

Magoon et al.
(2009)

3,630

1,400

Magoon et al.,
(2009)

Fresno, Kern, Kings

290

110

Tennyson and
Isaacs, (2001);
Sweetkind et al.,
(2010)

Santa Barbara

1,100

420

Gautier, this chapter

Los Angeles, Santa
Barbara, Ventura,
Offshore

Santa Maria

2,000

6,700

Tennyson and
Isaacs (2001)

Santa
BarbaraVentura

4,600

15,000

Jeffrey et al.
(1991)
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Map Extent:

San Joaquin Basin
McLure Oil Window

Salinas Basin

San Joaquin Basin
Antelope Oil Window
Cuyama Basin

Santa Maria Basin
Ventura Basin
Oil & Gas Field
Administrative Boundaries
Potential Monterey Source
Rock
5 km Buffer

Los Angeles Basin

Monterey Formation and Its
Equivalents
Basins

0

0

25

50

25

100
Kilometers
50

Miles
100

±

Figure 3.3-7. Extent of potential Monterey source rock in the six major oil-producing basins

in California. The regions colored in orange indicate the areas overlying a maximum estimate
of the portion of the Monterey that is deep enough to generate oil or gas. We added a five-

kilometer buffer when assessing the area of potential environmental impacts to account for

uncertainty in the true areal extent and on the assumption that impacts would extend beyond
the boundaries of the source rock.
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3.4. Potential Environmental Impacts of Well Stimulation in Monterey Source Rock
3.4.1. Overview of Potential Environmental Impacts of Well Stimulation in Monterey
Source Rock
Large-scale development of source rock would most likely expand the location and
quantity of petroleum production in the state, and make use of hydraulic fracturing
and/or matrix acidizing. Consequently, we would expect development of source rock to
have both direct and indirect impacts from well stimulation. Direct impacts are caused
specifically and uniquely by the act of well stimulation, such as a hydraulic fracture
extending into protected groundwater, accidental spills of fluids containing hydraulic
fracturing chemicals or acid, or inappropriate disposal or reuse of produced water
containing stimulation chemicals. These direct impacts do not occur in oil and gas
production unless well stimulation has occurred. Well stimulation can also incur indirect
impacts, i.e., those not uniquely attributable to well stimulation itself. A low-permeability
reservoir such as Monterey source rock requires stimulation for economic production.
Indirect impacts occur in all oil and gas development, whether or not the wells are
stimulated. For example, disposal of produced water through underground injection may
carry the risk of inducing an earthquake. If this produced water comes from a reservoir
that cannot be produced without well stimulation, the injection of produced water (and
associated seismic risk) would be an indirect impact of well stimulation. That is, injection
of wastewater is not a unique impact of well stimulation, but well stimulation could
enable petroleum production from Monterey source rock, and therefore increase the
volume of wastewater injection in the state. We would expect development of Monterey
source rock to result in an increase in quantity, and expansion in the geographic area,
affected by the direct and indirect impacts of well stimulation.
Uncertainties about how Monterey source rock development would transpire, in addition
to the data gaps in how current well stimulation affects the environment outlined in
Volume II, prevent a thorough assessment of the potential environmental impacts.
Key Uncertainties about Monterey Source Rock Development:
1. What technology would be used (horizontal wells, hydraulic fracturing, and/or
new innovations),
2. Density of wells and volumes of hydrocarbons produced per well,
3. Location and timeline of development,
4. How regulations, environment and demographics will have changed,
5. Probability of chance events (i.e. accidents).
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Even with the availability of more comprehensive data on how Monterey source rock
would be developed, it is not possible predict how the system is going to function in the
future, considering the uncertainties around environmental impacts of well stimulation,
and oil and gas in general, that were identified in Volume II. Accurate prediction of
impacts would require adequately validated and calibrated models. Constructing such
models is not possible with the current state of knowledge.
Although many factors about source rock development and its potential impacts are
uncertain, it is still possible to identify the known environmental and demographic
conditions in the vicinity of source rock, and impacts from source rock production that
would differ from migrated oil production. Our intention in our survey of potential
environmental impacts of Monterey source rock development is not to make detailed
predictions about future impacts, nor to reiterate the generalities about potential impacts
made in Volume II; rather, we focus on the environmental resources in the footprint
of Monterey source rock to better understand the resources that could be impacted by
development of the area.
3.4.2. Land Use and Infrastructure Development
Potential Monterey source rock can be found near areas already producing petroleum as
of 2014 (Figure 3.4-1) – unsurprising, given that Monterey source rock is the origin of
most of the oil found in California’s migrated reserves. The footprint of potential Monterey
source rocks can be divided into two categories: “brownfield,” defined as having a well
density of at least one well per square kilometer; and “greenfield,” defined as areas with
fewer than one well per square kilometer.
The categories of brownfield and greenfield can be further subdivided according to
whether or not they are within current administrative field boundaries as defined by
DOGGR. The vast majority of brownfield areas are within field boundaries, but some there
are some areas with wells that fall outside administrative boundaries. Quite a bit of land
within administrative boundaries is technically greenfield – that is, has less than 1 well per
square kilometer.
Only 9% of the potential Monterey source rock footprint is brownfield – that is, has at
least one well in a one-kilometer radius (Table 3.4-1). The area that falls within the
administrative boundaries of an oil field is only somewhat larger – 16% of the potential
Monterey source rock footprint.
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Table 3.4-1. Percentage of potential Monterey source rock footprint; rows show portion in the

brownfield category (defined as at least one well per square kilometer), and greenfield category
(defined as fewer than one well per square kilometer). Columns show areas inside or outside

currently designated administrative field boundaries. Total MSR = total Monterey Source Rock.
Area Total
(km2)

Area Total
(%)

≥1

503

9

459

8

44

<1

Greenfield

<1

5,364

91

495

8

4,869

83

Total MSR

all

5,867

100

954

16

4,913

84

Designation

Well
Density

Brownfield

Area Inside
Bounds (km2)

Area Inside
Bounds (%)

Area Outside
Bounds (km2)

Area Outside
Bounds (%)

However, even the portions of the footprint that are outside field boundaries are located
near current oil fields: all of the footprint falls within 20 kilometers (12 miles) of the
boundary of a currently designated oil field (Figure 3.4-1).

Salinas
Basin

San Joaquin
Basin, McLure
Oil Window

San Joaquin
Basin, Antelope
Oil Window
Santa Maria
Basin
Cuyama
Basin

Ventura Basin

Well density

Oil & Gas Administrative Boundaries

Low (1-15/km2)

Potential Monterey Source Rock

Medium (15-77/km2)

5 km Buffer

0

25

50

High (>77/km2)

0

25

50

100
Kilometers
Miles
100

±

Los
Angeles
Basin

Figure 3.4-1. Oil fields, well density as of 2014, and potential Monterey source rock in

California. While most area developed for oil and gas production is within administrative

boundaries, some is not. Conversely, not all areas within field boundaries are developed for oil
and gas and may be used for cities, farms, or open land.
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The footprint of potential Monterey source rock plays is distributed over ten counties;
eleven including the five-kilometer buffer. Table 3.4-2 shows the square kilometers
of footprint in each county and, for comparison, the number of new and active wells
identified in DOGGR’s All Wells database as of March 2014. All counties with potential
Monterey source rock have at least some new and active wells within their boundaries.
The county with the greatest proportion of Monterey source rock is Kern County; it also is
the county with 80% of new and active wells in the state.
Table 3.4-2. Area of potential Monterey source rock footprint by county. New and active wells
from DOGGR All Wells database as of March 2014 (DOGGR, 2014a).

County

Fresno
Kern

Over source rock

In 5 km buffer

Total Area

New & Active Wells

km2

%

km2

%

km2

wells

%

78

1

177

3

255

3,356

3.8

2,629

45

1,723

28

4,351

70,615

79.3

Kings

927

16

647

10

1,575

222

0.2

Los Angeles

393

7

501

8

894

4,303

4.8

Monterey

218

4

822

13

1,041

1,100

1.2

62

1

142

2

204

1,161

1.3

Orange
San Luis Obispo

124

2

286

5

410

312

0.4

Santa Barbara

515

9

1,009

16

1,524

1,312

1.5

0

0

3

0

3

91

0.1

898

15

937

15

1,835

2,524

2.8

Tulare
Ventura
Other Counties
Grand Total

0

0

0

0

0

89,039

4.5

5,845

100

6,247

100

12,092

84,996

100.0

The proximity of potential new Monterey source rock development to existing production
is important because it will affect the amount of new infrastructure that would be needed
to support new production. One important piece of infrastructure for which we have
spatial data is the network of oil and gas pipelines in the state; these pipelines transport
petroleum from where it is produced to refineries and to its final point of use. As shown
in Figure 3.4-2, oil and gas pipelines already exist in the basins where there is potential
Monterey source rock, although the network varies in density across the basins, with
the Salinas Basin in particular having a relatively sparse network of pipelines. Another
important piece of infrastructure that would need to be developed in and around new
oil fields is a means for wastewater disposal. Locations of existing Class II disposal wells
are shown in Figure 3.4-11 through 3.4-15, and the current locations of evaporationpercolation ponds are shown in Figure 3.4-3. Class II disposal wells and evaporationpercolation ponds both have highly clustered distributions in and around existing oil
fields. It is likely that if new areas were to be developed to produce Monterey source rock,
more such features would need to be installed.
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Figure 3.4-2. Pipelines for transport of oil and gas in California overlaid with potential
Monterey source rock. Pipeline data from Zucca (2000).
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3.4.3. Potential Impacts to Water Resources
The major potential impacts to water resources discussed in Volume II, Chapter 2 were
associated with water use for well stimulation and the possibility of water contamination
by stimulation fluids (and comingled produced water). In this case study, we present
information on the location of potential Monterey source rock in relation to existing
wastewater disposal infrastructure, surface water bodies, groundwater aquifers, water
wells, and water supply systems. Because the extent of source rock is larger and differs
from the current brownfield area, there is potential for new and different water resources
to be affected by source rock production.
There are a few predictable differences in how impacts of source rock production would
likely differ from those of current production in California. First, most of the source rock
footprint is not in the immediate vicinity of existing oil and gas wells, and therefore
the risk of hydraulic fractures intercepting a nearby improperly plugged, abandoned,
or deteriorated well is diminished. Second, source-rock production will be on average
much deeper than migrated oil production. Consequently, there will be a greater margin
of safety between hydraulic fractures and shallow groundwater. Third, water produced
from deeper formations in the San Joaquin Basin tends to be higher in Total Dissolved
Solids (TDS); one study found that produced water in the San Joaquin Basin from depths
shallower than 1,500 m (4,900 ft) had less than 4,000 mg/L TDS (and typically less than
2,000 mg/L), whereas waters from depths greater than 1,500 m typically had more than
25,000 mg/L TDS (Fisher and Boles, 1980), likely due to the transition from non-marine
strata at shallow depths to marine strata at greater depths.
Below we show the geographic overlap between key water resources and the areas that
could be developed as a source-rock play, and discuss possible impacts to water resources.
3.4.3.1. Wastewater Management
The main documented methods used for disposal of wastewater from stimulated wells in
California are: (1) evaporation-percolation ponds (57% of total produced water volume
in the first full month after stimulation), followed by (2) subsurface injection (26%), (3)
“other” (14%), (4) not reported (3%), and (5) surface body of water (0.2%) (Volume
II, Chapter 2). Discharge of oil field wastewater to evaporation-percolation ponds, also
known as “percolation pits,” is regulated by the Regional Water Boards under their Waste
Discharge Requirements (WDR). In this section we examine where percolation pits have
been used in the past several years within the footprint of Monterey source rock, on the
assumption that, unless regulations change, this practice will continue in the future.
As shown in Figure 3.4-3, percolation pits are presently used in at least four of the six
basins with potential Monterey source rock: the Salinas, Santa Maria, San Joaquin and
Cuyama Basins. The status of percolation pits in the Los Angeles and Ventura Basins is
ambiguous: records in DOGGR’s production database report that wastewater is disposed
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of via “evaporation/percolation” in these areas, albeit a small volume compared to the San
Joaquin Basin. However, state water quality regulators have no records of active ponds in
the vicinity of the two basins.
Information on oil and gas wastewater disposal reported by operators to DOGGR is
inconsistent with the reported pond locations. For example, the production database
reports 41,000 m3 (33 acre-feet) and 47,000 m3 (38 acre-feet) of produced water disposed
to ponds in Los Angeles and Ventura Counties, respectively, though no sump locations
were reported for either county. Conversely, there was no disposal to ponds reported in
Santa Barbara County, yet there were active ponds in the county. This mismatch indicates
that either the records of pond locations are incomplete, wastewater disposal volumes and
located reported in the production database are inaccurate, or both.
In addition to unlined sumps, Class II wells are also a likely disposal method, using either
existing wells or constructing new Class II wells to handle additional wastewater flows.
Wastewater can be injected into Class II wells for the purpose of enhanced oil recovery
(though not in source-rock formations) or simply disposed of underground. Similar to
unlined sumps, Class II wells are generally located within the perimeter of existing oil and
gas fields (Figures 3.4-11 to 3.4-15).
At present, the main infrastructure for wastewater disposal (evaporation-percolation
ponds and Class II wells) is located in and around existing oil fields. Development
of greenfield portions of the Monterey source rock footprint would require operators
to develop new wastewater disposal infrastructure. Possible strategies would be: 1)
construction of new sumps and/or Class II wells in greenfield areas, 2) transport of
wastewater to current sumps and/or Class II wells, or 3) increased reliance on other
avenues of wastewater disposal, such as beneficial reuse at the surface (such as treatment
followed by use for irrigation) or disposal to publicly-owned treatment works.
Since it is likely that produced water from Monterey source rock would be from deeper
formations and have higher TDS values on average than water currently produced in the
state, the options for its disposal (at least without prior treatment) may be affected. For
example, it is possible that it will exceed the TDS limits set by the Central Valley Regional
Water Quality Control Board for disposal in pits overlying groundwater with existing and
future beneficial uses. High TDS may also compromise its usefulness for irrigation or other
beneficial reuse, or as a base fluid for stimulation fluids.
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Figure 3.4-3. Potential Monterey source rock overlaid with known locations of oil and gas

wastewater evaporation-percolation ponds in the state, and oil and gas field administrative

boundaries. County labels indicate volume of wastewater sent to evaporation-percolation ponds
by county in 2013. Data on Central Valley sump locations from the Central Valley Regional

Water Quality Control Board (Holcomb, pers. comm, 2015); data on other sump locations from
the California State Water Resources Control Board (Borkovich, pers. comm., 2015). DOGGR
administrative boundaries from DOGGR (2014b). Volumes of wastewater calculated from
DOGGR production database (DOGGR, 2014c).
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3.4.4. Potential Impacts to Surface and Groundwater Quality
Below, we discuss surface water and groundwater resources that are in close proximity to
the Monterey source rock and could be affected by increased oil and gas development in
these areas. This includes the groundwater basins that lie immediately above or adjacent
to source rock, as well as nearby surface water bodies, such as rivers, lakes, and streams.
We then identify water-related infrastructure that could be impacted if these resources are
contaminated. These include water wells, water supply for domestic and municipal uses,
and irrigated agricultural lands.
3.4.4.1. Surface Water Bodies
Surface water bodies, such as rivers, lakes, streams, and wetlands, can be located in
close proximity to oil and gas activities. For example, the Salinas River is close to the
San Ardo oil field (Figure 3.4-4). Because of this proximity, oil and gas activity could
release contaminants into these water bodies through a variety of pathways. One possible
pathway is spills or accidental releases directly into a waterway, or on the land surface,
where contaminants could run off into surface water bodies. In addition, polluted
groundwater can discharge to the surface via springs or subsurface discharge to streams
(via baseflow) or other surface water bodies. Pollutants released to surface water bodies
have the potential of being transported with water flows, affecting downstream water
bodies. In coastal watersheds, pollutants that enter the environment could be transported
downstream to the ocean and coast. We inventoried the surface water bodies that overlie
the Monterey source rock or that fall within 5 kilometers of this area using geographic
data from the U.S. Geological Survey (USGS 2014). Figure 3.4-5 shows the surface water
features that overlie the Monterey source rock.9 A more detailed view of each source rock
area is shown in Appendix 3.D (Figure 3.D-1). There are more than 4,000 km (2,485 mi)
of rivers and streams overlying the Monterey source rock, and another 7,000 km (4,350
mi) above the 5 km (3 mi) buffer, for a total of over 11,000 km (6,835 mi) of rivers and
streams (Table 3.4-3). In addition, there are 2,800 km (1,740 mi) of man-made canals
and ditches above the Monterey source rock and its 5 km (3 mi) buffer. The San Joaquin
and Los Angeles Basins have a relatively low density of surface water features compared
to the other four basins.

9. Note that some of the rivers and streams shown are ephemeral, and may flow rarely or intermittently.
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Table 3.4-3. Length of streams, rivers, and canals overlying the Monterey source rock, by oil
basin.

River/Stream (length in km)

Canal/Ditch (length in km)

Over source rock

+5 km Buffer

Over source rock

+5 km Buffer

240

1,000

-

-

37

190

43

87

Cuyama Basin
Los Angeles Basin
Salinas Basin

440

2,000

-

16

San Joaquin Basin

1,400

3,500

1,899

2,600

Santa Maria Basin

280

770

-

10

Ventura Basin

1,800

3,800

78

180

Total

4,200

11,000

2,000

2,800

Data from the National Hydrography Dataset, version 2.2 (USGS 2014).

Note: the length of river and stream miles in the second column is cumulative; in other words,
it is the sum of features that above the source rock and within the 5 km (3 mi) buffer. All
figures rounded to two significant digits. Figures may not sum to total due to rounding.
There are other water bodies in the study area, such as lakes, ponds, reservoirs, and other
impoundments (not including the evaporation-percolation ponds identified earlier). We
found 122 such features overlying the Monterey source rock, and another 79 in the 5 km
(3 mi) buffer area (Table 3.4-4). These water bodies have a total surface area of 94 km² or
23,000 acres. Some water bodies shown are farm ponds or wetlands, and may only be wet
at certain times, depending on the weather and how they are managed.
Table 3.4-4. Surface water bodies (lakes, ponds, and reservoirs) that overlie the Monterey source rock.
Over source rock

Oil Basin

Number
of Water
Bodies

km²

In 5 km buffer

Surface Area
acres

Number
of Water
Bodies

Surface Area
km²

acres

Cuyama Basin

2

0.03

8

2

0.0

8

Los Angeles Basin

6

0.2

45

13

2.7

660

Salinas Basin

1

22

5,400

9

42

10,200

San Joaquin Basin,
Antelope Oil Window

36

5.9

1,500

45

6.5

1,600

San Joaquin Basin,
McLure Oil Window

45

18

4,600

75

25

6,200

Santa Maria Basin

13

4.0

990

18

4.2

1,000

Ventura Basin

19

8.3

2,100

39

13

3,300

122

59

14,500

201

94

23,000

Total
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Figure 3.4-4. A view of the Salinas River near San Ardo, with the San Ardo oilfield in the
background. Photo by Wikipedia user Antandrus.
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Figure 3.4-5. Surface water features overlying the Monterey source rock. A series of close-up
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that the in order to make the smallest streams visible at this scale, they are depicted larger than
they are and so form an almost continuous field of blue on the map. Also, many of these rivers
and streams are ephemeral, meaning they do not flow continuously or year-round.
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3.4.4.2. Groundwater Aquifers
In California, groundwater is an important source of water for households, municipalities,
industry, and agriculture. Groundwater also helps sustain rivers and streams, providing
critical ecosystem flows. The Monterey source rock lies thousands of feet underground,
below groundwater basins that provide water for human and environmental uses. Wells
for oil and gas exploration, production, and waste disposal pass through groundwater
basins, and above-ground activities disturb the land surface over these groundwater
basins. There are several possible pathways by which contamination could occur, as
discussed in Volume II, Chapter 2. Based on data from the Department of Water Resources
(DWR), we identified 16 groundwater basins10 that overlie the Monterey source rock, as
shown in Figure 3.4-6 (a) through (d). Four additional groundwater basins are not located
immediately above the source rock but fall within the 5-kilometer buffer zone used for this
study. The San Joaquin Basin contains the largest area where groundwater overlies source
rock, followed by the Los Angeles Basin and the Santa Maria Basin (Table 3.4-5). The
groundwater basins which overlap the Monterey source rock are listed in Table 3.C-1. One
of the potentially affected basins, the San Joaquin Valley Groundwater Basin, covers a vast
area spanning the width of the Central Valley from the Tehachapi Mountains in the South
to the San-Joaquin-Sacramento River Delta in the north, and spans approximately 36,000
km² (14,000 square miles).
The movement of groundwater is complex and, in many parts of California, poorly
understood. Arguably, hydraulic fracturing in the very deep Monterey source rock is safer
than operations in shallower wells, because one would expect to often find aquitards
between deep hydraulically fractured zones and usable groundwater. A confining layer
(aquitard) could slow flow of groundwater and contaminants. However, relying on an
aquitard to keep pollutants from migrating is inherently risky; the integrity of an aquitard
cannot be assumed unless it has been observed as maintaining separation between
aquifers, based on observations of either pressure or water chemistry.
The groundwater basins shown in Figure 3.4-6 have been identified by DWR as areas
underlain by permeable materials capable of storing or providing a significant supply of
groundwater. In some areas, groundwater is salty or otherwise of low quality, such that it
could not be used for public supply without costly treatment measures. In some of these
areas, regulators allow the disposal of oilfield wastes into subsurface aquifers via Class II
wells. Beginning in 2014, following the enactment of SB 4, state law requires operators
to monitor groundwater in the vicinity of production wells that have been stimulated.11
Regulators (the State Water Resources Control Board and the Regional Water Quality
Control Boards) allow exemption to the monitoring requirement where the operator

10. The Department of Water Resources defines a groundwater basin as an alluvial aquifer or a stacked series of alluvial
aquifers with reasonably well-defined boundaries in a lateral direction and a definable bottom (DWR 2003, page 88).
11. Public Resource Code section 3160, subdivision (d)(1)(F)(iii)
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demonstrates that there are no “protected waters,” meaning that water contains high
levels of salt (exceeds 10,000 mg/L total dissolved solids) or traces of oil (occurs inside
of a hydrocarbon-bearing zone). As of April 1, 2015, a total of 18 exemptions have been
granted, generally covering 1-square mile sections or smaller areas, and all inside of four
fields: North and South Belridge, Elk Hills, and Seneca-Coalinga (California State Water
Resources Control Board, 2015).
Subsurface injection was the second most common disposal method for produced water
from stimulated wells, as discussed in more detail in Volume II, Chapter 2. However, there
are significant concerns about whether California’s Underground Injection Control (UIC)
program is adequately protective of underground sources of drinking water (USDWs) –
defined as groundwater aquifers that are used for water supply or could one day supply
water for human consumption (Kell 2011; Walker, 2011). Currently, the State Water
Board is reviewing injection wells that may be disposing of oilfield wastes in aquifers
that lack hydrocarbons and contain water with less than 10,000 mg/L total dissolved
solids. These wells are being reviewed for “proximity to water supply wells or any other
indication of risk of impact to drinking water and other beneficial uses” (Bohlen & Bishop,
2015). We discuss this issue in more detail in Volume II, Chapter 2.
Table 3.4-5. Area of groundwater basins overlapping with Monterey source rock oil windows
and their 5 km (3 mi) buffer, in square kilometers.

Basin

Source Rock
Area (km²)

Area of Groundwater Basin
that Overlies source Rock
Over source rock

In 5 km
Buffer

Cuyama Basin

147

82

600

Los Angeles Basin

455

455

1,492

Salinas Basin

222

48

565

San Joaquin Basin

3,634

3,584

8,703

Santa Maria Basin

290

259

1,021

Ventura Basin

1,097

388

986

Total

5,845

4,817

13,367
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Figure 3.4-6. Maps of groundwater basins (or alluvial aquifers) overlying the Monterey source
rock in (a) San Joaquin and Cuyama Basins, (b) Salinas Basin, (c) Ventura and Los Angeles

Basins, and (d) Santa Maria Basin. Data on groundwater basins from California Department of
Water Resources (2003); further details on data in Appendix 3.C.
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3.4.4.3. Water Wells
The risk of contamination from a hydraulic fracture intercepting a usable aquifer is
minimal when fracturing source rock, as the depth of Monterey source rock is on the order
of 3,000 m (9,843 ft),12 while aquifers used for drinking, irrigation and domestic purposes
are at much shallower depths: as deep as 1,200 m (4,000 ft) in the Los Angeles Basin,
1,000 m (3,500 ft) in the San Joaquin Basin, and 300 m (1,000 ft) in the Salinas Basin
(Planert and Williams 1995). However, the other pathways for potential contamination
of groundwater are still plausible; these pathways are described in Volume II, Chapter
2. This is of particular concern where water wells are in close proximity to potentially
contaminated aquifers, as there is an increased likelihood of human exposure. There is
no reliable information on the number and location of water wells in California. Data
from water well completion reports filed with DWR, however, gives some indication
of the number of water wells within a given area.13 We note, however, that these data
are incomplete and are missing at least 50,000 wells drilled over the past 65 years plus
wells drilled prior 1949 (Senter, 2015, pers. comm.). The wells data file reports the
approximate location for 648,514 wells in the state. Information on the type of well was
not available. An unknown number of these wells are for domestic or municipal use.
There were over 14,000 documented water wells in the area overlying the Monterey
source rock. Within 5 km (3 mi) of the source rock, there are an additional 14,000 wells,
for a total of about 28,000 wells. The largest number of wells overlying source rock is in
the San Joaquin Basin (13,000 wells), followed by the Los Angeles Basin (10,000 wells)
(Table 3.4-6). Far fewer wells are located near source rock in the Ventura, Santa Maria,
Salinas and Cuyama Basins (140 - 1,800 wells per basin). Figure 3.4-7 shows the density
of water wells throughout most of the footprint of potential Monterey Source Rock,
apart from the Los Angeles Basin, which is depicted in Figure 3.4-8. Groundwater is an
important water source for residents of the study area. For example, groundwater makes
up one-third of the water supply for the 4 million residents of the Los Angeles coastal
plain (Hillhouse et al., 2002).
Table 3.4-7 summarizes the number of documented wells overlying Monterey source rock
by county and basin. In total, nine counties have wells that directly overlie source rock.
There are a total of 10 counties in this area; however, the number of wells in San Luis
Obispo is unknown due to missing data. Most wells above the Monterey source rock are

12. Monterey source rock is much deeper than most formations already developed in California. As shown in in Volume
I Figure 3.15a, about 90% of hydraulically fractured wells in California reported true vertical depths shallower than
900 meters, or less than a third as deep as Monterey source rock. These relatively shallow hydraulic fractures are much
closer to aquifers tapped for water use at the surface and thus the potential for contamination from them is higher than
when fracturing deeper formations.
13. Since 1949, California law has required that landowners submit well completion reports to DWR, containing
information on newly constructed, modified, or destroyed wells.
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in Kern County, where there are 12,236 wells within the 5 km buffer. The fewest wells
overlying the Monterey source rock are in Tulare County; the 5 km (3 mi) buffer zone
of the San Joaquin Basin, McLure Oil Window overlaps only about 1 square mile of the
southwest corner of Tulare County.
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Figure 3.4-7. Density of water wells in Ventura, Santa Maria, Cuyama, San Joaquin and Salinas
Basins, and footprint of potential Monterey source rock with 5 km (3 mi) buffer. Information
on data source given in Appendix 3.C.
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Figure 3.4-8. Density of water wells in the Los Angeles Basin and footprint of potential Monterey
source rock with 5 km (3 mi) buffer. Data as in Figure 3.4-7.
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Table 3.4-6. Approximate number of water wells overlying the Monterey source rock and 5 km
(3 mi) buffer zone, by oil basin.

Basin

Over source rock

Cuyama Basin

In 5 km Buffer

Total

30

109

139

4,757

5,628

10,385

216

635

851

San Joaquin Basin, Antelope Oil Window

4,444

3,006

7,450

San Joaquin Basin, McLure Oil Window

Los Angeles Basin
Salinas Basin

3,575

2,081

5,656

Santa Maria Basin

559

1,224

1,783

Ventura Basin

832

958

1,790

14,413

13,641

28,054

Total

Table 3.4-7. Approximate number of water wells overlying the Monterey source rock and 5 km
(3 mi) buffer zone, by county.
Number of Water Wells
County

Over source
rock

In 5 km
Buffer

Source Rock
+ Buffer

In County

Fresno

155

180

335

44,679

7,468

4,768

12,236

38,388

Kern
Kings

399

184

583

7,534

3,933

3,873

7,806

20,589

Monterey

217

642

859

12,124

Orange

823

1,792

2,615

8,921

Los Angeles

San Luis Obispo*
Santa Barbara
Tulare
Ventura
Total

?

?

?

?

1,066

1,983

3,049

5,475

0

4

4

23,717

351

216

567

1,025

14,413

13,641

28,054

162,452

* Well data was not available for San Luis Obispo County. It is highly probable that there are some wells over the
Cuyama Basin, and within 5 km (3 mi) of the Santa Maria Basin, but the numbers are unknown.

3.4.4.4. Water Supply Systems
In this section, we consider the spatial relationship between Monterey source rock and
local water suppliers given the possibility of a major increase in water use to develop
source rock reservoirs, and potential risks for contamination of nearby water sources.
In this section, we overlay the boundaries of source rock with the boundaries of water
supplier service areas to better understand the overlap and potential concerns for water
supply. Local waters suppliers obtain water from a mix of sources including ground water
wells, surface water withdrawals, and water imported from other areas via canals and
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pipelines. There is no definitive map or data source that shows the location of wells or
surface water intakes for municipal water systems. Where water supplier service areas
are in close proximity to well stimulation, it raises concerns, but does not mean that
contamination will occur or is even likely. However, a proximity analysis can help identify
those areas that are of concern.
The major source of stimulation water in recent reports has been water suppliers (a
category which includes both irrigation districts and municipal water suppliers. In 2014,
operators obtained water needed for well stimulation from nearby irrigation districts
(68%), produced water (13%), operators’ own wells (13%), a nearby municipal water
supplier (4%), or a private landowner (1%). These statistics are based on 495 completion
reports filed by operators and published by DOGGR between January 1 and December 10,
2014 (DOGGR, 2015c).
To begin to understand areas of potential concern, we mapped where water suppliers’
service areas overlap with Monterey source rock. Using data and maps of water suppliers’
service areas obtained from the California Department of Public Health (DPH), we
identified 148 water systems, both public and privately owned, that overlie or are within
5 km (3 mi) of the Monterey source rock (Table 3.4-8 and Figure 3.4-9). These systems
currently serve more than 10.3 million Californians. Water systems that rely on local
groundwater or surface water may be more vulnerable to pollution or groundwater
depletion. Some water suppliers exclusively use groundwater, while many others use a
combination of local groundwater wells and imported water delivered by canal or pipeline
from watersheds often hundreds of miles away. Among the 84 water suppliers with a
population of over 3,000, 78 use some groundwater, four do not use groundwater, and for
two others it is unknown if they use groundwater.
Table 3.4-8. Water suppliers that directly overlie or are within 5 km (3 mi) of the Monterey
source rock and their population served.

Basin

Number of Water
Suppliers

Population served

2

17,600

Cuyama Basin
Los Angeles Basin

72

8,555,731

Salinas Basin

12

21,996

San Joaquin Basin, Antelope Oil Window

13

443,763

9

42,926

San Joaquin Basin, McLure Oil Window
Santa Maria Basin
Ventura Basin
Total

171

9

162,838

31

1,097,763

148

10,342,617
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Tulare
County

Monterey
County

Kings
County

Salinas
Basin

San Joaquin Basin,
McLure Oil Window
San Luis Obispo
County

Kern
County

Cuyama
Basin
Santa Maria
Basin

Santa Barbara
County

San Joaquin Basin,
Antelope Oil Window

Ventura
County
Los Angeles
County

Potential Monterey
Source Rock

Ventura Basin

5 km Buffer
County Boundaries
Water Supplier
Service Areas (DPH
2014)

0

0

25

50

25

Los Angeles Basin
Orange
County

100
Kilometers
50

Miles
100

±

Map
Extent:

Figure 3.4-9. Water supplier service areas that directly overlie or are within 5 km of the

Monterey source rock. Data from California Department of Public Health (2014); details on
data in Appendix 3.C.
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3.4.5. Potential Impacts to the Atmosphere
If a Monterey Shale source rock play were developed, it could occur in various densities
and configurations. It is unclear what the air quality impacts of this play would be, due to
the unknown nature of the technology that would be required to access and economically
extract the oil.
A first approximation is that development in this play would result in air quality
impacts per unit of oil production that are similar in magnitude to current California oil
production. The plausibility of this assumption is supported by the following reasons:
1. Oil production from this hypothetical play would be subject to similar air quality
rules as development in other California oilfields.
2. Hydrocarbon production from other source rock plays (e.g., Bakken and Eagle
Ford liquids plays, Barnett gas play) has not been found to have unavoidably
larger impacts per unit of production than conventional oil production. High air
emissions from the Bakken play are largely due to associated gas management
schemes that would not be acceptable under California regulation (e.g., flaring).
While fracturing consumes energy and results in short-term air emissions, these emissions
can be expected to be small compared to emissions associated with decades of lifting,
processing, injecting and transporting reservoir fluids. For example, Allen et al. (2013)
found green completions technologies effective at reducing emissions from fracturing
flowback to very low levels (reductions of 99% of total gas).
The air quality impacts of developing these shales could be problematic due to the general
alignment between areas of mature Monterey Shale and areas with already poor air
quality. For example, Figure 3.4-10 shows the spatial overlap of mature Monterey Shale
source rock and California air districts that are in non-attainment status for Particulate
Matter (PM2.5) and ozone. For example, as of January 2015, the San Joaquin Valley
region is in “extreme” nonattainment with respect to 2008 8-hour ozone standards and
in moderate nonattainment of 2006 PM-2.5 standards (U.S. EPA, 2015). Significant
overlap is found between the San Joaquin Valley Unified Air Pollution Control District
(SJVUAPCD) and the largest area of mature Monterey Shale source rock. Other major
areas of mature source rock coincide with the South Coast Air Quality Management
District (SCAQMD) and the Ventura County Air Pollution Control District (VCAPCD).
Development in these areas could exacerbate already problematic air quality.
Other regions of mature source rock occur in California’s central coast, under largely
agricultural regions of the Santa Barbara, San Luis Obispo and Monterey Bay Unified air
districts. While there are active oil fields in all of these areas with source rock, these tend
to be smaller in well counts and volumes of production than fields in the San Joaquin
Valley and South Coast air districts. Significant development of a source rock play in these
regions could impact air quality in areas with relatively good air quality.
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Potential Monterey Source Rock
5 km buffer
PM 2.5 non-attainment area (2006 std)
Ozone non-attainment area (2008 std)

0

0

25

25

50

50

±

100
Miles

Km
100

Figure 3.4-10. Spatial alignment between mature Monterey source rock (red) and air districts
with PM 2.5 and ozone non-attainment.
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Despite the above concerns with additional air quality impacts in non-attainment basins,
the level of impact from oil and gas development from a source rock play should be
expected to be minor unless development of source rock reached levels of production
many times higher than current production in the state. As shown in Volume II, Chapter 3,
oil and gas production is the cause of only a small fraction of most criteria air pollutants,
dust, and greenhouse gas emissions in California, when measured at the scale of managed
air districts (nearly always <10%, and often <1%, per air district). One exception is
the emissions of HAPs in the San Joaquin Valley region, where the oil and gas sector is
responsible for large fractions of emissions of some HAPs that are commonly associated
with hydrocarbon production. Also, note that local impacts of oil and gas development
at the county, municipality, or neighborhood scale can be significantly larger than the
share of impacts across managed air districts. These local effects are discussed in Volume
II, Chapter 3, Volume II, Chapter 6, and Volume III [LA and SJV case study]. Volume II,
Chapter 6 describes the public health implications of local concentrations of pollutants in
detail.
3.4.6. Potential Impacts to Seismicity
In rare cases, earthquakes of concern can result from well stimulation and the
production it enables either through injection of wastewater into Class II wells, or
hydraulic fracturing. Both activities inject fluid underground, which causes an increase
in underground pressure that can lower the effective confining stress on a fault, hence
allowing the fault to slip in an earthquake.
All wells generate wastewater that can be disposed of in a Class II well, not just those that
are stimulated. If an earthquake of concern were to be induced by injection of wastewater,
it would be considered an indirect impact of well stimulation; an earthquake related to
hydraulic fracturing would be a direct impact. Wastewater disposal is associated with a
larger potential hazard of induced seismicity than hydraulic fracturing operations because
wastewater disposal injects greater volumes of fluid over a longer period of time. Injecting
larger volumes than have been used for well stimulation in California to date at the
greater depths of the Monterey source rock could increase the direct seismic impact from
hydraulic fracturing to some extent; however, the indirect seismic hazard from wastewater
disposal would likely still be significantly higher. While shifting to Monterey source rock
targets would necessarily increase the depth of well stimulation, the depth of wastewater
disposal would not necessarily change. However, production in new places as well as large
increases in wastewater could necessitate finding new target horizons for wastewater
disposal; we cannot predict at this time whether those horizons would be deeper or
shallower as it depends on local geology.
The probability and size of an induced seismic event depends on the volumes of fluids
injected, the pressure of injection, the lithology of the injection horizon, and the position
of wells in relation to faults and past seismicity. The effect of the event on people depends
on its size, proximity to human populations and infrastructure, as well as earthquake
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preparedness. Volume II, Chapter 4 discusses seismic hazard in detail. Below we present
information on the footprint of the potential Monterey source rock and where it overlaps
with faults, historic seismicity, and human populations to provide a brief, qualitative
overview of the seismic risk that may be associated with developing Monterey source rock.
Figures 3.4-11 through 3.4-15 include faults active during the Quaternary period (last
1.6 million years) from the U.S. Quaternary Fault and Fold (USQFF) database (http://
earthquake.usgs.gov/hazards/qfaults). The earthquake locations shown in the maps were
determined by applying high-precision analysis techniques (waveform cross-correlation
and clustering) to seismic records from the Southern California Seismic Network for the
period 1981 – June 2011 (Hauksson et al. 2012). We include active and plugged UIC
Class II wastewater disposal well locations from the Division of Oil Gas and Geothermal
Resources (DOGGR) well database to understand where wastewater disposal has been
occurring over the last few decades (1977 – 2014) (DOGGR, 2014a). If there were to be
development of source rock some distance from present-day wastewater disposal wells,
most likely new wells would be drilled.
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Figure 3.4-11. Factors influencing the potential for induced seismicity in the vicinity of

Monterey source rock in the San Joaquin and Cuyama Basins. The maps show potential source

rock, the 5 km buffer zone, seismic activity magnitude ≥ 3.0, wastewater injection wells, faults,
and population density. Wastewater disposal well locations (1977-2014) from DOGGR injection
database; seismic events (1981-2011) from SCEDC catalog. Traces of active faults from USQFF
are color-coded by age of most recent activity.
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Figure 3.4-12. Factors influencing the potential for induced seismicity in the vicinity of Monterey
source rock in the Los Angeles Basin. Explanation as in Figure 3.4-11.
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Figure 3.4-13. Factors influencing the potential for induced seismicity in the vicinity of Monterey
source rock in the Santa Barbara-Ventura Basin. Explanation as in Figure 3.4-11.
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Figure 3.4-14. Factors influencing the potential for induced seismicity in the vicinity of Monterey
source rock in the Santa Maria Basin. Explanation as in Figure 3.4-11.
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Figure 3.4-15. Factors influencing the potential for induced seismicity in the vicinity of Monterey
source rock in the Salinas Basin. Explanation as in Figure 3.4-11.

Within the San Joaquin Basin (Figure 3.4-11), there are clusters of seismic events and
large active faults in the southernmost portion of the Monterey source rock footprint (the
events in the dense cluster to the northwest are mostly aftershocks of M6+ earthquakes
that occurred on deeply buried (blind) faults in 1983 and 1985). Very few earthquakes
have been recorded and no faults have been mapped in the central portion of the
Monterey source rock zone within the San Joaquin Basin, suggesting a low seismic
hazard there. When estimating seismic risk it is necessary to also consider population and
infrastructure density. Most areas of the San Joaquin Basin have lower population and
infrastructure densities than urban centers like Los Angeles, implying relatively low overall
risk throughout the basin. However, large-scale development of Monterey source rock
could increase both population density and the scale of infrastructure to some degree.
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In the Santa Barbara-Ventura and Salinas Basins (Figure 3.4-13 and 3.4-15), Monterey
source rock zones are nearly directly coincident with large active faults having relatively
high slip rates slip rates (greater than 1 mm/year). Even though few earthquakes larger
than m3.0 have been recorded near these faults, there is a possibility of elevated potential
seismic hazard if future large-volume wastewater disposal occurred within the Monterey
footprint in these basins because fluid injection would be occurring near large active faults
capable of generating larger magnitude earthquakes. For seismic risk assessment, this
observation is especially relevant in more populated areas.
The faults within the Monterey footprint in the Santa Maria Basin have low slip rates (less
than 1 mm/year) and there is only sparse, low-magnitude seismicity (Figure 3.4-14). Only
one relatively short fault having uncertain activity has been mapped within the Monterey
zone of the Los Angeles Basins (Figure 3.4-12), and the seismicity is similarly sparse.
Thus, these Monterey source rock zones appear to have lower potential seismic hazard
compared to those in the Salinas and Ventura Basins. However, the very large population
density in Los Angeles results in a high potential seismic risk despite the relatively low
potential incremental seismic hazard. As discussed in Volume II, Chapter 4, Section 4.4.2.,
microseismic monitoring has been used to monitor hydraulic fracturing in the Inglewood
oilfield in the Los Angeles Basin (e.g., Cardno ENTRIX, 2012).
There is a large degree of uncertainty in the preliminary appraisal of seismic risk described
above. First, it is generally understood that California has many unmapped faults, which
can only be imaged with 3-D seismic reflection surveying, or inferred through analysis
of earthquake patterns. Secondly, at present, records of fluid injection in the DOGGR
database are likely inadequate to carry out a comprehensive assessment of the potential
for induced seismicity in the state. In particular, the monthly averages of injection volume
and pressure data currently reported, are too coarse to be useful in many cases. There
is also a lack of readily available information on injection depth for most wastewater
disposal wells. Improving the quality of these data could inform future induced seismic
hazard assessments. At a more fundamental level, there is a lack of understanding of the
potential for subsurface fluid injection to cause earthquakes in an active tectonic margin
like California, compared with regions in the continental interior where recent cases of
induced seismicity related to wastewater injection have occurred. How differences in the
geology, tectonic stressing rate and seismicity between California and the continental
interior influence the potential for induced seismic hazard has yet to be studied. For more
discussion on this uncertainty and additional data gaps, see Chapter 4 of Volume II.
We have outlined some of the factors relevant to assessing seismic risk in the footprint
of the Monterey source rock. If large-scale development of Monterey source rock were
to commence, it would be important to consider not just the locations of faults, historic
seismic activity, and human populations, as discussed here, but also factors such as
the local lithology of the injection horizon, pressure and volume of fluid injection, and
proximity to human infrastructure to evaluate seismic risk. There also are important
data gaps in our understanding of seismicity induced by underground injection in

182

Chapter 3: Monterey Formation Case Study

California that would need to be addressed to conduct thorough risk assessments, as
described in Volume II, Chapter 4, Section 4.6. In addition, it would be useful to consider
implementing practices to mitigate seismic risk as described in Volume II, Chapter 4,
Section 4.5.
3.4.7. Potential Impacts to Wildlife and Vegetation
In this section we examine how the footprint of potential Monterey source rock
intersects habitat for wildlife and vegetation. There are a number of ways in which new
development of source rock could impact wildlife and vegetation. Construction of well
pads and other oil and gas production infrastructure in areas that support native species
causes habitat loss and fragmentation. Increased disturbance and traffic can promote
invasive species. Increased noise, light, traffic, water contamination, and water use can
adversely affect populations of organisms. We do not have enough information about
future Monterey source rock development to quantify these impacts in detail, but we look
at the footprint of potential source rock to understand the types of habitats and native
species that could be impacted by development.
Figure 3.4-16 shows the spatial alignment of source rock with the land cover categories in
the National Vegetation Classification system. As indicated in Table 3.4-9, the two biggest
land cover categories are agricultural vegetation and human land use, mainly driven by
the dominant land uses in the San Joaquin and Los Angeles Basins. There is also some
area that is shrubland and grassland in all basins outside of Los Angeles, a small amount
of water mainly because of the portion of source rock that is offshore in the Ventura Basin,
and a very small amount of forested land.
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Figure 3.4-16. Overlay of potential Monterey source rock and land use. Land use data from
Department of Conservation (2012) and U.C. Santa Barbara Biogeography Lab (1998).

Table 3.4-9. National Vegetation Classification category overlapping with potential Monterey
source rock. For a more detailed table broken out by county, see Appendix 3.E.

Agricultural Vegetation
Developed & Other Human Use
Forest & Woodland
Open Water
Shrubland & Grassland

Over Source
Rock (km2)

In 5 km
Buffer (km2)

Over Source
Rock + Buffer
(km2)

Over Source
Rock + Buffer
(% of Total)

Outside
source rock
(km2)

Total
(km2)

2,900
700
200
400
1,700

1,800
900
400
400
2,800

4,700
1,600
600
700
4,400

8.9%
7.2%
0.4%
3.4%
6.4%

48,400
20,500
144,000
19,700
63,900

53,100
22,100
144,600
20,500
68,300
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Publicly owned property, conservation lands and easements often provide important open
space for native species. As shown in Figure 3.4-17 and Table 3.4-10, a relatively small
proportion (13%) of the potential source rock area falls into these categories. Some of
these areas are set aside expressly for conservation, such as the Wind Wolves preserve in
the southern San Joaquin, and would be unlikely sites for any oil and gas development.
Others, however, U.S. Bureau of Land Management and Forest Service land, are intended
to serve multiple purposes and could be leased for petroleum production.
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Figure 3.4-17. Overlay of potential Monterey source rock with public lands, conservation lands
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Table 3.4-10. Proportion of potential Monterey Source Rock that is public land or conservation
land and easements compared with other ownership types.
Over Source
Rock (km2)

In 5 km
Buffer
(km2)

Over Source
Rock + Buffer
(km2)

Over Source
Rock + Buffer
(% of Total)

Outside Source
Rock + Buffer

Public Land or Conservation
Lands and Easements

600

1,000

1,600

13%

219,800

Other Ownership

5,300

5,200

10,500

87%

193,300

Total

5,900

6,300

12,100

100%

413,100

The United States Fish and Wildlife Service can designate lands essential for the survival
of a threatened or endangered species as critical habitat. Shown in Figure 3.4-18 are the
areas of critical habitat that overlap with potential source rock. As indicated by Table
3.4-11, there are a few cases in which much or even all of a species’ critical habitat is
within the footprint of potential Monterey source rock, such as the Buena Vista Lake
Shrew, which has a very small amount of critical habitat in the San Joaquin Basin, and
the Ventura marsh milk-vetch. Others, such as the California condor, have a substantial
amount of critical habitat in the vicinity of potential source rock.
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Figure 3-4-18. Overlay of potential Monterey source rock and federally-designated critical
habitat. Land use data from U.S. Fish and Wildlife Service (2014).
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Table 3.4-11. Overlap of potential Monterey source rock with U.S. Fish and Wildlife Service

designated critical habitat for threatened and endangered species. Only those with at least 1%
of their critical habitat overlying the potential source rock + 5 km (3 mi) buffer are listed.
Over Source
Rock (km2)
Buena Vista Lake ornate shrew

.3

California condor

In 5 km
Buffer (km2)

Over Source Rock
+ Buffer (km2)

Over Source Rock +
Buffer (% of Total)

Outside potential
source rock (km2)

Total (km2)

0

.3

100

0

.3

76

76

3

2,374

2,449

California red-legged frog

15

45

60

1

6,580

6,640

California tiger salamander

24

19

43

5

810

853

Coastal California gnatcatcher

37

37

2

1,471

1,508

La graciosa thistle

39

17

56

57

42

98

Least bell’s vireo

0

12

13

9

137

150

9

9

35

17

26

28

13

41

26

118

159

2

0

2

5

38

41

15

15

37

25

40

Lompoc yerba santa
Southwestern willow flycatcher
Tidewater goby
Vandenberg monkeyflower
Ventura marsh milk-vetch

1

1

2

100

Western snowy plover

2

1

3

4

2
64

Critical habitat is not designated for all threatened and endangered species. In particular,
despite a large number of threatened and endangered species in the San Joaquin Basin,
very little critical habitat has been designated. To show lands that tend to be of high value
for native species in the San Joaquin, we show San Joaquin kit fox habitat suitability. Kit
foxes tend to co-occur with other native species in the region, although they are more
tolerant of human disturbance than most of the native plants and animals in the local
species assemblage. As a result the map of their habitat (Figure 3.4-19) likely reflects a
slight overestimate of habitat that supports high densities of native species in the area.
As indicated by Table 3.4-12, approximately 44% of the area of high suitability for San
Joaquin kit fox is within the footprint of potential Monterey source rock or in the 5
km buffer. If development were to occur in Monterey source rock, it would be likely to
disproportionately affect native species in the San Joaquin Basin, given the large extent of
source rock in that region, the high density of endangered species, and the fact that this
region most likely has the greatest potential to be developed as a shale oil play (see the
section on the San Joaquin Basin in Appendix 3.A).
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Figure 3.4-19. Overlay of potential Monterey source rock and San Joaquin kit fox habitat
suitability.

Table 3.4-12. Overlap of San Joaquin kit fox habitat suitability with potential Monterey source rock.

High
Moderate
Unsuitable

Over
Source
Rock (km2)

In 5 km
Buffer (km2)

Over Source
Rock +
Buffer (km2)

Over Source
Rock + Buffer
(% of Total)

Outside
(km2)

Total
(km2)

881

863

1,743

44%

2,224

3,968

279

563

841

13%

5,888

6,729

4,686

4,822

9,508

2%

404,068

413,575
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3.5. Data Gaps in Understanding the Future of Monterey Source Rock Development
and its Impacts
Despite the attention and speculation about the possible resources in Monterey source
rock, there is still tremendous uncertainty about its potential resources and indeed
whether it will ever be commercially developed. If it were developed, we do not know
what technology would be used or the precise locations and density of the activity. As
a result we cannot yet predict the environmental and public health consequences of
Monterey source rock development. Indeed, as noted throughout Volume II, there are
many aspects for which we lack the data necessary to fully evaluate even the past and
present impacts of well stimulation in the state. We recommend four studies or groups
of studies that would need to be undertaken at the appropriate stage of Monterey source
rock development.
Present:
1. Conduct a comprehensive, peer-reviewed, probabilistic resource assessment of
Monterey source rock, as described in Section .
2. Fill data gaps described for the environmental impacts of well stimulation
described in this report. Here we present a summary of the data gaps described in
more detail in Volume II.
a. Water quality impacts
b. Water supply impacts
c. Atmospheric impacts
d. Seismic impacts
i. California has many unmapped faults.
ii. Records of fluid injection in the DOGGR database are likely
inadequate to carry out a comprehensive assessment of the
potential for induced seismicity in the state. Need to collect more
detailed information on injection volume, pressure data, and
injection depth for wastewater disposal wells.
iii. We do not fully understand the potential for subsurface fluid
injection to cause earthquakes in an active tectonic margin like
California. Most recent cases of induced seismicity related to
wastewater injection have occurred in the continental interior.
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iv. For more discussion on data gaps for seismic impacts, see Chapter
4 of Volume II.
e. Wildlife and vegetation impacts
Ongoing:
3. Monitor for experimental wells and early stages of commercial development in
Monterey source rock, as described in Section .
If commercial-scale development commences,
4. Re-evaluate resource assessment in (1) – does it need to be updated to account
for new technology and/or production data from wells?
5. Conduct a rigorous risk assessment of source rock development, using input from
Volumes II and III of this report.
3.6. Findings and Conclusions
3.6.1. Findings Concerning Source-Rock Development in California
3.6.1.1. Geologic Basis
A source-rock is a sedimentary formation containing a sufficient concentration of organic
matter for the generation of petroleum. The Monterey Formation includes active source
rocks from which most California petroleum was generated. Other active petroleum source
rocks are also present in certain California basins.
In continuous shale-oil reservoirs, the source rock and the reservoir rock are one and
the same. Instead of the geographically concentrated oil in conventional oil fields, lowpermeability shale reservoirs extend over vast areas. Technological advances now enable
oil and/or gas to be produced directly from source rocks in certain places, particularly
from the Bakken and Three Forks formations in the Williston Basin and from the Eagle
Ford Formation in Texas. Large-scale shale oil production is enabled by hundreds or
thousands of long-reach directional wells, each having been developed with multistage massive hydraulic fractures. This approach is not easily transferable to the highly
discontinuous and heterogeneous Monterey formation.
Parts of several sedimentary basins in California, which are underlain by thermally
mature petroleum source rocks, may have potential for source-rock reservoir production.
Potentially productive areas occur in the Cuyama, Los Angeles, Salinas, Santa BarbaraVentura, Santa Maria, and San Joaquin Basins.
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Published EIA estimates of Monterey shale oil do not provide sufficient information for
scientific evaluation. We recommend a systematic, probabilistic assessment of California
source-rock resources be undertaken to quantify the uncertainty in shale-oil resource
potential. Ultimately, the uncertainty can be efficiently reduced or eliminated by drilling
exploration and production wells.
3.6.1.2. Exploration of Monterey Source Rock
Impending shale oil development would be signaled by land acquisition, exploratory
drilling, and then small-scale production, most likely in the San Joaquin Valley.
Identification of likely exploratory wells is possible with information on well depth and
target productive horizon. However, exploratory wells are likely to be confidential and the
relevant data would not be available outside of state agencies until confidentiality on the
well expired.
3.6.1.3. Potential Environmental Impacts
Much of what we can predict about potential future impacts of Monterey Source Rock
hinges on the maximum footprint of source rock, and its greater depth relative to current
production.
a. Footprint: While the Monterey Formation and its equivalents extend over much of
California, only a fraction of it has the potential to be developed as a source-rock
play. The total area of estimated Monterey source rock is about 5,900 km2 (2,300
mi2). 92% of that area is already developed for oil and gas production (that is,
has at least one well per km2). The remaining 8% is not developed for oil and gas
(that is, has less than 1 well per square kilometer). However, the entire extent of
potential Monterey source rock is within the six basins with the greatest proven
oil reserves in the state; no point of the footprint is more than 20 kilometers
(12 miles) from the nearest oil field. Potential Monterey source rock underlies
significant water resources, including groundwater basins used by municipal,
domestic, and agricultural users. Increased oil exploration in the Monterey source
rock could increase the potential for water contamination by stimulation fluids
(and comingled produced water).
b. Depth: Thermally mature source rocks are deeper on average than the currently
producing formations in California. This means the stimulated interval tends to
be far below usable groundwater, reducing the risk of an accidental intersection
of a fracture with a usable aquifer. Deeper formations also tend to produce saltier
formation water. Development far away from existing wells – both horizontally
and vertically – reduces the probability of leakage via an improperly sealed nearby
well. However, these formations are overlain by significant water resources,
including groundwater basins used by municipal, domestic, and agricultural users.
Increased oil exploration in the Monterey source rock increases the potential for
water contamination by stimulation fluids (and comingled produced water).
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4.1. Introduction to the Los Angeles Basin Case Study
The Los Angeles Basin is unique in its exceptional natural concentration of oil directly
beneath a dense urban population. In few other places in the world has simultaneous
petroleum development and urbanization occurred to such an extent. Conflicts of oil
and city life are not new to Los Angeles, but recent reports suggesting the possibility of
additional large-scale oil production enabled by hydraulic fracturing, coupled with the
ever increasing encroachment of urbanization on the existing oil fields, lends a particular
urgency to the need to understand the public health implications of having millions of
people who live, work, play, and learn in close proximity to billions of barrels of crude oil.
The Los Angeles Basin Case Study contains two components. In Section 4.2, Gautier
reviews the history and current trends of oil production in the Los Angeles Basin combined
with a geology-based analysis of the potential for additional petroleum development. We
conclude in this section that oil production in the Los Angeles Basin has been in decline
for years, and that continued oil development is likely to be within existing oil fields rather
than widespread development of previously undeveloped source-rock (shale tight oil)
resources outside of these boundaries. Based on this scenario of future oil development, in
the second part of the Los Angeles Basin Case Study, Section 4.3, Shonkoff and colleagues
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review the numbers and demographics of residents, schools, daycare centers and other
“sensitive receptors” in proximity to existing active oil and gas development operations.
The authors then use criteria air pollutant and toxic air contaminant data from southern
California and elsewhere to evaluate the potential implications of oil and gas activities
for public health. Next, Shonkoff and colleagues assess the potential for protected
groundwater contamination attributable to hydraulic fracturing-enabled oil and gas
development and potential exposure pathways. Finally, conclusions, research needs, and
recommendations are presented.
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4.2. History, Distribution, and Potential for Additional Oil Production in the Los
Angeles Basin
Donald L. Gautier1
1

Dr. Donald Gautier, LLC, Palo Alto, CA

4.2.1. Abstract
Beneath the city of Los Angeles is a deep geological basin with all the components and
timing of a nearly ideal petroleum system. As a consequence, the basin has one of the
highest known natural concentrations of crude oil, located directly beneath a modern
megacity. Petroleum has been exploited in Los Angeles since prehistoric times, but more
than 90 percent of the known oil was found during a 15-year flurry of exploration in the
first half of the twentieth century. Petroleum development and urbanization have gone
hand in hand and been in conflict since the beginning. In spite of intense development,
large quantities of recoverable oil probably remain. Besides known oil, the basin has
resource potential in three categories: (1) Relatively small volumes of oil in undiscovered
conventional oil fields, (2) Large volumes of additional recoverable oil in existing fields,
and (3) The possibility of unconventional “shale oil” resources in Monterey-equivalent
source rock systems near the center of the basin. Extensive development of any of these
resources with existing technology would entail conflicts between oil production and the
needs of the urban population. Therefore, technological innovations would probably be
required for large-scale additional petroleum development in the Los Angeles Basin.
4.2.2. Introduction
The City of Los Angeles (L.A.) is unique in the large volumes of petroleum that underlie
the city. Close proximity of a large urban population to intensive oil development poses
potential hazards not necessarily present in areas of lower population density. Therefore,
the possibility of extensive new development of additional petroleum resources raises
concerns about potential consequences to human health. This part of the Los Angeles
Basin Case Study discusses the petroleum resources of the basin and the potential for
additional development.
4.2.3. Historical Summary of Petroleum Development
Native Americans used oil from natural seeps long before Europeans arrived in southern
California (Merriam, 1914; Harris and Jefferson, 1985; Hodgson, 1987), and commercial
production came in the mid-nineteenth century from hand-dug pits. In 1880 the Puente
Oil Company drilled an exploratory well near the seeps in Brea Canyon and found BreaOlinda oil field. At that time, Los Angeles had a growing population of about 11,000
people. In 1890, Edward Doheny and Charles Canfield started developing Los Angeles City
Field; the ensuing oil boom made them rich, but also upset locals with its noise, smell,
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and mess. Only 50,000 people then lived in L.A., but conflicts between oil and the urban
population had already begun (Rintoul, 1991).
Exploratory drilling was wildly successful in the second and third decades of the twentieth
century. The biggest fields were found in a 15-year period beginning with Montebello in
1917 and ending with Wilmington-Belmont in 1932. In the frenzy of the early years of
the petroleum boom, operators seemed to have little regard for efficiency, safety, human
health, or environmental consequences. Wells interfered with one another and reservoirs
were ruined; spills, well failures, fire, injury, and death were common.
With unrestricted production, output from each giant field spiked, flooding the market
and collapsing prices. Wells on Signal Hill flowed 41,200 m3 (259,000 barrels) per day
in October of 1923 (Rintoul, 1991). That year, Long Beach field produced more than 11
million m3 (68 million barrels) and Santa Fe Springs field more than 13 million m3 (81
million barrels). Inglewood output exceeded 2.9 million m3 (18 million barrels) in 1925,
and Huntington Beach yielded more than 4.1 million m3 (26 million barrels) in 1927.
Wilmington-Belmont was the only giant field initially developed in a more orderly fashion,
and as production from other fields declined, it provided an ever-greater share of L.A.
production. In 1969 Wilmington gave up more than 14 million m3 (89 million barrels)
of oil, while all of California Division of Oil, Gas, and Geothermal Resources (DOGGR)
District 1 (L.A., Orange and San Bernardino counties), including Wilmington, produced
about 26.9 million m3 (169 million barrels). By the late 1970s, with few new discoveries
and increasing pressure from urbanization, wildcat drilling at had all but ceased in the Los
Angeles Basin (Figure 4.2-1).
Greater L.A. is now home to more than 18 million people, many of who have a high
demand for refined petroleum, but who struggle to reconcile oil production and city
life. Field operations are increasingly constrained by federal, state, county, and local
policies, and by competing commercial interests. Many small fields have been shut in
with reservoirs still on primary production, and operations of most large fields have been
contracting for years. In 2013, all onshore wells in District 1 produced just 2.2 million m3
(14 million barrels) of oil, less than 10% of the 1969 output.
Inefficient development practices and highly restricted application of secondary and
tertiary recovery technologies are the main reasons for the low recovery efficiencies (the
portion of the original oil in place that has been produced or is in remaining proved
reserves) now observed in the Los Angeles Basin oil fields (Gautier et al., 2013. Geologists
and engineers who know the basin believe that large amounts of additional oil could be
recovered with the systematic application of modern technology (Gautier et al., 2013).
However, even when oil prices soared between 2007 and 2014, operator’s efforts in Brea
Olinda, Huntington Beach, Long Beach, Inglewood, Santa Fe Springs, Wilmington, and
other fields only managed to flatten the decline (Figure 4.2-2), suggesting that without
some sort of technological innovation, the petroleum era in southern California could end
with billions of barrels of recoverable oil still in the ground.
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Figure 4.2-1. Numbers of wildcat exploration well drilled as a function of time in the Los
Angeles Basin (Figure courtesy of T.R. Klett, U.S. Geological Survey).
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Figure 4.2-2. Graph showing onshore production of crude oil from reserves in the Los Angeles

Basin between 1977 and 2015. Data from the Energy Information Administration (downloaded
2 May 2015).

4.2.4. Distribution of Known Petroleum
To geologists, the Los Angeles Basin is a small (5,700 km2; 2,200 mi2) but deep structural
chasm filled with more than 8,000 meters (>26,000 feet) of sediments and sedimentary
rock. A nearly ideal petroleum system and fortuitous timing of geological events have
endowed the basin with what may be the world’s highest concentration of crude oil
(Barbat, 1958; Biddle, 1991; Gardett, 1971; Wright, 1987; Yerkes et al., 1965) (Figure
4.2-3). Petroleum is still forming in Los Angeles, as demonstrated by numerous oil
and gas seeps such as those at Rancho La Brea (Hancock Park) and Brea Canyon. The
fact that gas caps are almost nonexistent in the oil fields suggests that most gas-phase
hydrocarbons have been naturally lost to the atmosphere, while much of the migrated oil
has accumulated in conventional traps.
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Figure 4.2-3. Relative hydrocarbon concentration by basin. Source: Kevin Biddle 1991:

American Association of Petroleum Geologists Memoir 52 (OEB/CU MI = Oil equivalent barrels
per cubic mile).

No petroleum province of comparable richness exists in the midst of a megacity.
Petroleum has been produced from 68 named fields, most of which are closely related to
the basin’s principal structures (Wright, 1991). The largest oil accumulations, by known
oil (cumulative production and reported remaining reserves), are: Wilmington-Belmont,
Huntington Beach, Long Beach, Santa Fe Springs, Brea-Olinda, Inglewood, Dominguez,
Coyote West, Torrance, Seal Beach, Richfield, Montebello, Beverly Hills East, Coyote
East, Rosecrans, and Yorba Linda. These 15 accumulations, which account for more than
91 percent of recoverable oil in the basin, were all found before 1933. The most recent
discoveries occurred during the early-to-mid 1960s when Beverly Hills East, Las Cienegas
(Jefferson area), Riviera, and San Vicente were found. Another large field, Beta Offshore,
was found in federal waters in 1976.
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Figure 4.2-4. Map showing shaded relief topography and named oil fields of the Los Angeles
Basin. The ten largest fields, studied by Gautier et al. (2013) are labeled in bold type.

4.2.5. Resource Potential of the Los Angeles Basin
In addition to its cumulative production and reported remaining reserves, the basin
has resource potential in three categories: (1) Undiscovered conventional oil fields, (2)
Growth of reserves in existing fields, and (3) Development of unconventional resources.
4.2.5.1. Undiscovered Conventional Oil Fields
The last systematic assessment of undiscovered conventional oil and gas resources in
the Los Angeles Basin was conducted by the United States Geological Survey (USGS)
and published in 1995 (Beyer, 1995; Gautier et al., 1995). At that time, the mean
undiscovered conventional oil resource for the basin, including state waters but excluding
federal waters, was estimated to be approximately 980 million barrels of technically
recoverable oil (MMBO).
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These estimated undiscovered resources were distributed among seven confirmed
(meaning historically productive) USGS-defined plays (Volume I, Chapter 4,) having an
aggregated mean estimated undiscovered conventional resource of 160 million m3 (1
billion barrels) of oil (Gautier et al., 1995). A mean basin-level estimate of almost 0.16
billion m3 of oil (1 billion barrels of oil (BBO)) would be considered quite significant in
almost any untested petroleum basin. However, in Los Angeles, where the original oil
in place probably exceeded 6.4 billion m3 of oil (40 BBO), an undiscovered technically
recoverable volume of less than 0.16 billion m3 of oil (1 BBO) represents the aggregate
recoverable resource remaining in many small and hard-to-find accumulations that
may not warrant much expensive exploration effort. If found, these undiscovered
accumulations would be expected to share many of the geological features of the known
field population.
4.2.5.2. Growth of Reserves in Existing Fields
In order to evaluate the volumes of potentially recoverable oil remaining in existing
fields of the Los Angeles Basin, the USGS recently assessed the 10 largest fields in the
basin (Figure 4.2-4) (Gautier et al., 2013), using production, reserves, and well data
published by the California Division of Oil, Gas, and Geothermal Resources. The geology
of each field was analyzed, and the history of its engineering and development practices
was reviewed. Probability distributions for original oil in place and maximum potential
recovery efficiency were developed. The maximum recovery was evaluated on the basis of
recovery efficiencies that have been modeled in engineering studies, achieved in similar
reservoirs elsewhere, or indicated by laboratory results reported in technical literature.
Probability distributions of original-oil-in-place and recovery efficiency were combined in
a Monte Carlo simulation to estimate remaining recoverable oil in each field. The results
were then probabilistically aggregated. Those aggregated results from the USGS study
suggest that between 0.22 and 0.89 billion m3 (1.4 and 5.6 billion barrels) of additional
oil, recoverable with current technology, remain in the 10 analyzed fields, with a mean
estimate is approximately 0.51 billion m3 (3.2 billion barrels). In addition to the estimated
remaining recoverable resources in the ten largest fields, recoverable oil likely also
remains in the other 58 oil fields in the Los Angeles Basin. It is likely that some of these
fields contain reservoirs that are of low permeability.
Recovery of these resources would probably require field-level redevelopment and
unrestricted application of current technology, including use of improved imaging and
widespread application of directional drilling, combined with extensive water, steam, and
carbon dioxide flooding. Because the majority of petroleum reservoirs of the giant Los
Angeles Basin fields are sandstones with high porosity and permeability, redevelopment
of these fields would not generally require hydraulic fracturing as a common practice.
However, certain lower permeability reservoirs are probably present in many of these
large fields, the development and production of which could require the local and limited
application of hydraulic fracturing in conjunction with other techniques.
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4.2.5.3. Unconventional Resources
In principal, any petroleum source rock in the proper state of thermal maturation could
be a reservoir for shale oil or shale gas production. Given the large concentrations of
petroleum in the Los Angeles Basin, it is certain that prolific organic-rich source rocks are
present in the basin, and that they are thermally mature for oil generation. Therefore, it is
possible that thermally mature source rocks might be directly developed for oil in the Los
Angeles Basin as they have been in Texas, North Dakota, and elsewhere.
During its 1995 National Assessment (Gautier et al., 1995), the USGS described a
potential play involving technically recoverable resources in source rocks and adjacent
strata in the Los Angeles Basin (Beyer, 1995). Although the play was not quantitatively
assessed at the time, its resource potential and geological properties were described. The
identification and descriptions of this postulated petroleum accumulation, named the
“Deep Overpressured Fractured Rocks of Central Syncline Play”, were based largely on
the results of the American Petrofina Central Core Hole No. 1 (Redrill) well (APCCH).
The APCCH, located in Sec. 4, T. 3 S., R. 13 W., is the deepest well yet drilled in the Los
Angeles Basin (Wright 1991; Beyer 1995). It encountered abnormally high pore fluid
pressures and tested moderately high-gravity oil below about 5,500 m (18,000 ft). The
well bottomed in lowermost Delmontian (Late Miocene) rocks at a measured depth of
6,466.3 m (21,215 ft) and did not reach the presumed Mohnian (Late Middle Miocene)
Monterey-equivalent source rock. The unconventional reservoir was postulated to consist
of fractured strata within and immediately adjacent to the source rock interval.
The potentially productive area of the postulated source-rock play includes most of the
Central Syncline and its deep flanks, at depths below which the source rock interval has
been heated sufficiently for maximum petroleum generation and formation of an overpressured condition (Figure 4.2-5). The deep southwestern flank of the Central Syncline
was regarded by Beyer (1995) as the most favorable location for potentially productive
continuous source-rock reservoirs.
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Figure 4.2-5. Map showing shaded relief topography of the Los Angeles Basin, with oil fields

shown on Figure 4.2-4 in dark green and the areas where Monterey-equivalent (Mohnian-age)
strata are at depths of 2,400 m (8,000 ft) or more and 14,000 feet (4,300 m) or more,shown
in light green and red, respectively. Oil field outlines from DOGGR, and Monterey-equivalent

depths from Wright (1991). There area in red approximately corresponds to the deepest part of
the Central Syncline of the basin.

The postulated fracturing of potential reservoir rocks is inferred to result from extremely
high pore fluid pressures formed during maturation of kerogen in organic-rich shales. Late
Miocene and early Pliocene extensional faulting and more recent tectonic compression
may also contribute to fracturing. Natural fractures are thought to provide efficient
pathways for oil expulsion and migration away from source rocks. The likelihood of
natural fracturing thus may constitute a technical risk to the potential shale oil play.
However, the presence of overpressuring in the APCCH suggests that at least some seals
remain intact and that at least some oil is retained. Several petroleum geochemists,
including Price (1994), have suggested that large amounts of generated hydrocarbons
may remain in or near source rocks in basins where expulsion routes have not been
effectively provided by tectonics; an example of this phenomenon would be the large
quantity of oil retained by the Bakken Formation in North Dakota.
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The postulated continuous-type play is unexplored. The APCCH confirmed the presence
of hydrocarbons and overpressuring, but did not directly demonstrate the play, as its
total depth did not reach the reservoir level. Other, less deep, wells west of the Central
Syncline on the east flank of the Newport-Inglewood Zone have penetrated interbedded
sandstone and shale containing marine kerogen in lower Mohnian strata. Recently,
hydraulic fracturing has been applied to a number of deep wells in the Inglewood oil field
to enhance oil recovery (Cardno ENTRIX, 2012), and perhaps to test the concept of an
unconventional source-rock system play in the Los Angeles Basin.
The geological evidence suggests that large volumes of hydrocarbons were generated from
source rocks in the Central Syncline, and that at least some oil remains. However, the
idea that large recoverable volumes of petroleum are present at great depth in suitable
reservoir rocks is hypothetical. Moreover, because of the likely highly fractured condition
of the potentially productive source rock intervals, the degree to which hydraulic
fracturing would be needed for development of this hypothetical play is also a subject of
speculation. The presence of at least some recoverable oil in fractured reservoirs closely
associated with source rocks in the deep Central Syncline has been demonstrated by the
APCCH. Burial history modeling and the occurrence of overpressured oil in the APCCH
suggests that the potential shale play would be at depths of 4,270 m (14,000 ft) or more
in the Central Syncline. These possible “shale oil” resources would be located beneath
the central Los Angeles Basin, largely outside existing oil field boundaries (Figure 4.2-5).
Testing their development potential would require drilling deep wells specifically targeting
the shale oil potential.
4.2.5.4 Summary of Resource Potential
The available geological, drilling, and production data suggest that oil development
in the Los Angeles Basin is likely to continue to focus on existing fields rather than
on widespread development of previously undeveloped source-rock (shale tight oil)
resources. Undiscovered conventional fields may contain hundreds of millions of barrels
of oil, but they would probably be scattered around the basin in mostly small to mediumsize accumulations. The largest remaining quantities of recoverable oil are believed to
be in existing fields. The ten largest conventional fields are estimated to still contain in
the range of 0.22 to 0.89 billion m3 (1.4 billion to 5.6 billion barrels) of oil that could be
recovered with today’s technology, and large volumes of additional oil may be present in
the other 58 named fields of the basin. This remaining oil would probably be easier and
cheaper to develop on a large scale than would postulated unconventional resources in
deeply buried source rocks outside of existing fields.
Production of the remaining recoverable oil in existing fields might be enhanced by
hydraulic fracturing, such as has been used recently in Inglewood, Brea-Olinda and
Wilmington-Belmont fields. As costs of hydraulic fracturing have come down, it is
becoming a common practice, even in Los Angeles. Widespread massive hydraulic
fracturing is probably not essential for additional oil production. Instead, water flooding,
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carbon dioxide injection, and thermally enhanced oil recovery methods such as steam
injection, could probably be used to produce most of the remaining oil, with or without
hydraulic fracturing. However, any large-scale new petroleum development in Los Angeles
would probably require technological innovations to reduce potential conflicts with the
urban population.
Assuming the recoverable source-rock resources exist, our analysis suggests that even
with social acceptance by the local population, geological and petroleum engineering
obstacles would need to be overcome prior to a full build-out of a source-rock play in the
Los Angeles Basin. Moreover, the quantity of oil that could be recovered from such source
rocks is highly uncertain.
4.2.6. Summary of Findings
• The Los Angeles Basin is extremely rich in petroleum.
• No petroleum province of comparable size underlies such a populated urban area.
• The largest onshore fields in the basin were discovered before 1933.
• Exploratory (“wildcat”) drilling largely ceased by 1980.
• Oil production in most fields has been declining for years.
• Oil fields were developed inefficiently, and much recoverable oil remains in
existing fields. Remaining undiscovered conventional oil fields are probably
relatively small and scattered.
• A source-rock (shale oil) play is hypothetically possible in the deeper parts of the
basin, largely outside of existing fields.
• Given the large quantities of recoverable petroleum remaining in conventional
oil fields, large-scale development of continuous-type oil source rocks outside of
existing fields is considered unlikely in the near future.
• Technological innovation is probably necessary for any widespread new
petroleum development in the basin.
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4.3.1. Abstract
The Los Angeles Basin has among the highest concentrations of oil in the world, and
simultaneously is home to a global megacity. Oil and gas development in Los Angeles
occurs in close proximity to human populations. In this case study, we investigate
locations of currently active oil and gas development, the proportion of these wells that
have been enabled or supported by well stimulation treatments, the emissions of criteria
air pollutants and toxic air contaminants from this development, and the numbers and
demographics of residents and sensitive receptors (schools, daycare centers, residential
elderly care facilities) in close proximity to these operations. We then assess potential risks
to potable groundwater posed by hydraulic fracturing in the Los Angeles Basin.
The public health proximity analysis elucidates the location of populations that might
be disproportionately exposed to emissions of criteria air pollutants and toxic air
contaminants from the development of oil and gas. With few exceptions, most of the
documented air pollutant emissions of concern from oil and gas development are
associated with oil and gas development in general and are not unique to the well
stimulation process. In the Los Angeles Basin, approximately 1.7 million people live, and
large numbers of schools, elderly facilities, and daycare facilities are sited, within one mile
of an active oil and gas well—and more than 32,000 people live within 100 meters (328
feet) of such wells. Even where the proportion of the total air pollutant emission inventory
directly or indirectly attributable to well stimulation and oil and gas development in
general is small, atmospheric concentrations of pollutants near oil and gas production
sites can be much larger than basin or regional averages, and can present risks to human
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health. Studies from outside of California indicate that community public health risks
of exposures to toxic air contaminants (such as benzene and aliphatic hydrocarbons)
are most significant within ½ mile (800 meters or 2,625 feet) from active oil and gas
development. These risks will depend on local conditions and the types of gas and
petroleum being produced. Actual exposures and subsequent health impacts in the Los
Angeles Basin may be similar or different, but they have not been measured.
The results of our groundwater risk investigation, based upon available data, indicate
that a small amount of hydraulic fracturing in the Los Angeles Basin has occurred within
groundwater with <10,000 mg/L total dissolved solids (TDS) and in close proximity to
groundwater with <3,000 mg/L TDS. This creates a risk of hydraulic fractures extending
into or connecting with protected groundwater and creating a possible pathway for human
exposures to chemicals in fracturing fluids for those that rely on these water resources.
4.3.2. Introduction
As described by Gautier in Section 4.2 above, the Los Angeles Basin is one of the most
petroleum-rich basins on earth (Barbat, 1958; Biddle, 1991; Gardett, 1971; Wright, 1987;
Yerkes et al., 1965). Oil development has occurred in this region since the 1800s and
continues today. As reported in Volume I, well stimulation—hydraulic fracturing and
acidizing—occurs in this basin, but the Los Angeles Basin is a distant second to the San
Joaquin Valley in terms of total oil development and the fraction of oil and gas production
enabled with stimulation treatments.
The Los Angeles Basin, in general, has relatively high population density and
simultaneously hosts intensive oil and gas development. Given this high population
density, the environmental public health dimensions of upstream oil and gas development
in the Los Angeles Basin differ from those in other basins. For instance, while any
industrial activities that emit criteria air pollutants and toxic air contaminants (TACs) in
areas of low human population density create human health risks, conducting the same
industrial processes in dense urban areas exposes a larger number of people to risks and
as such, increases population health risks.
In this case study we examine the proximity of human populations—including vulnerable
populations and sensitive receptors such as schools, daycare centers and residential
elderly care facilities—to currently active oil and gas wells and those wells that have been
stimulated. Many health hazards of well-stimulation-enabled oil and gas development that
have been identified in the peer-reviewed literature and in Volume II, Chapter 6 of this
report are indirect; that is, the hazards are not directly attributable to well stimulation.
However, these hazards are an effect of potential exposures associated with enabled oil
and gas development. The corollary to this is that many of the health impacts we discuss
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as due to proximity to stimulated wells will likely be the same for proximity to all oil and
gas wells, whether they are stimulated or not. This is particularly relevant in California,
where high-volume hydraulic fracturing—which, due to its large scale, is a far more
industrially intensive process—is rarely conducted in California and only once in the
Los Angeles Basin (Cardno ENTRIX, 2012) as a test well under likely non-generalizable
conditions. In Volume II, Chapter 3 (Air Quality) the TACs that are known to be emitted
from oil and gas development are not specific to stimulation fluids or stimulation
processes (also see Volume II, Chapter 6 for a deeper explanation of this issue). Further,
available data in California only allows for analyses of total air pollutant emissions from
all oil and gas development, and the proportion from stimulation can only be estimated.
In light of the urban density of the Los Angeles Basin and findings from Volume II,
Chapter 3 (Air Quality), this case study focuses primarily on potential public health
hazards and risks associated with the development of oil and gas—in general and from
wells that have been stimulated—from an air quality perspective. As such, this case study
evaluates existing data about the public health implications of oil and gas development
in a densely populated mega-city. In turn, it compensates for the lack of adverse health
outcome data by investigating information on risk factors that suggest, but does not
confirm with certainty, the risks to human health. The precepts of the field of public
health include an emphasis on the anticipation of risk to human health even though the
impact of these risks has not been proven. A primary goal of public health research is to
anticipate and prevent harm rather than observe harm after if has occurred.
First, we examine the public health literature pertinent to the intersection of public health
and oil and gas development. We then analyze available California state inventories on
emissions of criteria air pollutants and TACs from upstream oil and gas development.
From our assessment of air pollutant emissions, we distinguish which contaminants from
oil and gas development in the Los Angeles Basin pose concerns, and we look more closely
at the health risks of inhalation of benzene in particular. Given the fact that benzene
levels may be elevated near active oil and gas production wells of all sorts, we examine
the proximity of the population to active oil and gas wells, as well as the fraction of those
active wells that were stimulated. With this approach, we assess human health risks in
the context of all oil and gas development, rather than the smaller portion of the risks
associated with only stimulation-enabled oil and gas development.
Finally, we examine the possibility that water supply in the Los Angeles Basin could
become contaminated due to hydraulic fracturing and oil and gas development enabled by
hydraulic fracturing.
Noise pollution, light pollution, industrial accidents, and truck traffic are also potentially
important environmental stressors associated with well-stimulation-enabled and other
types of upstream oil and gas development. These factors are covered in Volume II,
Chapter 6, but are outside of the scope of this case study.
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4.3.3. Air Pollution Attributable to Upstream Oil and Gas Development and Public
Health Risks in the Los Angeles Basin
4.3.3.1. Background and Scientific Basis for Focus on Air Quality
There have been few epidemiological studies that measure health effects associated with
oil and gas development enabled or supported by well stimulation, and there have been
none in California. The studies that have been published are focused on exposures to
toxic air contaminants or TACs (many TACs are referred to as “hazardous air pollutants”
outside of California) while fewer studies have evaluated associations between oil and gas
development and exposure to water contamination.
Each of the studies discussed in Volume II, Chapter 6 (Human Health), and again
discussed below in this subsection has limitations in study design, geographic focus,
and capacity to evaluate associations between cause and effect. These studies suggest
that health concerns attributable to air pollution from oil and gas development are not
specifically direct effects of the well stimulation process, but rather health damaging
air pollutant emissions are associated with indirect effects of oil and gas development
in general. For example, the studies in Colorado (McKenzie et al., 2012; McKenzie et
al., 2014) found that the most likely driver of poor health outcomes were aliphatic
hydrocarbons and benzene. These compounds are part of the hydrocarbons in the
reservoir and so they are co-produced and co-emitted with oil and gas production and
processing. It is important to note that available human health studies are insufficient
to accurately understand the potential air impacts of direct well stimulation activities,
which may expose both site workers and local communities to higher air concentrations
of a different mixture of chemicals than would be experienced during enabled-production
activities.
Finally, a broad conclusion in many of the studies discussed in Volume II, Chapter 6
(Human Health) and below is that distance from oil and gas development matters in
terms of potential human health hazards, primarily associated with exposure to TACs.
4.3.3.2. Summary of Air Pollution and Public Health Study Findings
The environmental public health literature suggests that one of the primary toxic air
contaminant (TAC) exposure risk factors associated with oil and gas development is
geographic proximity to active oil development (see Volume II Chapter 6). This is further
corroborated by atmospheric studies on dilution of conserved pollutants such as benzene
once emitted to the atmosphere (United States Environmental Protection Agency (U.S.
EPA), 1992). While oil and gas development throughout the U.S.—both enabled by
hydraulic fracturing and in general—has been linked to regional air quality impacts
(Pétron et al., 2012; Pétron et al., 2014; Thompson et al., 2014; Helmig et al., 2014; Roy
et al., 2013), a number of TACs have been observed at even higher concentrations in
close proximity to where active oil and gas development takes place (Macey et al. 2014;
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Colborn et al., 2014; Brown et al., 2014; Brown et al., 2015). Additionally, an analysis
by Brown et al. (2014) found that there might be intermittent spikes in emissions from
activity and infrastructure during oil and gas development. A study on air pollutant
emissions during hydraulic fracturing activities conducted by Allen et al. (2013) also
found that spikes in emissions of methane and associated volatile organic compounds
(VOCs) occurred during liquid unloadings. While intermittent spikes in emission may
not impact regional atmospheric concentrations, they are likely to be associated with
increased exposures to local populations in close proximity to the source of emission
activity. Thus, regional concentrations of air pollutants may provide estimates of low- to
moderate-level chronic exposures experienced by a regional population, but it is important
to consider the proximity of receptors to sources in order to capture the range of potential
public health risks.
Using United States Environmental Protection Agency (U.S. EPA) guidance to estimate
chronic and sub-chronic non-cancer hazard indices (HIs) as well as cancer risks, a study
in Colorado suggested that those living in closer geographical proximity to active oil
and gas wells (≤ 800 m; 0.5 mile or ≤ 2,640 feet) were at an increased risk of acute and
sub-chronic respiratory, neurological, and reproductive health effects, driven primarily
by exposure to trimethyl-benzenes, xylenes, and aliphatic hydrocarbons. It also suggested
that slightly elevated excess lifetime cancer risk estimates were driven by exposure to
benzene and aliphatic hydrocarbons (McKenzie et al., 2012). The findings of this study
are corroborated by atmospheric dilution data of conserved pollutants, for instance a
U.S. EPA report on dilution of conserved TACs indicates that the dilution at 800 m (0.5
mile) is on the order of 0.1 mg/m3 per g/s (U.S. EPA, 1992). Going out to 2,000 m (6,562
ft) increases this dilution to 0.015 mg/m3 per g/s, and going out to 3,000 m (9,843 ft)
increases dilution to 0.007 mg/m3 per g/s. Given that, for benzene, there is increased
risk at a dilution of 0.1 mg/m3, it is not clear that atmospheric concentrations of benzene
out to 2,000 m and 3,000 m (6,652 ft and 9,843 ft) can necessarily be considered safe.
However, beyond 3,000 m (9,843 ft), where concentrations fall more than two orders
of magnitude via dilution relative to the ½ mile radius, there is likely to be a sufficient
margin of safety for a given point source.
In contrast, an oil and gas industry study in Texas compared volatile organic compound
(VOC) concentration data from seven air monitors at six locations in the Barnett Shale
with federal and state health-based air concentration values (HBACVs) to determine
possible acute and chronic health effects (Bunch et al., 2014). The study found that
shale gas activities did not result in community-wide exposures to concentrations of
VOCs at levels that would pose a health concern. The key distinction between McKenzie
et al. (2012) and Bunch et al. (2014) is that Bunch and colleagues used air quality data
generated from monitors focused on regional atmospheric concentrations of pollutants
in Texas, while McKenzie et al. (2012) included samples at the community level. Finer
geographically scaled air sampling often captures local atmospheric concentrations that
are more relevant to human exposure than sampling at the regional scale (Shonkoff et al.,
2014).
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Arriving at similar results as the Bunch et al. (2014) study, a cursory public health
outcome study was conducted by the Los Angeles County Department of Public Health
near the Inglewood Oil Field in Los Angeles County in 2011 (Rangan et al., 2011). This
study compared incidence of a variety of health endpoints including all cause mortality,
low birth weight, birth defects, and all cancer among populations nearby the Inglewood
Oil Field and Los Angeles County as a whole. The study found no statistically significant
difference in these endpoints between these two populations. While this may seem to
indicate that there is no health impact from oil and gas development, as the study notes,
the epidemiological methods employed in this study do not allow it to pick up changes
in “rare events” such as cancer and birth defects in studies with relatively small numbers
of people. In addition to this study being underpowered, the Inglewood Oil Field Study
is a cluster investigation with exposure assigned at the group level (i.e., an ecological
study). It also appears that only crude incidence ratios were calculated. This type of study
design is insufficient for establishing causality and has many major limitations, including
exposure misclassification and confounding, which may have obscured associations
between exposure to environmental stressors from oil and gas development and health
outcomes.
Using a community-based monitoring approach, Macey et al. (2014) analyzed air
samples from locations near oil and gas development in Arkansas, Colorado, Ohio,
Pennsylvania, and Wyoming found levels for eight volatile chemicals, including benzene,
formaldehyde, hexane, and hydrogen sulfide, exceeded federal guidelines Agency for
Toxic Substances and Disease Registry (ATSDR) minimal risk levels (MRLs) and U.S. EPA
Integrated Risk Information System (IRIS) cancer risk levels in a number of instances
(Macey et al., 2014). Of the 35 grab samples taken in the study, 16 contained chemicals
at concentrations that exceeded these health-based risk levels, and those samples that
exceeded thresholds were mostly collected in Wyoming and Arkansas. Fourteen out of
41 passive samples collected for formaldehyde exceeded health-based risk levels, and
these were mostly collected in Arkansas and Pennsylvania. No samples collected in Ohio
contained chemicals with concentrations exceeding health-based risk levels. The Macey
et al. (2014) study does not specify whether or not well stimulations were used in the oil
development being monitored. Importantly, the chemicals that exceeded health-based risk
levels were primarily detected in samples collected near separators, gas compressors, and
discharge canals.
Macey et al. (2014) noted two exceedances of hydrogen sulfide concentrations reported
in samples collected near an operation that may have involved well stimulation. One
was collected near a work-over rig and the other near a well pad. The residents who
collected the samples self-reported a number of common health symptoms, including
“headaches, dizziness or light-headedness, irritated, burning, or running nose, nausea,
and sore or irritated throat” (Macey et al., 2014). This study suggests that concentrations
of hazardous air pollutants near oil and gas development operations may be elevated to
levels where health impacts could occur, although epidemiological studies would need to
be performed to understand the extent to which health impacts have occurred. As noted
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elsewhere in Volume II, Chapter 6, and throughout this case study, the hazardous air
pollutants observed in this study are all not directly attributable to well stimulation (e.g.,
they are not often added to well stimulation fluids), but rather are compounds that are coproduced with the development of oil and gas in general.
In addition to population health hazards at varying distances from active oil and
gas development, other studies have assessed the effect of the density of oil and gas
development on health outcomes. In a retrospective cohort study in Colorado, McKenzie et
al. (2014) examined associations between maternal residential location and density of oil
and gas development. The researchers found a positive dose-response association between
the prevalence of some adverse birth outcomes, including congenital heart defects and
increasing density of natural gas development (McKenzie et al., 2014). The observed risk
of congenital heart defects in neonates was 30% (odds ratio (OR) = 1.3 (95% confidence
interval (CI): 1.2, 1.5)) greater among those born to mothers who lived in the highest
density of oil and gas development (> 125 wells per mile) compared to those neonates
born to mothers who lived with no oil and gas wells within a 16 km (10-mile) radius.
Similarly, the data suggest that neonates born to mothers in the highest density of oil and
gas development were twice as likely (OR = 2.0, 95% CI: 1.0, 3.9) to be born with neural
tube defects than those born to mothers living with no wells in a 10-mile radius (McKenzie
et al., 2014). The study, however, showed no positive association between the density and
proximity of wells and maternal residence for oral clefts, preterm birth, or term low birth
weight. The authors of this retrospective cohort study report that one explanation given
for the observed increased risk of neural tube defects and congenital heart disease with
increasing density of gas development could be increased atmospheric concentrations of
benzene, a compound known to be associated with both of these conditions (Lupo et al.,
2011). However, given that there was no air quality monitoring or field-based exposure
assessment, this study may suffer from exposure misclassification.
It should be noted that the presence and concentration of VOCs that are known air
toxics associated with oil and gas development, such as benzene, varies between and
within oil and gas reservoirs throughout the United States and abroad. The presence
and concentration of these TACs in the source (the oil and gas reservoir) partially
drives the potential emissions of benzene and other natural gas liquids; if they are more
concentrated, it is more likely that they could be emitted. As such, on this point, there
is uncertainty as to how directly applicable current out-of-state public health studies on
oil and gas development may be to California. However, as noted in our analysis below,
benzene emissions from upstream oil and gas development in the Los Angeles Basin are a
significant percentage of the total South Coast Air Basin benzene emission inventory from
all sources.
Given that exposures to conserved air pollutants (that tend to not be strongly reactive
in the atmosphere) such as benzene decrease with distance from a pollutant source and
approach background or regional exposures at some distance (U.S. EPA, 1992)—as
explained above and in Volume II, Chapter 6 (Human Health)—the question arises, “How
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far is far enough to protect human health?” Residents and sensitive receptors near oil
and gas wells—stimulated or not—may be more exposed either acutely or chronically
to TACs emitted by oil and gas development compared to the general population.
California has no setback requirement for oil and gas development, well-stimulationenabled or otherwise, but some local jurisdictions have set minimum distances from which
oil and gas development and associated ancillary infrastructure is allowed to be from
residences and sensitive receptors. In the United States, setback distances range from 91
m (300 ft) in Pennsylvania to 457 m (1,500 ft or 0.28 miles) in the Dallas-Fort Worth
metropolitan area, in order to reduce potential exposures of human populations to air
pollutant emissions, odors, noise, and other environmental stressors (City of Dallas, 2013;
Richardson et al., 2013).
4.3.3.3. The Context of Air Quality Non-Attainment in the Los Angeles Basin
The South Coast Air Basin has historically had very poor air quality, with portions of the
region often in non-attainment for national and state ambient air quality standards. For
example, in 2014, the Los Angeles-Long Beach area was listed #1 in ozone pollution
(see Figure 4.3-1), #3 in year-round particulate matter pollution, and #4 in short-term
particle pollution (see Figure 4.3-2) out of all cities in the United States (American Lung
Association (ALA), 2015). The reasons for poor air quality in the Los Angeles Basin are
myriad—from the diverse mobile and stationary emission sources to the topographical
characteristics that discourage the transport of atmospheric pollutants out of the basin
(ALA, 2015).
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Figure 4.3-1. Ozone attainment by county in California. Note that the South Coast Air Basin
(Los Angeles County, Orange County, and part of Riverside Countyy are in extreme nonattainment status.
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Figure 4.3-2. PM2.5 attainment by county in the South Coast Air Basin on California. Note that.

the South Coast Air Basin is in moderate non-attainment status.
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Data suggests that environmental public health risks associated with an emission source
should be approached from a cumulative risk perspective that takes into account the air
pollution context within which these emissions occur (Pope et al., 2009). The California
Air Resources Board (CARB) and the United States Environmental Protection Agency (U.S.
EPA) have noticed this issue and now conduct air pollution and public health assessments
in the context of a cumulative risk framework (Sadd et al., 2011). Populations exposed
to cumulative air pollution burdens from multiple sources tend to be at increased risk of
negative health impacts compared to populations that are exposed to lower concentrations
of air pollutants from fewer sources (Morello-Frosch 2002; Morello-Frosch et al., 2010;
Morello-Frosch et al., 2011).
Due to the air quality issues of the Los Angeles Basin, populations in this region are
often exposed to elevated atmospheric concentrations of air pollutants (e.g., benzene,
particulate matter, and VOCs), many of which are emitted by oil and gas development
as well as numerous other sources within the Basin. Any additional emissions of
volatile organic compounds, reactive organic gases (ozone precursors), nitrogen oxides,
particulate matter, and TACs from the development of oil and gas (enabled by stimulation
or not) in this region stacks additional emissions upon the cumulative air pollution burden
that populations are already disproportionately exposed to.
4.3.3.4. Regional Air Pollutant Emissions in the Los Angeles Basin
Air pollutant emissions in the South Coast Region are discussed in Volume II, Chapter
3. In that volume, emissions of criteria air pollutants, greenhouse gases, and TACs are
discussed, and emissions by air districts are derived from regional inventories. In Volume
II, the South Coast Air Quality Management District (SCAQMD) is used as the indicator
region of interest for the Los Angeles Basin.
Counties are the only common jurisdiction where all oil and gas development occurs in
the Los Angeles Basin. We henceforth focus our regional air pollutant emission analysis on
Los Angeles and Orange counties (See Figure 4.3-1. above), including fields partially or
fully contained in the offshore areas of these counties, as per DOGGR definitions. These
counties contain nearly all oil production in the greater Los Angeles metropolitan area.
These counties also line up with the most populous regions of the South Coast Air Quality
Management District, although that district contains some portions of nearby suburban
regions (e.g., parts of Riverside and San Bernardino counties). Therefore, the alignment
between these counties and the SCAQMD is expected to be generally close. These counties
also do not contain production in the Santa Barbara/Ventura regions, which are not
included in the SCAQMD and suffer from fewer air quality impacts.
In this case study, we take a more detailed look at regional contributions of air pollutants
from all active oil and gas development, as well as that enabled or supported by well
stimulation within the South Coast Region. In order to make these estimations, we join
datasets from DOGGR and CARB air pollution inventories. Because DOGGR regional
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jurisdictions do not align with CARB air districts, we perform an analysis using counties as
the regions of interest.
The data in regional inventories are not of sufficient spatial resolution to allow emissions
estimates of TACs and reactive organic gases (ROGs) at the local level, and a full
photochemical modeling assessment is beyond the scope of this report. Only two studies,
neither of which is peer-reviewed, have attempted to answer these questions. Sonoma
Technology, Inc. (2015) conducted monitoring of particulate matter (measured as black
carbon as a surrogate) and limited monitoring of VOCs and heavy metals at four sites
near the periphery of the Inglewood oil field. The study found a marginal contribution of
particulate matter (PM) emissions that was only a small fraction of total PM emissions in
the region. There were similar findings for VOCs. It is not clear, however which operations
were active and at what geographic distance from the air pollutant monitors, and as such,
the interpretation of these data is limited.
4.3.3.4.1. Emission Inventory Estimate of Air Pollutants from All Sources in the
South Coast Region
Estimates of criteria air pollutant and TAC emissions from all active upstream oil and
gas activities, and the fraction of these activities that are supported or enabled by well
stimulation, requires information on total emissions of criteria air pollutants and TACs in
the region of interest. From the most recent CARB criteria air pollutant inventory from
2012, emissions of criteria air pollutants from all sources in the South Coast Region are
summarized in Table 4.3-1. TAC emissions for ten indicator TACs discussed in Volume II,
Chapter 3, are listed in Table 4.3-2. These TAC emissions are derived from the California
Toxics Inventory for 2010, reported by county for all sources, including point sources,
aggregated point sources, area wide sources, diesel sources, gasoline sources, and natural
sources. While many TAC species are co-emitted during hydrocarbon development (see
Volume II, Chapter 3), these 10 species are prevalent in hydrocarbon production and of
human health relevance. In the following sections, we evaluate the subset of these data
that is attributable to all active oil and gas development, and then the portion of that
which is associated with active oil development from wells that have been stimulated.
Table 4.3-1. Total emissions in 2012 of criteria air pollutants and ROGs in the South Coast
Region from all sources (tones/d).

Pollutant

Los Angeles
County

Orange County

South Coast
Region

Reactive organic gases (ROG)

267.8

87.2

355.0

Nitrogen oxides (NOx)

330.2

79.0

409.2

Sulphur oxides (SOx)

14.5

1.5

16.0

PM10

90.3

21.4

111.7

PM2.5

39.1

9.7

48.8
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Table 4.3-2. Total emissions in 2010 of selected TACs in the South Coast Region from all sources
(tonnes/y). Data from California Toxics Inventory (CTI) county-level data.
Los Angeles
County

Orange County

South Coast
Region

1,3-Butadiene

293.2

89.1

382.3

Acetaldehyde

1,238.7

313.5

1,552.1

Benzene

1,239.6

419.6

1,659.2

Carbonyl sulfide

0.0

0.0

0.0

Ethyl Benzene

749.1

251.1

1,000.2

Formaldehyde

1,827.0

548.2

2,375.1

Hexane

1,197.6

410.7

1,608.3

Hydrogen Sulfide

6.2

0.0

6.2

Toluene

5,050.1

1,810.0

6,860.2

Xylenes (mixed)

937.2

338.3

1275.5

4.3.3.4.2. Emission Inventory Estimate of Air Pollutants from All Upstream Oil And
Gas Development Activities in the South Coast Region.
Here, we estimate the contribution to South Coast air pollutant emissions from all
upstream oil and gas development activities. We combined emissions of criteria
pollutants and TACs reported above in Tables 4.3-1 and 4.3-2 with estimates of active
oil development activities in the counties of interest. As described in detail in Volume II,
Chapter 3, a variety of sources in the criteria pollutants inventory and facility-level toxics
database can be linked to the oil and gas industry.
In order to estimate criteria pollutant emissions from the oil and gas sector in the South
Coast Region, we sum the emissions from the following sources (see Volume II, Chapter
3, for a detailed listing of the constituent subsectors and sources and attributes of each
emission inventory):
• Stationary sources + petroleum production and marketing + oil and gas
production + all subsectors and sources
• Stationary sources + fuel combustion + oil and gas production (combustion) +
all subsectors and sources
• Mobile sources + other mobile sources + off-road equipment + oil drilling and
workover
The oil and gas sector will also likely cause emissions from use of on-road light and
heavy-duty trucks (e.g., maintenance trucks used in non-drilling operations and therefore
not included in the “Oil drilling and workover” subsector). We cannot differentiate these
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emissions using reported inventory information (on-road vehicles are classified by weight
class rather than industry).
Table 4.3-3 below shows the result of summing all oil- and gas-sector sources in the South
Coast Region. We report the estimate from our bottom-up inventory analysis. It should be
noted that recent top-down analyses of methane have noted that the methane emission
inventory may be underestimated by two to seven times what is reported in the emissions
inventories (Peischl et al., 2013; Jeong et al., 2013). Emissions of methane may provide
insight into the emission of light alkane VOCs (a subset of ROGs) and to a certain extent,
TACs, as they are often co-emitted during oil and gas development processes. As such,
the values provided below should be taken as a conservative estimate of emissions from
this sector. More field-based research should be conducted to understand to what degree
the criteria air pollutant emission inventories are accurate and how to improve them.
Additionally, these publicly available data do not allow us to analyze the geographic,
corporate, or facility distribution of emissions, only the total amount emitted by the entire
upstream oil and gas sector. For a detailed assessment of the discrepancy between these
bottom-up inventories and recent field-based monitoring, see Volume II, Chapter 3.
Table 4.3-3. Contribution of upstream oil and gas sources to criteria pollutants and ROGs
emissions in South Coast Region, data for 2012. (tonnes/d).
ROG

NOX

SOX

PM10

PM2.5

Stationary oil and gas

0.99

1.64

0.02

0.09

0.09

Mobile oil and gas

0.09

1.06

0.00

0.04

0.04

Total oil and gas

1.08

2.70

0.02

0.12

0.12

0.31%

0.66%

0.12%

0.11%

0.25%

Oil and gas fraction of
all sectors

Table 4.3-4. lists upstream oil and gas development stationary source facility-reported
contributions to selected TACs in the South Coast Region. It also lists all source emissions
of these TACs for 2010 in comparison (most recent year for which data are available). In
addition, a number of potential TACs are injected into formations as part of fracturing
fluids, as noted in SCAQMD datasets. These potential TACs are discussed in Volume II,
Chapter 3.
Hydrogen sulfide and carbonyl sulfide emissions were not reported from the upstream
oil and gas sector in the South Coast Region (Table 4.3-4). The reporting facilities in the
state inventories include refineries and landfills, but none of the oil production sectors. As
these compounds are reported in the San Joaquin Valley, they are likely also emitted in
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the South Coast Region. Moreover, a U.S. EPA preliminary risk assessment places carbonyl
sulfide near the top of its table of emissions of TACs by mass from studied facilities (U.S.
EPA, 2011). The lack of records could be a reporting loophole or an error in the database,
and deserves further investigation. Because these data are missing, the proportion of
the total emissions of hydrogen sulfide and carbonyl sulfide emissions attributable to
upstream oil and gas development in the Los Angeles Basin remains unknown.
Table 4.3-4 Contribution of upstream oil and gas sources to TAC emissions in South Coast

Region (kg/y). Fraction is approximate because all source inventory of TACs was last completed
for year 2010 emissions.

Stationary
oil and gas
sources (kg/y)
(2012)

Fraction of
emissions
from
stationary
sources

Emissions
from all
stationary
and mobile
sources (kg/y)
(2010)

Fraction of
all emissions
from all
sources (kg/y)
(stationary
and mobile)

1,3-Butadiene

56

1.60%

382,307

0.01%

Acetaldehyde

1

0.00%

1,552,128

0.00%

Benzene

2,361

9.60%

1,659,155

0.14%

Carbonyl sulfide

not available

not available

20

not available

Ethyl Benzene

28

0.50%

1,000,213

0.00%

Formaldehyde

5,846

3.80%

2,375,149

0.25%

Hexane

1

0.00%

1,608,302

0.00%

Hydrogen Sulfide

not available

not available

6,238

not available

Toluene

1

0.00%

6,860,168

0.00%

Xylenes (mixed)

1

0.00%

1,275,480

0.00%

4.3.3.4.3. Emission Inventory Estimate of Air Pollutants Attributable to Well
Stimulation-Enabled Upstream Oil and Gas Development in the South Coast Region
Following the methodology used in Volume I to identify hydrocarbon pools considered
to be facilitated or enabled by well stimulation, we generated a list of stimulated pools
and fields in the South Coast Region. This list is generated from Volume I, Appendix N.
DOGGR county codes that represent the South Coast Region include Los Angeles (code
37), Los Angeles Offshore (code 237), Orange County (code 59) and Orange County
Offshore (code 259). These pools are presented in Table 4.3-5.
Using queries to the DOGGR well-level production database, we can sum all production
from these facilitated or enabled pools in 2013 and compare this to all production in the
South Coast Region. As can be seen from Table 4.3-5, the well-stimulation-facilitated
or -enabled pools represented a total of 874,430 m3 (5.5 million bbl) of production,
approximately 19% of production in the South Coast Region.
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Table 4.3-5. Pools in South Coast Region determined to be facilitated or enabled by hydraulic

fracturing. Production derived from queries to 2013 full-year well-level DOGGR database for wells

that match the field, area, and pool combinations noted to be stimulated in Volume I, Appendix N.
DOGGR county
code

Field

Area

Pool

Oil production
(2013 bbl)

237, 259

Belmont Offshore

Surfside Area

No Pool Breakdown

243,034

37, 59

Brea-Olinda

Any Area

No Pool Breakdown

1,111,985

37

Inglewood

Any Area

No Pool Breakdown

2,731,733

37

Montebello

West Area

No Pool Breakdown

15,299

37

San Vicente

Any Area

Clifton, Dayton and Hay

271,235

37

Whittier

Rideout Heights Area

No Pool Breakdown

31,766

37

Whittier

Rideout Heights Area

Pliocene

39,982

37, 237

Wilmington

Fault Block 90

Ford

105,564

37, 237

Wilmington

Fault Block 90

Union Pacific

503,655

37, 237

Wilmington

Fault Block 98

237

0

37, 237

Wilmington

Fault Block 98

Ford

20,604

37, 237

Wilmington

Fault Block 98

Union Pacific

18,892

37, 237

Wilmington

Fault Block I

237

6,815

37, 237

Wilmington

Fault Block IV

Ford

15,442

37, 237

Wilmington

Fault Block VII

Union Pacific (ABD)

28,902

37, 237

Wilmington

Fault Block VIII

Terminal

212,055

37, 237

Wilmington

Fault Block VIII

Union Pacific

148,305

37, 59, 237, 259

Total production from facilitated pools

5,505,268

37, 59, 237, 259

Total production in South Coast Region

29,150,660

37, 59, 237, 259

Fraction of production from facilitated or enabled pools

18.9%

We use these activity factors for production and drilling to scale the stationary source
and mobile source emissions from the entire oil and gas sector. (For more information
on specific emission sources used for this analysis please see Volume II, Chapter 3.)
This result then generates an estimate of those emissions enabled or facilitated by well
stimulation. Note that we estimate added emissions resulting from stimulation-enabled
production, but do not attempt to estimate the emissions associated directly with the well
stimulation activity.
We scale all stationary oil and gas related source emissions (combustion and noncombustion) shown in Table 4.3-5 by the fraction of oil production in the facilitated or
enabled pools (19%). We scale mobile source off-road emissions from rigs and workover
equipment shown in Table 4.3-5 by the fraction of wells drilled in facilitated or enabled
pools (31%). The results of this scaling for criteria air pollutants are shown below in Table
4.3-6 and the results for the representative TACs are shown in Table 4.3-7. An important
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assumption inherent to this analysis is that oil and gas development has the same emission
intensity across all pools. This may or may not be the case and deserves further study.
Table 4.3-6. Fraction of South Coast total criteria and TAC emissions from well stimulation
facilitated or enabled pools.

Fraction of all criteria
pollutants from well
stimulation-enabled oil
and gas activities

ROG

NOX

SOX

PM10

PM2.5

0.05%

0.14%

0.02%

0.01%

0.04%

Table 4.3-7. Fraction of South Coast total toxic air contaminant emissions from well
stimulation facilitated or enabled pools.

Fraction from well stimulation
enabled or facilitated pools
1,3-Butadiene

0.000%

Acetaldehyde

0.001%

Benzene

0.000%

Carbonyl sulfide

0.020%

Ethyl Benzene

0.001%

Formaldehyde

0.009%

Hexane

0.000%

Hydrogen Sulfide

0.000%

Toluene

0.049%

Xylenes (mixed)

0.000%

4.3.3.4.4. Known TACs Added to Well Stimulation Fluids in the South Coast Air
Quality Management District
As noted in Volume II, Chapter 3, there are more than 30 TACs that are reported to the
SCAQMD as included in hydraulic fracturing and acidizing fluids in the South Coast.
While the TACs are known (See Volume II, Chapter 3), there are no data on the rate at
which these TACs are emitted and in what quantity (the emission factors have not been
studied) these TACs are emitted during oil and gas development. As such, it is not possible
to estimate their emissions and in turn their potential risks to public health.
4.3.3.4.5. Discussion of Regional Air Pollutant Emissions from Oil and Gas
Development in the South Coast Region
California inventories suggest that the upstream oil and gas development sector is likely
responsible for a small fraction (<1%) of criteria pollutants emitted in the South Coast
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Region. This is expected, because the South Coast Region is a comparatively small oil
production region compared to the San Joaquin Valley, and is also home to large numbers
of other mobile and industrial emission sources of these pollutants. We found that 2,361
kg/year of benzene is emitted by the stationary components of upstream oil and gas
development in the Los Angeles Basin. This amount represents a significant proportion
of stationary sources (9.6%) and a smaller proportion of benzene emissions from all
sources (including mobile source emissions) (0.14%) in the South Coast Air Basin. Our
state inventory analysis also indicates that 5,846 kg/year or 3.8% of the stationary source
emissions of formaldehyde and <1% of all source emissions (including mobile) are
attributable to the upstream oil and gas sector. Smaller proportions of other indicator TAC
species were identified. These indicator TAC species included in our assessment are not
used in well stimulation fluids, but rather are co-produced with oil and natural gas during
development.
Since approximately only 26% of the wells currently active in the Los Angeles Basin are
hydraulically fractured, emissions of TACs and ROGs are a smaller subset of those emitted
by the upstream oil and gas sector in general.
The proportion of the total TAC inventory (mobile and stationary sources) attributable to
upstream oil and gas development is not high, and from a regional air quality perspective,
these results seem to indicate that TAC emissions from the upstream oil and gas sector
are unimportant. However, from a public health perspective, fractions of total emissions
are not as important as the quantity or the mass of pollutants emitted, or the location and
proximity to humans where the emissions occur. Some of the TACs—especially benzene
and formaldehyde and potentially hydrogen sulfide, but problems with the inventory does
not allow us to be sure—are emitted in large masses (but not in large fractions of the
total inventory) in the upstream oil and gas sector in a densely populated urban area. In
the sections below, we discuss the implications of these TAC emissions occurring in the
Los Angeles Basin in close proximity to people in general and sensitive demographics in
particular.
Given that benzene is known to be highly toxic (Lupo et al., 2011) and emissions from
upstream oil and gas development in the Los Angeles Basin constitute more than 2,360
kg/year (9.6%) of the total stationary source emission inventory, we briefly review the
public health literature and current exposures to benzene in the South Coast Region
below. Benzene is generally not included in stimulation fluids, but rather is a compound
that is co-produced (and co-emitted) with oil and gas during production, processing, and
other processes.
4.3.3.4.6. Discussion of Benzene and Human Health Risks
Benzene is naturally occurring in hydrocarbon deposits and is released into the air
throughout the oil and gas development process (Adgate et al., 2014; Werner et al.,
2015; Shonkoff et al., 2014). Other large environmental sources of benzene emissions
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in the Los Angeles Basin are the burning and refining of oil and gasoline, environmental
tobacco smoke (second-hand cigarette smoke), and vapors emitted from gas stations
(Centers for Disease Control and Prevention (CDC), 2013). Active cigarette smoking
exposes individuals to elevated dosages of benzene as well, but is not considered to be
an environmental source as it is at an individual level. Comparing the mass of benzene
and other TAC emissions among the largest sources in the South Coast, we see that in
the south coast region, mobile emissions (gasoline and diesel vehicles) are the largest
contributor in the total inventory (See Volume II, Chapter 3, Table 9). In our analysis of
publicly available TAC inventories, we found that 2,361 kg/year of benzene is emitted by
the stationary components of upstream oil and gas development in the Los Angeles Basin.
This amount represents a significant proportion of stationary source (9.6%) and a small
proportion of all benzene source emissions (including mobile source emissions) (0.14%)
in the South Coast Air Basin.
With the exception of when diesel is used as an ingredient—and available data suggests
that such use is rare in California, as noted in Volume II, Chapter 2 and Chapter 6—
benzene is not found in well stimulation fluids. Thus, benzene is a hazard that is not
specific to oil and gas development that is enabled or supported by well stimulation;
rather, it is a compound intrinsic to the oil and gas development process in general.
There are no studies on benzene exposure attributed to oil and gas development in the Los
Angeles Basin; however, adverse human health outcomes can occur through inhalation,
oral, or dermal exposure, and benzene can volatilize into the air from water and soil
(ATSDR, 2007; U.S. EPA, 2007). In the Los Angeles Basin context, however, potential
exposures to benzene attributable to oil and gas development are likely to occur via
inhalation. Benzene is a known carcinogen (Glass et al., 2003; Vlaanderen et al., 2010)
and is associated with various other health outcomes associated with chronic and acute
exposures, including birth defects (Lupo et al., 2011) and respiratory and neurological
effects (ATSDR, 2007). Numerous studies on oil and gas development out of state have
identified benzene as a potential health risk (Helmig et al., 2014; Macey et al., 2014;
McKenzie et al., 2012, 2014; Pétron et al., 2014).
Acute effects of benzene inhalation exposure in humans include the following: (1)
neurological symptoms such as drowsiness, vertigo, headaches, and loss of consciousness;
(2) respiratory effects such as pulmonary edema, acute granular tracheitis, laryngitis,
and bronchitis; and (3) dermal and ocular effects such as skin irritation or burns and
eye irritation (ATSDR, 2007; U.S. EPA, 2012). While it is not known if children are more
susceptible to benzene poisoning than adults, there has been some research to measure
the effects of benzene exposure among children. For instance, an association has been
shown between benzene exposure and respiratory effects in children such as bronchitis,
asthma, and wheezing (Buchdahl et al., 2000; Rumchev et al., 2004).
Chronic (noncancerous) effects of benzene inhalation in humans include the following:
(1) hematological effects such as reduced numbers of red blood cells, aplastic anemia,
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excessive bleeding, and adverse effects on bone marrow; (2) immunological and
lymphoreticular effects such as damage to both humoral (antibody) and cellular
(leukocyte) responses; and (3) possible reproductive effects such a neural tube defects
and low birth weight (Lupo et al., 2011; U.S. EPA, 2012) there have been no studies
assessing the association between environmental levels of hazardous air pollutants, such
as benzene, and neural tube defects (NTDs).
Cancer risks include acute and chronic nonlymphocytic leukemia, acute myeloid leukemia,
and chronic lymphocytic leukemia. Based on human and animal studies, benzene is
classified by the U.S. EPA in Category A (known human carcinogen).
In June 2014, the California Environmental Protection Agency Office of Environmental
Health Hazard Assessment (OEHHA) finalized updated benzene reference exposure
limits (RELs) (OEHHA, 2014). RELs are airborne concentrations of a chemical that are
anticipated to not result in adverse non–cancer health effects for specified exposure
durations in the general population, including sensitive subpopulations. The three RELs
that OEHHA adopted on 27 June 2014 cover three different types of exposure to benzene
in air: infrequent 1-hour exposures, repeated 8-hour exposures, and continuous long term
exposure. These three RELs are as follows:
• 1-hour REL: 27 mg/m3 (0.008 ppm; 8 ppb)
• 8-hour REL: 3 mg/m3 (0.001 ppm; 1 ppb)
• Chronic REL: 3 mg/m3 (0.001 ppm; 1 ppb)
Table 4.3-8 shows benzene exposure levels at multiple locations in the South Coast Air
Basin. Note that while the mean exposure levels do not exceed 1 ppb on annual averages,
these data do not describe 1-hour or 8-hour benzene exposure values. It should also be
noted that in both years of sampling, the maximum benzene exposure values exceeded
the benzene 8-hour and chronic RELs in some cases up to 350%. Moreover, in some cases,
these average exposures are within 0.5 ppb and 0.18 ppb of exceeding the 8-hour and the
chronic RELs, which does not leave a large margin of safety. Additionally, the standard
deviations indicate that exceedances do occur, in some cases frequently. Average exposure
does not take into account potentially more elevated exposures that can occur in close
proximity to emission sources where atmospheric concentrations are most elevated.
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Table 4.3-8. Average benzene levels (parts per billion (ppb)) at 10 fixed sites in South Coast in
2004 – 2006.

Year 1 (4/2004 - 3/2005)

Year 2 (4/2005 – 3/2006)

Location

Mean

SD

N

Max

Mean

SD

N

Max

Anaheim

0.44

0.28

118

1.44

0.42

0.33

115

2.06

Burbank

0.73

0.42

118

2.16

0.69

0.44

122

1.85

Central Los Angeles

0.59

0.30

117

1.83

0.57

0.31

121

1.53

Compton

0.82

0.70

118

3.50

0.78

0.67

118

3.53

Inland Valley

0.49

0.24

115

1.26

0.49

0.24

116

1.24

Huntington Park

0.76

0.46

98

2.20

-

-

-

North Long Beach

0.56

0.35

119

1.62

0.48

0.34

118

1.70

Pico Rivera

0.57

0.32

121

1.86

-

-

-

Rubidoux

0.45

0.25

114

1.23

0.43

0.26

120

1.32

West Long Beach

0.57

0.44

114

1.95

0.50

0.38

120

1.77

Source: OEHHA (2014)

4.3.3.5. Screening Exposure Assessment Approach for Air Pollutant Emissions in the
Los Angeles Basin
In this screening exposure assessment approach, we focus on the jurisdictional boundaries
of the South Coast Air Basin (SoCAB), which includes Los Angeles County, Orange
County, and parts of both Riverside and San Bernardino counties and includes the active
oil and gas wells within the Los Angeles Basin. In order to assess the public health risks
of air pollutant emissions from oil development operations in a region such as the Los
Angeles and South Coast Air Basin (SoCAB), one needs information on three factors—
pollutant emission rates (mass per time), a population exposure assessment (mass of
pollutant inhaled per mass emitted), and toxicity (health impact per mass inhaled)
(Bennett et al., 2002).
4.3.3.5.1. Intake Fraction Analysis
In previous sections of this case study, we compiled information on the emissions
attributable to oil and gas development, as well as the fraction associated with those that
have been fractured in the region. Here, we consider an exposure assessment that relates
emissions mass to population intake. This analysis provides the basis for assessing health
risks. With unlimited resources, we would identify the location of each emission, track
the dispersion of these emissions as they spread out over the regional landscape, and
then track population density and activity of the entire regional population to assess the
magnitude and range of population intake. Unfortunately, for this report there is neither
time nor resources for an analysis with this level of detail. Thus, we rely on the extensive
body of analyses of source receptor relationships that has been compiled over the last
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decade for distributed pollutant emissions in the SoCAB. In particular, we rely on the
extensive research and analysis of “intake fraction” relationships in the SoCAB as a of way
of gaining important insights without carrying out extensive new analyses.
For air pollutant emissions, intake fraction (iF) is the mass of a pollutant inhaled by all
potentially exposed populations divided by the mass of the pollutant emitted (Bennett et
al., 2002). In other words, an intake fraction is the number of kilograms inhaled divided
by the number of kilograms emitted, typically reported as “mg inhaled per kg released” or
ppm. Intake fraction provides a transparent and parsimonious description of the complex
atmospheric transport and human activity patterns that define exposure (Bennett et al.,
2002). Because mass inhaled is a more reliable metric of potential adverse health impacts
to populations than either mass emitted or airborne concentration, iF also provides key
insights for assessing health risks. However, there are limitations to iF. As a measure of
cumulative intake among a population over time, it lacks the ability to track exposure
variation among individuals or exposure variations within populations over relatively
short time periods, such as one hour or less.
Intake fraction is a metric, not a method. Values of the intake fraction for the South Coast
Region have been determined from models and from measurements. Typical values for
the intake fraction for pollutants released to outdoor air are as low as 0.1 per million
(ppm) for air pollutant releases in remote rural areas, to 50 ppm or more for releases near
ground level in urban areas. Three factors are dominant in determining the magnitude
of the intake fraction for air pollutant emissions—(1) the size of the exposed population
within reach of the pollutant emission, (2) the proximity between the emission source
and the exposed population, and (3) the persistence of the pollutant in the atmosphere. A
useful attribute of intake fraction is that it can be applied to groups of pollutants, rather
than one pollutant at a time. When two pollutants are emitted from the same source, and
have the same fate and transport characteristics, their intake fraction values will be the
same, even if their chemical composition and mass emission rates differ.
The literature on intake fraction is diverse and growing. We identified multiple studies
that address inhalation exposures of primary and secondary pollutants from a variety of
sources, such as motor vehicles, power plants, and small-scale area sources. We identified
five studies that provide detailed calculations on intake fraction for the Los Angeles
region, and we make use of the results from these studies to estimate the intake fraction of
oil and gas development in the Los Angeles Basin. Although these studies are not directed
specifically at oil and gas development, they are well suited to the type of screening
exposure assessment that is within our goal of assessing exposure potential of oil and gas.
In the first study considered, we examined the results of Marshall et al. (2003), who
focused on the SoCAB as a case study and combined ambient monitoring data with
time-activity patterns to estimate the population intake of carbon monoxide and benzene
emitted from motor vehicles distributed throughout the SoCAB.
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In the second study, we consider results from Heath et al. (2006), who assessed the
exposure implications of a shift toward distributed petroleum-powered generation (DG) in
California. For this, they combined Gaussian plume modeling and a GIS-based inhalation
exposure assessment applied to existing and hypothetical power-generation facilities
in California. To carry out this study, they assessed intake fraction for hypothetical DG
emissions sources originating in the downtown areas of the eleven most populous cities in
California.
In a third relevant study, Lobsheid et al. (2012) used source-receptor relationships derived
from the U.S. EPA’s AERMOD steady-state plume model to quantify the intake fraction of
conserved pollutants (pollutants that are not strongly reactive in air or rapidly deposited
to surfaces) emitted from on-road mobile sources. For this analysis, they used sourcereceptor relationships at census-block scale, and then aggregated and reported results for
each of the 65,000 census tracts in the conterminous United States. Their study includes iF
values for every census tract and county of California—thus providing useful information
for the current case study.
In a fourth considered study, Apte et al. (2012) modeled intra-urban intake fraction
(iF) values for distributed ground-level emissions in all 3,646 global cities with more
than 100,000 inhabitants. Among all these cities, they found that for conserved primary
pollutants, the population-weighted median, mean, and interquartile range iF values
are 26, 39, and 14–52 ppm, respectively. They found that intake fractions vary among
cities, owing to differences in population size, population density, and meteorology. Their
reported iF value for Los Angeles is 43.
For the four studies noted above, Table 4.3-9 provides a summary of the best estimate
(typically the median) value as well as the range of iF values that are relevant to the Los
Angeles region. We see here that most of the studies converge toward a value of 40 ppm
as most typical for this region. In the Lobsheid et al. (2012) study, which calculated iF for
every census tract in Los Angeles and Orange counties, we also list ranges that reflect the
95% value interval for all census tracts for which iF is calculated. Lobsheid et al. (2012)
also gives insight on variability with iF by census tract, varying from less than 1 ppm to
slightly over 100 ppm.
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Table 4.3-9. Published values of intake fraction relevant to the well stimulation-enabled oil and
gas development emissions in the South Coast Air Basin.

Sources

Region

Pollutants

Method

Best estimate
(range) ppm

Reference

Motor vehicles

South Coast air
basin

Primary pollutants
(CO, benzene)

Data analysis of
tracers of opportunity

47 (34-85)

Marshall et al.
(2003)

Distributed
generators

Central locations
in the 11 most
populous cities of
California

Primary
pollutants (PM2.5,
formaldehyde)

Dispersion modeling

16 (7 – 30)

Heath et al.
(2006)

Motor vehicles
and distributed
sources

Los Angeles county
(2052 census
tracts)

Primary conserved
pollutants

Source-receptor air
modeling for 65,000
US census tracks

38 (29 – 77)*

Lobsheid et al.
(2012)

Motor vehicles
and distributed
sources

Orange county
(577 census tracts)

Primary conserved
pollutants

Source-receptor air
modeling for 65,000
US census tracks

27 (19 – 50)*

Lobsheid et al.
(2012)

Distributed
ground level
emissions

Los Angeles city

Conserved primary
pollutants

High resolution
dispersion model

43 (n/a)

Apte et al.
(2012)

* This range reflects the 95% value range (that is 2.5% lower bound and 97.5% upper bound) of the iF for all census
tracts in the county.

Because of the lack of TAC emissions data on the census and local levels, we are unable
to estimate the iF of oil and gas development at the census tract and local levels in the
SoCAB context. This type of study is an important next step to understanding exposure
to benzene and other TACs emitted by oil and gas development in the Los Angeles Basin.
Nonetheless, below, we walk through some of the preliminary steps necessary to conduct
such an analysis.
The intake fraction values provided above can be used to translate emissions in kg/d of
any conserved pollutant into population exposures, and also into exposure concentration
estimates. The intake fraction values above (for example, 38 ppm) provide an estimate of
how many mg/day of a pollutant enters the lungs of the South Coast Population for every
kg/d emitted. This is a cumulative intake obtained by identifying source locations and
tracking exposures out to the limits of the South Coast Region—the cumulative integral
of population intake. In the case of Marshall et al. (2003), the sources were roadways;
for Heath et al. (2006), the sources were located at the commercial centers of large cities;
and for Lobsheid et al. (2012), sources were located at the center of all census tracts, with
dispersion followed out to all other census tracts in the region. In all three studies, the
intake was obtained from concentrations using representative breathing rates (~14 m3/d
per individual). We note that the high spatial resolution of the Lobsheid et al. (2012)
study allows us to consider not only the middle range iF for South Coast emissions, but
also the effect of releases to areas with very high population density. In Lobsheid et al.
(2012), the mean iF value is 38 ppm, with an upper bound of 77.
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The next step of this assessment would be to take the regional emissions of air pollutants
from oil and gas development, and multiply by the regional iF, to get an estimate of
population intake. To get an estimate of health effects, we would need to divide the
iF by the appropriate regional population to get the median (or mean) individual
intake estimate, which can be compared to RELS, reference doses (RfDs), or reference
concentrations (RfCs).
We could add more detail to this effort by calculating the iF for each census tract in the
region and use the population impacted by emissions from that tract to do a bottomup estimate of the range of iF values. As an example, we can use the Lobsheid et al.
(2012) results to determine the types of concentrations that are associated with an iF in
smaller regions. In L.A. County, with a median iF of 38 and assuming that the substantial
amount of intake occurs within 3 km of the source (impacting some 50,000 people), the
concentration imposed on this population from an additional 1 kg/day emissions is 0.05
µg/m3. In Orange County, a similar calculation gives 0.04 µg/m3 for each additional kg
emitted to a representative census tract.
While we know the intake fraction potential at the census tract level, we are unable to
estimate the iF of oil and gas development at the census tract and local levels in the
SoCAB context, due to the lack of TAC emissions data on the census and local levels. But
this would be an important next step to understanding exposure to benzene and other
TACs emitted by oil and gas development in the Los Angeles Basin.
4.3.3.5.2. Summary of Screening Exposure Assessment for Air Pollutant Emissions in
the Los Angeles Basin
The high population intake fractions that are possible in the SoCAB are primarily due
to the high population density of the region. In other words a larger proportion of air
pollutant emissions in the South Coast Air Basin enter human lungs compared to places
with lower population density (fewer breathing lungs).
Those living in close proximity to emitting sources will likely be more exposed to these
emissions than those that live further away. The reason that proximity to the source
is important is that the contaminant in question will be at its highest atmospheric
concentration at the source. The concentration generally falls off exponentially with
distance from the source (via dilution), so that exposures near the source can be much
larger than average regional exposures. So, for example, the regional contribution of
the oil and gas production for benzene is 2,361 kg/year and is dispersed throughout the
air basin. However, near emission sources, on or near active well pads, the atmospheric
concentrations can be much higher than the regional average.
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4.3.3.6. Proximity Analysis of Oil and Gas Development and Human Populations
In the previous sections, we have identified that TACs are emitted by oil and gas
development in general, and that the concentrations of these emissions may be elevated
near active oil and gas development. Wells are considered to be active if they are
categorized as such in the Oil and Gas Well Database maintained by DOGGR. In this
section, we quantify and locate all currently active oil and gas wells, and also the fraction
that are stimulated. We then conduct an analysis of spatial relationships between currently
active oil and gas wells and those that are hydraulically fractured and surrounding human
populations and sensitive receptors.
4.3.3.6.1. Study Area
The geographic focus of this proximity analysis includes the California Air Resources
Board (CARB) South Coast Air Basin (SoCAB), which includes Los Angeles County,
Orange County, and parts of both Riverside and San Bernardino counties and the active
oil and gas wells within this jurisdictional boundary. For a list of the methods we used to
determine the number of active oil and gas wells—and the numbers and locations of those
wells that have been hydraulically fractured, frac-packed, high-rate gravel packed, or
acidized in the Los Angeles Basin—please see Appendix 4.A.
4.3.3.6.2. Numbers and Types of Active Oil and Gas Wells by Oil Field in the Los
Angeles Basin
We used the methodology for calculating the number and proportion of stimulated wells as
was used statewide in Volume I, with only minor modifications and focused specifically on
the Los Angeles Basin (see Appendix 4.A). Our results indicate that there are approximately
5,256 wells that are currently active, according to DOGGR. Of these wells, 3,691 are
located in oil and gas pools with estimated stimulation rates. When the stimulations rates
for the pools are applied to the total number of wells in each pool, there are an estimated
1,341 wells that have been enabled or supported by hydraulic fracturing, frac-packing, or
high-rate gravel packing (hereafter referred to as fracturing) (Table 4.3-10). The estimated
number of wells that have been fractured thus represents approximately 26% of the 5,256
currently active wells listed as active by DOGGR as of July 2014, and 36% of the active
wells in pools that were queried. These numbers should be considered conservative, given
that we only have oil pool-level information on type of oil development (stimulation) for
approximately 29% of the wells listed as active by DOGGR. As such, it is probable that
more pools may have been hydraulically fractured, frac-packed, or high-rate gravel packed,
but we do not have access to these data. While a report by Cardno ENTRIX (2012) found
that as of 2012 there were 23 hydraulically fractured wells in the Inglewood Oil Field, as
discussed in Volume I, DOGGR data suggest that this might be an underestimate, or that
most of the other wells were supported or enabled by frac-packing and high rate gravel
packing which was not included in the Cardno ENTRIX estimate. For a more detailed
explanation of methods and approaches, please see Appendix 4.A. Please also refer to
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Volume II, Appendix 5.E, for more information.
Table 4.3-10. Numbers of all currently active wells and the proportion that are supported by hydraulic
fracturing, frac-packing, or high-rate gravel packing (HRGP) in the Los Angles Basin by oil field.
Oil Field

Total Active Wells

Total Wells Fractured

% Fractured

Brea-Olinda

551

551

100%

Inglewood

503

503

100%

Wilmington

1,716

179

10%

San Vicente

35

32

91%

Aliso Canyon

50

21

42%

Whittier

29

18

62%

Las Cienegas

60

10

17%

Esperanza

11

6

55%

Temescal

5

5

100%

Newhall-Potrero

45

4

9%

Tapia

30

3

10%

Del Valle

37

3

8%

Montebello

123

2

2%

Salt Lake

24

2

8%

Huntington Beach

306

1

0%

Wayside Canyon

10

1

10%

Playa Del Rey

28

0

0%

Torrance

128

0

0%

Total Assigned to Fields

3,691

1,341

36%

Unassigned to Fields

1,565

unavailable

TOTAL

5,256

1,341

26%

4.3.3.6.3. New Wells and Wells Going Into First Production (2002-2012)
There are 1,403 oil and gas wells that were either new or went into first production
between 2002 and 2012 in the SoCAB. Of these wells, 435 (31%) have been identified as
having been hydraulically fractured (Table 4.3-11). Given the uncertainty in the data, this
proportion (31%) is similar to the 26% of all active wells, and thus shows agreement with
and corroboration of our data analysis.
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Table 4.3-11. New wells or wells going into first production and the proportion that are
hydraulically fractured, frac-packed, or high-rate gravel packed (HRGP) (2002-2012).
Oil Field

Total New Wells
(2002-2012)

Total New Wells
Fractured

% New Wells
Fractured

Inglewood

219

219

100%

Brea-Olinda

29

29

100%

Wilmington

831

159

19%

Aliso Canyon

26

0

0%

Cascade

7

0

0%

Long Beach Airport

2

0

0%

Los Angeles Downtown

1

0

0%

Newhall-Potrero

12

1

8%

Richfield

1

0

0%

San Vicente

6

6

100%

Sansinena

7

0

0%

Santa Fe Springs

57

3

5%

Tapia

21

1

7%

Wayside Canyon

4

0

0%

Playa Del Rey

3

3

100%

Beverly Hills

83

0

0%

Las Cienegas

9

3

33%

Del Valle

5

0

0%

Montebello

21

0

0%

Huntington Beach

8

4

47%

Belmont Offshore

32

0

0%

Torrance

12

0

0%

Whittier

7

7

100%

TOTAL

1403

435

31%

4.3.3.6.4. Acidizing
Hydrofluoric and hydrochloric acid are frequently used in the development of oil in the
Los Angeles Basin. Based upon the SCAQMD dataset, there are ~20 events per month that
use hydrofluoric acid (SCAQMD, 2015). The SCAQMD reports a total of 22.5 events per
month, including both acidization and hydraulic fracturing (excluding gravel packing). As
described in Volume I, there is insufficient data in available datasets to distinguish matrix
acidizing from maintenance acidizing, although operators were required to distinguish
starting April 02, 2014.
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4.3.3.6.5. Summary: Numbers and Types of Oil and Gas Wells in the Los Angeles
Basin
Approximately 26% of currently active oil and gas wells (1,341/5,256) and 31% of wells
that went into first production between 2002 and 2012 (435/1,403) are likely enabled or
supported by hydraulic fracturing, frac-packing, and high-rate gravel packing.
Data from the SCAQMD mandated reporting suggest that the use of hydrofluoric and
hydrochloric acid in oil production wells is common in the Los Angeles Basin (SCAQMD,
2015). However, the use of acid is supportive of current development and unlikely to be
used to significantly increase expanded development.
4.3.3.7. Proximity of Human Populations to Oil and Gas Development
Our analysis of available state emission inventories indicates that 2,361 kg/year of
benzene is emitted by upstream oil and gas development in the Los Angeles Basin.
This amount represents a significant proportion of stationary source (9.6%) and <1%
from all sources (including mobile source emissions) in the South Coast Air Basin. Our
analysis of California emission inventories also indicates that 5,846 kg/year or 3.8%
of the stationary source emissions and <1% of all source emissions (including mobile
sources) of formaldehyde are attributable to the upstream oil and gas sector (Table 4.34). As a basis for understanding potential public health hazards attributable to upstream
oil and gas development, we evaluated the spatial relationships of all active oil and gas
wells, and then those that are stimulated, to the surrounding population, and selected
sites considered to be “sensitive receptors.” We also characterized the demographics,
vulnerability factors, and socioeconomic profiles of the communities in proximity to well
stimulation events.
Our choice to include all oil and gas wells as opposed to only considering the fraction that
are stimulated was based on our finding that benzene, a health-damaging indicator TAC
as described above, is emitted from oil and gas development in general and is not specific
to, or even related directly to, well stimulation. To evaluate proximity of populations
within the Los Angeles Basin to only those wells that are stimulated is misleading and
potentially would leave out communities that are potentially submitted to the same level
of environmental public health hazard as those communities that live near stimulated
wells.
For a complete description of our methods and approach to the spatial proximity analysis,
please see Appendix 4.B.
4.3.3.7.1. Spatial Distribution of All Active Oil Wells and Active Stimulated Wells
Figure 4.3-3 shows the South Coast Air Basin with stimulated wells. As discussed in the
methods above, we identified 4,487 active oil wells and 1,205 active wells that have been
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fractured, and at least 60 wells that have been supported by acidizing in the South Coast
Air Basin that are still in production as of 14 December 2014. Figure 4.3-4 shows the
density of active oil and gas wells in the SoCAB.

Figure 4.3-3. All active oil production wells in the South Coast Air Basin with those that are
stimulated shown in red.
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(B)
Figure 4.3-4. Density of active oil and gas well counts in the South Coast Air Basin.

4.3.3.7.2. Human Population Proximity Analysis
Figure 4.3-5 shows the population density in the Los Angeles Basin and the boundaries of
2,000 m (6,562 feet) distance from all active oil wells and the fraction of active oil wells
that have been stimulated. It is evident that stimulated wells in the Los Angeles Basin exist
both within and in close proximity to high population density areas. It is also evident that
a slightly larger portion of the Los Angeles Basin population lives within 2,000 m (6,562
feet) of an active oil well than the population that lives within 2,000 m (6,562 feet) of a
well that has been stimulated. This makes sense, because there are approximately 75%
more oil wells that are not stimulated than those that are.
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Figure 4.3-5. Population density within 2,000 m (6,562 feet) of currently active oil production
wells and currently active wells that have been stimulated.

As summarized in Tables 4.3-12 and Table 4.3-13, a number of residents and sensitive
receptors are in proximity to active oil development and the fraction of this development
from wells that have been stimulated. Approximately 2,258,000 people (12% of the
SoCAB population) live within 2,000 m (6,562 feet) of an active oil well. Additionally,
there are 130 schools, 184 daycare facilities, 213 residential elderly homes and nearly
628,000 residents within 800 m (½ mile or 2,625 feet) of an active oil well. More than
50,000 children under the age of five, and over 43,500 people over the age of 75, live
within 2,000 m (6,562 ft) of an active oil production well. Even within only 100 m (328
ft) of a well, there are more than 32,000 residents, nearly 2,300 of who are children under
five (Table 4.3-12).
Fewer residents and sensitive receptors are located in close proximity to oil wells that
have been stimulated in the SoCAB, largely because only a subset of the wells in this
basin is stimulated. Approximately 760,000 people (4% of the SoCAB population) live
within 2,000 m (6,562 feet) of a stimulated well. Additionally listed in Table 4.3-13 is
the number of sensitive populations and facilities in proximity to stimulated wells. For
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instance, there are 20 schools, 39 daycare facilities, 27 residential elderly homes, and
nearly 128,000 residents within 800 m (½ mile or 2,625 feet) of a stimulated well. More
than 120,000 children under the age of five and over 90,000 people over the age of 75
live within a mile (1,600 m or 5,249 feet) of a stimulated well (Table 4.3-13).
Table 4.3-12. Proximity of human populations and sensitive human receptors to active oil wells
in the South Coast Air Basin.

Buffer
Distance
(m)

Number of
Residents

Number of
Schools

Number of
Children
Attending Schools

Number
of Elderly
Facilities

Number
of Daycare
Facilities

Under 5

Over 75

100

32,071

4

3,290

12

5

2,295

1,664

400

233,102

50

34,819

94

72

16,685

14,005

800

627,546

130

89,241

213

184

45,050

35,189

1,000

866,299

180

135,797

258

262

62,547

47,759

1,600

1,677,594

348

242,833

429

524

122,321

91,452

2,000

2,257,933

470

332,855

582

718

164,992

122,737

Table 4.3-13. Proximity of human populations and sensitive human receptors to stimulated
wells in the South Coast Air Basin.

Buffer
Distance
(m)

Number of
Residents

Number of
Schools

Number of
Children
Attending Schools

Number
of Elderly
Facilities

Number
of Daycare
Facilities

Under 5

Over 75

100

3,661

2

2,135

1

0

285

163

400

33,928

7

3,738

4

8

2,170

2,301

800

127,896

20

12,302

27

39

7,653

8,849

1000

267,994

49

36,286

39

80

17,856

16,148

1600

494,831

125

91,585

111

181

31,199

29,827

2000

759,513

181

131,158

158

277

50,067

43,466

In summary, there are >65% more people that live within proximity of any active oil
and gas well compared to those that live within proximity of only those active wells that
are associated with well stimulation. As explained above, the TAC emissions of concern
from a public health perspective do not differ between oil and gas wells that have been
stimulated and those that have not, and the subsequent public health hazard associated
with both are essentially the same as it pertains to TAC emissions.
4.3.3.7.3. Comparing Population Demographics Near vs. Far from Oil and Gas Wells
At the regional scale, demographic characteristics of populations were similar among
all studied distances from active oil and gas development and stimulation-facilitated
development (Figure 4.3-6.A and Figure 4.3-6.B). Moreover, the studied distances were
also similar in demographics compared to the control population, those farther than
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2,000 m (6,562 ft) distance from the closest active well. As such, while it is clear that oil
and gas is being developed in low-income communities and communities of color, there
does not appear to be a disproportionate burden of oil and gas development on any one
demographic in the Los Angeles Basin. In other words, oil and gas wells are not located
disproportionately near the rich, the poor, or any race/ethnicity more than any other.
Differences in average proportions were less than 0.05 (i.e., 5%) across buffer distances
from active oil and gas wells and versus control areas (Figure 4.3-6.A). The only exception
to this was that at the 100-meter (328 ft) buffer distances, the proportion of residents
without high school education was more than 5% greater than the population at 800
m (2,625 ft), 1,000 m (3,280 ft), 1,600 m (5,249 ft) , and 2,000 m (6,562 ft) buffer
distances and the control population. The proportion of individual households that qualify
for food stamps and the proportion under the poverty line were slightly more elevated
among residents close to hydraulically fractured wells compared to control sites (Figure
4.3-6.B). Residents that are under 18 years of age and those that are unemployed are
slightly lower, and the non-Hispanic minority, those less than 5 years of age, and those
more than 75 years of age, were essentially the same as control sites. Proportions of
Hispanic residents exhibited variations with buffer distance, such that those at 100-meter
(328 ft) and 400-meter (1,312 ft) distances were higher, whereas those at 1,000, 1,600,
and 2,000-meter (3,280; 5,249; and 6,562 ft) distances were lower than control areas
(Figure 4.2-2). Arithmetic averages, medians, standard deviation, and empirical 90th
percentile values were also similar. Density plots also indicated similar distributional
shape among the groupings and control population, suggesting that they represent
samples from a similar population overall.
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(Figure 4.3-6.A)

246

Chapter 4: Los Angeles Basin Case Study

(Figure 4.3-6.B)

Figure 4.3-6.A and 4.3-6.B. Proportion of demographic characteristics at studied geographic

distance from (A) all active oil and gas wells; and (B) stimulated wells compared to the control
(areas beyond 2,000 meter buffer distance). Minority = non-Hispanic minorities; NoHS = not

completed high school education; Foodstamp = household income qualifies for food stamps (<
$15,000); Poverty = below poverty; Under5=Children less than 5 years of age; Over75=adult
more than 75 years of age; Foodstamp=receives food stamps.

4.3.4. Potential Risks to Ground Water Quality in the Los Angeles Basin
Most water delivered to homes and businesses in the Los Angeles Basin is delivered via
pipelines and canals from distant water sources. Los Angeles’ Department of Water and
Power (LADWP) brings water to its 3.9 million residents from the Owens Valley via the
Los Angeles Aqueduct (LADWP, 2013). The Metropolitan Water District of Southern
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California (MWD) indirectly serves another 14 cities and 12 municipal water districts,
indirectly providing water to 18 million people. MWD obtains water from the State Water
Project, a system of dams and reservoirs in Northern California, and an aqueduct to the
Colorado River on California’s border with Arizona (MWD, 2012). These water sources
are far removed from oil and gas development and are unlikely to be contaminated by
such operations. However, groundwater makes up one-third of the water supply for the 4
million residents of the Los Angeles coastal plain (Hillhouse et al., 2002), and chemicals
from oil and gas development, including well stimulation, could possibly contaminate
some groundwater wells.
Potential pathways for contamination of groundwater from well stimulation activities
are described in Volume II, Section 2.6.2 (Table 2.6.2). For example, potential risks
to groundwater may be related to subsurface leakage via loss of wellbore integrity
or hydraulic fractures intercepting an aquifer, accidental releases at the surface, and
inappropriate disposal of recovered and produced water, as described in detail in Volume
II, Chapter 2 of this report. Regarding subsurface leakage, the risk of water contamination
from a hydraulic fracture intercepting a protected aquifer is minimal if the hydraulic
fracturing operation is sufficiently deeper than the aquifer. However, as described below,
some hydraulic fracturing in the Los Angeles Basin takes place in close vertical proximity
to protected aquifers.
Much of the groundwater consumed by the cities of Santa Monica, Long Beach, and other
nearby districts is extracted from the coastal plain aquifer system, which underlies much
of the coastal area of Los Angeles and Orange Counties. The portion of the coastal plain
aquifer system in Los Angeles County is shown in Figure 4.3-7.
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Figure 4.3-7. Coastal Plain of Los Angeles Groundwater Basin as defined by Department of Water
Resources (DWR, 2012) consists of the contiguous unconsolidated deposits in the center of the
figure. The unconsolidated deposits shown to the northeast are part of the San Gabriel Valley

Groundwater Basin defined by DWR (2012). The geohydrologic sections shown on Figure 4.3-8
are located, along with some other sections not included in this report (Reichard et al., 2003).
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1,145 ft) (Fram and Belitz, 2012), which accords with the TDS distribution on Figure 4.38 (Reichard et al., 2003).
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Figure 20. Dissolved-solids concentration, measurable tritium activity, and carbon-14 activity in ground water from wells sampled along geohydrologic sections A’–A’’ (A) and C’–B’ (B), Los Angeles
Figure 4.3-8. Dissolved-solids concentration, measurable tritium activity, and carbon-14 activity
County, California.

in ground water from wells sampled along geohydrologic sections A’–A’’ (a) and C’–B’ (b), Los
Angeles County, California (Reichard et al., 2003).
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4.3-8. Continued.

Based on the hydraulic fracturing data for the last decade, we estimate about 40 to 80
fracturing operations are conducted each year on average in the Los Angeles Basin (see
Volume I, Appendix K). Approximately three quarters of these are hydraulic fracturing
operations, and one quarter are frac-packing operations (Volume I, Chapter 3). Volume
I, Appendix M provides the well head locations for all wells where hydraulic fracturing
operations were conducted, along with depths as available from the various data sets
considered by this study. The appendix includes records of 314 fracturing operations in
the Los Angeles Basin conducted from 2002 to mid-2014. Depths were available for 244
of these operations. All of these depths were either true vertical or measured total well
depth. The shallowest well in these records was 401 m (1,320 ft), and 5% were shallower
than 840 m (2,762 ft). This well depth distribution suggests that hydraulic fracturing may
occur in close proximity to protected groundwater (defined as non-exempt groundwater
with less than 10,000 TDS), and perhaps even in proximity to groundwater with less
than 3,000 mg/L TDS. This is particularly the case, because the depth of the hydraulically
fractured interval in an oil and gas well is less than the total well depth.
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To assess the possibility that hydraulic fracturing is occurring at shallow depths, which
may contaminate drinking water sources, we analyzed the spatial relationship between
hydraulically fractured oil and gas wells and water wells in the Los Angeles Basin. The
wellhead locations of hydraulically fractured wells were compared to the location of water
wells in a database from the Department of Water Resources (DWR) provided by the
United States Geological Survey (USGS) (Faunt, personal communication). The water well
data are from well completion reports filed with the DWR.1 These data are incomplete,
and the California-wide dataset is missing at least 50,000 water wells drilled over the
past 65 years plus wells drilled prior 1949 (Senter 2015, California Department of Water
Resources, pers. comm.). However, the water well data does allow an initial screen for the
proximity of hydraulically fractured wells.
The water well dataset indicates the purpose of the wells included in the set. For this
study, we only included wells indicated as supply (“PROD”) or with no purpose listed.
The remainder of the dataset consists of wells involved in seawater barriers, groundwater
remediation, and observation.
All hydraulically fractured wells in Volume I, Appendix M with a wellhead located within
1 km (0.6 mi.) laterally of the water wells considered were selected for further analysis.
The locations of these 18 wellheads are shown in Figure 4.3-9. The true vertical depth to
the top of the hydraulically fractured interval in each was collected from their well record,
and is also shown in Figure 4.3-9.

1. Since 1949, California law has required that landowners submit well completion reports to DWR, containing
information on newly constructed, modified, or destroyed wells.
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Figure 4.3-9. Depth in meters (and feet) to the top of the hydraulically fractured interval in

each well in Volume I, Appendix M, with a wellhead within 1 km (0.6 mi.) laterally of a water

supply well or a water well with no purpose stated. Note the depth to the top of the well interval
hydraulically fractured is shown for 13 of the 18 wells assessed. The five wells without labels
are in the northwestern-most cluster in the Wilmington field. Labels are shown for the four
shallowest well interval tops in this cluster.
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To assess the vertical separation between the hydraulic fracturing intervals and water
wells, the depths of the water wells were subtracted from the depth to the top of each
well interval hydraulically fractured for nearby wellheads. The depth to the base of the
perforations were available for more than half of the water wells considered, and the total
well depth was available for the rest. Figure 4.3-10 shows the depth separation between
the base of the water well and the top of the well interval hydraulically fractured for each
of the 18 wells stimulated, separated by the oil field in which they are located.
25
Wilmington
Whittier
20

Playa Del Rey
Montebello

Number of well pairs

Inglewood
15

10
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0
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TD
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Figure 4.3-10. Depth separation between the base of each water well and the top of each

well interval hydraulically fractured for wells with well heads within 1 km (0.6 mi.) of each
other Note the bin intervals are not uniform in order to provide more detail for the smaller
separations.

Figure 4.3-10 suggests that the vast majority of the selected hydraulic fracturing
operations was conducted with large vertical separation to water wells between 600 m
(1,974 ft) and 2,400 m (7,896 ft). The operations within four wells within the Wilmington
and Inglewood oil fields had the vertical separation between 350 m (1,150 ft) and 600
m (1,974 ft). The operation in one well in the Whittier field has a vertical separation of
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300 to 350 m (1,000 to 1,150 ft) from a water well. Given the small number of operations
identified that are close to protected groundwater, and the relatively small overall
number of hydraulic fracturing operations conducted in the basin, the risk of a hydraulic
fracture impacting an existing water well is considered small, but does warrant further
investigation (Volume II, Chapter 2).
Proximity to existing water wells is only one indicator of proximity to protected
groundwater. Water supply wells typically only extend as deep as necessary to secure
the desired supply of groundwater from aquifers that are reasonably secure from
contamination by surface and near-surface releases. They typically do not necessarily
extend to the base of protected groundwater (i.e., non-exempt groundwater with up to
10,000 mg/L TDS). For instance, most of the depths of the top of the fractured oil and gas
well intervals are less than the maximum depth of the coastal plain aquifer of 1,200 m
(3,900 ft). Some of these depths are also within 100 m (330 ft) of the deepest sampling
intervals shown in Figure 4.3-8, which have water with <500 mg/L TDS, and deeper
water supply wells.
A more detailed understanding of the depth to the base of protected water relative to the
depth of the well intervals hydraulically fractured (Figure 4.3-9) is provided by the field
rules from DOGGR, in combination with the reservoir water salinities listed in California
Oil and Gas Field Volume II (DOGGR, 1992). Table 4.3-14 lists the TDS for each field
indicated in Figure 4.3-9, along with the depth range of the top of the well interval
hydraulically fractured from the 18 operations shown on Figure 4.3-9 for each field. The
data in Table 4.3-14 are shown graphically on Figure 4.3-11.
The table and figure show that one fracturing operation in the Whittier field occurred
within perhaps 300 m (1,000 ft) of water with <3,000 mg/L TDS, and actually within
water with <10,000 mg/L TDS. Two fracturing operations occurred within 150 m (490 ft)
of water with <10,000 mg/L TDS in the Inglewood field. The shallowest operation in the
Wilmington field occurred within 200 to 350 m (660 to 1,100 ft) of water with <3,000
mg/L TDS. As these results are based on only 18 of the 341 known hydraulically fractured
wells in the Los Angeles Basin, it is possible the minimum depth separation between well
intervals hydraulically fractured and groundwater of these various qualities is even less.
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Table 4.3-14. Groundwater TDS data compared to the depth to the top of select hydraulic
fracturing well intervals (TDS data from field rules).

Field

Base of freshwater
(<3,000 mg/L TDS) (m [ft])

Deepest reservoir with
water <10,000 mg/L TDS
(m [ft])

Shallowest reservoir listed
with water >10,000 mg/L
TDS (m [ft])

Top of stimulation well
interval for selected
operations (m [ft])

Inglewood

~90 (~300)

290 (950)

320 (1,050)

419-427 (1,377-1,404)

Montebello

490 (~1,600)

NA

670 (2,200)

2,281 (7,506)

Playa Del Rey

210 (~700)

NA

1,880 (6,200)

1,765 (5,807)

Whittier

46-200 (150-650)

490 (1,600)

1,230 (4,050)

440 (1,446)

Wilmington

~460-590 (~1,500-1,950)

NA

670 (2,200)

789-1,728 (2,595-5,688)
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Figure 4.3-11. Depth of 3,000 mg/L TDS and data bracketing the depth of 10,000 mg/L TDS
in each field with the hydraulically fractured wells selected for study (data from field rules
and DOGGR (1992). The heavy black horizontal line indicates the shallowest well interval
hydraulically fractured in each field.
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4.3.4.1. Conclusion of Potential Risks to Ground Water Quality in the Los Angeles
Basin and Potential Public Health Hazards
The results of our investigation, based upon the available data, indicate that a small
amount of hydraulic fracturing in the Los Angeles Basin has occurred within groundwater
with <10,000 mg/L TDS and in proximity to groundwater with <3,000 mg/L TDS,
creating the risk of hydraulic fractures extending into or connecting with protected
groundwater and contaminating aquifers with fracturing fluids and other compounds. If
such contamination occurs, this could create an exposure pathway for people that rely
on these water resources for drinking and other uses. As such, the recommendations
regarding shallow fracturing near protected groundwater in Volume III, Chapter 5 should
also be applied to such operations in the Los Angeles Basin if this practice continues.
Among these recommendations we suggest there be special requirements to: 1) control
fracturing stimulation design and reporting, 2) increase groundwater monitoring
requirements; and 3) implement corrective action planning. Additionally, characterization
of the base of the deepest groundwater with less than 10,000 mg/L TDS in the Los
Angeles Basin is needed in some locations.
4.3.5. Conclusions of the Los Angeles Basin Public Health Case Study
In this case study, we investigated locations of currently active oil and gas development,
the proportion of these wells that have been enabled or supported by well stimulation
treatments, the emissions of criteria air pollutants and TACs from this development, and
the numbers and demographics of residents and sensitive receptors that are in proximity
to these operations. These components were discussed together in an effort to elucidate
where and who might be exposed to emissions of air pollutants from the development of
oil and gas in the Los Angeles Basin. We also examined the possibility that groundwater
supplies in the Los Angeles Basin could become contaminated due to hydraulic fracturingenabled oil and gas development. Our results, based upon available data, indicate that
a small amount of hydraulic fracturing in the Los Angeles Basin has occurred within
groundwater with <10,000 mg/L TDS, and in proximity to groundwater with <3,000
mg/L TDS. This creates a risk of hydraulic fractures extending into or connecting with
protected groundwater, and could result in fracturing fluids mixing with these water
resources, introducing a potential exposure hazard for populations that rely on these
groundwater resources.
4.3.5.1. Air Pollutant Emissions and Potential Public Health Risks
Many of the constituents used in and emitted to the air by oil and gas development are
known to be health damaging and pose risks to people if they are exposed—especially
to sensitive populations, including children, the elderly, and those with pre-existing
respiratory and cardiovascular conditions. We found that oil and gas development poses
more elevated population health risks when conducted in areas of high population density,
such as the Los Angeles Basin, because it results in larger population exposures to TACs
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(there are more breathing lungs nearby) than when conducted in areas of low population
density (fewer breathing lungs nearby). Relatedly, emissions of TACs in close proximity
to human populations often results in more elevated risks of exposures compared to those
populations that are far from emission sources. Most of the documented public health
risks associated with air pollutant emissions from oil and gas development are associated
with oil and gas development in general, and are not unique to well stimulation.
Our emission inventory analysis found that 2,361 kg/year of benzene is emitted by the
stationary components of upstream oil and gas development in the Los Angeles Basin.
This amount represents a significant proportion of stationary source (9.6%) and a smaller
proportion of benzene emissions from all sources (including mobile source emissions)
(0.14%) in the South Coast Air Basin. Our state inventory analysis also indicates that
5,846 kg/year or 3.8% of the stationary source emissions of formaldehyde, and <1% of all
source emissions (including mobile), are attributable to the upstream oil and gas sector.
Smaller proportions of other indicator TAC species were identified. These indicator TAC
species included in our assessment are not often used in well stimulation fluids, but rather
are co-produced with oil and natural gas during development. Since only ~26% of the
wells currently active in the Los Angeles Basin are hydraulically fractured and responsible
for approximately 19% of oil production in the region, emissions of TACs and ROGs are a
smaller subset of those emitted by the upstream oil and gas sector in general.
The proportion of the total TAC inventory (mobile and stationary sources) attributable to
upstream oil and gas development is not high, and from a regional air quality perspective,
these results seem to indicate that TAC emissions from the upstream oil and gas sector are
unimportant. However, from a public health perspective, fractions of total emissions are
not as important as the quantity or the mass of pollutants emitted at specific locations,
as well as the proximity to humans where the emissions occur. Some of the TACs—
especially benzene and formaldehyde and potentially hydrogen sulfide (but problems with
the inventory do not allow us to be sure)—are emitted in large masses (but not in large
fractions of the total inventory) in the upstream oil and gas sector in a densely populated
urban area.
The Los Angeles Basin reservoirs have the highest concentrations of oil in the world, and
Los Angeles is also a global megacity. Oil and gas development in Los Angeles occurs
in close proximity to human populations. In the Los Angeles Basin, approximately 1.7
million people live, and large numbers of schools, elderly facilities, and daycare facilities
are located within one mile of—and more than 32,000 people live within 100 m of—an
active oil and gas well. The closer citizens are to these industrial facilities, the more likely
they are to be exposed to TACs, and the more elevated their risk of associated health
effects. Studies from outside of California indicate that community public health risks of
exposures to TACs such as benzene and aliphatic hydrocarbons are most significant within
800 m (½ mile) from active oil and gas development. These risks will depend on local
conditions and the type of petroleum being produced. California impacts may or may not
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be similar, but they have not been measured.
4.3.5.2. Potential Water Contamination Pathways in the Los Angeles Basin
Our assessment of hazards to groundwater by hydraulic-fracturing-enabled oil and gas
development in the Los Angeles Basin indicates that while data is limited, a small amount
of hydraulic fracturing in the Los Angeles Basin has occurred within a short vertical
distance to potable aquifers. Given the small number of operations identified that are close
to protected groundwater, and the relatively small overall number of hydraulic fracturing
operations conducted in the basin, the overall risk of a hydraulic fracture impacting
an existing water well is considered small, but the potential hazard to groundwater
quality from shallow fracturing operations does warrant enhanced requirements to: 1)
control fracturing stimulation design and reporting, 2) increase groundwater monitoring
requirements; and 3) implement corrective action planning. No water contamination
from well-stimulation-enabled oil and gas development has been noted in the Los Angeles
Basin thus far, but this may be because there has been little to no systematic monitoring of
aquifers in the vicinity of these oil production sites.
4.3.6. Data Gaps and Recommendations
An overarching recommendation from these analyses is to conduct studies in the Los
Angeles Basin and throughout California to document public health risks and impacts as a
function of proximity to all oil and gas development—not just those that are stimulated—
and promptly develop policies that decrease potential exposures. Such policies might
incorporate, for example, increased air pollutant emission control technologies, as well
as science-based minimum surface setbacks between oil and gas development and places
where people live, work, play and learn.
There are data gaps that contribute to uncertainty with regards to the environmental
and public health dimensions of oil and gas development in the South Coast Air Basin.
Below we have identified a number of important data gaps and recommendations that are
pertinent to the issues explored in this case study:
• Conduct epidemiological investigations designed to assess the association
between proximity to producing wells and human health. There has only
been one epidemiological study that assessed the associations between oil and
gas development (distance) and public health outcomes in the Los Angeles Basin,
but this study was inappropriate for detecting statistical differences in disease
outcomes between the population near the Inglewood Oil Field and Los Angeles
County. Study designs—most likely longitudinal in nature and with good baseline
environmental and public health measurements—are needed to understand the
potential burden of adverse health outcomes associated with the development
of oil and gas in the South Coast Air Basin, especially among groups in close
proximity to these operations.
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• Study the numbers of residents with pre-existing respiratory and
cardiovascular diseases in proximity to oil and gas development. Populations
with respiratory and cardiovascular diseases are disproportionately vulnerable to
adverse health outcomes associated with exposures to criteria air pollutants and
TACs. To date, no studies have investigated the numbers and concentrations of
people with these conditions in close proximity to oil and gas development in the
South Coast Air Basin or throughout California.
• Conduct regional-scale field monitoring of VOC and TAC emission factors
from oil and gas development in the South Coast Basin. Top-down monitoring
studies in the South Coast and throughout California have found oil and gas
development-scale methane emissions to be potentially three to seven times
greater than emissions reported in state inventories. There are no similar studies
on the agreement or disagreement of state inventories (such as those analyzed
for this case study) and field monitoring of TACs such as benzene (See Volume II,
Chapter 3). Current state inventories on these TACs may agree with or be dwarfed
by the findings of such field monitoring studies. Findings of such studies could
hold policy implications for how VOC and TAC emissions are addressed in the
South Coast Air Basin and throughout California.
• Conduct community-scale monitoring of air pollutant emissions from oil and
gas development. Over the past two decades, the South Coast Region has made
impressive strides in reducing criteria air pollutant and toxic air contaminant
emissions, and the South Coast Air Basin has enjoyed cleaner air as a result.
Nonetheless, the region still experiences severe non-attainment, especially with
regards to tropospheric ozone and particulate matter concentrations, and only
limited monitoring in close proximity to emitting facilities has been undertaken.
Regional air pollutant concentrations, especially of toxic air contaminants
and particulate matter, have limited relevance to public health assessments,
largely due to the dilution of these air pollutants as they are transported in the
atmosphere away from their sources. Exposures to air pollutants can increase with
closer proximity to an emission source (e.g., active oil development operations).
In order to more accurately understand the composition and magnitude of
exposures to air pollutants emitted from the oil and gas development process,
more community-scale monitoring activities and sufficient baseline environmental
and public health measurements should be undertaken. Community-scaled air
quality monitoring activities should be conducted collaboratively between air
pollution researchers and community members to increase the relevance and
representativeness of the sampling.
• Investigate the emission and toxicological profiles of TACs associated with
oil and gas development. In this case study we examined the toxicological
profiles and emission rates of only four indicator TACs, out of dozens that are
known to be associated with oil and gas development. Investigations of emission
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and toxicological profiles of a larger subset of TACs associated with oil and gas
development should be undertaken.
• Conduct research on emission factors of TACs with no emission factors.
We identified more than 30 compounds known to be TACs that are added to
hydraulic fracturing and acidizing fluids in the SoCAB in the SCAQMD oil and gas
reporting dataset, yet none of them have known emission factors from oil and gas
development processes. Research on the emission factors and the development of
an emission inventory of these compounds should be a priority.
• Require increased air pollutant emission reduction technologies on all
processes and ancillary infrastructure. All oil and gas development in the close
proximity to human populations, especially in the dense urban context should be
required to install air pollutant emission-reduction technologies, including but not
limited to reduced emissions resulting from well completions. Emphasis should be
placed on venting, flaring, and fugitive leakage that emit TACs and ROGs, given
the non-attainment status and high population density of the Los Angeles Basin.
Similar measures can be applied to limit emission of methane to reduce climate
impacts.
• Conduct research on the depth of hydraulic fracturing in relation to usable
aquifers in the Los Angeles Basin, especially those used for drinking water.
Our research indicates that active oil and gas development is occurring in the
same geographic extent as potable aquifers, such as the Coastal Plain aquifer,
which underlies much of the coastal areas of Los Angles and Orange Counties. A
full assessment of depth of fractures and the extent to which fractures intersecting
aquifers in the Los Angeles Basin would inform regulators and the public as to
whether this subsurface pathway presents a risk in this region.
• Conduct research to identify exact locations of water wells, the use of their
water, their geospatial relationship to active and historical oil and gas
development, including that enabled by well stimulation, and potential
for groundwater contamination. Precise locations of water wells throughout
California are not publicly available. As such, it is difficult to conduct accurate
analyses on the potential risks posed by well-stimulation-enabled and other
forms of oil and gas development to water quality used by human populations.
Future research should identify locations of water wells and perform analyses on
potential contamination pathways and potential contamination attributable to oil
and gas development.
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• Implement the recommendations regarding shallow fracturing near
protected groundwater from Volume III, Chapter 5 (San Joaquin Valley Case
Study) should such operations in the Los Angeles Basin continue. Among
these recommendations and should this practice continue in the Los Angeles Basin
we suggest there be special requirements to: 1) control fracturing stimulation
design and reporting, 2) increase groundwater monitoring requirements; and 3)
implement corrective action planning. Additionally, characterization of the base
of the deepest groundwater with less than 10,000 mg/L TDS in the Los Angeles
Basin is needed in some locations.
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5.1. Abstract
This case study discusses the conceivable future of hydraulic fracturing in the San Joaquin
Basin and the potential consequent impacts on water and air resources, public health, and
wildlife and vegetation. The rate of well stimulation in the San Joaquin Basin will likely
continue over the next decade as it has over the last decade. Assessments have estimated
large reserves in existing fields that have been the most productive historically, and the
trends in past and current production patterns are quite likely to continue. In contrast,
development of oil or gas production from source rock appears relatively unlikely.
Additional production in predominantly hydraulically fractured pools can be delivered by
installing new wells in existing fields, and there is sufficient remaining resource in those
pools for production to continue in this manner for at least another decade.
Future oil production will continue to produce water. There are potential opportunities
to reduce the amount of high-quality and low-salinity water consumed by production,
and opportunities for beneficial reuse of the water produced along with the oil. One of
the current methods for produced water disposal from pools with hydraulic fracturing
in the San Joaquin Basin is discharge into evaporation-percolation pits. This presents a
potential risk for contamination of potable groundwater resources and should be phased
out in the future. Some produced water from pools with hydraulic fracturing has also
been disposed of by injection into subsurface reservoirs with ground water resources
that perhaps should not have been exempted from protection. Whether these injections
can continue is currently undergoing review by California regulators. If it is determined
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that the wastewater has been injected into protected groundwater, it is likely some of
the water injected contained constituents due to stimulation that could contaminate the
groundwater resources.
A general concern about hydraulic fracturing is that stimulation chemicals could leak into
the environment, including drinking water wells, via potential subsurface leakage paths.
The main concern identified by this investigation is the application of hydraulic fracturing
at shallow depths in proximity to groundwater in some portions of the San Joaquin
Basin. Most hydraulic fracturing in the San Joaquin Basin occurs shallower than 300 m
(1,000 ft). This means that operators produce hydraulic fractures near the surface that
can present a hazard if there is nearby protected groundwater. Two other concerns also
arise. Reservoirs in the San Joaquin Basin have a high density of existing wells, which may
provide potential pathways for leakage of stimulation fluids into groundwater. In addition,
the density of faults in the San Joaquin Basin indicates that tens of shallow hydraulic
fractures each year may intersect faults that are sufficiently large to potentially extend
to protected groundwater. The presence of oil in close proximity to these faults indicates
that they do not provide a leakage pathway in their natural state. However, it is unknown
to what extent they might become a leakage pathway when intersected by a hydraulic
fracture. No incidents of groundwater contamination due to stimulation have been
found in the San Joaquin Basin to date, but there has also been no targeted monitoring
of groundwater quality, nor have there been specific efforts to determine the extent of
potentially compromised wellbore integrity. It is also noted that if leaks are relatively
small, as can be expected for the majority of leaky wells, they are not easily detectable in
the groundwater, even when dedicated monitoring is conducted.
Regarding potential air contamination, oil and gas production accounts for an appreciable
portion of some air pollutants released in Kern County, but very little data have been
collected to evaluate air emissions from oil and gas wells. Oil and gas production is
the dominant source of hydrogen sulfide (96%) and a major contributor to emissions
of benzene (9%), formaldehyde (26%), hexane (11%), and xylene (14%). Emissions
from production involving well stimulation are a small portion (approximately 20%) of
these emissions, but, for some pollutants, still an appreciable fraction of total emissions
in Kern County (for instance nearly 20% for hydrogen sulfide and greater than 5% for
formaldehyde).
The concentration of air contaminants is larger closer to the source of emissions, so
those in close proximity to production wells could be exposed to higher than average
concentrations. Of the population both within the San Joaquin Valley Air Pollution Control
District and a county with more than one oil and gas field, 21% live within 2 km (1.2 mi.)
of a well for oil and gas production. Of this population, 21% are estimated to be in such
proximity to a hydraulically fractured well, which is 3.4 % of the total population. So, to
the extent exposure to air contaminants from oil and gas wells is a concern, it is a concern
for all wells, not just those that are hydraulically fractured.
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In contrast to air-pollutant emissions, production-related greenhouse pollution per unit of
oil from predominantly hydraulically fractured pools in the San Joaquin Basin is among
the lowest in California. This is because most of the other oil production in the state
involves energy-intensive water and steam injection, for which the energy is provided by
combusting fossil fuels. Inventories indicate the production-related greenhouse pollution
per unit of oil imported to California is also higher than the pollution from oil produced
using hydraulic fracturing in the state. Consequently, a cessation in hydraulic fracturing
could result in an increase in the use of oil produced using methods emitting more
greenhouse pollution per unit of oil.
The viability of most species is inversely related to habitat fragmentation. As
fragmentation increases, the population of a species increasingly consists of isolated
subpopulations. Each of these subpopulations is at greater risk of complete mortality
due to disease, as a consequence of less genetic diversity, or a change in environmental
conditions, as a consequence of inability to migrate or change range. Habitat for wild
species is largely available in some fields in the San Joaquin Basin where well stimulation
is predominant. Additional development may not substantially increase fragmentation in
some of these fields, because it would occur in already densely developed areas, such as in
North and South Belridge. In other fields, such as Elk Hills, additional development would
likely to increase fragmentation, reducing species population viability. At the landscape
scale, there are currently some corridors between and through fields with predominantly
fractured pools in the southwestern San Joaquin Basin that provide migration pathways
between the surrounding areas. The impact of future development in these fields could
be reduced by preventing the elimination of these corridors, such as by best management
practices that would consolidate facilities to retain some percentage (to be tested) of
undisturbed habitat in reserve areas and corridors.
5.2. Introduction
The goal of this case study is to develop an understanding of the risk from future well
stimulation, with an emphasis on hydraulic fracturing, to water and air resources, public
health, and wildlife and vegetation in the San Joaquin Basin. This assessment is conducted
under the assumption that the future characteristics and magnitude of well stimulation are
similar to what has been observed in the previous decade. Section 5.3 provides a summary
of recent well stimulation trends in the San Joaquin Basin, with focus on hydraulic
fracturing, and explains why these trends are expected to hold into the foreseeable future.
Based on this assumption, Sections 5.4, 5.5, and 5.6 provide a brief assessment of the
potential risks from hydraulic fracturing in the San Joaquin Basin to (respectively) water
resources, air, and public health as possible using available sources and data.
Risk is the combination of the probability of an event occurring and the consequence of
that event. This is in contrast to hazard, which only considers potential consequences
without regard to the probability of occurrence. Given these definitions, a hazard may
appear to present a problem, but in reality may have low risk because it is unlikely
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to occur. In the context of this report, risk can include both direct risk from hydraulic
fracturing, such as spills of chemicals used in the process, and indirect risk from the oil
and gas development enabled by hydraulic fracturing, such as air emissions from oil
production from “pools” (geologically continuous zones containing oil) where a high
proportion of wells are hydraulically fractured.
The possibility of hydraulic-fracturing-enabled oil and gas production from the source
rocks of the Monterey Formation is not considered in this case study. Potential risks
related to future source rock production, which is a highly uncertain scenario (see
discussion in Volume I, Chapter 4), are considered in the Monterey Formation Case Study,
provided in Chapter 3 in this volume.
The San Joaquin Basin Case Study focuses exclusively on hydraulic fracturing. Matrix
acidizing and acid fracturing are not considered. No comprehensive data on the use of
acid is available for the San Joaquin Basin, but existing data indicates that (1) operators
use matrix acidizing one tenth as often as hydraulic fracturing, and (2) acid fracturing
is hardly ever used and unlikely in the future, because it is not effective in the geologic
conditions of the Basin.
5.3. Past and Future Oil and Gas Development Using Hydraulic Fracturing
This case study evaluates specific risks to water, air and public health associated with
continued well stimulation in the San Joaquin Basin. The risks that may occur in the
future will depend on how production in the basin develops. This section reviews
well stimulation trends in the San Joaquin Basin during the last decade and defines a
reasonable scenario of hydraulic-fracturing-enabled production over the next decade. This
scenario forms the basis of the risk assessment.
Over 320 million m3 (2 billion barrels) of oil were produced from the San Joaquin Basin
between 2002 and 2014. This was more than three quarters of the oil produced in
California during this period. A fifth of the oil produced in the San Joaquin Basin was
from the predominantly hydraulically fractured pools in the four fields where 85% of the
hydraulic fracturing occurs in the state: North and South Belridge, Elk Hills, and Lost
Hills. Tennyson et al. (2012) assessed potential additional oil recovery from nine of the
historically most productive oil fields in the San Joaquin Basin, indicated in Figure 5.31. These include the four fields mentioned where most hydraulic fracturing occurs. The
results of the assessment indicated that 200 to 730 million m3 (1.3 to 4.6 billion barrels
(bbl)) with a mean of 410 million m3 (2.6 billion bbl) of additional oil could be produced
from these predominantly hydraulically fractured pools in the four main fields. Based on
the estimated reserves and the production rates over the last decade, oil production from
these pools could continue for another several decades to a century.
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Figure 5.3-1. Oil fields assessed by Tennyson et al. (2012) for the remaining recoverable volume of oil.

The predominantly hydraulically fractured pools in the North and South Belridge fields,
and in the Lost Hills field, consist of intervals of biogenic Opal A, a type of rock formed
of the tests (skeletons) made of silica from single celled marine organisms, and Opal A
diatomite recrystallized to Opal CT (cristobalite and tridymite) and quartz-phase, due
to increased temperature and pressure resulting from deeper burial. The predominant
hydraulically fractured pools in the Elk Hills field consist of sands, discussed further below.
Development of oil production from most of these reservoirs in California depends on
hydraulic fracturing followed by waterflood, steam injection, or cyclic steam injection.
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As such, the well stimulation within these reservoirs is different from that used in other
parts of the country to develop oil and gas production from shale. In addition, about
half of hydraulic fracturing in the San Joaquin Basin is shallower than 300 m (1,000 ft),
which is shallower than hydraulic fracturing common in elsewhere in the country where it
generally occurs at depths greater than 1,000 m (3,300 ft).
The number of hydraulic fracturing operations in the Elk Hills field each year is similar
to the number in each of the North Belridge and Lost Hills fields (an operation consists
of all the hydraulic fracturing stages occurring in a well with a relatively short time
period, typically less than one week). Most of the Elks Hills operations occur in the Upper
(Undifferentiated) pool, which includes the Scalez, Mulinia, Bittium, Wilhelm, Gusher,
Calitroleum, and Olig sands in the San Joaquin, Etchegoin and Reef Ridge Formations
(Division of Oil, Gas, and Geothermal Resources (DOGGR), 1998).
In addition to the prevalence of hydraulic fracturing in some pools in these fields,
there are a number of other pools in the San Joaquin Basin where most of the wells are
hydraulically fractured, as shown on Figure 5.3-2. Altogether, hydraulic fracturing in the
San Joaquin Basin accounts for over 95% of hydraulic fracturing operations in California
(Volume 1, Chapter 3).
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Figure 5.3-2. Oil fields containing one or more pools with where hydraulic fracturing has been
conducted. “Predominant” indicates a field with at least one pool where most to all wells are
estimated to have been hydraulically fractured.

Below, past and current production patterns in two fields are examined to substantiate the
assessment of how hydraulic-fracturing-enabled production may continue over the next
decade. Taking Lost Hills as the first example, Figure 5.3-3 shows the location of wells open
to each of the two pools where hydraulic fracturing is prevalent in this field. The areal extents
of the Etchegoin and Cahn pools overlap near the middle of the Lost Hills field. The Etchegoin
pool consists of biogenic Opal A and recrystallized Opal CT diatomite, and the deeper Cahn
pool consists of opal CT and quartz-phase developed from deeper burial of diatomite.
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Figure 5.3-3. The location of wells open to the two pools in the Lost Hills field where most to all
wells are estimated to have been hydraulically fractured. See Figure 5.3-2 for location.

Figure 5.3-4 shows the development of the Etchegoin pool in the Lost Hills field through
time. There were almost no wells in this pool in 1977. Development proceeded steadily
through 1989, at which time there was a grouping of oil production wells in one portion
of the pool, but few injection wells for secondary recovery (water flooding). Through
1996, both the area with oil wells and the density of oil wells increased. Waterflood
injection wells were also installed throughout the area with oil wells. In 1996, the eastwest orientation of the northern edge of development, in combination with the sharp
northwest and northeast corners of the developed area, suggests that development
stopped at a survey boundary rather than a geologic boundary.
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Figure 5.3-4. Wells in operation in the Etchegoin pool of the Lost Hills field in different years.
Most to all of the wells shown have been hydraulically fractured.

By 2006, the dense development with oil production and waterflood wells in the southern
portion of the pool shown in Figure 5.3-4 had extended further to the north. The curved
northern margin of this development at this time suggests it stopped at a geologic rather
than legal boundary. This is further suggested by the persistence of this development
area boundary in that location through 2014. However, as of 2014, oil wells had been
installed in two new areas of the pool to the northwest of the area of dense development
at its southern extent. These consisted primarily of a mix of production wells and cyclic
steam wells (through which steam injection alternates with oil production). The southern
terminus of the northernmost pattern of oil and gas wells at this time is again east-west
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oriented, with sharp southwest and southeast corners, suggesting a survey rather than
a geologic boundary. This in turn may suggest that development could continue to the
southeast in the future.
Figure 5.3-5 shows the development of the deeper Cahn pool. A few oil wells were
in operation in this pool in 1977. Development through 1986 consisted primarily of
extending the productive area by installing oil wells. No injection wells were yet in
operation. Through 1995, further development consisted primarily of increasing the well
density in some areas and starting operation of some waterflood wells in those areas. The
abrupt southern margin of the area of increased well density at that time suggested a lease
rather than geologic boundary. This in turn indicates an increase in well density to the
south could be productive.

a) 1977

b) 1986

c) 1995

d) 2004

Figure 5.3-6
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Figure 5.3-5. Wells in operation in the Cahn pool of the Lost Hills field in different years. Most
to all of the wells shown have been hydraulically fractured.
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By 2014, the well field in the Cahn pool had been extended north, with a relatively abrupt
boundary at a highway suggesting a lease rather than geologic boundary. This abrupt
boundary suggests further development to the north could be productive. In addition,
far more injector wells were in operation for water flooding in the areas of greater well
density.
In order to gain more quantitative insight into the likelihood and opportunity for further
oil development utilizing hydraulic fracturing, past production was assessed from a region
of the Cahn pool with wells in adjacent leases, as indicated by the box marked Figure 5.36 in Figure 5.3-5d. To provide an estimate of the productive area for each lease, the area
closest to each well was assigned to the lease occupied by that well. Then, all the areas
assigned to a lease were aggregated. Leases with aggregated areas relatively constrained
to within the productive area of the pool were selected for study. The aggregated areas for
these leases are shown in Figure 5.3-6.
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Figure 5.3-6. Lease study area in the Cahn pool of the Lost Hills field. See Figure 5.3-5d for
location of figure relative to the entire Cahn pool.

The amount of oil and gas production from 1977 through May 2014 in each lease
was summed from DOGGR’s production database. Produced gas was converted to oil
equivalent energy assuming 1,070 m3 of gas per m3 of oil (6,000 cubic feet/bbl), and the
result was summed with the oil produced. This was divided by the aggregate area for each
lease and the number of calendar years during which production occurred, to provide
average equivalent oil energy produced per unit area per year in each lease. The average
density of wells operating in 2013 in each lease was computed. Figure 5.3-7 shows
production per area per year plotted against the well density for each lease.
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Figure 5.3-7. Scatter Plot depicting the relationship between annual equivalent oil production
per area and well density across the study leases in the Cahn pool of the Lost Hills field. See

Figure 5.3-6 for location of study leases. The dashed line indicates a least-squares regression
line based upon the leases producing energy mostly as oil, with calculated coefficient of
determination of r2 = 0.8489.

Figure 5.3-7 shows how the average annual production per area is related to the well
density for leases where production of energy is oil dominated. The regression line is
based only on leases producing energy mostly as oil, because the energy density of gas
per unit volume is substantially less. The scatter plot indicates that increasing well density
by a factor of ten increases production per area per year by about a factor of ten. The
pattern in the scatter plot extends to the highest well densities in Figure 5.3-7, suggesting
that even at the closest spacing, production from one well is not likely interfering with
production from adjacent wells. The average well spacing in the densest lease is about 75
m (250 ft). This is more than two times the average horizontal fracture length reported
by hydraulic fracturing operators to the California Division of Oil, Gas, and Geothermal
Resources (DOGGR; Volume II, Chapter 2), further indicating limited well interference.
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The results in Figure 5.3-7 are consistent with the finding of Tennyson et al. (2012) that
a considerable volume of oil can yet be produced from the assessed fields. Figure 5.3-5
suggests development over most of the Cahn pool has not progressed from the initial well
pattern to infill drilling. Figure 5.3-4 indicates further increases in well density in the
northern part of the Etchegoin pool are supportable. Consequently, there is opportunity
for installing additional wells across both of these pools. This is further supported by the
animation of wells in operation each year in the Cahn pool in Appendix 5.A.
The historical development of oil production in the smaller pools where most (to all)
wells are estimated to have been hydraulically fractured (Volume I, Appendix N) provides
further support and insight regarding how development will continue in the future.
Figure 5.3-8 shows the wells in operation in the Pyramid Hill-Vedder pool of the Main
area in the Mount Poso field. In the earlier period, production was from an initial pattern
of wells enhanced with intervening steam flooding along the margins and cyclic steam
focused on the Vedder portion of the pool. In the later period, production had shifted to
the eastern portion of the pool with considerable infill well installation, cessation of most
cyclic steaming and half of the steam flooding along that margin, and initiation of water
flooding in the Pyramid Hill portion of the pool. This suggests water flooding may be
initiated progressively to the south in the future, along with further infill installation of
hydraulically fractured wells.
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Figure 5.3-8. Wells in operation in the Pyramid Hill-Vedder pool of the Mount Poso field in
different years. Most to all of the wells shown have been hydraulically fractured.

The three examples above indicate that additional production involving hydraulic
fracturing can be achieved in part by installing additional wells in the existing fields,
thereby increasing well density. More broadly, the baseline scenario assumed in this
chapter is that the rate of well stimulation in the San Joaquin Basin will continue over
the next decade as it has over the last decade, unless there is a substantial change in
economic conditions. This assumption is based on (1) the large reserve estimates for
existing fields that have been the most productive historically (Tennyson et al., 2012),
(2) the analysis of trends in past and current production patterns in selected fields, and
(3) the small likelihood of substantial, if any, development of oil or gas production from
deeper shale source rock (Volume I, Chapter 4). In predominately hydraulically fractured
pools, additional oil reserves and recovery in existing fields may be achieved with (a)
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infill well development, (b) the addition of new reservoir intervals to well completions, or
(c) development area extensions (e.g., down the flanks into poorer quality rock). There
is likely sufficient remaining resource in those pools for production to continue in this
manner for several decades.
Given this continuation, the future risk of production enabled by hydraulic fracturing is
likely to be similar to the present risk. The remainder of this case study primarily assesses
this present risk.
5.4. Potential Risk to Water
Hydraulic fracturing can create risks to water supplies owing to competing demand
for freshwater, and risks to water quality owing to potential releases of stimulation
constituents, degradation products, mobilized natural constituents, and natural
constituents in water associated with oil. Well stimulation requires water for making
stimulation fluids. In some pools in the San Joaquin Basin, waterflooding or enhanced oil
recovery (EOR) with steam is used after wells are hydraulically fractured, which requires
additional water. (Such injection can push oil and/or, in the case of steam, reduce the
viscosity of the oil, both of which results in more oil production.)
Hazards associated with well stimulation include degradation of water resources through
the potential release of produced water (water that is produced along with oil and gas)
that would not otherwise occur, as well as the potential release of well stimulation
constituents via various potential release pathways. The potential pathways considered
here are discharges of produced water to evaporation-percolation pits, disposal of
produced water via injection into protected groundwater, beneficial reuse of produced
water containing hazardous concentrations of stimulation constituents, and release of
well stimulation constituents to groundwater via induced fractures, faults, and wells. In
terms of potential subsurface pathways, the focus of this case study of the San Joaquin
Basin is on induced fractures, wells, and faults. For the following reasons, the risk of
leakage via natural fractures is judged to be lower than the other hazards considered in
this report, and so is not further assessed. Natural fractures intersecting oil accumulations
are not leakage pathways in their natural state, as evidenced by the presence of trapped
oil. Natural fractures tend to be short relative to the distance between oil accumulations
and protected groundwater, making them unlikely pathways even if a hydraulic fracture
intersection props them open.
Some of these pathways also create risk to receptors other than water. For instance, a
well blowout can release fluids to the surface that affect people, animals, and plants
directly, rather than just through ingesting water contaminated with constituents used
in stimulation that leak from the hydrocarbon-bearing zone into groundwater. (Note
that this particular example is rare, in part because standard drilling and completion
techniques require the use of a blowout preventer.)

281

Chapter 5: San Joaquin Basin Case Study

5.4.1 Water Demand
Water used for making hydraulic fracturing fluids in the San Joaquin Basin is almost
entirely high quality, meaning suitable for domestic or irrigation use (Volume II, Chapter
2). Therefore, one of the potential risks to public water availability is that the water
demand for hydraulic fracturing could reduce valuable resources for other water uses. In
some areas, produced water is treated, for example by reverse osmosis (RO), and then
re-used for oil and gas operations, domestic purposes, or irrigation. Re-use of produced
water is discussed in Section 5.4.2 below.
Some of the production enabled by hydraulic fracturing also uses “freshwater,” as coded
in DOGGR records, for enhanced oil recovery (EOR), such as for water and steam flooding
and cyclic steaming. Freshwater in this context in California is defined by DOGGR as
water having less than 3,000 mg/L total dissolved solids (TDS) (Walker, 2011). This
appears to reflect State Water Resources Control Board Resolution 88-63, as revised by
Resolution 2006-0008, which defines water suitable, or potentially suitable, for domestic
or municipal supply as, in part, water with less than 3,000 mg/L TDS.
The majority of solids dissolved in groundwater are generally salts. In other words, the
water quality metric “total dissolved solids” is often equivalent to “salinity.” Water with
low TDS has low salinity; water with high TDS has high salinity. In general, water with
salinities exceeding 1,000 mg/L TDS is not considered suitable for drinking (Cal. Cod.
Reg. § 64449) or for irrigating many crops, and so in this chapter, water with less than
3,000 mg/L TDS is referred to as low salinity rather than freshwater. Some portion of
the water coded as low-salinity in DOGGR’s injection database may be high quality (i.e.,
appropriate for domestic or irrigation use), but DOGGR’s injection database does not make
this distinction.
The use and potential use of low-salinity water in 2013 for EOR in hydraulic-fracturingenabled production is broken out by pool in Table 5.4-1. This consists of water listed in
DOGGR’s injection database as coming from sources other than an oil and gas well or the
ocean, and consisting of other than salt water.
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Table 5.4-1. Use and potential use of low-salinity water for EOR in 2013 in pools where most
to all wells are hydraulically fractured. “Other” source is a designation in DOGGR’s injection
database. “Unknown” refers to water whose source code is not available in the database.

“Maybe” low salinity includes water coded as c: “combined with chemicals”, a: “another kind”
beside salt, fresh, or with chemicals, and u: uncoded.

Water volume

Area

Pool

Source

Low
salinity

m

Belridge, North

Any

Diatomite

Other

Maybe-a

22,600

142,075

Elk Hills

Any

Stevens (31S)

Unknown

Maybe-u

368,000

2,314,947

Elk Hills

Any

Stevens (31S)

Water well

Maybe-u

39,100

245,752

Elk Hills

Any

Stevens (31S)

Water well

Yes

1,820,000

11,475,680

Elk Hills

Any

Stevens (31S)

Other

Maybe-a

95,800

602,296

Lost Hills

Any

Cahn

Other

Maybe-a

37,000

232,910

Lost Hills

Any

Etchegoin

Unknown

Maybe-c

2,210,000

13,887,373

Field

3

bbl

Lost Hills

Any

Etchegoin

Other

Maybe-a

8,460

53,235

Mount Poso

Main

Pyramid Hill-Vedder

Unknown

Maybe-u

104,000

654,535

4,710,000

29,608,803

Total

Table 5.4-1 indicates that the 1.8 million m3 (11.5 million bbl) of water from a
groundwater well in one of the Elk Hills pool was definitely low-salinity and supplied to
a pool with hydraulic-fracture-enabled production for EOR in 2013. For comparison, 13.4
million m3 (84.3 million bbl) of such low-salinity water was used for EOR in all fields in
the San Joaquin Basin in 2013. So 14% of the total volume of low-salinity water used for
EOR in the Basin was used in pools where most to all wells are hydraulically fractured.
This is less than the 22% of oil production in the San Joaquin Basin enabled by hydraulic
fracturing (Volume II, Chapter 3). As obvious from Table 5.4-1, there are many entries
with “Other” and “Maybe” classification, meaning that the water sources of several pools
are unknown and could potentially be from high-quality water supplies.
The question arises whether the use of groundwater pumping for oil and gas production
enabled by hydraulic fracturing has adversely affected groundwater levels. California’s
GeoTracker GAMA (Groundwater Ambient Monitoring & Assessment) provides access
to water level data (http://geotracker.waterboards.ca.gov/gama/). There are no data
for wells within the Elk Hills field to judge if pumping of low-salinity water in the area
for EOR use in a hydraulic-fracture-enabled production pool has caused groundwater
levels to decline. There is a cluster of monitoring wells in McKittrick to the east (Well ID
L10008917084). Average annual water levels in these wells varied by two feet during the
period covered (2006 to 2014). Levels declined in most wells and rose in some. The level
in one well in Dustin Acres just south of the field rose 8 feet from 2001 through 2009 (ID
31S24E28Q002M), and rose by a few feet from 2000 through 2014 in another well in
the area (ID 31S24E28B001M). Levels in three wells just east of the field near the Buena
Vista Golf course varied by a couple feet or less from 2003 to 2009 (IDs 31S24E13P064M,
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31S24E13K061M, 31S24E13J062M). Levels in the closest wells just north of the field have
declined by more than 30 feet (ID 30S24E14M002M) and 20 feet (ID 30S24E06B002M)
from 2011 to 2014.
The two wells north of the field with large water-level declines are in an area used for
agriculture, while the wells to the west, south, and east with relatively stable water levels
are not. This suggests that activities in the Elk Hills field are not affecting water levels in
the surrounding shallow aquifers screened by these wells, but rather levels are more likely
declining to the north due to groundwater withdrawal for irrigation during the drought.
Table 5.4-2 provides estimates of the total annual demand for low-salinity water in the
San Joaquin Basin, which is the sum of demand for hydraulic fracturing fluids and for
EOR in hydraulic fracturing-enabled production (modified from Volume II, Chapter 2,
to account for only hydraulic fracturing and enabled EOR in the Basin). Note that only
the demand that is coded as definitely low-salinity water supplied to the pool from Table
5.4-1 is shown in Table 5.4-2. In total, this demand is less than a thousandth of a percent
of the high-quality water usage in the water resource Planning Areas in the San Joaquin
Basin where hydraulic fracturing occurs, and is less than 0.2% in any individual Planning
Area (total water use in each Planning Area from Department of Water Resources (2014)).
Table 5.4-2. The estimated annual volume of high-quality water demand for hydraulic

fracturing and low-salinity water demand for hydraulic-fracturing-enabled EOR by water
resources planning area in 2013.

Estimated annual
hydraulic fracturing
Planning Area

Annual
supply for
enabled
EOR (m³)

Estimated annual
water use

% of water
use in
Planning
Area

Operations

Water
demand
(m3)

Semitropic (Kern)

1,600

850,000

2,700,000

2,200

0.17

Kern Delta (Kern)

4

2,100

2,100

1.7

0.00011

Kern Valley Floor (Kern, Tulare)

34

18,000

18,000

15

0.0017

Uplands (Fresno, Tulare, Kern)

18

9,500

9,500

7.7

0.015

Western Uplands (San Benito,
Fresno, Kings, Kern)

6

2,900

2,900

2.4

0.1

San Luis West Side (Fresno,
Kings)

1

270

270

0.22

0.000017

Lower Kings-Tulare (Fresno,
Kings)

1

740

740

0.6

0.00003

1,700

880,000

3,000,000

2,500

0.0057

Total

1,800,000

2,000,000

(m³)

(acrefeet)

Table 5.4-2 shows that the volume of low-salinity water supplied to fields for hydraulicfracturing-enabled EOR in the Semitropic Planning Area is about two times the volume
of high-quality water needed for making hydraulic fracturing fluids in this area. Taking
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the total volume of potential low-salinity water supplied to fields for hydraulic-fracturingenabled EOR (i.e., 4,710,000 m3, or 29.6 million bbl in Table 5.4-1) and comparing it to
the total water demand for making hydraulic fracturing fluids in Table 5.4-2 (880,000
m3, or 5.5 million bbl) gives a factor of roughly five. In other words, in the San Joaquin
Basin, EOR enabled by hydraulic fracturing requires a larger volume of supplied lowsalinity water than the actual stimulation requires high-quality water. While altogether the
hydraulic fracturing-related demand in the Semitropic planning area is small relative to all
demand, it occurs in an area of constrained supply.
As suggested in Section 5.4.2 below, it may be possible to reduce the use of highquality water in hydraulic fracturing fluids by using brines higher in TDS, such as those
available from produced water (Lebas et al., 2013; Kakadjian et al., 2013). However, it
is not clear that the economic benefits would justify the cost in the San Joaquin Basin.
Unlike in basins elsewhere in the country where hydraulic fracturing is conducted in, or
near, source rock, and where there is typically less availability of pipeline infrastructure,
hydraulic fracturing in California is conducted in migrated oil accumulations in fields
with produced water pipelines to every well, and to nearby water supply pipelines.
Consequently, water transport to and from the site is much less expensive than the longer
distance transportation by truck common in production from source rock elsewhere.
5.4.2. Water Demand Reduction and Supply Increase
Oil production does not just use water; it also produces water along with the oil. There
are potential opportunities to reduce the amount of water consumed by oil production and
opportunities for beneficial reuse of the water produced along with the oil.
The volume of water produced with oil is more than ten times the volume of oil produced
in California. For instance, DOGGR’s production database indicates over 500 million m3
(3 billion bbl) of water were produced along with over 30 million m3 (200 million bbl) of
oil in 2013, which is a ratio of 16 to 1. A total of 40% of this produced water is used for
water flooding, steam flooding, and cyclic steam injection. The remainder of this water is
disposed of via other means, mostly via subsurface injection into disposal wells.
At the same time, as indicated in the previous section, the largest demand for low-salinity
water in hydraulic-fracturing-enabled production is not for making fracturing fluids,
but rather for EOR. The source of this water is either low-salinity water produced along
with oil within the field, or is supplied from other sources. Figure 5.4-1 shows the lowsalinity supplied water for EOR in hydraulic-fracturing-enabled production, along with the
amount of low-salinity produced water that is disposed of by injection in each field. More
low-salinity produced water could be used to satisfy the water demand in other fields,
thereby reducing the need for supply of potential high-quality water that could otherwise
be used for municipal supplies or irrigation. After adequate treatment, such water is
suitable for any domestic or irrigation use. If treatment with reverse osmosis (RO) is used,
the higher-concentration brines that are generated as a waste fluid after RO treatment can
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be injected into disposal wells. The volume of this brine would be only a fraction of the
total produced water volume, reducing impacts associated with injection wells.

Lost
Hills

Mount
Poso

Elk
Hills

Low-salinity water demand for
enabled EOR (million m3 [bbl])

Low-salinity water
disposed of by injection
(million m3 [bbl])

0.1 (0.66)

None or <0.02 (0.131)

2.3 (14.2 to 14.6)

0.02 to 0.1 (0.131 to 0.629)
>0.1 to 0.3 (>0.63 to 1.89)

Hydraulic fracturing in field
Yes

>0.3 to 0.9 (>1.89 to 5.66)

No

>0.9 to 2.7 (>5.66 to 17.0)
>2.7 to 11.2 (>17.0 to 70.6)

±
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Figure 5.4-1. Produced low-salinity water disposed by injection in each field along with
hydraulic fracture-enabled EOR demand for supplied low-salinity water in 2013

As an example, in the Elk Hills field, 1.1 million m3 (7.0 million bbl) of low-salinity water
was disposed of by injection in 2013. This was about half of the demand for low-salinity
water of approximately 2.3 million m3 (14.5 million bbl) supplied from outside oil and
gas reservoirs for EOR in hydraulic-fracture-enabled pools. The simultaneous demand
for supply of low-salinity water and disposal of low-salinity produced water in the same
field may be because the quality of the low-salinity water that is disposed by injection is
not sufficient for the EOR. If this is the case, it should be possible to treat the low-salinity
water disposed of in Elk Hills so that it can instead be used for EOR. There is also lowsalinity water disposed of in nearby fields that may be of sufficient quality to displace
some of the demand for this water in Elk Hills.
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The volume of low-salinity water disposed by injection in the Mount Poso field is much
greater than demanded from supplies for EOR in the hydraulic-fracture-enabled pool.
Again, this may result from a quality mismatch within the field. If so, and it is not practical
to improve the water sufficiently with treatment, there is also a considerable amount of
low-salinity water disposed by injection in surrounding fields that may be of sufficient
quality for this use.
More generally, the total amount of low-salinity water disposed of by injection as shown
in Figure 5.4-1 was 18.0 million m3 (131 million bbl) in 2013. This is sufficient to meet
the entire 2013 EOR demand for low-salinity water supply to fields of 13.4 million m3
(84.3 million bbl), if the location and quality of sources can be matched to the location
and quality of demand. If this were done, there would still be about 5 million m3 (31
million bbl, 4,000 acre feet) of disposed low-salinity water that could be directed to other
beneficial uses. However, because this water is presumably produced in the field in which
it is disposed, and all the fields where larger volumes of this water are disposed also have
a record of hydraulic fracturing, care would have to be taken to assure that the quality
of the water is suitable for the beneficial use. Some perspective on this is offered below
regarding use of this water for irrigation, for instance.
There may be additional low-salinity water resource opportunities in the San Joaquin
Basin oil fields, because the quality of the water produced in each field is not coded in
DOGGR’s data, only the quality of the water disposed of by injection. Consequently, there
may be low-salinity produced water disposed of by means other than injection, such as by
percolation in unlined pits.
The disposal of low-salinity water suggests a detailed analysis of the spatial relationship
and water quality between sources of this water and the location of supplied low-salinity
water used for EOR would be useful. This could determine if the disposed water is suitable
for EOR, or can be economically treated to make it suitable, and if it could economically
be transferred to where it is needed for EOR. To the extent that this type of beneficial
reuse could occur, it would reduce the demand for low-salinity water from sources outside
oil pools. This would in turn make more water available for other uses in the San Joaquin
Basin.
5.4.3. Produced Water Disposal
As discussed in Volume II, Chapter 2, there are various mechanisms by which produced
water disposal can potentially degrade the quality of waters otherwise suitable for use,
particularly groundwater. The risk from the two main methods of disposal of produced
water from predominantly hydraulically fractured pools, percolation pits and injection,
as well as from beneficial reuse of water at the surface from pools with some hydraulic
fracturing, is discussed below.
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5.4.3.1. Disposal to Percolation Pits
Hydraulic fracturing chemicals in the produced water may contaminate potable water
supplies if not handled appropriately. According to DOGGR’s production database, one
of the methods currently used for produced water disposal in the San Joaquin Basin
is discharge into evaporation-percolation pits (Volume I, Appendix N). These facilities
vary from single, unlined pits to large complexes consisting of multiple pits. In the
large complexes, the produced water enters smaller pits that provide for floatation and
skimming of any remaining undissolved oil, with the water then flowing on to larger pits
for evaporation and percolation. In practice, the year-round flow of water to these pits
indicates most of it percolates, because evaporation rates in the winter are low. Figure
5.4-2 shows the location of percolation pits in the San Joaquin Basin relative to the
minimum concentration of TDS in groundwater in 5 km by 5 km (3 mi. by 3 mi.) square
areas. Most of the TDS data are from water supply wells. Consequently, the percolation of
produced water into the shallow subsurface is a potential risk for contamination of potable
groundwater resources.
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Figure 5.4-2. Minimum total dissolved solids concentration from GeoTracker GAMA1 in 5 km by
5 km (3 mi.by 3 mi.) square areas in the southern San Joaquin Basin as of October 14, 2014,

with the location of and location of percolation pits used for produced water disposal2 overlain.

Table 5.4-3 provides the estimated number of hydraulic fracturing operations per year
per pool in fields with more than 100 operations in total, and the percentage of produced
water from each pool discharged to evaporation-percolation pits for disposal in 2013. The
percentage of water from several of these pools discharged to pits is high. An important
caveat, noted in Volume II, Chapter 2, is that some operators have communicated they
no longer dispose of the water they produce in these fields in evaporation-percolation

1. http://geotracker.waterboards.ca.gov/gama/
2. http://www.waterboards.ca.gov/rwqcb5/water_issues/oil_fields/information/disposal_ponds/2015_0415_prod_pond_list.pdf
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pits, but rather they dispose of the water by injection. The analysis in Table 5.4-3 is
based upon the publicly available data, which in part is contradicted by the information
communicated by some operators. The analysis below also assumes all the produced water
from hydraulically fractured wells fully commingles with all the produced water from a
field, and so is not specific to the method of disposal. This is because treatment of water
produced in most fields is typically handled in central facilities, leading to the assumption
that all the produced water from the stimulated pools is commingled with produced water
from the entire field. For simplicity, the return of fracturing chemicals in produced water
is also assumed constant, which is supported by the large number of hydraulic fracturing
operations per month in the pools shown in Table 5.4-3.
Table 5.4-3. Estimated number of hydraulic fracturing operations per year per pool in fields

with more than 100 estimated operations, and percentage of produced water from those pools
discharged to evaporation-percolation pits for disposal in 2013.

Field

Pool

Estimated # of
fracturing operations
per year

% of produced
water discharged
to evaporationpercolation pond(s)

Belridge, North

Diatomite

139

83%

Belridge, South

Diatomite

996

90%

Monterey (Undifferentiated)

1

0%

Stevens (31S)

26

99%

Upper (Undifferentiated)

129

98%

Carneros

6

97%

Etchegoin

179

59%

Cahn

33

22%

Antelope/McDonald

1

0%

Elk Hills

Lost Hills

Table 5.4-4 gives the estimated number of, and water volume used for, hydraulic
fracturing operations per year in the four fields with the greatest number of operations.
The estimated water volume for the hydraulic fracturing operations results from
multiplying the estimated number of operations per year with the average water volume
used for operations in that field from Volume I, Appendix O. As described in Volume II,
Chapter 2, most stimulation-fluid returns are commingled and co-managed with water
from the oil reservoir as produced water, so Table 5.4-4 also shows the water volume
produced from each field in 2013. Finally, the table gives a dilution factor, calculated
for each field as the ratio of the total produced water divided by the total water used for
hydraulic fracturing. This “dilution” assumes as a conservative estimate that the entire
volume of hydraulic fracturing fluid returns in the produced water.
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Table 5.4-4. Estimated number of hydraulic fracturing operations and volume of water used per

year per field with more than 100 estimated operations, water volume produced from each field
in 2013, and dilution factor.

Estimated fracturing operations
per year
Field
#

Water produced in 2013

(m3)

(bbl)

Dilution factor
(produced
water/water for
fracturing)

334,000

4,350,000

27,337,084

82

Water volume
(m3)

(bbl)

53,100

Belridge, North

139

Belridge, South

997

347,000

2,180,000

49,300,000

310,278,910

140

Elk Hills

161

108,000

678,000

24,800,000

156,108,579

230

Lost Hills

213

107,000

675,000

21,100,000

132,840,719

200

The amount of each hydraulic fracturing fluid constituent, degradation product, and
mobilized natural constituent subsequently produced with the water, oil, and gas from
a well is not known in the San Joaquin Basin, because it is not reported in available
databases, nor has it been determined from produced water analysis. In the absence
of this information, the potential upper-limit concentration of each constituent in the
produced water, excluding proppants, was estimated to provide some perspective on the
potential risks (excluding proppant). The calculated total mass of each constituent injected
was divided by the produced water mass for the field. This resulted in an approximate
upper bound concentration of hydraulic fracturing fluid constituents in the produced
water in each field as a whole, which are available in Appendix 5.B. The concentrations of
degradation products and natural constituents mobilized by stimulation are obviously not
considered in this first-order estimate approach.
The average mass of each chemical used recently in stimulations in the fields listed in
Table 5.44 was calculated from the chemical dataset assembled from FracFocus (Volume
II, Chapter 2). For each field, the mean mass of each constituent per record in the
database was multiplied by the number of records in the database for that constituent,
divided by the number of hydraulic fracturing operations in the database, to provide the
mean mass per hydraulic fracturing operation. This accounted for the occurrence of more
than one record for some constituents for some operations, such as if the same constituent
was a component of more than one additive mixture. The mean mass per operation was
multiplied by the estimated number of operations per year in Table 5.4-3, to provide the
total estimated mass of each chemical injected per year.
The concentrations resulting from this approach are termed “potential upper-limit,” for
a number of reasons. The approach overestimates the concentration for constituents that
react with each other or the water or rock in the reservoir, or are adsorbed onto the rock.
It overestimates the concentration for constituents that are removed, in whole or part,
by oil-water-gas separators and subsequent treatment systems. It may overestimate the
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concentration due to dilution with produced water from other fields disposed to the same
percolation and evaporation pond. It overestimates or underestimates the concentration
at any given time by assuming a uniform return of constituents with the produced
water. The concentrations are highest when production begins after stimulation. It may
underestimate concentrations in some produced water by erroneously assuming all
produced water in a field is commingled, such as because there is more than one operator
in a field, each with its own treatment plant.
With regard to concentration overestimation due to interaction with (including adsorption
on) reservoir rock minerals, this seems likely to be less in California than other parts of
the country. Fracturing fluids in California typically have the highest viscosity of fracturing
fluid formulations available, and fracturing operations in California are designed to
produce simple, bi-wing fractures with apertures at the largest end of the range for
hydraulic fractures. Consequently, it is likely there is less interaction between hydraulic
fracturing fluid and reservoir rock in California than elsewhere in the country on average,
and consequently a higher fraction of the hydraulic fracturing fluid constituent mass
returns in water produced after the hydraulic fracturing operation.
Figure 5.4-3 compares the potential upper limit concentrations in produced water to
concentrations that are acutely toxic to half the individuals of three aquatic species during
a two- to four-day exposure. Measures of these acutely toxic concentrations are only
available for about a fourth to a third of the constituents for each of the three species, and
only about two fifths of the constituents for one or more species.
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Figure 5.4-3. Comparison of potential hydraulic fracturing fluid constituent upper limit

concentrations in produced water from the North and South Belridge, Elk Hills, and Lost Hills

fields to the concentrations that are acutely toxic to more than half the individuals of a species
during a two to four day exposure. Potential acutely toxic concentrations occur above the
dashed line. See text for explanation of the symbol colors.

Some potential upper limit concentrations are acutely toxic to half the individuals of
one or more of the three aquatic species. These concentrations consist of hydrochloric
acid, hydrotreated light petroleum distillate, ethoxylated isotridecanol, and ethoxylated
C14-C15 alcohols. Of these, hydrochloric acid almost certainly would not occur at a toxic
concentration, because it would be neutralized by reactions with rock during stimulation.
The concentrations of hydrotreated light petroleum distillate would likely be lower in
the treatment plant effluent from a field, because it has low solubility. Consequently, it
may be removed along with other hydrocarbon phases during oil-gas-water separation
and subsequent water treatment. However, this may not occur, depending upon the
interaction between this constituent and surfactants also typically added to hydraulic
fracturing fluids. The ethoxylated constituents are miscible with water and not obviously
reactive with rock, so these may occur at the potential upper-limit concentrations shown.

293

Chapter 5: San Joaquin Basin Case Study

Assessing which, if any, concentrations have acute or chronic effects on terrestrial animals
is more difficult. Acute toxicity measurements are available for rats, mice, or rabbits
for many of the constituents. These measurements consist of a dose per body weight.
Consequently, they are not readily comparable to potential upper-limit concentrations.
Regulatory agencies manage the deleterious health effects of water contamination for
humans by proscribing maximum allowable concentrations of a contaminant, and a
desirable concentration goal. The maximum allowable concentration is usually based
upon limiting chronic health conditions, such as cancer, that some portion of individuals
(such as one out of a million) will experience if they consume the water for a lifetime. In
contrast, the desirable concentration goal is that at which no individuals are expected to
experience health effects.
Agencies have established the maximum allowable concentration for only one of
the hydraulic fracturing constituents disclosed (acrylamide), and a component of
only one other has a concentration goal set by regulation (chloride). The Office of
Environmental Health Hazard Assessment (OEHHA) provided screening criteria for
additional constituents in Volume II, Appendix 6.B, but those are units relevant to
inhalation and oral dosing, rather than the concentrations in water considered here.
A comparison of the potential upper-limit concentrations of hydraulic fracturing fluid
constituents to the maximum allowable concentrations in water for other constituents
with similar acute toxicity in rats, rabbits, and mice suggests that some of the potential
upper-limit concentrations would exceed the maximum allowable concentration for that
concentration, if one were established. Further details of this analysis and its results are
available in Appendix 5.C.
Ascertaining if any of the hydraulic fracturing fluid constituents actually occur at
hazardous concentrations (for either acute or chronic effects) in produced water requires
more detailed investigation via chemical analysis of produced waters from stimulated
pools. In the absence of such data, given the comparison to concentrations acutely toxic
to half the individuals in three aquatic species, and to maximum allowable concentrations
for human consumption for similar acutely toxic constituents, it cannot be ruled out that
some of the constituents would occur at concentrations of concern. Consequently, if usable
groundwater is present, there is some likelihood that these constituents could percolate
into the subsurface and eventually reach and degrade the groundwater resource. This
evaluation of hazard does not account for the dilution of the constituents in groundwater
and any chemical reactions that may occur.
Unless chemical analysis of produced water demonstrates low concentrations that pose no
hazard, the most appropriate means to reduce the likelihood of groundwater degradation
occurring due to the use of unlined pits in the future is to dispose of produced water
from hydraulic fracturing pools by some other means, such as injection below the base of
protected groundwater.
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As mentioned in Volume II, Chapter 2, a means to reduce concern about release of
stimulation constituents is to move toward the North Sea compact/OSPAR Convention
(Oslo and Paris Convention) approach to constituent selection for stimulation fluids,
which requires testing of chemicals for environmentally relevant parameters (such as
acute toxicity and biodegradability) and meeting certain performance criteria prior to use.
In California, a similar program could be built upon the U.S. Environmental Protection
Agency’s Designed for Environment program, which is voluntary at the national level (U.S.
Environmental Protection Agency (U.S. EPA), 2011). This would result in utilization of
constituents with among the lowest potential environmental impacts for each purpose
(such as corrosion and bacterial growth inhibition).
As also mentioned in Volume II, Chapter 2, some operators have communicated that
they have transitioned from produced water disposal in unlined pits to disposal by
injection, despite data they have submitted to DOGGR to the contrary. So the risk from
surface disposal appears to be less than indicated by the produced water disposition
data available from DOGGR. However, there are other operators in these fields that have
not been contacted whose produced water is also coded as being disposed of in unlined
pits. In addition, there may still be a legacy risk of groundwater contamination from the
past practice of operators who no longer discharge produced water to these facilities for
disposal. Operators should be contacted and required to correct erroneous data submitted
in the past. Even if disposal in unlined pits is phased out in the future, investigations
should be conducted to determine if past disposal to such pits has impacted groundwater
in the vicinity, and if so, site characterization and remediation should follow.
5.4.3.2. Injection Into Groundwater That Potentially Should Be Protected
Another common method for disposing of produced water in the San Joaquin Basin is
injection into aquifers with low quality groundwater above 10,000 mg/L TDS. This is
termed water disposal injection, in contrast to injection for EOR. Water disposal injection
is regulated under the US Safe Drinking Water Act by DOGGR acting on behalf of the
U.S. EPA, and can minimize the risk of contaminants entering protected water if carried
out in compliance with the underground injection control regulations. In the San Joaquin
Basin, water disposal injection is frequently being used for disposing of produced water.
However, in June of 2014, DOGGR issued orders to cease water disposal injection in
11 wells that may have been inappropriately permitted for injection into protected
groundwater. (Protected groundwater according to EPA has less than 10,000 mg/L TDS
and is not in an exempt aquifer. Aquifers may be exempted for several reasons—for
example, because they contain commercially producible minerals or hydrocarbons, or
because they are too deep for economic water production.) Injection in some of these
wells was subsequently determined allowable and restarted, while others remained
closed. DOGGR is currently reviewing many more wells to determine if it inappropriately
permitted injection into aquifers that should be protected (DOGGR and State Water
Resources Control Board (SWRCB), 2015). Below, the wells in review are assessed to
determine if they may have received wastewater from nearby stimulated production
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wells, in which case the injected water may also have contained stimulation chemicals at
unknown concentrations.
The first component of the assessment is a statistical analysis regarding produced water
disposed of by injection in pools where most wells are hydraulically fractured and where
there are more than 100 fracturing operations per year. Table 5.4-5 shows the percentage
of produced water from these pools disposed of by injection. The table indicates relatively
little of the water is disposed of by injection; however, as mentioned in Section 5.4.3.1,
some operators have indicated they do not dispose of produced water in the fields listed
in Table 5.4-3 and 5.4-5 to evaporation-percolation pits any longer, despite submitting
data to DOGGR to the contrary. They instead dispose of the produced water by injection
(Volume II, Chapter 2). This is particularly true in the Elk Hills field, which Table 5.45 indicates has little produced water injection, but where the operator indicates that
all produced water is now injected. In other words, the percentages of produced water
disposed by injection given in Table 5.4-5 could be higher for more recent operational
practices.
Table 5.4-5. Estimated number of hydraulic fracturing operations per year per pool in fields

with more than 100 estimated operations, and percentage of produced water from those pools
injected in 2013.

Field

Belridge, North
Belridge, South
Elk Hills

Lost Hills

Pool

Estimated # of
fracturing operations
per year

% of produced water
injected in disposal
wells

Diatomite

139

16%

Diatomite

996

8%

Monterey (Undifferentiated)

1

0%

Stevens (31S)

26

0%

Upper (Undifferentiated)

129

0%

Carneros

6

1%

Etchegoin

179

13%

Cahn

33

54%

Antelope/McDonald

1

100%

The potential upper limit concentrations of hydraulic fracturing fluid constituents in
produced water that were calculated in the previous section can also be used to evaluate
potential concerns about inappropriate injection of produced water. DOGGR is currently
reviewing if the zones into which wells have been injecting are exempt from protection,
as required in order for injection of produced water to occur. Groundwater can be exempt
from protection if the TDS concentration is greater 10,000 mg/L, the TDS concentration is
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over 3,000 mg/L and the water co-occurs with a quantity of oil or gas that is economical
to produce, or if the TDS concentration is greater than 3,000 mg/L and the water is not
economical to produce and treat to drinking water standards— such as due to location,
depth, and/or naturally occurring contaminants in the water. As a result of this review,
DOGGR has identified thousands of injection wells for more detailed consideration
(DOGGR, 2015).
Of the 2,552 injection wells under review by DOGGR, 468 were active or idle waterdisposal wells.3 Figure 5.4-4 shows that many of the fields where hydraulic fracturing has
occurred have a substantial percentage of water disposal wells under review. In particular,
this is the case for three of the four main fields where these hydraulic fracturing
operations take place: South Belridge, Lost Hills, and Elk Hills. To the extent these wells
are determined to have been injecting into zones that should not have been exempted
from protection, the estimated hydraulic fracturing constituent concentrations suggest
such constituents could be detected, potentially at hazardous concentrations, in the zones.

3. DOGGR (2015) includes two lists of wells for review: one stated as water disposal wells and the other stated as EOR
wells. Comparison of the water disposal well list to DOGGR’s AllWells file (DOGGR, 2014) indicated some of the wells
on the list are not water disposal wells. Consequently, the water disposal and EOR well review lists were combined in
order to select all the wells under review that are water disposal wells according to DOGGR (2014). This determined
there was one well included on both lists. One record was included for this well in the combined list.
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Figure 5.4-4. Percentage of water disposal wells in each field undergoing review by DOGGR for
appropriateness of its permitting relative to the quality of the groundwater in the injection
zone.

The percent of disposal wells under review in South Belridge and Lost Hills is relatively
small, suggesting it might be possible to relatively rapidly redirect disposal to other
wells in the event the wells under review are shut down. Almost all the disposal wells
at Elk Hills are under review, indicating considerably more difficulty assessing potential
impacts to the receiving zones if it is determined they contain groundwater that should be
protected.
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The Safe Drinking Water Act and the Underground Injection Control program provide
a regulatory and technical basis for protecting underground sources of drinking water.
As such, a more methodical system for permitting water disposal injections would
arguably decrease the potential for disposal of contaminated produced water in protected
groundwater. The state should establish the boundaries of water to be protected, and
through the Underground Injection Control program, only allow injection into saline,
non-potable aquifers that are sufficiently isolated from overlying groundwater resources
to protect those resources. Currently, these boundaries are uncertain, because protected
groundwater (for instance, water with TDS content up to 10,000 mg/L) has not been
mapped systematically.
5.4.3.3. Beneficial Reuse Involving Release to the Surface
Some produced water is used for irrigation and groundwater recharge in parts of the San
Joaquin Basin. After appropriate treatment, such reuse has benefits in areas with water
scarcity. However, if this water is produced from fields that have applied well stimulation
technologies, and if the treatment process is insufficient with regards to stimulation
chemicals, then use for irrigation creates a potential pathway for humans to be exposed
to chemicals in produced water from stimulated wells through agricultural products, as
well as direct exposure of wildlife and vegetation. Where produced water has been used
for irrigation and groundwater recharge, and how this relates to fields with hydraulic
fracturing operations, is assessed below.
Produced water from two fields where hydraulic fracturing has occurred is permitted
for agricultural usage: the Mount Poso and the Kern River fields (Volume II, Chapter 2).
For the Mount Poso field, a search of the Central Valley Regional Water Quality Control
Board (CVRWQCB) records suggests only water produced by SOC Resources, Inc., was
permitted for irrigation (CVRWQCB, 2006). DOGGR’s production database indicates that
SOC Resources produced water in the Dominion area, but not the Main area, at the time
and extending back to at least 2000. The integrated hydraulic fracturing data set (Volume
I, Appendix M) does not include any operations in the Dominion area, nor are there any
matrix acidizing operations listed in the CVRWQCB data set (described in Volume I,
Chapter 3). Consequently, it is unlikely stimulation chemicals entered this water stream
and ended up in irrigation water. However, water in the Vedder portion of the Pyramid
Hill-Vedder pool has a TDS content of 1,000 to 1,500 mg/L (DOGGR, 1998), suggesting
it could potentially be used for irrigation at some point in the future (it was primarily
disposed by injection in 2013 according to DOGGR’s production and injection database).
The predominance of hydraulic fracturing in that pool suggests that hydraulic fracturing
fluid constituents could be present in water produced from that pool.
In addition to irrigation, produced water from the Kern River field is used for groundwater
recharge in the winter time when agricultural water demand is low. Prior to this, the
water was released to Poso Creek (CVRWQCB, 2012). A search of CVRWQCB records
indicates that at Kern River Field only Chevron USA, Inc. (Chevron), was permitted to
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discharge produced water for irrigation and groundwater recharge (CVRWQCB, 2012).
Three of the wells identified as hydraulically fractured in the Kern River field in the
integrated set (Volume I, Appendix M) are operated by Chevron. One of these was
identified only from the well record search. Due to the small proportion of well records
searched, this record suggests approximately one to two hydraulic fracturing operations
per year occurred in the Kern River field on average between 2002 and 2013. The
calculation of the estimated number of annual hydraulic fractures per field is explained in
Volume II, Appendix 5.E.
CVRWQCB (2012) indicates the facility operated by Chevron that treats produced water
subsequently discharged for irrigation can process 143,000 m3 (900,000 bbl) per day, but
the average treated was 83,000 m3 (520,000 bbl) per day. This is a significant fraction
of the total water produced by Chevron in the Kern River field, which was 150,000 m3
(950,000 bbl) per day on average from 1990 through 2013. The treatment facility uses the
same components as the Kern Front No. 2 facility, which will not remove most stimulation
fluid constituents (Volume II, Chapter 2).
Produced water from one of the two wells identified as hydraulically fractured operated
by Chevron is disposed of by injection according to DOGGR’s production database. The
database has no disposition data for produced water from the second well. It is not
known if produced water from this well is used for irrigation and groundwater recharge.
Given the uncertainty regarding the accuracy of produced water disposition data in
DOGGR’s production database, it is not known if water from the other two wells is used
for these purposes rather than disposed of by injection. It is also not known if water from
unidentified hydraulically fractured wells operated by Chevron is used for these purposes.
Given the high proportion of Chevron’s produced water in this field that does go through
the treatment facility, providing water for irrigation and groundwater recharge, it is likely
that produced water from some well or wells goes to this facility. Further, and perhaps
more importantly, there has been and is currently no regulatory control on produced
water from hydraulically fractured wells being used for irrigation and groundwater
recharge.
No data regarding stimulation fluid constituents for operations in the Kern River field
are available. Of constituents that occur in more than 5% of the operations for which
the constituents were disclosed (at least in part), the largest median mass for any single,
soluble constituent with a Globally Harmonized System (GHS) acute aquatic toxicity
category of 1 (the most toxic category) is 135 kg (ethoxylated C14-15 alcohols; GHS acute
aquatic toxicity category 1 encompasses the most toxic constituents). This mass dissolved
in the average daily volume of produced water used for irrigation would result in a
concentration of 1.6 mg/L. This is several times the concentration that kills or disables
50% of the individuals of certain aquatic species in two to four days.
However, it is unlikely the entire mass of a stimulation chemical would be produced back
from a hydraulically fractured well, and it is unlikely that whatever portion of the mass is
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ultimately produced back would be produced back in one day. Further, some downstream
dilution with water from other sources does occur, although, according to information
in CVRWQCB (2012), only minimal dilution appears to be necessary to meet the quality
goals of the irrigation district receiving the water.
On the other hand, the concentration that would not have an acute effect on any
individuals is less than that considered. In addition, acute aquatic toxicity measurements
for the animals and algae considered are not available for more than half and a bit less
than half of the constituents, respectively. The synergistic effects of exposure to the
concentrations of multiple constituents at once are not accounted for in the acute toxicity
measurements that are available. Other constituents in lower acute aquatic toxicity
categories may be used in greater masses, also resulting in potentially acutely toxic
concentration spikes in produced water.
The above reasoning indicates that the current practice of treatment and dilution of
produced water utilized for irrigation may not be sufficient to reduce concentrations of all
stimulation constituents to levels that are less than acutely toxic, or even to levels less than
what can cause chronic effects for aquatic species on a continuous basis. In addition, the
human exposure pathway involving consumption of food irrigated with produced water
containing hydraulic fracturing fluid constituents is not considered. However, no known
instances of such contamination have been observed. Further investigations are needed to
ensure that environmental or human health concerns as a result of these practices can be
ruled out. If risk of contamination is found to be unacceptably high, hydraulic fracturing
in reservoirs that produce water used for irrigation or other beneficial purposes should be
reconsidered until the produced waters are demonstrated to be safe for agricultural use.
If concentrations are inconsistent with agricultural use, then treatment systems should
be considered that remove stimulation fluid constituents or reduce their concentrations
to acceptable levels, or use of the produced water for irrigation should cease. The latter
would require determining what levels are acceptable, which is not known for almost all
of the chemicals used in hydraulic fracturing.
5.4.4. Leakage Via Subsurface Pathways
Fluid leakage from an oilfield production interval into other zones can potentially occur
via subsurface pathways, including induced and natural fractures, faults, and wells. A
driving force is required for leakage via such pathways, whether preexisting or created
by the stimulation. This can be provided by a vertical upward hydraulic gradient and/or
buoyancy force due to fluids in the pool less dense than those overlying the pool.
Leakage of non-buoyant liquids, such as hydraulic fracturing fluids containing well
stimulation chemicals, generally requires a pressure sufficient to cause them to
flow upward towards protected groundwater resources. Gas leakage only requires a
transmissive pathway, because gases are much less dense than water and migrate under
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buoyancy. Most oils are also less dense than water, and so could flow upward due to
buoyancy. However, the buoyancy forces are smaller because oil is closer to the density
of water than is gas, and the mobility of oil is much smaller than that of gas due to its
much higher viscosity. As a result, leakage of oil is generally much less of a concern than
leakage of gas, but it cannot be ruled out. Further, studies suggest leakage of buoyant
fluids will be limited both by production in the reservoir and the capillary entry pressure
to permeable features (Reagan et al., 2015).
This section focuses on the possibility of hydraulic fracturing fluids leaking into protected
groundwater resources, which means the driving force of concern is the hydraulic gradient
rather than buoyancy. In areas with oil and gas production, the natural hydraulic gradient
can be strongly affected by production-related pressure changes in the reservoir rocks
relative to the overlying fresh groundwater systems. This has certainly been the case in
the San Joaquin Basin: In 2013, only about 3% of the oil produced from the 28 pools in
the Basin where most to all wells are estimated as hydraulically fractured, flowed from the
well due to reservoir pressure in 2013. About 90% is coded as produced using artificiallift, mostly by rod-pump, with most of the rest coded as other or not coded. This is up
from over 20% produced by artificial lift in 1980, early in the production from most of
these pools, over 50% in 1990, and over 80% in 2000. In other words, past oil and gas
production in the San Joaquin Basin has reduced the pressure in producing reservoirs to
the extent that the driving force for potential leakage has diminished or reversed in most
pools. Just a few of the 28 pools with hydraulic-fracture-enabled production continued to
produce a significant portion of the oil by flow in 2013. All pools with more than 3% oil
production by flow rather than lift are shown on Table 5.4-6.
General guidance to maximize production using pumping is to maintain the bottom-hole
pressure at less than 10% of the static reservoir pressure (McCoy et al., 2003). This results
in a large downward vertical head gradient from overlying aquifers to the pool. Due to
this gradient, there is no driving force for upward leakage of liquids as dense as or denser
than water during production, and thus little risk of fracturing fluids or formation water
migrating upward from hydraulically fractured pools during production.
Table 5.4-6. Predominantly hydraulically fractured pools in the San Joaquin Basin with more
than 3% of the oil flowed to the surface in 2013 rather being lifted, such as by a pump.

Field
Shafter, North

Area

Pool

Any Area

McClure

Oil produced
m3

bbl

%
flowing

150,000

940,893

66%

Lost Hills, Northwest

Any Area

Antelope Shale

420

2,642

27%

Rose

Any Area

McClure

73,700

463,643

19%

Kettleman Middle Dome

Any Area

Kreyenhagen

2,790

17,552

9%

Elk Hills

Any Area

Stevens (31S)

327,000

2,059,961

7%

Main Area

Antelope

14,300

89,680

4%

Northeast Area

Point of Rocks

14,700

92,612

4%

Monument Junction
McKittrick
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While there is little risk of liquids leaking upward during production due to the general
lack of a driving force, there may be some hazard of upward-leaking liquids during
the hydraulic fracturing operations due to the pressure applied during fracturing. This
possibility is analyzed below for the San Joaquin Basin regarding leakage of stimulation
fluids via induced fractures, pre-existing natural fractures, wells, and fault pathways.
Aside from the risk of liquid leakage, the development of these pools does increase the
probability of gas leakage via subsurface pathways due to buoyancy, as observed in
several studies for various areas with and without hydraulic fracturing elsewhere in the
country (Volume II, Chapter 2). The portion of these potential emissions that are caused
by hydraulic-fracturing-enabled production is assessed in the section regarding risk to air
in the San Joaquin Basin in this case study.
5.4.4.1. Shallow Fracturing
Most hydraulic fracturing in the San Joaquin Basin occurs shallower than 300 m (1,000
ft). This means that operators produce hydraulic fractures near the surface that can
present a hazard if there is nearby protected groundwater. Hydraulic fracturing at these
shallow depths has been permitted in at least one field where the California State Water
Resources Control Board (SWRCB) has recently required a groundwater monitoring plan
(Lost Hills), indicating the presence of protected groundwater (Volume I, Chapter 3,
and Volume II, Chapter 2). Figure 5.4-5 shows the minimum depth of fracturing relative
to the minimum TDS concentration in groundwater in 5 km by 5 km (3 mi. by 3 mi.)
square areas, which suggests there are other fields with shallow hydraulic fracturing
near protected groundwater. Consequently, the planned separation between the base of
protected groundwater and the top of the shallowest induced fracture is in the tens to
(at most) hundred meters. Given the uncertainty about the vertical extent of hydraulic
fractures, this creates a potential for the induced fractures to encounter protected
groundwater and release stimulation fluids as well as oil and gas into this groundwater.
Further, because the TDS data were predominantly from water supply wells, Figure 5.4-5
also suggests that shallow fracturing creates a potential for release near existing sources of
water supply.
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Minimum Total Dissolved
Solids (mg/L)
<=500
>500 to <=1,000
>1,000 to <=1,500
>1,500 to <=3,000
>3,000 to <10,000

Depth of shallowest fracturing
since 2001 (m [ft])
<=300 m (<=987 ft)
>300-600 m (>987-1,974 ft)
>600-900 m (>1,974-2,961 ft)
>900-1,200 m (>2,961-3,948 ft)
>1,200-2,400 m (3,948-7,896 ft)
>2,400 m (>7,896 ft)
No fracturing reported
Basin with a new oil or
gas well since 2001

±
0

0

10

5

20

10

40
Kilometers
Miles
20

Figure 5.4-5. Minimum total dissolved solids concentration from GeoTracker GAMA4 in 5 km by
5 km (3 mi.by 3 mi.) square areas in the southern San Joaquin Basin as of October 14, 2014,

with the available minimum depth of hydraulic fracturing in each field available in Volume 1,
Appendix M is shown. For most fields, this is the depth of a well in which hydraulic fracturing
occurred, so the upper limit of the hydraulic fracture may be in a shallower category.

An important factor for the likelihood of induced fractures entering groundwater is their
orientation, which in turn is a function of subsurface stress conditions and hydraulic
fracturing operational choices. Flewelling and Sharma (2014) found that shallow
formations are more likely to fracture horizontally rather than vertically; however, these
results are from settings outside of California. Engineering of fractures from shallow

4. http://geotracker.waterboards.ca.gov/gama/
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horizontal wells in California indicates they are typically vertical, at least in the southwest
San Joaquin Basin, where most shallow fracturing occurs in the state, as discussed further
in the next paragraph.
Emanuele et al. (1998) measured the orientation of fractures resulting from tens of stages
in three horizontal wells in the Lost Hills field at a depth of ~600 m (2,000 ft), using
surface tiltmeter measurements for each along with subsurface tiltmeter measurements
for a few. The orientation of all the fractures was within 10 degrees of vertical. Hejl et al.
(2007) reported vertical fracturing at depths as shallow as 425 m (1,400 ft) measured
with downhole tiltmeters in the Lost Hills field. Allan et al. (2010) reported on testing of
longitudinal versus transverse fracturing in horizontal wells at a depth of approximately
300 m (1,000 ft) in the South Belridge field. The tests determined wells oriented to
create longitudinal fractures were considerably more productive. If fractures propagated
horizontally, it would not be possible to create transverse fractures from a horizontal
well, and the well orientation would be less relevant to the volume of oil it produced.
In addition, Allan et al. (2010) reported that the fractures were vertical, as indicated by
surface and downhole tiltmeter measurements. Figure 5.4-6 shows a representation of
vertical fracturing from vertical wells in diatomite in the South Belridge field included in a
history of the South Belridge field (Allan and Lalicata, 2007).
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Figure 5.4-6. Representation of vertical fracturing from vertical wells in the diatomite in the
South Belridge field (Allan and Lalicata, 2007).

Consequently, there are indications that fracturing at shallow depths in the San Joaquin
Basin is predominantly vertical, which means fracturing is more likely to extend upward
and encounter protected groundwater. Determining the probability of one of these
fractures encountering protected groundwater requires a field-verified data set regarding
the upward extent of induced shallow fractures, relative to the base of protected
groundwater, which is sufficiently large to draw statistical inferences. Such a data set
regarding upward extent is not known to exist in the public domain, although it may
be available in hydraulic fracture completion reports prepared by the oil field service
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provider. Data sufficient to determine the position of protected groundwater may exist in
the public domain. If so, it requires assembly and interpretation.
In the absence of such publicly available information, further investigation is
recommended. A statistical understanding of the relationship of shallow fracturing
to protected groundwater could provide the basis for judging if and what mitigation
measures are needed in addition to standard practice. This analysis could be done with
data already held by operators if this were made available. If the data cannot be made
available, or turn out to be insufficient, then a field program monitoring the upward
extent of shallow hydraulic fractures should be pursued to generate such data.
In the meantime, for operations with shallow fracturing near protected groundwater,
additional recommendations to decrease the probability of groundwater resources being
degraded by intersection with a hydraulic fracture include:
1. Detailed prediction of expected fracturing characteristics prior to starting the
operation;
2. Minimum separation distance between expected fractures and protected
groundwater, providing a sufficient safety margin with proper weighting of
subsurface uncertainties;
3. Targeted monitoring of the fracturing operation to watch for and react to
evidence (e.g., anomalous pressure transients, microseismic signals) indicative of
fractures growing beyond their designed extent;
4. Ongoing monitoring of groundwater quality and levels (hydraulic head) to detect
leaks and evidence of hydraulic connection to underlying reservoir;
5. Timely reporting of the measured or inferred fracture characteristics confirming
whether or not the fractures have actually intersected or come close to
intersecting groundwater;
6. Preparing corrective action and mitigation plans in case anomalous behavior is
observed or contamination is detected;
7. Adapting groundwater monitoring plans as part of the corrective action, to
improve the monitoring system and specifically look for contamination in close
proximity to possible fracture extensions into groundwater.
5.4.4.2. Leakage Via Wells
Leakage of stimulation fluids during hydraulic fracturing could occur via well defects,
including breaches in the casing and gaps in the cement sealing the space between the
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casing and the rock. Fluids migrating along this pathway could enter groundwater, the
unsaturated soil zone above groundwater, and the atmosphere, and can spill onto the
ground surface. The capacity of a well to prevent such migration is referred to as its
integrity.
Well leakage can broadly be considered as acute or chronic. The difference is largely in
how soon a leak is observed after it starts, and how soon mitigation commences. Leaks
that are observed shortly after they commence (seconds to days) and for which mitigation
activities start virtually immediately are acute. These are termed “well blowouts” in this
study. They typically occur due to the sudden failure of vital well elements, such as well
casing. In contrast, chronic leaks are typically caused by defects or deficiencies in well
seals, such as incomplete cementing. Because the leakage rates are smaller, chronic leaks
may not ever be observed, or, if observed, do not necessarily trigger immediate mitigation
action in practice (e.g. Chilingar and Endres, 2005).
5.4.4.2.1. Injection Well Leakage
The wells undergoing hydraulic fracturing can provide a leakage path to the environment
if the casing or cement of the well is flawed or breaks down, or if there is a breach
in the casing. With regard to acute leakage, Jordan and Benson (2008) collated and
assessed blowout data for oil, associated gas, and the small amount of non-associated gas
operations in California Oil and Gas District 4. This district includes Kern County, where
most of the hydraulic fracturing in the San Joaquin Basin and the state occurs. Analysis of
the blowout data provided in Jordan and Benson (2008) for this case study finds that it
does not contain any records of blowouts related to hydraulic fracturing during the period
studied (1991 to 2005). The well-record search results reported in Volume I, Chapter
3, indicated 900 hydraulic fracturing operations per year from 2002 through 2006.
Comparison to other data sets suggested that the actual number of operations per year is
~1,500, for a total of ~7,500 from 2002 through 2005. The literature review in Volume
I, Chapter 3, also indicated that substantial hydraulic fracturing activity began in the early
1980s in the four fields where it is most common. Thus, even if the average number of
operations per year from 1991 through 2001 was only half that from 2002 through 2005,
the total number of operations during the 1991 through 2005 study period would have
exceeded 15,000.
This suggests that the frequency of blowouts during hydraulic fracturing events is less
than 1 per 15,000 operations, which is equivalent to about a decade of operations at the
rate estimated in Volume I, Chapter 3. Consequently, even though the potential leakage
flow rates during a blowout would be quite high, perhaps as high as the injection flow
rates during the hydraulic fracturing operation, these events would occur infrequently. It
is possible the total rate of well blowouts is somewhat higher than given in the database,
because not all blowouts have surface expressions (i.e., they may be restricted to the
subsurface). However, Jordan and Benson (2008) found that two thirds of the steaminjection-well blowouts were from the ground surface away from the well head, indicating
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a subsurface release that fractured to the surface due to the pressure. Consequently, at
least some portion of subsurface blowouts of highly pressurized fluids would manifest
themselves as surface blowouts, from which it can be concluded that the overall rate of
well blowouts from hydraulic fracturing in California has been low.
The frequency and potential magnitude of chronic leakage of stimulation fluids from wells
into the subsurface in the San Joaquin Basin, anywhere in California, and apparently
anywhere in the world, is not well known. Kell (2011) suggests that no groundwater
contamination incidents were reported from 16,000 multi-stage hydraulic fracturing
operations in horizontal wells occurring in Texas from 1993 to 2008. Aside from this
study, focused on the potential migration of stimulation fluids or brines into groundwater,
most other analyses of well integrity have looked into the frequency of leakage along
wells via monitoring of methane and other gases at the surface. A study conducted by
Watson and Bachu (2009), in an area of Alberta where monitoring of gas leakage in the
subsurface around each well was mandated, found 5.7% of these wells showed evidence
of such leakage. Watson and Bachu (2009) furthermore found that 0.6% of wells across
all of Alberta exhibited leaks to the subsurface. Davies et al. (2014), examining records
from 2005 to 2013 for wells installed in the Marcellus shale in Pennsylvania from 1958
to 2013, found evidence that 1.27% had showed evidence of gas leakage to the ground
surface. Vidic et al. (2013) is cited in Davies et al. (2014) as finding that 0.27% of wells
whose borings drilled into the Marcellus Shale from 2008 to 2013 leaked to the surface.
There is a discrepancy between the finding of no groundwater contamination resulting
from the hydraulic fracturing of 16,000 wells in Texas, and other studies finding 1 in 400
to 1 in 20 wells manifesting gas leakage at the surface from migration along wells. One
reason for this is the difference in driving forces between non-buoyant subsurface fluids
(such as stimulation fluids or deep reservoir brines) and buoyant gases such as natural
gas, as previously mentioned.
Another reason for this discrepancy may be the difficulty of detecting subsurface leakage
by monitoring groundwater quality. For instance, Carroll et al. (2014) presented the
results of a risk assessment modeling study concerning geologic storage of carbon dioxide.
The project assessed consisted of injecting 5 million metric tons (5.5 million tons) of
carbon dioxide (CO2) per year for 50 years. The resulting area with a pressure increase
in the reservoir contained 48 legacy oil and gas wells with a 2% to 10% probability of
chronic leakage. Groundwater monitoring was conducted for 200 years from one well
per square kilometer over the entire pressure increase area. Given these conditions, the
study found a less than 5% probability of detecting groundwater contamination when the
location of leakage pathways into groundwater is unknown.
The findings of Carroll et al. (2014) indicate that it is not clear to what degree leakage
causing an adverse impact to groundwater quality could be detected by monitoring.
Theoretically any intrusion of contaminants, no matter how small, constitutes an impact
to groundwater. As a practical matter, however, it is not possible to definitively measure
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and prove zero leakage. For instance, even if a sample of groundwater with quality altered
by a leak is analyzed, natural variability in groundwater quality can mask that result. Only
concentrations exceeding one of a variety of statistical thresholds of significance will be
flagged for further investigation to determine if the concentration is due to leakage (Last
et al., 2013).
Regulations recognize that assuring zero leakage is not possible, and consequently
inherently find a certain amount of leakage acceptable. For instance, injection well
casings in California are periodically pressure tested. The casing passes the test if the
pressure declines less than 10% in fifteen minutes. The minimum final pressure is 1.4
MPa (200 psi), so the minimum acceptable pressure loss is 0.14 MPa (20 psi; Walker,
2011). A typically sized casing of a relatively shallow well (several hundred meters [a
couple thousand feet] deep) can hold thousands of gallons. This combination of volume,
size of acceptable pressure decline, test duration, and water compressibility indicates an
allowable leak on the order of 3 L (1 gallon) per hour. At this rate, an injection well would
leak 0.3 m3 (2 bbl) within a week. Consequently, this amount of leakage is implicitly
allowed by testing requirements in California.
Currently approved groundwater monitoring plans for some hydraulic fracturing
operations in California provide another perspective. These plans specify monitoring for
leakage via analysis of samples collected from groundwater supply wells or monitoring
wells. The monitoring wells are typically located hundreds of meters from some of the
hydraulically fractured wells they propose to monitor. For example, Figure 5.4-7 shows
the location of 42 planned hydraulic fracture operations in relation to planned monitoring
wells from one groundwater monitoring plan developed for operations in the Lost Hills
field. The apparent average distance from a stimulated well to a monitoring well is 400
m (1/4 mi.). The monitoring well density is similar to that investigated by Carroll et al.
(2014).
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Figure 5.4-7. Location of planned hydraulic fracturing and monitoring wells in a portion of

the Lost Hills field. The stimulation locations are shown by crosses and the planned monitoring
wells by blue triangles (Chevron USA Inc., 2015).

Locating monitoring wells closer to stimulated wells would increase the likelihood of
detection; however, this would require a geometrically larger increase in the number of
monitoring wells. For instance, decreasing the average distance from a stimulated well to
the nearest monitoring well by a factor of four would increase the number of monitoring
wells by ~16. While this may be possible, the probability of detecting a leak would still
depend on a monitoring well being in a zone into which a leak occurs, along a flow line
from where leaking fluid entered the zone, and in sufficiently close proximity to where
the leak entered the zone to allow its detection within a reasonable time of when the leak
occurred. This is dependent upon proper prediction of the location of the leakage into
the zone, and characterization of hydraulic gradients and the hydrogeological conditions
in the zone, such as heterogeneity and anisotropy of the geologic materials. It is known
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that leakage pathways in the subsurface can be quite complex and irregular as a result of
subsurface heterogeneities. For example, Jordan and Benson (2008) found that steam well
blowouts can occur up to 200 m (600 ft) from the source well, presumably resulting from
the steam fracturing through the subsurface from the well at some depth. It is not known
how the extent of this horizontal spatial distribution shrinks at flow rates progressively
less than blowout flow rates.
The above discussion, summarized as follows, illustrates the potential difficulty in
developing appropriate groundwater monitoring plans that strike a balance between
leakage detectability and the resources needed for multiple monitoring wells. The highest
likelihood of detection is for the largest leaks, such as acute flow rates during well
blowouts, which appear to occur in the San Joaquin Basin with a frequency of less than 1
per 15,000 hydraulic fracturing operations. Small leaks resulting from chronic flow along
wells is considered more likely based on studies conducted elsewhere; however, these
studies were mostly done for gas leakage and not for non-buoyant fluids. Groundwater
contamination due to leakage of stimulation fluids or reservoir brines caused by hydraulic
fracturing operations has rarely been reported. If leakage occurred, on the other hand,
the leakage rates may be too low to be detected even with well-designed groundwater
monitoring plans. It would be useful to conduct a study on leakage detectability like that
reported by Carroll et al. (2014) to better inform the design of groundwater monitoring
plans, so that they are as effective as possible. In addition, improved monitoring design
could be achieved via dedicated field study areas where monitoring and data collection
can be much more intense and ubiquitous than is possible in general industry operations.
The field study areas would be monitored with more-than-usual resolution and frequency,
which allows for testing of monitoring practices and provides for lessons learned in terms
of what is useful or not.
It should be noted that the studies on chronic well leakage cited above are all from regions
outside of California (e.g., Texas, Alberta, Pennsylvania); comparable studies have not
been conducted in California. It is unknown if the well failure rates from elsewhere in the
country provide reasonable approximations for the San Joaquin Basin. Such rates depend
on factors like the regulations at the time of well construction, the degree to which those
regulations were followed, the type of well (such as vertical versus horizontal), and the
age of the well. For instance, land subsidence related to groundwater extraction and
oil production in California might be more pronounced than where the studies have
been conducted elsewhere, possibly resulting in a higher chronic leakage well leakage
frequency in California. It is also possible the greater seismic activity in California and use
of steam injection in pools overlying stimulated pools could also affect the chronic well
leakage frequency. Thus, bounding this frequency in the state requires a California-specific
study. It is important that further studies are conducted to assess the integrity of legacy
wells and their susceptibility for chronic leakage.
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5.4.4.2.2. Offset Well Leakage
Somewhat similar to leakage of stimulation fluid via wells that are themselves
hydraulically fractured, leakage could also occur via an existing well, known as an offset
well, that is intersected by a hydraulic fracture generated from a neighboring well.
This intersection could result in leakage of fluids from the fracture via the well if the
offset well is transmissive, or becomes transmissive as a result of the hydraulic fracture
intersection. The hydraulic fracturing operations in the San Joaquin Basin are largely
located in reservoirs with high well density that have been in production for a long time.
For instance, the well density maps in Volume II, Chapter 5, indicate the average spacing
between wells in the most of the North and South Belridge, and Lost Hills fields is about
100 m (330 ft) or less, and in the Elk Hills field is about 250 m (820 ft) or less. Thus,
there may be many older offset wells in the vicinity of hydraulic fracturing operations,
and these wells may not always be designed for, or have the integrity to withstand, the
high pressures used in hydraulic fracturing. It is important in such conditions to assess
the integrity and leakage risk of existing wells that might be encountered by a hydraulic
fracture, and to remediate wells with a higher risk of leakage.
Jordan and Benson (2008) found that no blowouts occurred from offset wells during the
minimum estimated 15,000 hydraulic fracturing operations conducted during the study
period. Wright et al. (1997) stated that there were no offset wells intersected by hydraulic
fractures observed prior to infilling with wells on a 1/4 hectare (5/8 acre) pattern in
the South Belridge field. After about three years of infilling with 4 to 5 wells a week, 16
such intersections had been observed. This is a frequency of about one intersection per
50 hydraulically fractured wells. Applying this rate to the minimum number of estimated
hydraulic fracturing operations during the study period considered by Jordan and Benson
(2008) suggests that up to 300 offset wells were intersected by hydraulic fractures
during this period. Jordan and Benson (2008) did not find any blowouts from such offset
wells—this implies that the blowout frequency from offset wells intersected by a hydraulic
fracture is certainly less than 1 per 300. Jordan and Benson (2008) found that the steam
blowout rate from shut-in and abandoned wells was on the order of 1 per 100,000 well
years, suggesting that the blowout rate from offset wells intersected by a hydraulic
fracture is much less than 1 per 300.
5.4.4.2.3. Leakage Via Wells to Groundwater with 3,000 to 10,000 mg/L TDS
Per regulations, wells are constructed in the United States with surface casings extending
beyond the base of groundwater aquifers that need to be protected. The annulus between
the casing and the well-bore surface is filled with cement prior to deeper drilling. This
increases protection of the groundwater by assuring there is a cement seal isolating it
from fluids deeper in the boring, such as oil, and providing an additional layer of casing
isolating it from fluids in the well.
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In California, DOGGR’s groundwater protection program has been oriented to fresh
groundwater, defined as having TDS of 3,000 mg/L or less (Walker, 2011). However,
another classification of groundwater that is typically found deeper than fresh
groundwater, called underground sources of drinking water (USDWs), has not received
the same regulatory protection in California as elsewhere in the country. This leads
to increased risk of contamination of USDWs compared with fresh groundwater as
defined by DOGGR. As mentioned before, USDWs are defined by the U.S. Environmental
Protection Agency, with some exceptions, as groundwater having TDS of 10,000 mg/L
or less. Consequently, wells in California have not been constructed to be protective of
groundwater that is of USDW quality but above the 3,000 mg/L TDS limit. In other words,
surface casings have been set and cemented below the 3,000 mg/L TDS limit rather than
below the 10,000 mg/L TDS limit, which may create a leakage hazard.
As an example, the field rules for the Lost Hills field diatomite (Etchegoin) pool indicate
there is no low-salinity (“fresh”) groundwater (DOGGR, 2007b). The surface casing is
only required to extend to 10% of the total well depth, which is only about 30 m (100
ft) given the 300 m (1,000 ft) depth of the pool (DOGGR, 1998). As mentioned above, a
groundwater monitoring plan has been required for hydraulic fracturing in this pool under
the new requirements imposed by California Senate Bill 4 (SB 4). This indicates a USDW
with between 3,000 and 10,000 mg/L TDS is considered to be present. The field rules for
this pool require cementing all casing, including the production casing, to the surface. The
field rules for the deeper Cahn pool require cementing 150 m (500 ft) above all oil, gas,
and anomalous pressure zones (DOGGR, 2007a). So the likelihood of a hydraulic fracture
encountering an open annulus in an offset well is low. However, these wells do not have
the additional layer of surface casing and cement protecting typically required to protect
all USDW. The lack of this layer suggests the chronic leakage volume frequency to USDW
may be higher than the 5% of wells discussed in the previous section, because there are
fewer barriers in some wells between the fractured interval and the USDW.
The risk of leakage via wells to groundwater above the 3,000 mg/L TDS limit can be
decreased in the future via a number of actions. Future wells should be constructed with
casings extending through USDWs. This may require the addition of an intermediate
casing, depending upon the depth separation between the base of groundwater with
less than 3,000 mg/L TDS and groundwater with less than 10,000 mg/L TDS. Past wells
within the search area around a stimulated well should be reviewed to determine if
they are protective of USDWs. This determination likely requires research regarding the
permeability distribution along wells from fractured pools to USDWs. One approach would
be to install monitoring wells screened near the base of USDWs near offset wells known to
have been encountered by hydraulic fractures. Another would be to hydraulically test well
cement via ports cored through production casings to determine well seal permeability,
such as just prior to well abandonment.
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5.4.4.3. Leakage via Faults
The San Joaquin Basin has abundant faults, which present potential paths for leakage
out of hydraulically fractured pools. The probability of leakage via faults has two
components: first, the probability that a hydraulic fracture will encounter a fault; second,
the probability that fluids can migrate via the fault from the hydraulic fracture to a USDW.
Most faults in the oil reservoirs do not act as permeable conduits; they are sealing and
often function as hydrocarbon traps.
The probability of a hydraulic fracture intersecting a fault can be roughly estimated from
an assessment of fault density and typical hydraulic fracture geometry (Jordan et al.,
2012). Figure 5.4-8 shows the fault density measured for a portion of the eastern San
Joaquin Basin from Jordan et al. (2012). Fault density is typically found to be a power
function of throw truncation. This is the density of faults with a vertical displacement
across the fault greater than a particular value. Structure maps of some of the oil fields in
the eastern portion of the San Joaquin Basin provided the data from which the correlation
in Figure 5.4-8 was developed. Fault throw in turn has been demonstrated to correlate
with fault height. These correlations are used below to explore the relationship between
fault density, fault size, and the likelihood of hydraulic fractures encountering faults in
the western portion of the San Joaquin Basin, where most of the hydraulic fracturing
operations take place.
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Figure 5.4-8. The red dots are fault densities measured by this study from structure maps for

the four fields in the western San Joaquin Basin where 85% of the hydraulic fracturing in the

state occurs: North and South Belridge, and Lost and Elk Hills (DOGGR, 1998).These match the

underlying raw data from a portion of the eastern San Joaquin Basin, indicating the heavy line
is the best estimate of the density of faults with throw (vertical displacement) greater than the

throw truncation value (Jordan et al., 2012). The heavy line adjusts the raw data for censoring
caused by map edges (Pickering et al. 1995).

Because nearly 90% of the hydraulic fracturing in the San Joaquin Basin occurs in four
fields in the western Basin (North and South Belridge, and Lost and Elk Hills), the
fault density analysis conducted for the eastern Basin (Jordan et al., 2012) needed to
be extended to the western Basin. The length of faults in these four western fields was
measured from the structure maps in DOGGR (1998), the area covered by each map was
measured, and the fault length was divided by the map area to arrive at the fault density.
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The resulting fault densities measured for these fields are plotted as two points on Figure
5.4-8. In the earlier study, Jordan et al. (2012) found that all faults with a throw (vertical
displacement) greater than two thirds of the structure map contour interval typically are
mapped. So the measured fault densities are plotted at these values. The red point shown
on Figure 5.4-8 with a throw truncation of about 100 m (330 feet) is from the Elk Hills
field alone, because it had a much larger structure contour interval than the maps for the
other fields. The red point shown on Figure 5.4-8 at a throw truncation of about 25 m (80
ft) is from the other three fields combined, their maps having similar structure contour
intervals.
The fault densities measured for the western San Joaquin Basin fields lie on the raw
data trend from the eastern Basin. Consequently, the heavy line in Figure 5.4-8 (which
was developed from the raw data in the eastern San Joaquin Basin) is also considered a
good estimate of the fault density in the portion of the western Basin where the fields are
located. Fault height worldwide averages about 100 times the maximum displacement
on a fault. This ratio ranges from 20 to 1,000 (Cowie and Scholz, 1992). Thus, faults
with 4 m (13 ft) of throw encountered by hydraulic fractures are likely to extend at least
200 m (660 ft) vertically above the point of encounter (ignoring possible mechanical
heterogeneity and the absence of some overlying strata at the time of fault movement). At
the shallow depths where most hydraulic fracturing is conducted, a fault of this height is
likely to intersect a USDW.
From Figure 5.4-8, the density of faults with at least 4 m (13 ft) of throw is 2 km/
km2 (3 mi/mi2). The probability of a hydraulic fracture with an average length of 30 m
(100 ft; Volume II, Chapter 2) encountering a fault with at least this much throw is 6%
(presuming the fracture is perpendicular to the fault). However, operators are likely to
make an effort to avoid having hydraulic fractures encounter faults where they are known
to exist. Presuming operators are able to map all faults where they have at least 10 m (30
ft) of throw, the probability of a hydraulic fracture encountering faults with at least 10
m (30 ft) of throw should be subtracted. From Figure 5.4-8, the density of these faults is
0.8 km/km2 (1 mi./mi2), which gives an encounter probability of 2.4%. Subtracting this
from the previous probability gives a 3.6% probability of a hydraulic fracture encountering
an unknown fault with sufficient extent to encounter a USDW. With over 1,500 wells
hydraulically fractured each year in the western San Joaquin Basin, it is possible that tens
of hydraulic fractures encounter such a fault each year.
How far stimulation fluids may propagate along such a fault once it is encountered is
unknown. As mentioned above, faults in oil pools generally do not provide a pathway for
fluids to migrate upward; otherwise the oil would have leaked out of the pool due to its
buoyancy. However, the hydraulic fracturing process itself could cause the fault to open
(Rutqvist et al., 2013). In addition, there is the possibility that once stimulation fluid
starts opening a fault, it might cause slip beyond the stimulation fluid extent, which can
increase fault permeability and provide a pathway for the stimulation fluid to migrate
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further. This could also provide a pathway for migration of gases after cessation of
fracturing that would not otherwise exist. More research is needed to better understand
fault permeabilities and how they might be affected by high fluid pressure if intersected
by a hydraulic fracture. Given these uncertainties, it is important to ensure that site
characterization efforts are designed to ensure a reasonable chance of detecting existing
faults of a given size before a hydraulic fracturing operation is conducted.
5.5. Potential Risk to Air
Air emissions in the San Joaquin Basin were discussed in Volume II, Chapter 3, of
this report. In that volume, emissions of criteria air pollutants, toxic air contaminants
(TACs), and greenhouse gases were discussed. All emissions were assessed statewide,
and the pollutant emissions were also assessed by air district. Emissions can be even
more localized, resulting in more localized impacts. This section assesses emissions in
Kern County, the western portion of which has the vast majority of the population and
emissions in the county and is part of the San Joaquin Valley Air Pollution Control District.
Because most of the oil and gas production in the San Joaquin Valley is in Kern County
rather than spread out more uniformly across the air district, assessing emissions at the
county level allows more detailed understanding of emissions from oil and gas production
in the local context. The next section, which concerns potential risk to human health
(Section 5.6), regards emissions at the scale of a single well, which is relevant to single
households, facilities, and neighborhoods.
5.5.1. Air Pollutants
This analysis takes a more detailed look at the pools where most to all wells within
the San Joaquin Basin are hydraulically fractured, aligning datasets from DOGGR with
California Air Resources Board (CARB) air-pollution inventories. Because DOGGR regional
jurisdictions do not align with CARB air districts, the analysis was performed using
counties as the regions of interest. For this reason, only emissions in Kern County were
considered, since 71% of all statewide production and most of the production in the San
Joaquin Basin occurred there.
Total criteria air pollutants in the San Joaquin region are shown in Table 5.5-1. TAC
emissions for four indicator TACs that are released by oil and gas operations are shown in
Table 5.5-2.
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Table 5.5-1. Anthropogenic emissions of criteria air pollutants and reactive organic gases in
Kern County (San Joaquin Basin), 2012.
Metric tonnes/day

Tons/day

Reactive organic gases (ROG)

Pollutant

82.4

90.6

Nitrogen oxides (NOx)

98.0

107.8

Sulfur oxides (SOx)

4.8

5.3

PM10

53.8

59.2

PM2.5

17.8

19.6

Table 5.5-2. Emissions of toxic air contaminants from all sources in Kern County (San Joaquin
Basin), 2010. Data from California Toxics Inventory.

Species

Emissions (kg/y)

Emissions (lb/yr)

1,3-Butadiene

30,575

67,326

Acetaldehyde

2,802,503

6,171,112

267,163

588,293

0

0

Ethyl Benzene

70,974

156,285

Formaldehyde

486,080

1,070,348

Hexane

423,110

931,688

Hydrogen Sulfide

146,942

323,566

Toluene

550,514

1,212,232

Xylenes (mixed)

117,249

258,182

Benzene
Carbonyl sulfide

The portion of these emissions due to the portion of oil and gas production enabled by
hydraulic fracturing in Kern County was estimated. A variety of sources in the criteria
pollutants inventory and facility-level toxics database can be linked to the oil and gas
industry. In order to estimate criteria pollutant emissions from the oil and gas sector in
Kern County, emissions from the following sectors were summed (see Volume II, Chapter
3, for more detail):
1. Stationary sources > Petroleum production and marketing > Oil and gas
production > All subsectors and sources
2. Stationary sources > Fuel combustion > Oil and gas production (combustion) >
All subsectors and sources
3. Mobile sources > Other mobile sources > Off-road equipment > Oil drilling and
workover
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The oil and gas sector will also have some use of on-road light and heavy-duty trucks in
non-drilling operations. These are not able to be differentiated using reported inventory
results (on-road vehicles are classified by weight class rather than industry using them).
Table 5.5-3 below shows the result of summing oil and gas sources in Kern County. As
shown, oil and gas production emits a significant fraction of criteria pollutants in the San
Joaquin region, especially reactive organic gases (ROG), which are involved in ground
level ozone formation, and sulfur oxides (SOx). This is because most of the oil production
in the state occurs in Kern County, and there is a lack of other heavy industry in the area.
These results differ from results presented in Volume II, Chapter 3 due to their being
compiled for Kern County rather than San Joaquin Unified Air Pollution Control District.
This was done because most of the oil and gas production in the San Joaquin Basin, and
well stimulation in particular, is located in Kern County at the south end of the basin.
Table 5.5-3. Emissions of criteria air pollutants from oil and gas production in metric tonnes/

day, and these emissions as a percent of total emissions in Kern County in 2012. ROG = reactive
organic gases; NOx = nitrogen oxides; SOx = sulfur oxides; PM10 = particulates smaller than 10
microns; PM2.5 = particulates smaller than 2.5 microns.

Stationary oil and gas

ROG

NOX

SOX

PM10

PM2.5

22.5

1.80

0.96

1.48

1.48

Mobile oil and gas

0.02

0.17

0.00

0.01

0.01

Total anthropogenic

82.4

98.0

4.8

53.8

17.8

27.3%

2.0%

19.8%

2.8%

8.3%

Percentage

The contribution of oil and gas sources to TAC emissions was estimated by searching for
facility-level emissions by Standard Industrial Classification (SIC) codes. Using the five
SIC codes identified as comprising the upstream oil and gas sector (Volume II, Chapter
3), it is possible to compute the fraction of TAC emissions for select pollutants that are
due to the oil and gas industries. Because total TAC emissions from all sources are only
available from 2010, this table compares TAC emissions by oil and gas facility in 2010 to
overall TACs reported in 2010. Table 5.5-4 below shows the oil and gas contribution to
select TACs in the San Joaquin region. As shown on the table, oil and gas production is
the dominant source of hydrogen sulfide (96%) and a major contributor to emissions of
benzene (9%), formaldehyde (26%), hexane (11%), and xylene (14%).
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Table 5.5-4. Emissions of toxic air contaminants from oil and gas production in kg/yr, and
these emissions as a percent of total emissions in Kern County in 2010.
Total: Stationary
oil and gas

Total: All
stationary

Total: All sources

Fraction stationary
oil and gas

1,3-Butadiene

67

133

30,575

0.2%

Acetaldehyde

10,605

15,651

2,802,503

0.4%

Benzene

23,765

28,177

267,163

8.9%

0

1

1

0.0%

Ethyl Benzene

2,266

6,280

70,974

3.2%

Formaldehyde

124,708

139,499

486,080

25.7%

Carbonyl sulfide

Hexane

46,777

140,030

423,110

11.1%

141,662

143,565

146,942

96.4%

Toluene

17,173

54,679

550,514

3.1%

Xylenes (mixed)

16,832

42,475

117,249

14.4%

Hydrogen Sulfide

A comparison of Tables 5.5-3 and 5.5-5 indicates that criteria air-pollutant emissions from
mobile sources involved in oil and gas production is accounted for, but TACs emissions
are not. While stationary and mobile emissions sources in oil and gas operations can be
separated for criteria pollutants, this is not the case for TACs inventories. TACs reporting
for stationary sources is available in detailed databases that can be queried by economic
sector. In contrast, TACs emissions from mobile sources are presented in aggregate
form and are not able to be separated into oil and gas and other sources. Because most
criteria pollutants from oil and gas sources come from stationary sources, it is likely that
the majority of TACs from oil and gas sources are also counted in the stationary source
inventory. For further discussion, see Volume II, Chapter 3.
The pools in Kern County where most or all of the wells are hydraulically fractured, as
listed in Volume I, Appendix N, produced 23.2% of the oil in the county in 2013—and
30.0% of the wells starting production that year accessed those pools. These activity
factors were used to scale the stationary source and mobile source emissions from the
oil and gas sector as a whole to capture those emissions enabled or facilitated by well
stimulation. All stationary source emissions (combustion and non-combustion) were
scaled by the fraction of oil production from the hydraulic-fracturing-enabled pools,
and mobile source off-road emissions were scaled by the fraction of wells commencing
production in enabled pools. The results are shown in Tables 5.5-5 and 5.5-6. These
results do not take into account differences in emissions from heavy oil production
facilitated by steam injection, and lighter oil production enabled by hydraulic fracturing.
The first involves production of more viscous oil with lower volatile hydrocarbon
concentrations at higher temperatures compared to second, which involves production of
less viscous oil with higher volatile hydrocarbon content at lower temperatures. Based on
the differences in temperature and volatile content, it is not clear which would have the
higher relative emissions.

321

Chapter 5: San Joaquin Basin Case Study

Table 5.5-5. Percent of criteria air pollutant and reactive organic gases emissions from
hydraulic fracturing enabled production in Kern County in 2012.
ROG

NOx

SOx

PM10

PM2.5

6.3%

0.5%

4.6%

0.6%

1.9%

Table 5.5-6. Toxic air contaminant emissions from hydraulic fracturing enabled production as a
percent of total emissions in Kern County in 2010.
TAC species

Percentage Well
Stimulation (WS)-related

1,3-Butadiene

0.1%

Acetaldehyde

0.1%

Benzene

2.1%

Carbonyl sulfide

0.0%

Ethyl Benzene

0.7%

Formaldehyde

6.0%

Hexane

2.6%

Hydrogen Sulfide

22.4%

Toluene

0.7%

Xylenes (mixed)

3.3%

Table 5.5-5 shows about a fifteenth of the ROG emissions in Kern County are from oil
and gas production enabled by hydraulic fracturing. As mentioned, ROG is involved in
the formation of ground-level ozone (as opposed to ozone in the troposphere). Due to
regular high ozone concentrations, the portion of Kern County in the San Joaquin Valley
is designated by the EPA as extremely out of compliance with the 8-hour ozone standards,
meaning ozone concentrations regularly exceed health standards (U.S. Environmental
Protection Agency (U.S. EPA), 2012). In this context, the portion of ROG emissions due to
hydraulic-fracturing-enabled oil and gas production is substantial, although obviously not
uniquely so compared to other sources.
Table 5.5-6 shows that a substantial percentage of some TAC species emissions in Kern
County are caused by hydraulic-fracturing-enabled production, especially hydrogen
sulfide. This is because oil and gas production as a whole is responsible for the majority of
these emissions, as shown in Table 5.5-4. Consequently, measures that can reduce these
emissions should be considered.
5.5.2. Greenhouse Pollutants
CARB also issues annual inventories of the greenhouse pollution emitted during oil production
and transportation to a refinery on a field-by-field basis for the more productive fields. This
does not include greenhouse pollution from refining the oil or combusting the final product.

322

Chapter 5: San Joaquin Basin Case Study

The amount of pollution is expressed as units of carbon equivalent emissions per unit of
energy produced, which is termed carbon intensity (CI). Figure 5.5-1 shows all the CIs
available in the 2013 inventory versus the volume of oil produced 2013 from DOGGR’s
production database (CARB, 2014). Each symbol indicates whether the field had water
flooding or steam injection, and whether it had a pool with hydraulic-fracturing-enabled
production. If it did have such a pool, the shading of the symbol indicates the fraction of
the field’s production coming from such a pool (or pools), with darker shading indicating
a higher fraction.

Oil produced (bbl)
6,290
30

62,900

629,000

6,290,000

62,900,000

No water flood or steam injection
With water flood
With steam injection

Carbon intensity (CI; g/MJ)

25

20

Average CI of oil produced with steam injection
15

Average CI of oil consumed in California
10

Average CI of oil produced with water flooding
5

0
100

1,000

Average CI of oil
produced without injection

10,000

100,000

Oil produced

1,000,000

10,000,000

(m3)

Figure 5.5-1. Greenhouse pollution, as carbon intensity (CI), from producing and transporting a
unit of oil from California fields to a refinery (CARB, 2014) versus oil production in 2013 from

DOGGR. Open symbols indicate no hydraulically fracture-enabled production. Black indicates more
than two thirds of the production was enabled. Averages are weighted by production in each field.

Figure 5.5-1 indicates the CI of oil from fields with hydraulic-fracturing-enabled
production is generally less than from fields without such production. The average CI for
oil from fields with hydraulic-fracturing enabled production, but without water flooding
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or steam injection, are near the average CI for all fields without water flooding or steam
injection. For fields with water flooding and steam injection, the greater the production
fraction from predominantly hydraulically fractured pools, the lower the CI in general.
Most of the fields with higher fractions of production from such pools have CIs below the
average for all fields with either water flooding or steam injection. This is presumably
because in those fields, stimulation requires additional effort to produce a unit of oil,
whereas in fields with water or steam injection, stimulation reduces this effort.
CARB (2014) indicates the average CI of oil used in California is 11.39 g/MJ. Figure 5.5-1
indicates the average CI for oil produced in California using hydraulic fracturing is less
than this value. This analysis indicates that if hydraulic fracturing were disallowed, the
average greenhouse pollution per unit of oil consumed in California due to production
and transportation could actually increase if well stimulation was stopped. If stimulation
was stopped and consumption remained constant, more oil would be required from nonstimulated California fields or regions outside of California, greenhouse pollution due to
oil consumption in California could increase.
5.6. Potential Risk to Public Health From Proximity to Oil Production
Many features, events, and processes associated with oil production can create risk to
public health, such as air-pollutant emissions, water quality degradation, and light and
noise pollution. This section focuses on the potential risk from air-pollutant emissions in
the San Joaquin Basin. Other health risks are assessed in Volume II, Chapter 6.
The concentration of air contaminants is largest at the source emitting those
contaminants. The concentration declines rapidly with distance from the source.
Consequently, risk to public health due to air pollution from production wells is sensitive
to a population’s proximity to the well. Studies of the distribution of air pollutant
concentrations around other point sources indicate that these typically decline to
background at a distance of one to two km (0.6 to 1.2 mi.) from the source (references
and further discussion are available in Volume II, Chapter 6).
The only air-pollutant emission data available is the aggregate total for all oil and gas
production in a given area. Statistics for air-pollutant emissions from a single well in
California are not available. In addition, most pollutants emitted during oil and gas
production are not associated with well stimulation chemicals. Rather they are due to
production of petroleum, whether or not that production is enabled by well stimulation
(full discussion available in Chapter 4 of this volume). Exposure to these chemicals
will be a function of the proximity of the population to any production well, although
without statistics on the emission per well, the consequence of this exposure cannot be
determined.
Below, the proximity of population to all production wells and the subset in proximity to
hydraulically fractured wells is assessed, to emphasize the point that the health impact is
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only indirectly related to hydraulic fracturing. It is production in general aside from well
stimulation that may cause an impact. These points, with supporting data and citations,
are elaborated on in Appendix 4.B to Chapter 4 of this volume. The analysis calculates the
size and character of the population, as well as sensitive receptor sites such as schools and
senior care facilities, occurring within various distances of a production well. Details on
the analysis approach are available in Appendix 4.B to Chapter 4 of this volume.
The extent of this analysis was limited to the CARB San Joaquin Valley Air Basin (SJVAB)
without Merced, San Joaquin, and Stanislaus Counties, as shown in Figure 5.6-1 (CARB,
2009). Merced and Stanislaus Counties were removed because little to no oil and gas
production occurs in them. San Joaquin County was removed because it actually resides
outside of the San Joaquin geologic basin, and no well stimulations are reported to have
occurred there.

Hydraulic
fracturing
Predominant
Some
None identified
Proximity
study area
San Joaquin
Basin

±

0

62.5

0

35

125

70

250
Kilometers
Miles
140

Figure 5.6-1. Study area for analysis of population and households in proximity to hydraulically
fractured wells and all active wells.
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Decennial census data was downloaded from American Fact Finder via Census.gov for the
entire state of California at the census block and block group level (U.S. Census Bureau,
2012). The demographic data found in Summary File 1 for the 2010 census were used,
including details collected from every household, such as “sex, age, race, Hispanic or
Latino origin, household relationship, household type, household size, family type, family
size, and group quarters.” Data on housing included occupancy status, vacancy status, and
tenure (whether a housing unit is owner-occupied or renter-occupied; U.S. Census Bureau,
2012).”
In addition to demographic profiles, the spatial analysis included four types of facilities
frequented or inhabited by more sensitive members of the population. The proximity of
residential elderly care homes, schools, permitted daycare facilities, and playgrounds in
the San Joaquin Basin were included to provide additional perspective on the population
of elderly and children in proximity to stimulated wells.
The analysis used data regarding residential care homes from the California Health Care
Facility Dataset (HLTHFAC, undated); a dataset of over 4,000 facilities in California.
The dataset was limited to only residential elderly care facilities. Student enrollment
demographics data was downloaded from the California Department of Education web
site. The location of schools was downloaded from a California Department of Education
Portal (California Department of Education, undated), cleaned, and the locations verified
for elementary, secondary, and unified school districts. Then, 2013/2014 enrollment
demographic data for each school were taken from the United States Census Bureau’s
2014 TIGER file (U.S. Census Bureau, 2014). Schools with no student enrollment were
removed from the dataset. Quality control techniques identified enrollment demographics
for schools that did not match the schools listed in the Geographic Information Systems
(GIS) files, which were eliminated from the analysis. The location of licensed childcare,
preschool, and day care facilities was extracted from a larger dataset of all childcare
facilities, which also included child group homes (California Department of Social
Services, undated).
The results of the proximity analysis of this data in the SJVAB are shown in Table 5.6-1.
The proximity of facilities with sensitive populations (such as schools and elder care) and
other demographics, including low education populations, unemployed populations, and
low-income households, are listed in tables in Appendix 5.D.
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Table 5.6-1. Total and percent of population, population by age, Hispanic, and Non-Hispanic
minority in proximity to hydraulically fractured (HF) wells and all wells in the study area
(based on the Census block level).

Proximity to
a well (m; ft)

All active
or HF
wells?

100 (330)

HF

All

400 (1,300)

HF

All

800 (2,600)

HF

All

1,600 (5,300)

HF

All

2,000 (6,600)

HF
All

Category
population

Metric

Under 18
years of age

5 years of
age and
younger

Over 75
years of age

Minority
(NonHispanic)

Hispanic

Population.

76

20

6

4

14

20

% of total pop..

<0.01%

<0.01%

<0.01%

<0.01%

<0.01%

<0.01%

Population

3,640

985

341

214

953

1,499

% of total pop..

0.15%

0.13%

0.14%

0.21%

0.10%

0.12%

HF pop % of total pop.

2.1%

2.0%

1.8%

1.9%

1.5%

1.4%

Population.

1,542

472

159

75

411

533

% of total pop..

0.06%

0.06%

0.06%

0.07%

0.04%

0.04%

Population

32,917

9,631

3,220

1,378

9,708

14,498

% of total pop..

1.4%

1.3%

1.3%

1.4%

1.1%

1.1%

HF pop % of total pop.

4.7%

4.9%

4.9%

5.4%

4.2%

3.7%

Population.

9,908

2,984

1,011

413

3,194

3,819

% of total pop..

0.42%

0.41%

0.40%

0.41%

0.35%

0.30%

Population

101,103

29,906

10,128

3,952

31,815

44,896

% of total pop..

4.2%

4.1%

4.1%

4.0%

3.5%

3.5%

HF pop % of total pop.

9.8%

10%

10%

10%

10%

8.5%

Population.

51,689

16,368

5,546

1,776

16,432

19,970

% of total pop..

2.17%

2.24%

2.22%

1.78%

1.79%

1.56%

Population

289,112

87,311

29,449

10,707

96,132

130,687

% of total pop..

12.1%

12.0%

11.8%

10.7%

10.4%

10.2%

HF pop % of total pop.

18%

19%

19%

17%

17%

15%

Population.

81,153

26,017

8,877

2,415

27,227

32,846

% of total pop..

3.4%

3.6%

3.5%

2.4%

3.0%

2.6%

Population

381,665

116,772

39,693

14,055

129,723

175,000

% of total pop..

16%

16%

16%

14%

14%

14%

HF pop % of total pop.

21%

22%

22%

17%

21%

19%

Total population

2,386,959

730,050

250,065

99,957

920,404

1,278,020

Table 5.6-1 and those in Appendix 5.D show that about 4% or less of the population in
general, and subpopulations assessed (e.g., all households, household types, and daycare
centers and schools), are estimated to reside within 2 km (1.2 mi.) of a hydraulically
fractured well in the San Joaquin Basin. For these same groupings, 17% or less are
estimated to reside within 2 km (1.2 mi.) of an active oil or gas well. Consequently, a bit
less than about a fifth of the populations, households, and schools that are in proximity to
an active oil and gas well are in proximity to a hydraulically fractured well. This is about
the same as hydraulic-fracture-enabled production as a fraction of all production in the
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San Joaquin Basin, and suggests to the extent air emissions due to hydraulic fracturing
are small compared to all other emissions to install and produce a well, the majority of
exposure in the Basin is not due to hydraulically fractured wells, but rather to other wells.
Table 5.6-1 and those in Appendix 5.D show that the percentage of almost every selected
demographic and household group in proximity to both hydraulically fractured and all
active wells is smaller than the percentage of the general population and households. In
other words, people and households in proximity to a hydraulically fractured well and
all active oil wells are on average more young adult to middle aged, better educated, and
have higher incomes than populations away from these wells.
However, because the density of hydraulically fractured wells is typically high where they
do occur, people and households that are in proximity are likely in proximity to a large
number of such wells. This is shown for the town of Shafter in Figure 5.6-2. Consequently,
the threshold of emissions for any single well to have an acceptable impact is smaller than
the threshold for a well among a grouping of wells. For instance, in the Shafter area the
threshold for a well among the group would be about one hundredth of the threshold for
a single well, based on a proximity of 1.6 km.

5
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5 555 5
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5 5 5
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Figure 5.6-2. Number of oil wells in the McClure pool in proximity to a location in the town of

Shafter. Oil wells in this pool are generally hydraulically fractured. Other wells in this area are
generally not hydraulically fractured. The well type during 2014 is shown.
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5.7 Potential Risk to Wildlife and Vegetation From Habitat
While habitat loss, as discussed in Volume II, Chapter 5, denotes a decrease in the total
area of suitable habitat, fragmentation is a change in configuration of that habitat. The
two are related, but fragmentation has distinct aspects: an increase in the proportion
of perimeter to interior, and the change from one large to many small areas, as shown
on Figure 5.7-1. An increase in the ratio of perimeter to interior results in increased
exposure to disturbance at the fringe of the habitat, commonly referred to as “edge
effects.” A change from one large to many small areas of habitat, also referred to as loss
of connectivity or corridors, splits populations of an organism from one large population
into many smaller subpopulations. It is important to maintain connectivity between
subpopulations to prevent inbreeding and enable recolonization after local extinctions
(Pimm and Gilpin, 1989). These two aspects of fragmentation are referred to simply as
edge effects and loss of connectivity in the following discussion.
Most of the hydraulic-fracturing-enabled production in the San Joaquin Basin takes place
against a backdrop of rangeland habitat, mostly saltbush scrub and non-native grasslands
(Volume II, Chapter 5). Almost 90% of the hydraulic fracturing reported in the state is
concentrated in six fields clustered in the southwestern portion of the valley: North and
South Belridge, Lost Hills, Elk Hills, Midway-Sunset, and Buena Vista fields (Volume I,
Chapter 3, Table 3-1). The southwestern San Joaquin also happens to be one of the largest
locales of remaining saltbush scrub habitat in the state and is a high regional priority for
conservation (Volume II, Chapter 5).
Many populations of native species in the San Joaquin Valley are endangered because of
habitat loss and fragmentation (Kelly et al., 2005; Kucera et al., 1995). While the main
drivers of habitat loss in the valley as a whole are agriculture and urbanization, in the
southwestern portion, a large proportion of land is occupied by oil fields (see Volume
II, Chapter 5’s section on “Kern County: Ecology, Oil and Gas Development, and Well
Stimulation”). Maintaining linkages between small, fragmented populations is important
for survival of native species, such as the San Joaquin Kit Fox (Cypher et al., 2007;
Harrison et al., 2011).
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a)

b)
Figure 5.7-1. Fragmentation. a) Edge effects: a comparison of five shapes with low to high

edge effects. The shapes have the same area but different configurations, progressing from the
shape with the lowest ratio of perimeter to area (the circle) to a shape with a very high ratio
of perimeter to area (a string of many small squares). The DI metric increases as the ratio of

perimeter to area increases. b) Loss of connectivity: a comparison of connected and disconnected
areas. Green represents suitable habitat and red hatching represents unsuitable habitat. The
portion marked in green is the same total area in all three, but progressing from greatest

connectivity on the left (one continuous block), through reduced connectivity (minimal connection
points between habitat), to loss of connectivity (three isolated patches with no corridors).
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5.7.2. Fragmentation Analysis Methodology
Two approaches were taken to assess fragmentation in the San Joaquin Valley. First,
a metric for edge effects called the Diversity Index (DI) was used (Patton, 1975). As
illustrated in Figure 5.7-1a, an area with a higher DI is more fragmented. Details on the
calculation of DI are provided in Appendix 5.E.
DI was calculated for six fields: North Belridge, South Belridge, Mount Poso, Elk Hills,
Midway-Sunset, and Buena Vista. It was calculated from three categories of land use:
barren/highly disturbed oil field, other developed (urban or agriculture), and vegetated.
The vegetated areas are habitat (nearly all non-native grasslands and Valley saltbush
scrub). The DI was calculated for the perimeter of the vegetated area, which includes
the edges between vegetated area and the two other land-use categories, as well as the
perimeter of the field. Data was acquired from the Geographical Information Center
(2014).
Second, corridors in the southwestern San Joaquin Valley were identified, and whether
they could be lost due to expanding oil and gas development was assessed. Four criteria
were used to identify a viable corridor. First, a corridor needed to have a well density no
greater than 77 wells per square kilometer, based on studies showing that most native
organisms do not use areas at higher well densities5 (Fiehler and Cypher, 2011). Second,
corridors needed to be more than 2 (1 mi.) wide to be viable, based on expert opinion
(Garcia and Associates, 2006). Corridors needed to connect areas of shrubland/grassland
(as opposed to urban or agricultural areas). Finally, while areas that are extremely wide
do allow migration, they are not “corridors” in the sense that they are not relatively
narrow pathways connecting patches of habitat. Our fourth criteria for identifying an
area as a corridor was that it be less than 3 km (2 mi.) wide, in order to identify relatively
narrow pathways that could be eliminated by relatively small geographic expansions or
intensifications of oil development.
5.7.2. Fragmentation Analysis Results
The six fields assessed had different degrees of fragmentation. Elk Hills had the highest
DI, followed by Midway-Sunset, then Mount Poso, Buena Vista, South Belridge and
North Belridge, as shown in Table 5.7-1. Figure 5.7-2 shows the land use types and
fragmentation in each field. Note that DI is calculated based on the length of contact
between vegetation and developed areas, including oil and gas, urban, and agriculture
areas. Only a portion of the oil and gas development can be attributed to hydraulicfracturing-enabled production (column A/B).

5. Well density is highly predictive of habitat disturbance from all infrastructure in an area. See Volume II, Chapter 5,
Appendix 5.C for details.
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Table 5.7-1. Edge effects in six southern San Joaquin Basin oil fields, ranked from greatest
to least DI. Note that DI is calculated based on the length of contact between vegetation
and developed areas, including oil and gas, urban and agriculture areas. Only a proportion
of the oil and gas development can be attributed to hydraulic fracturing-enabled
production (column A/B).
A

B

A/B

Hydraulic
Fracturing-Enabled
Alteration to
Habitat (km2)

All Oil & Gas
Alteration to
Habitat (km2)

Proportion of
Alteration to Habitat
Due to Hydraulic
Fracturing (%)

Vegetated
Area (km2)

Vegetated
Perimeter
(km)

DI

53

146

36%

160

1836

40.88

Midway - Sunset

7

181

4%

201

1595

31.75

Mount Poso

18

48

37%

112

506

13.51

Buena Vista

10

90

11%

112

506

13.51

Belridge, South

5

46

10%

27

172

9.41

Belridge, North

4

15

30%

18

107

7.08

Field

Elk Hills
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Figure 5.7-2. Land use categories and fragmentation in six oil fields in the San Joaquin Basin
with the greatest number of hydraulic fractures.

Different patterns of development have very different impacts on habitat loss and
fragmentation; for example, while North and South Belridge have a much smaller amount
of vegetated area remaining than Elk Hills, that area is much less fragmented, because
development in the Belridge fields is highly clustered. It is also worth noting that while
North and South Belridge have much higher numbers of reported hydraulic fractures than
Elk Hills, the newly drilled and stimulated wells in the Belridge fields are generally located
in areas that have already been intensively developed. It is also important to note that the
analysis of fragmentation did not attempt to parse out the impact of hydraulic-fracturingenabled development. Column “A/B” in Table 5.7-1 gives the proportion of habitat altered
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due to hydraulic-fracturing-enabled development compared to all oil and gas development
in each field. Only a portion of the fragmentation of habitat by oil and gas production can
be attributed to development enabled by hydraulic fracturing. In some fields in particular,
such as Midway-Sunset, this portion is likely quite small, although the exact contribution
to fragmentation will depend on the location of the altered habitat.
The ratio of edge to interior habitat can be minimized by clustering facilities as much as
possible: for example, building a network of main roads, pipelines, and powerlines rather
than many small ones; using centralized staging and storage equipment; and placing
multiple directionally drilled wells on one well pad rather than placing individual vertical
wells on each well pad (Getches-Wilkinson Center for Natural Resources, Energy, and the
Environment, 2015).
Eight locations were identified in the southwest San Joaquin Basin that met the definition
of a corridor. These are shown in Figure 5.7-3. These connected the relatively small
islands of habitat that lie between the vast expanses of agricultural fields and the highly
developed oil and gas areas with the open land to the south and west of the oil fields.
These eight corridors lie between areas of high-density oil patches in the Midway Sunset
field (3 corridors), McKittrick/Elk Hills field (2), Elk Hills (2), and South Belridge/
Cymric (1). All of these fields except the McKittrick were identified as having pools where
production is predominantly facilitated by hydraulic fracturing (Volume I Appendix
N). These corridors are high-value areas that should be targets for conservation and
implementation of best management practices, habitat thresholds, and/or regulated
mitigation measures that maintain sustainable populations of rare species within the oil
field landscape.

334

Chapter 5: San Joaquin Basin Case Study

Chico
Chico
Mar
Martinez
tinez

1.6 miles (2.6 km)

California
Valley

Temblor
Temblor
Ranch
Ranch
Belgian
Belgian
Ant
Anticli
icline
ne

Temblor
Temblor
Hills
Hills

Rio
Rio
Bravo
Bravo

Cal
Cal
Canal
Canal
Gas
Gas

Belr
Belridge,
idge,
Sout
Southh

Ker
Kernn
River
River

Bow
Bowerbank
erbank

Lokern
Preserve

Greeley
Greeley Rosedale
Rosedale
Calders
Goos
English
Goosloo
loo Calders
English
Corner
(Abd)
(Abd) Corner
Colony
Colony
Bellevue,
Bellevue,
Bellev
evue
ue
West
West Bell
2800 Acre
Water Bank
Canal
Canal Str
Strand
and

Lokern
Ecological
Reserve

Cymr
Cymric
ic
Mc
McKitt
Kittririck
ck

1.0 miles
(1.6 km)

Ker
Kernn
Front
Front

Rosedale
Rosedale
Ranch
Ranch

Union
Union
Ave.
Ave.
Stockdale
Stockdale

Elk
Elk
Hills
Hills

1.8 miles
(2.9 km)

Fruit
Fruitvale
vale

1.5 miles
(2.4 km)

Coles
Coles
Levee,
Levee,
Nort
Northh

Ten
Ten
Section
Section

Canfi
Canfield
eld
Ranch
Ranch

Coles
Coles
Levee,
Levee,
Sout
Southh

Soda Lake

1.0 miles (1.6 km)

Carrizo
Plains
Ecological
Reserve

Buena
Buena
Vist
Vistaa

Paloma
Paloma

Midw
Midway
ay
-- Sunset
Sunset

Mor
Morales
ales
Canyon
Canyon

1.2 miles (1.9 km)
C a r r i z o
P l a i n
N a t i o n a l
M o n u m e n t

1.4 miles
(2.3 km)

Wind
Wolves
Preserve

Russell
Russell
Ranch
Ranch

L o s Oil
P and
a d Gas
r e administrative
s
field boundaries Land Use/Land Cover
National
Developed & Other Human Use
Well
density
Cuyama,
Cuyama,
Forest
Sout
Southh

Low (1-15/km2)
2

Medium (15-77/km )

Yowlumne
Yowlumne

Agricultural/Introduced/Modified

Rio
Rio
Viejo
Viejo
San
San
Emi
Emidio
dio
Nose
Nose

Landslide
Landslide

Pioneer
Pioneer

Whit
Whitee
Wolf
Wolf

Bitter
Creek
National
Wildlife
Refuge

Plei
Pleito
to

Wheeler
Wheeler
Ridge
Ridge

Forest & Woodland
Barren

Shrubland/Grassland/Barren
0

High (>77/km2)
0

5

5
10

10

20
Kilometers
Miles
20

±

Figure 5.7-3. Corridors between high-density oil developments in the southwestern San Joaquin
Valley.

From the standpoint of habitat conservation, how much new development is enabled
by well stimulation is less important than where that new development occurs. Well
stimulation in California has enabled production from pools that were formerly
uneconomical to produce (Volume I, Chapter 3). In some cases, these pools underlie
regions at the surface that have already been intensively developed for human use—
either for oil and gas production tapping into other pools, or for agriculture or cites.
If well stimulation spurs development of pools that underlie habitat, it results in loss
and fragmentation of that habitat. When well stimulation enables new development
in pools that underlie already developed areas, the marginal impact to habitat loss
and fragmentation is much smaller. It is possible that the co-occurring unstimulated
pools could cease production before the stimulated ones, in which case stimulation
could extend the duration of an impact to the field. However, in the limited number
of studies of long-term habitat impacts after a well is abandoned, the habitat did not

335

Tejon,
Tejon,
North
North

Chapter 5: San Joaquin Basin Case Study

reconverge to pre-disturbance quality within the timeframe of the studies (on the scale
of a few to approximately ten years after a well was abandoned) (Hinshaw et al., 1998).
This suggests that while extending the duration of production at a site may have some
ecological impacts, the major impact is in the initial development.
Oil and gas production as a whole has contributed to habitat fragmentation in California,
although the proportion of fragmentation caused specifically by hydraulic-fracturingenabled production is most likely fairly minor, in line with the proportion of habitat
loss it has caused. However, in certain key areas, particularly the southwestern San
Joaquin Basin, hydraulic-fracturing–enabled production is an important contributor
to fragmentation in an ecologically sensitive area. In particular, there are only a few
corridors connecting the islands of habitat remaining between farmland and oil fields
to each other and the habitat to the south and west of the oil fields. These relatively
small areas are vulnerable to expanded production, given that most native species do
not generally use high-density oil fields. Fragmentation from future development can be
minimized by focusing on infill areas, and minimizing new development in corridors can
reduce the impacts of fragmentation resulting from future oil and gas development.
5.8. Data Gaps
Many of the sections above have identified data gaps regarding each assessment, which
are summarized below together with recommendations for assessing and collecting
additional data.
• The disposal method for water produced from the fields with the most hydraulic
fracturing is uncertain. Data submitted to the public database by at least some
operators disagree with statements from them regarding how they dispose of
water. In order to understand the historic disposition of these waters, an effort
should be made to correct this data set. Aside from providing an accurate
understanding of current practice, this is relevant to characterizing potential
legacy contamination, discussed below in the conclusions. Going forward,
adequate reporting procedures should be implemented with data quality
assurance and control to increase data integrity.
• The concentration of well stimulation chemicals, their degradation products,
and natural constituents mobilized by stimulation in produced water streams
from central treatment plants is unknown. This is particularly a concern for
produced water from pools with hydraulic fracturing operations that is disposed
of in percolation pits or potentially injected into protected groundwater. The
composition of produced water should be analyzed in order to characterize
this possible source of contamination. Even if the recommendations above
to phase out such disposal are implemented, this source characterization is
needed to inform the recommended next step of investigating potential legacy
contamination at and beneath percolation pits and around disposal wells injecting
into groundwater that is determined to require protection.
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• The statistical likelihood of shallow hydraulic fractures encountering protected
groundwater resources is currently unknown, or at least not estimable from
publicly available data. It may well be that operators have data sufficient to
develop this understanding if it is released, perhaps in response to a regulatory
request. If these data do not exist, cannot be released, or are insufficient, field
research is recommended to develop these statistics. In addition, a theoretical
basis should be developed for limiting the likely maximum size of shallow
hydraulic fractures to support appropriate regulations to prevent intersecting
protected water.
• The frequency of chronic well leakage in California is not known. This information
is critical to estimating the frequency of fluid volumes leaking from wells. While
information regarding this frequency exists for other parts of North America,
the frequency in California could be different for a variety of reasons (such
as sedimentary consolidation and ground settlement, use of thermal recovery
methods, and seismic activity). If an understanding of the chronic well-leakage
frequency in California cannot be developed from existing public data sources,
this understanding should be developed through new field research, such as soil
gas monitoring around statistical samples of existing wells, and testing of behindcasing well permeability as part of plugging orphaned wells.
• Data regarding the concentration of TACs and criteria pollutants in the vicinity
of stimulated wells, and oil and gas wells in general in the San Joaquin Basin,
appears to be lacking. Air quality data should be collected in the vicinity of such
wells, particularly where communities are located in proximity to high well
densities, given the high percentage of criteria pollutant emissions in the San
Joaquin Basin by oil production.
• Assessments of greenhouse gas pollution from oil production, transportation,
and refining from pools where most wells are hydraulically fractured versus
pools developed using other technologies are not available. Consequently,
understanding the amount of pollution from different production methods,
with greatly varying greenhouse pollution profiles, is difficult. Assessments of
greenhouse gas pollution should be conducted for individual pools, at least
some that are representative of different production methods used in California,
because production methods are more consistent across a pool than they are
within a field consisting of multiple pools.
• Our understanding of key parameters for conservation in the southwestern San
Joaquin Basin is limited. Key questions for further research are: what is the
minimum width for a viable corridor? What level of human disturbance can the
native species tolerate in a corridor, and in viable habitat? What is the minimum
amount of area and degree of connectivity that must be maintained in order for
native species to sustain their populations? How will continuing changes in the
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region—such as from oil field development, agriculture, urbanization, and climate
change—affect native species? These are classic questions in conservation biology,
but relatively little research has been done on these issues for the suite of species
that inhabit the southwestern San Joaquin Basin.
5.9. Conclusions and Recommendations
The following summarizes the conclusions from each potential risk assessed in this case
study. Recommendations to reduce some risks in the San Joaquin Basin are also included,
along with some additional general recommendations.
Water Supply: In the San Joaquin Basin, high-quality water is used for hydraulic
fracturing, and low-salinity supplied water is used for EOR in some fields, while produced
low-salinity water is disposed of in other fields. There may be opportunities for switching
from using supplied water to low-salinity produced water that is currently disposed of in
the same or nearby fields. This could both reduce demand for supplied low-salinity and
high-quality water and reduce subsurface disposal volumes, which in turn would reduce
the induced-seismicity risk created by disposing of produced water by injection. It is
currently unknown what barriers exist to using produced water for this purpose. They may
be technical, such as a mismatch between the quality of the produced water and the water
quality needed for hydraulic fracturing and EOR. It might be possible to address such
a barrier, for instance with incentives to apply an appropriate treatment technology to
improve the quality of the produced low-salinity water. The barriers may be legal, such as
restrictions on operators cooperating on transfers of produced water between them within
the same field or between different fields, or the liability associated with such transfers.
These could potentially be addressed through legislation.
Disposal of Produced Water in Percolation Pits: Analysis of available data suggests the
concentrations of hydraulic fracturing fluid constituents in produced water from fields
with substantial hydraulic fracturing are sufficiently high that it should not be disposed of
by percolation, because of the risk of groundwater contamination this creates.
Produced Water Used for Irrigation: Analysis of available data suggests occasional
hydraulic fracturing in fields from which produced water is used for irrigation. While
there are central treatment facilities for produced water, these may not be designed
to remove or reduce stimulation-fluid constituents, their degradation products, and
any natural constituents mobilized by stimulation or reduce the concentration of those
constituents to acceptable levels. Thus, there is a possibility that hydraulic fracturing
fluid constituents could be at concentrations of concern in the produced water stream
from central treatment facilities, in particular shortly after a well is put on production
after stimulation. In the absence of appropriate treatment systems and a determination of
what are acceptable concentrations, which are unknown for many possible constituents,
hydraulic fracturing should not be allowed in fields that supply produced water for use
in the environment, such as irrigation. Alternatively, use of produced water for irrigation
from fields with hydraulic fracturing should be prohibited.
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Constituents Used for Stimulation: One means of reducing concerns about the release
of stimulation constituents is to move to a constituent selection approach similar to that
of the North Sea compact/OSPAR Convention. In California, a similar program could
be built upon the U.S. Environmental Protection Agency’s Designed for Environment
program, which is voluntary at the national level (U.S. EPA, 2011). This would result in
utilization of constituents with among the lowest potential environmental impacts, and
would allay the current situation involving use of numerous chemicals without a complete
environmental profile, which precludes a complete assessment of risk to the environment
and human health. In the meantime, a risk assessment regarding those constituents for
which OEHHA provided screening criteria in Volume II, Appendix 6.B should be carried
out, ideally based upon measurements of constituent concentrations in produced water at
the point of disposal. But if those are unlikely to be collected in the near term, it is advised
to use the potential upper-bound concentrations derived in this report in the meantime.
Site Characterization: Site characterization is needed in order to assess the risk of
leakage to groundwater via subsurface pathways. This includes characterizing the extent
and quality of groundwater with less than 10,000 mg/L TDS, horizontal hydraulic
gradients and flow directions in this zone, vertical gradients through the section from
the reservoir to the ground surface, and hydrostratigraphy throughout the section in the
vicinity of a hydraulic fracturing operation, as well as potential leakage paths (such as
wells and faults). A particular focus for the San Joaquin Basin is determining the extent
of and hydraulic head distribution within groundwater with less than 10,000 mg/L TDS,
which has not historically been methodically determined and mapped. This information is
necessary to designing monitoring for all protected groundwater.
Shallow Hydraulic Fracturing Operations: Most hydraulic fracturing in the San Joaquin
Basin occurs in relatively shallow subsurface reservoirs, which increases the potential for
created fractures encountering protect groundwater. Shallow fracturing should only be
permitted if (1) there is a detailed prediction of the expected fracturing extent, (2) the
separation distance between this extent and protected groundwater provides a sufficient
safety margin given appropriate weighting of uncertainties, (3) operations are monitored
to infer if the fracture has intersected or come near groundwater, (4) a corrective
action plan is in place if this occurs, and (5) the groundwater monitoring plan includes
appropriate adjustments to monitor groundwater in close proximity to any possible
fracture extensions into or near groundwater.
Leakage Detection and Groundwater Monitoring: SB 4 now requires operators
to implement appropriate monitoring near well stimulation operations. However,
groundwater monitoring will not necessarily detect contamination should it occur, in
particular if leakage frequencies are low and rates are small. It would be beneficial to
conduct further studies on leakage detectability specific to the conditions in the San
Joaquin Basin to assess the cost versus the benefit of different monitoring approaches,
and to optimize monitoring strategies to adequately account for potential higher risk
stimulations, such as hydraulic fracturing in close proximity to protected groundwater.
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While similar studies have been conducted in other settings, the depth of stimulation in
the San Joaquin Basin is one unique feature that warrants studies specific to the practice
in the state. In addition, improved monitoring design could be achieved via dedicated
field study areas where monitoring and data collection can be much more intense and
ubiquitous than is possible in general industry operations. The field study areas would
be monitored with more-than-usual resolution and frequency, which allows for testing of
monitoring practices and provides for lessons learned in terms of what types of monitoring
is useful.
Well Construction: Current well construction requirements in the San Joaquin Basin are
not designed to protect groundwater with 3,000 to 10,000 mg/L TDS that is not otherwise
exempt from protection. These requirements should be modified to protect this water,
such as by requiring full-length cementing of casing into an aquitard below the base of
the deepest water with <10,000 mg/L TDS. A statistical understanding of the existing
wells relative to protecting this groundwater from potential migration of stimulation fluids
should be developed, both through an assessment of available well construction records
and field research in the vicinity of selected legacy wells of concern. Wells that do not
have seals behind casing positioned to protect groundwater with less than 10,000 mg/L
TDS should be remediated with cement squeeze operations.
Faults as Leakage Pathways: The San Joaquin Basin has a high density of faults, which
present potential paths for leakage out of hydraulically fractured pools. The presence of
oil generally suggests that faults intersecting oil reservoirs do not provide leakage paths.
However, the likelihood of leakage of stimulation fluids or reservoir gases via faults
opened during hydraulic fracturing is not known. This likelihood should be investigated
further, perhaps in simulation assessments and/or dedicated field studies. In the
meantime, it is important to ensure that site characterization efforts conducted will detect
existing faults of a size sufficient to connect the reservoir to protected groundwater before
a hydraulic fracturing operation is conducted.
Proximity Analysis: About 3 to 4% of the total population in the San Joaquin Basin lives
within 2 km (1.2 mi.) of a hydraulically fractured well, and about 16% live within this
distance from an active oil and gas production well. Consequently, about a fifth of people
in proximity to an active oil production well are in proximity to a hydraulically fractured
well. This is about the same as the portion of oil production that is enabled by hydraulic
fracturing. The population within the vicinity of both hydraulically fractured wells and all
active wells is younger, more educated, and has higher incomes than populations further
away.
Habitat Fragmentation: Habitat fragmentation is related to both an increase in the
proportion of edge to interior habitat, and a loss of connectivity between areas of highquality habitat. An increase in edge habitat tends to be deleterious for species that are
intolerant of human disturbance. Loss of connectivity tends to reduce the long-term
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viability of populations of native species. Conserving large patches of habitat with a
relatively low ratio of edge to interior, and preserving corridors for connectivity between
patches of habitat, are important for conservation of native species. Edge effects can be
minimized by clustering facilities as much as possible: for example, building a network
of main roads, pipelines, and power lines rather than many small ones; using centralized
staging and storage equipment; and placing multiple wells on one well pad. Connectivity
can be preserved by maintaining corridors between patches of habitat. Eight major
corridors were identified in the vicinity of the oil fields with the most hydraulic fracturing
in the San Joaquin Basin. These should be preserved by focusing development elsewhere
or by drilling directional and horizontal wells from well pads outside these corridors
to reach locations beneath the corridors. The agencies of jurisdiction should identify
quantifiable objectives for habitat conservation (in terms of minimum width of corridors,
maximum disturbance levels, total area conserved and configuration) that could be
applied in high priority reserves and corridors in the southwestern San Joaquin Basin to
maintain sustainable populations of special status species in the corridors and oil field
landscape.
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Senate Bill 4 Language Mandating
the Independent Scientific Study
on Well Stimulation Treatments
The following is the language from Senate Bill 4 (Pavley, Statutes of 2013) that required
the independent scientific study on well stimulation treatments, of which this volume
comprises the first installment.
3160. (a) On or before January 1, 2015, the Secretary of the Natural Resources Agency
shall cause to be conducted, and completed, an independent scientific study on well
stimulation treatments, including, but not limited to, hydraulic fracturing and acid well
stimulation treatments. The scientific study shall evaluate the hazards and risks and
potential hazards and risks that well stimulation treatments pose to natural resources and
public, occupational, and environmental health and safety. The scientific study shall do all
of the following:
1. Follow the well-established standard protocols of the scientific profession,
including, but not limited to, the use of recognized experts, peer review, and
publication.
2. Identify areas with existing and potential conventional and unconventional oil
and gas reserves where well stimulation treatments are likely to spur or enable oil
and gas exploration and production.
3. (A) Evaluate all aspects and effects of well stimulation treatments, including, but
not limited to, the well stimulation treatment, additive and water transportation
to and from the well site, mixing and handling of the well stimulation treatment
fluids and additives onsite, the use and potential for use of nontoxic additives
and the use or reuse of treated or produced water in well stimulation treatment
fluids, flowback fluids and handling, treatment, and disposal of flowback fluids
and other materials, if any, generated by the treatment. Specifically, the potential
for the use of recycled water in well stimulation treatments, including appropriate
water quality requirements and available treatment technologies, shall be
evaluated. Well stimulation treatments include, but are not limited to, hydraulic
fracturing and acid well stimulation treatments.
(B) Review and evaluate acid matrix stimulation treatments, including the
range of acid volumes applied per treated foot and total acid volumes used in
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treatments, types of acids, acid concentration, and other chemicals used in the
treatments.
4. Consider, at a minimum, atmospheric emissions, including potential greenhouse
gas emissions, the potential degradation of air quality, potential impacts on
wildlife, native plants, and habitat, including habitat fragmentation, potential
water and surface contamination, potential noise pollution, induced seismicity,
and the ultimate disposition, transport, transformation, and toxicology of well
stimulation treatments, including acid well stimulation fluids, hydraulic fracturing
fluids, and waste hydraulic fracturing fluids and acid well stimulation in the
environment.
5. Identify and evaluate the geologic features present in the vicinity of a well,
including the well bore, that should be taken into consideration in the design of a
proposed well stimulation treatment.
6. Include a hazard assessment and risk analysis addressing occupational and
environmental exposures to well stimulation treatments, including hydraulic
fracturing treatments, hydraulic fracturing treatment-related processes, acid well
stimulation treatments, acid well stimulation treatment-related processes, and the
corresponding impacts on public health and safety with the participation of the
Office of Environmental Health Hazard Assessment.
7. Clearly identify where additional information is necessary to inform and improve
the analyses.
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CCST Steering Committee
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Full curricula vitae for Steering Committee members are available upon request. Please
contact California Council on Science and Technology (916)-492-0996.
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Research and the Associate Director for Energy and Environment. She is currently a senior
contributing scientist for the Environmental Defense Fund, Visiting Researcher at UC
Berkeley, Co-chair of the Task Force on Geoengineering for the Bipartisan Policy Center
and chairman of the California Council on Science and Technology’s California’s Energy
Future committee. Her current work involves strategies for dealing with climate change
including reinvention of the energy system, geoengineering and adaptation. Dr. Long was
the Dean of the Mackay School of Mines, University of Nevada, Reno and Department
Chair for the Energy Resources Technology and the Environmental Research Departments
at Lawrence Berkeley National Lab. She holds a bachelor’s degree in engineering from
Brown University and Masters and PhD from U. C. Berkeley. Dr. Long is a fellow of the
American Association for the Advancement of Science and was named Alum of the Year
in 2012 by the Brown University School of Engineering. Dr. Long is an Associate of the
National Academies of Science (NAS) and a Senior Fellow and council member of the
California Council on Science and Technology (CCST) and the Breakthrough Institute.
She serves on the board of directors for the Clean Air Task Force and the Center for
Sustainable Shale Development.
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Roger Aines, Ph.D.
Senior Scientist, Atmospheric, Earth, and Energy Division and Carbon Fuel Cycle
Program Leader E Programs, Global Security, Lawrence Livermore National
Laboratory
Roger Aines leads the development of carbon management technologies at Lawrence
Livermore National Laboratory, working since 1984 in the U.S. national laboratory
system. Dr. Aines’s work has spanned nuclear waste disposal, environmental remediation,
applying stochastic methods to inversion and data fusion, managing carbon emissions, and
sequestration monitoring and verification methods. Aines takes an integrated view of the
energy, climate, and environmental aspects of carbon-based fuel production and use. His
current focus is on efficient ways to remove carbon dioxide from the atmosphere and safer
methods for producing environmentally clean fuel. He holds 13 patents and has authored
more than 100 publications. Aines holds a Bachelor of Arts degree in Chemistry from
Carleton College, and Doctor of Philosophy in geochemistry from the California Institute
of Technology.

Jens Birkholzer, Ph.D.
Deputy Director, Earth Sciences Division, Lawrence Berkeley National Laboratory
Dr. Birkholzer joined Lawrence Berkeley National Laboratory in 1994 as a post-doctoral
fellow and has since been promoted to the second-highest scientist rank at this research
facility. He currently serves as the deputy director of the Earth Sciences Division and as
the program lead for the nuclear waste program, and also leads a research group working
on environmental impacts related to geologic carbon sequestration and other subsurface
activities. His area of expertise is subsurface hydrology with emphasis on understanding
and modeling coupled fluid, gas, solute and heat transport in complex subsurface systems,
such as heterogeneous sediments or fractured rock. His recent research was mostly in the
context of risk/performance assessment, e.g., for geologic disposal of radioactive wastes
and for geologic CO2 storage. Dr. Birkholzer has authored about 90 peer-reviewed journal
articles and book chapters, and has over 230 conference publications and abstracts.
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Brian Cypher, Ph.D.
Associate Director, Endangered Species Recovery Program,
California State University, Stanislaus
Dr. Cypher received a PhD in Zoology from Southern Illinois University in 1991. Since
1990, he has been engaged in ecological research and conservation efforts on a variety
of animal and plant species and their habitats. Much of this work has occurred in the
San Joaquin Valley in central California and has involved extensive evaluations of the
effects of hydrocarbon production and energy development on ecological processes and
individual species. The information generated has been presented in numerous reports
and publications, which have contributed to the development of conservation strategies
and best-management practices that help mitigate environmental impacts from energy
development activities.

Jim Dieterich, Ph.D.
Distinguished Professor of Geophysics, University of California, Riverside
Dr. Dieterich’s research interests have to do with the mechanics of deformation processes,
particularly as they relate to earthquake and volcanic phenomena. Areas of emphasis
include development of governing relations for earthquake nucleation and earthquake
occurrence; estimation of earthquake probabilities; fault constitutive properties; and
coupled interactions between magmatic activity, faulting, and earthquakes. Current
research includes (1) numerical simulation of earthquakes processes in interacting fault
systems, (2) origins of earthquake clustering including foreshocks and aftershocks, (3)
application of seismicity rate changes to infer stress changes in volcanic and tectonic
environments, (4) laboratory investigation of fault constitutive properties and surface
contact process.

Donald L. Gautier, Ph.D.
Consulting Petroleum Geologist, DonGautier L.L.C.
With a career spanning almost four decades, Dr. Donald L. Gautier is an internationally
recognized leader and author in the theory and practice of petroleum resource
analysis. As a principal architect of modern USGS assessment methodology, Gautier’s
accomplishments include leadership of the first comprehensive evaluation of undiscovered
oil and gas resources north of the Arctic Circle, the first national assessment of United
States petroleum resources to be fully documented in a digital environment, and the
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first development of performance-based methodology for assessment of unconventional
petroleum resources such as shale gas or light, tight oil. He was lead scientist for the San
Joaquin Basin and Los Angeles Basin Resource Assessment projects. His recent work has
focused on the analysis of growth of reserves in existing fields and on the development
of probabilistic resource/cost functions. Gautier is the author of more than 200 technical
publications, most of which concern the evaluation of undiscovered and undeveloped
petroleum resources. He holds a Ph.D. in geology from the University of Colorado.

Peter H. Gleick, Ph.D.
President, Pacific Institute
Dr. Peter H. Gleick is an internationally recognized environmental scientist and cofounder of the Pacific Institute in Oakland, California. His research addresses the critical
connections between water and human health, the hydrologic impacts of climate change,
sustainable water use, privatization and globalization, and international security and
conflicts over water resources. Dr. Gleick was named a MacArthur “genius” Fellow
in October 2003 for his work on water, climate, and security. In 2006 Dr. Gleick was
elected to the U.S. National Academy of Sciences, Washington, D.C. Dr. Gleick’s work has
redefined water from the realm of engineers to the world of social justice, sustainability,
human rights, and integrated thinking. His influence on the field of water has been long
and deep: he developed one of the earliest assessments of the impacts of climate change
on water resources, defined and explored the links between water and international
security and local conflict, and developed a comprehensive argument in favor of basic
human needs for water and the human right to water—work that has been used by the UN
and in human rights court cases. He pioneered the concept of the “soft path for water,”
developed the idea of “peak water,” and has written about the need for a “local water
movement.” Dr. Gleick received a B.S. in Engineering and Applied Science from Yale
University and an M.S. and Ph.D. from the Energy and Resources Group of the University
of California, Berkeley. He serves on the boards of numerous journals and organizations,
and is the author of many scientific papers and ten books, including Bottled & Sold:
The Story Behind Our Obsession with Bottled Water and the biennial water report, The
World’s Water, published by Island Press (Washington, D.C.).
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A. Daniel Hill, Ph.D.
Department Head, Professor and holder of the Noble Chair, Petroleum Engineering
Department at Texas A&M University
Dr. A. D. Hill is Professor, holder of the Noble Endowed Chair, and Department Head
of Petroleum Engineering at Texas A&M University. Previously, he taught for 22 years
at The University of Texas at Austin after spending five years in industry. He holds
a B. S. degree from Texas A&M University and M. S. and Ph. D. degrees from The
University of Texas at Austin, all in chemical engineering. He is the author of the Society
of Petroleum Engineering (SPE) monograph, Production Logging: Theoretical and
Interpretive Elements, co-author of the textbook, Petroleum Production Systems (1st
and 2nd editions), co-author of an SPE book, Multilateral Wells, and author of over 170
technical papers and five patents. He has been a Society of Petroleum Engineers (SPE)
Distinguished Lecturer, has served on numerous SPE committees and was founding
chairman of the Austin SPE Section. He was named a Distinguished Member of SPE in
1999 and received the SPE Production and Operations Award in 2008. In 2012, he was
one of the two inaugural winners of the SPE Pipeline Award, which recognizes faculty,
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on the SPE Editorial Review Committee, the SPE Global Training Committee, and the
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world.

Larry Lake, Ph.D.
Professor, Department of Petroleum and Geosystems Engineering,
University of Texas, Austin
Larry W. Lake is a professor of the Department of Petroleum and Geosystems Engineering
at The University of Texas at Austin and director of the Center for Petroleum Asset Risk
Management. He holds B.S.E and Ph.D. degrees in Chemical Engineering from Arizona
State University and Rice University. Dr. Lake has published widely; he is the author or
co-author of more than 100 technical papers, the editor of 3 bound volumes and author
or co-author of four textbooks. He has been teaching at UT for 34 years before which
he worked for Shell Development Company in Houston, Texas. He was chairman of the
PGE department twice, from 1989 to 1997 and from 2008 to 2010. He formerly held the
Shell Distinguished Chair and the W.A. (Tex) Moncrief, Jr. Centennial Endowed Chair
in Petroleum Engineering. He currently holds the W.A. (Monty) Moncrief Centennial
Chair in Petroleum Engineering. Dr. Lake has served on the Board of Directors for the
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Society of Petroleum Engineers (SPE) as well as on several of its committees; he has twice
been an SPE distinguished lecturer. Dr. Lake is a member of the US National Academy
of Engineers and won the 1996 Anthony F. Lucas Gold Medal of the SPE. He won the
1999 Dad’s Award for excellence in teaching undergraduates at The University of Texas
and the 1999 Hocott Award in the College of Engineering for excellence in research. He
also is a member of the 2001 Engineering Dream Team awarded by the Texas Society of
Professional Engineers. He is an SPE Honorary Member.

Thomas E. McKone, Ph.D.
Deputy for Research Programs in the Energy Analysis and Environmental Impacts
Department, Lawrence Berkeley National Laboratory (LBNL)
Thomas E. McKone, is a senior staff scientist and Deputy for Research Programs in the
Energy Analysis and Environmental Impacts Department at the Lawrence Berkeley
National Laboratory (LBNL) and Professor of Environmental Health Sciences at the
University of California, Berkeley School of Public Health. At LBNL, he leads the
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William A. Minner, P.E.
Petroleum Engineer, Minner Engineering, Inc.
Minner is an independent petroleum engineering consultant, with a primary focus on
hydraulic fracture well stimulation technology and application. After receiving B.S. and
M.S. degrees in mechanical engineering with a petroleum option from the University
of California, Berkeley, Minner joined Unocal in 1980, and began to focus on hydraulic
fracturing well stimulation in 1985. In 1995, he left Unocal to open an office for
Pinnacle Technologies in Bakersfield. Pinnacle’s focus was on the development and
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commercialization of hydraulic fracture mapping technologies; Minner’s role was in
engineering consulting, using fracture diagnostics and mapping results to assist clients
with hydraulic fracture engineering design, execution, and analysis. His engineering
consulting role continued after the fracture mapping business was sold in 2008 and the
company name was changed to StrataGen Engineering, and after February 2015, when
he left StrataGen to venture out in the independent engineering consulting arena. Minner
is a registered Petroleum Engineer in California, and received Society of Petroleum
Engineers regional awards in 2011 and 2015 for his contribution to technical progress and
interchange. He has authored or coauthored 21 industry technical papers on hydraulic
fracturing.

Amy Myers Jaffe
Executive Director, Energy and Sustainability, University of California, Davis
Amy Myers Jaffe is a leading expert on global energy policy, geopolitical risk, and
energy and sustainability. Jaffe serves as executive director for Energy and Sustainability
at University of California, Davis with a joint appointment to the Graduate School of
Management and Institute of Transportation Studies (ITS). At ITS-Davis, Jaffe heads the
fossil fuel component of Next STEPS (Sustainable Transportation Energy Pathways). She
is associate editor (North America) for the academic journal Energy Strategy Reviews.
Prior to joining UC Davis, Jaffe served as director of the Energy Forum and Wallace S.
Wilson Fellow in Energy Studies at Rice University’s James A. Baker III Institute for Public
Policy. Jaffe’s research focuses on oil and natural gas geopolitics, strategic energy policy,
corporate investment strategies in the energy sector, and energy economics. She was
formerly senior editor and Middle East analyst for Petroleum Intelligence Weekly. Jaffe is
widely published, including as co-author of Oil, Dollars, Debt and Crises: The Global Curse
of Black Gold (Cambridge University Press, January 2010 with Mahmoud El-Gamal). She
served as co-editor of Energy in the Caspian Region: Present and Future (Palgrave, 2002)
and Natural Gas and Geopolitics: From 1970 to 2040 (Cambridge University Press, 2006).
Jaffe was the honoree for Esquire’s annual 100 Best and Brightest in the contribution
to society category (2005) and Elle Magazine’s Women for the Environment (2006)
and holds the excellence in writing prize from the International Association for Energy
Economics (1994).
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Seth B. C Shonkoff, Ph.D., MPH
Executive Director, PSE Healthy Energy
Visiting Scholar, University of California, Berkeley
Affiliate, Lawrence Berkeley National Laboratory
Dr. Shonkoff is the executive director of the energy science and policy institute, PSE
Healthy Energy. Dr. Shonkoff is also a visiting scholar in the Department of Environmental
Science, Policy and Management at UC Berkeley, and an affiliate in the Environment
Energy Technology Division at Lawrence Berkeley National Laboratory in Berkeley
California. An environmental and public health scientist by training, he has more than 15
years of experience in water, air, climate, and population health research. Dr. Shonkoff
completed his PhD in the Department of Environmental Science, Policy, and Management
and his MPH in epidemiology in the School of Public Health from the University of
California, Berkeley. He is a contributing author to the Human Health chapter of The
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5). He
has worked and published on topics related to the intersection of energy, air pollution,
water quality, climate, and human health from scientific and policy perspectives. Dr.
Shonkoff’s research also focuses on the development of the effectiveness of anthropogenic
climate change mitigation policies that generate socioeconomic and health co-benefits.
Dr. Shonkoff’s current work focuses on the human health, environmental and climate
dimensions of oil and gas development in the United States and abroad.

Dan Tormey, Ph. D., P.G.
Principal, ENVIRON International Corporation
Dan Tormey, Ph. D., P.G. Principal, Ramboll Environ Corporation
Dr. Daniel Tormey is an expert in energy and water and conducts environmental reviews
for both government and industry. He works with the environmental aspects of all types of
energy development, with an emphasis on oil and gas, including hydraulic fracturing and
produced water management, pipelines, LNG terminals, refineries and retail facilities. Dr.
Tormey was the principal investigator for the peer-reviewed, publicly available, Hydraulic
Fracturing Study at the Baldwin Hills of southern California, on behalf of the County
of Los Angeles and the field operator, PXP. He conducts projects in sediment transport,
hydrology, water supply, water quality, and groundwater-surfacewater interaction. He
has been project manager or technical lead for over two hundred projects requiring fate
and transport analysis of chemicals in the environment. He has a Ph.D. in Geology and
Geochemistry from MIT, and a B.S. in Civil Engineering and Geology from Stanford.
He is a Principal at Ramboll Environ Corporation; was named by the National Academy
of Sciences to the Science Advisory Board for Giant Sequoia National Monument; is a
Distinguished Lecturer for the Society of Petroleum Engineers; is on the review committee
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on behalf of IUCN for the UNESCO World Heritage Site List and member of the IUCN
Geoscientist Specialist Group; is volcanologist for Cruz del Sur, an emergency response
and contingency planning organization in Chile; was an Executive in Residence at
California Polytechnic University San Luis Obispo; and is a Professional Geologist in
California. He has worked throughout the USA, Australia, Indonesia, Italy, Chile, Ecuador,
Colombia, Venezuela, Brazil, Senegal, South Africa, Armenia and the Republic of Georgia.

Samuel Traina, Ph.D.
Vice Chancellor of Research, University of California, Merced
Dr. Traina is the Vice Chancellor for Research and Economic Development at the
University of California, Merced, where he holds the Falasco Chair in Earth Sciences
and Geology. He serves as a Board Member of the California Council of Science and
Technology. Prior to joining UC Merced in 2002 as a Founding Faculty member and
the Founding Director of the Sierra Nevada Research Institute, Dr. Traina was a faculty
member for 17 years at The Ohio State University, with concomitant appointments in
the School of Natural Resources and the Environment, the Department of Earth Science
and Geology, Civil and Environmental Engineering, Microbiology and Chemistry. He
has served on the National Research Council’s Standing Committee on Earth Resources.
In 1997–1998, he held the Cox Visiting Professorship in the School of Earth Sciences
at Stanford University. Dr. Traina’s past and current research has dealt with the fate,
transformation, and transport of contaminants in soils and natural waters, with an
emphasis on radionuclides, heavy metals, and mining wastes. Dr. Traina holds a B.S. in
soil resource management and a Ph.D. in soil chemistry. He is a fellow of the Soil Science
Society of American and of the American Association for the Advancement of Science, as
well as a recipient of the Clay Scientist Award of the Clay Minerals Society.
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Laura Feinstein, Ph.D.
CCST Project Manager
Laura Feinstein serves as the project manager and author for CCST on this report, and
CCST’s previous report on well stimulation prepared for the Bureau of Land Management.
She previously served as a CCST Science and Technology Policy Fellow with the
California Senate Committee on Environmental Quality. She was the director of the
GirlSource Technology and Leadership Program, where she developed and ran a program
teaching computer and job skills to low-income young women. She also was a web/
media developer and researcher with the Center for Defense Information, a think-tank
focusing on security issues. She was awarded a CalFED Bay-Delta Science fellowship for
scientific research on ecological problems facing the Bay-Delta watershed, and a California
Native Plant Society research scholarship. She has a Ph.D. in Ecology from University of
California, Davis.
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Disclosure of Conflict of Interest: Prof. Dan Hill
In accordance with the practice of the California Council on Science and Technology
(CCST), CCST makes best efforts to ensure that no individual appointed to serve on a
committee has a conflict of interest that is relevant to the functions to be performed,
unless such conflict is promptly and publicly disclosed and CCST determines that the
conflict is unavoidable. A conflict of interest refers to an interest, ordinarily financial, of
an individual that could be directly affected by the work of the committee. An objective
determination is made for each provisionally appointed committee member regarding
whether or not a conflict of interest exists, given the facts of the individual’s financial
and other interests, and the task being undertaken by the committee. A determination
of a conflict of interest for an individual is not an assessment of that individual’s actual
behavior or character or ability to act objectively despite the conflicting interest.
We have concluded that for this committee to accomplish the tasks for which it was
established, its membership must include among others, individuals with research and
expertise in the area of acid treatments for petroleum wells who have studied oil and
gas industry operations in the United States and are internationally recognized for this
expertise. Acid treatment is of particular public concern in California and is the subject of
regulation under SB4.
To meet the need for this expertise and experience, Dr. Dan Hill is proposed for
appointment to the committee, even though we have concluded that he has a conflict of
interest because of investments he holds and research services provided by his employer.
As his biographical summary makes clear, Dr. Hill is a recognized expert in petroleum
reservoir engineering with many publications to wit. He is also known as one of the
world’s key experts in acid treatment.
After an extensive search, we have been unable to find another individual with the
equivalent combination of expertise in acid treatment as Dr. Hill, who does not have a
similar conflict of interest. Therefore, we have concluded that this potential conflict is
unavoidable.
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Disclosure of Conflict of Interest: William Minner
In accordance with the practice of the California Council on Science and Technology
(CCST), CCST makes best efforts to ensure that no individual appointed to serve on a
committee has a conflict of interest that is relevant to the functions to be performed,
unless such conflict is promptly and publicly disclosed and CCST determines that the
conflict is unavoidable. A conflict of interest refers to an interest, ordinarily financial, of
an individual that could be directly affected by the work of the committee. An objective
determination is made for each provisionally appointed committee member regarding
whether or not a conflict of interest exists given the facts of the individual’s financial
and other interests, and the task being undertaken by the committee. A determination
of a conflict of interest for an individual is not an assessment of that individual’s actual
behavior or character or ability to act objectively despite the conflicting interest.
We have concluded that for this committee to accomplish the tasks for which it was
established its membership must include, among others, individuals with direct experience
in the area of well stimulation practice, specifically in California. Well stimulation is of
particular public concern in California and is the subject of regulation under SB4. The
practice in California is significantly different than in other states so we require someone
with direct experience in the state.
To meet the need for this expertise and experience, William Minner is proposed for
appointment to the committee even though we have concluded that he has a conflict of
interest because of investments he holds and research services provided by his employer.
As his biographical summary makes clear, William Minner is a recognized expert in
petroleum reservoir stimulation with a long history of practice in California as well as
around the world. He is one of the most recognized experts in California well stimulation
design and execution.
After an extensive search, we have been unable to find another individual with the
equivalent combination of expertise as William Minner, who does not have a similar
conflict of interest. Therefore, we have concluded that this potential conflict is
unavoidable.
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• Jens T. Birkholzer, Lawrence Berkeley National Laboratory
• Adam Brandt, Stanford University
• Laura C. Feinstein, California Council on Science and Technology
• Kyle Ferrar, The Frac Tracker Alliance
• William Foxall, Lawrence Berkeley National Laboratory
• Donald L. Gautier, DonGautier L.L.C.
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• Matthew G. Heberger, Pacific Institute
• James E. Houseworth, Lawrence Berkeley National Laboratory
• Michael L. B. Jerrett, University of California, Los Angeles
• Preston D. Jordan, Lawrence Berkeley National Laboratory
• Nathaniel J. Lindsey, Lawrence Berkeley National Laboratory
• Jane C. S. Long, California Council on Science and Technology
• Randy L. Maddalena, Lawrence Berkeley National Laboratory
• Thomas E. McKone, Lawrence Berkeley National Laboratory
• Scott E. Phillips, California State University, Stanislaus
• Seth B.C. Shonkoff, PSE Healthy Energy
• William T. Stringfellow, Lawrence Berkeley National Laboratory
• Craig Ulrich, Lawrence Berkeley National Laboratory
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Jens T. Birkholzer
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-7134 fax: (510) 486-5686
jtbirkholzer@lbl.gov
http://esd.lbl.gov/ESD_staff/birkholzer/index.html
Education
1982-1985

University of Technology, Aachen. B.Sc. in Civil Engineering, 1985.

1985-1988
		

University of Technology, Aachen. M.Sc. in Water Resources, Hydraulic
Engineering, Soil and Rock Mechanics, 1988.

1989-1994

University of Technology, Aachen. Ph.D. in Subsurface Hydrology, 1994.

Research and Professional Experience
Dr. Birkholzer joined LBNL in 1994 as a post-doctoral fellow and has since been promoted
to the second-highest scientist rank at this research facility. He currently serves as the
deputy director of the Earth Sciences Division and as the program lead for the nuclear
waste program, and also leads a research group working on environmental impacts related
to geologic carbon sequestration and other subsurface activities. His area of expertise is
subsurface hydrology with emphasis on understanding and modeling coupled fluid, gas,
solute and heat transport in complex subsurface systems, such as heterogeneous sediments
or fractured rock. His recent research was mostly in the context of risk/performance
assessment, e.g., for geologic disposal of radioactive wastes and for geologic CO2 storage.
Dr. Birkholzer has authored about 90 peer-reviewed journal articles and book chapters,
and has over 230 conference publications and abstracts.
Current and past Positions
Since 2014
Deputy Director, Earth Sciences Division, Lawrence Berkeley National
		Laboratory (LBNL)
Since 2008

Program Lead, Nuclear Energy and Waste, Earth Sciences Division, LBNL

Since 2001

Staff Scientist and Group Leader, Earth Sciences Division, LBNL

1999 - 2001
		

Chief Engineer and Project Manager, Construction of the New
International Airport in Dusseldorf, HOCHTIEF AG, Germany

1994 - 1998

Geological Scientist, Earth Sciences Division, LBNL

361

Volume III, Appendix C

1989 - 1994
		
		

Research Associate (since 1993 Group Leader), Institute of Hydraulic
Engineering and Water Resources Management (IWW), University of
Technology, Aachen, Germany

Honors and Awards
2012		

Director’s Award for Exceptional Achievement (TOUGH codes), by LBNL

2007, 1997

Outstanding Performance Award, by LBNL

1995 - 1996

Postdoctoral fellowship granted by the Humboldt-Stiftung

1995		

Friedrich-Wilhelm Award for Summa Cum Laude Ph.D. Thesis

1995		

Borchers Award for Summa Cum Laude Ph.D. Thesis

1994 - 1995

Postdoctoral fellowship granted by the DAAD

1989		

Research-fellowship granted by the DAAD

1989		

Springorum Award for Summa Cum Laude M.Sc.

1989		

Hünnebeck Award for best Master Thesis

since 1986

Studienstiftung des Deutschen Volkes
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Adam Brandt
Dept. of Energy Resources Engineering
Stanford University, Stanford, CA 94305
Phone: (650) 724-8251 Fax: (650) 725-2099
abrandt@stanford.edu
http://pangea.stanford.edu/~abrandt/
Education
Ph.D. (2008), Energy and Resources, University of California, Berkeley
M.S. (2005), Energy and Resources, University of California, Berkeley
B.S. (2003), Environmental Studies (emphasis Physics), Highest Honors, University of
California, Santa Barbara
Research and Professional Experience
Dr. Brandt is an Assistant Professor in the Department of Energy Resources Engineering,
Stanford University. His research focuses on reducing the greenhouse gas impacts of
energy production and consumption, with a focus on fossil energy systems. Research
interests include life cycle assessment of petroleum production and natural gas extraction.
A particular interest is in unconventional fossil fuel resources such as oil sands, oil shale
and hydraulically fractured oil and gas resources. He also researches computational
optimization of emissions mitigation technologies, such as carbon dioxide capture systems.
Dr. Brandt received his Ph.D. from the Energy and Resources Group, UC Berkeley.
Current and Past Positions
2012- Present: Assistant Professor, Department of Energy Resources Engineering,
		Stanford University
2009-2012:
Acting Assistant Professor, Department of Energy Resources Engineering,
		Stanford University
2007-2012:

Expert consultancy

2003-2008:

Graduate Student Researcher, University of California, Berkeley

2003-2008:

Teaching Assistant, University of California, Santa Barbara

2002: 		

Undergraduate research fellow, University of Southern California
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2001: 		
Development Intern, Boabab Valley Resource Reserve, Morogoro
		Region, Tanzania.
Honors and Awards
2006

Received Student Paper Award for paper “Testing Hubbert,” 26th Annual
Conference of the United States Association of Energy Economists.

2003

Outstanding Senior of 2003, Environmental Studies program, UC Santa Barbara.

2003

Highest Honors at graduation (top 2.5% of graduating students),
UC Santa Barbara.

2001

UC President’s Undergraduate Scholarship and Kirby-Jones Scholarship.

2000

Highest GPA in Sophomore class of the Educational Opportunity Program,
a program for under-represented students and students whose parents did
not attend college.
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Laura C. Feinstein
California Council on Science and Technology
1130 K Street, Suite 280, Sacramento, CA 95814-3965
(530) 204 - 8325
laura.feinstein@ccst.us
Education
1994-1998
		

University of California at Berkeley, Berkeley, CA.
B.A. in Anthropology, 1998.

2006-2012

University of California at Davis, Davis, CA. Ph.D. in Ecology, 2012.

Research and Professional Experience
Dr. Feinstein has worked for the California Council on Science and Technology (CCST)
since January 2014. She previously served as a CCST Science and Technology Fellow with
the California Senate Committee on Environmental Quality. Her graduate student research
focused on the ecology and genetics of an invasive plant species in the San Francisco
Bay’s tidal wetlands. She has worked on a diverse array of ecological problems, including
restoration of coastal marshes, biogeochemical cycles in redwood forests, and the genetics
of adaptation. Laura has published and presented at numerous conferences on ecological
genetics and tidal wetland plant communities.
Current and past Positions
Since 2014
		

Project Manager, Well Stimulation Technology in California, California
Council on Science and Technology (CCST)

Since 2012
Postdoctoral researcher, restoration of San Francisco Bay tidal marshes,
		U.C. Davis
2012-2013
		

CCST Science and Technology Policy Fellow with the California Senate
Committee on Environmental Quality

Honors and Awards
2007

CALFED Bay-Delta Science Fellow

2006

National Science Foundation Integrative Graduate Education and Research
Traineeship on Invasive Species Research Award

2006

California Native Plant Society Research Award
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Kyle Ferrar
Western Program Coordinator
The FracTracker Alliance
Oakland, CA 94612
(415) 890-3722
Ferrar@FracTracker.org
www.FracTracker.org
Education
2004-2008

University of Pittsburgh, Pittsburgh, PA. B.S. in Biological Sciences, 2004.

2008-2010
		

University of Pittsburgh Graduate School of Public Health, Pittsburgh, PA.
M.P.H. in Environmental and Occupational Health, 2010.

2010-Current
		

University of Pittsburgh Graduate School of Public Health, Pittsburgh, PA.
Dr.P.H. Candidate in Environmental and Occupational Health.

Research and Professional Experience
Kyle Ferrar is the Western Program Coordinator at The FracTracker Alliance, a leading
resource on oil and gas issues and a trusted asset to the concerned public. The FracTracker
Alliance shares maps, data, and analyses to communicate impacts of the global oil and gas
industry, and informs actions that positively shape our energy future. Ferrar’s’s expertise
is in exposure assessment and risk analysis using community-based participatory research
methods, with a focus on fossil fuel energy extraction and generation. His most recent
work has included environmental justice assessments, community health assessments, and
characterizations of waste streams from industrial and municipal wastewater treatment
plants treating flowback and produced waters. Ferrar has authored and contributed to
numerous peer-reviewed journal articles and conference publications.
Current and Past Positions
Since 2013
Western Program Coordinator, The FracTracker Alliance,
		Oakland, California
2007-2013
Staff Researcher, Center for Healthy Environments and Communities,
		Pittsburgh, Pennsylvania
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William Foxall
Earth Sciences Division, MS 74R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-5082 fax: (510) 486-5686
bfoxall@lbl.gov
Education
1966-1969

Queen Mary College, University of London, UK. B.Sc. in Physics, 1969.

1974-1976

University of Washington, WA. M.S. in Geophysics, 1976.

1986-1992

University of California, Berkeley, CA. Ph.D. in Geophysics, 1992.

Research and Professional Experience
Dr. Foxall has led induced seismicity research activities in the Earth Sciences Division
Lawrence Berkeley National Laboratory since 2013. His expertise is in seismic source
physics and wave propagation, seismic hazard analysis, and measurement and inversion
of deformation in the Earth. Dr. Foxall’s most recent work has been on physics-based
simulation approaches to seismic hazard assessment for induced seismicity related to CO2
sequestration, and analysis of induced seismicity related to enhanced geothermal systems
and unconventional oil and gas recovery. Other recent work was on inversion of ground
surface deformation for imaging fluid flow in CO2, oil and geothermal reservoirs, and
for characterization of underground facilities. He has also conducted research into joint
inversion of seismic and acoustic data for determination of explosive yield. Dr. Foxall
has authored and coauthored more than 30 peer-reviewed journal articles and
conference publications.
Current and Past Positions
Since 2013
		

Senior Geological Scientist, Earth Sciences Division, Lawrence Berkeley
National Laboratory (LBNL)

1996 – 2013

Physicist, Lawrence Livermore National Laboratory (LLNL)

1996 – 1999

Visiting Research Geophysicist, University of California, Berkeley

1995 – 1996

Staff Scientist, Lawrence Berkeley National Laboratory

1992 – 1995

Postdoctoral Fellow, Lawrence Berkeley National Laboratory

1986 – 1992

Graduate Student Research Assistant, Lawrence Berkeley National Laboratory
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1983 – 1992

Seismological Consultant

1976 – 1983

Seismologist, Woodward-Clyde Consultants, San Francisco, CA

Honors and Awards
1974

Fulbright Scholarship
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Donald L. Gautier
Consulting Geologist
University of Adelaide (Adjunct Professor); U.S. Geological Survey (Scientist Emeritus)
Research: During a career spanning almost four decades, Gautier has conducted basic
and applied research to address problems of petroleum geology and resource analysis. An
extensive publication record and a global reputation for excellence in speaking, writing
and teaching document this body of work.
His research has contributed to significant advancements, which include: (1) the first
comprehensive evaluation of undiscovered oil and gas resources north of the Arctic Circle
(Gautier and others, 2009; Gautier and others, 2011), (2) the first assessment of United
States petroleum resources to be fully documented in a digital environment (Gautier and
others, 1995a; Gautier and others, 1995b), (3) quantification of the relationship between
porosity and time-temperature exposure in quartz-rich sandstones (Schmoker and
Gautier, 1988; Gautier and Schmoker, 1989), and (4) the linkage of authigenic mineral
precipitation in fine-grained sediments to the microbial geochemistry of early diagenetic
environments (Gautier, 1982; Gautier and Claypool, 1984).
Recent work has focused on the quantitative evaluation of unconventional resources,
the analysis of reserve growth in existing fields, and the development of probabilistic
resource/cost analysis techniques to support interdisciplinary resource decisions.
Teaching: For the last ten years, Gautier’s teaching has emphasized intensive graduate or
professional-level training for university, government, and industrial groups. Courses and
workshops have addressed the geology of unconventional resources, resource evaluation,
quantitative assessment methodology, and geopolitical and economic issues related
to the global distribution and quality of petroleum resources. Recent course offerings
have included: Geology and Assessment of Unconventional Reservoirs, Play Assessment
Methodology, and Integration of Resource Geology and Microeconomics
Outreach and Public Service: Lots of Gautier’s time goes to providing information and
guidance to governmental and non-profit organizations such as the California Division
of Oil, Gas, and Geothermal Resources, California Council on Science and Technology,
Central Intelligence Agency, EuroGeoSurveys, United States Coast Guard, U.S.
Department of State, Energy Information Administration, International Energy Agency,
Geological Survey of Denmark and Greenland, National Intelligence Council, The Nature
Conservancy, Norwegian Petroleum Directorate, Massachusetts Institute of Technology,
University of California, and the World Bank.
Professional societies seek him out as a meeting convener, technical session chair, short
course teacher, expert panelist and speaker. He has enjoyed contributing his expertise
to the World Petroleum Congress, the International Geological Congress, the American

369

Volume III, Appendix C

Association of Petroleum Geologists, the European Association of Geoscientists and
Engineers, the Geological Society of London, and many other organizations.
The international press and scientific journalists regard Gautier as a trusted source of
objective information on issues of global petroleum resources and their development.
He routinely grants print, radio, and television interviews to organizations such as the
BBC, CBC, CNN, National Geographic, the New York Times, PBS, Der Spiegel, Science
Magazine, and the Wall Street Journal.
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Ben K. Greenfield
Environmental Health Sciences Division - School of Public Health
University of California, Berkeley
50 University Hall #7360, Berkeley, CA 94720-7360
(510) 507-2365 fax: (510) 642-5815
bengreenfield@berkeley.edu
http://ehs.sph.berkeley.edu/greenfield
Education
1989-1993

Brown University, Providence, RI. B.A. in Biology, 1993.

1997-2000

University of Wisconsin, Madison, WI. M.S. in Zoology, 2000.

2011-Present
		

University of California, Berkeley, CA. Ph.D. in Environmental Health
Sciences, In Progress.

Research and Professional Experience
Ben Greenfield is an environmental scientist, with a research focus on contaminant trends
in space and time, and implications for policy and risk assessment. As a M.S. student at
University of Wisconsin-Madison and a scientist at the San Francisco Estuary Institute,
he developed expertise in characterizing legacy contamination (e.g., mercury, PCBs,
pesticides, polycyclic aromatic hydrocarbons) in fish and aquatic sediment, and the
interpretation of monitoring data for environmental management and regulation. He is
currently pursuing a Ph.D. in Environmental Health Sciences at University of California,
Berkeley, focused on the application of statistical and mechanistic models to the sourcereceptor-outcome relationship between environmental pollution exposure and human
disease. Mr. Greenfield has coauthored 28 peer-reviewed journal articles.
Current and Past Positions
Since 2011
Doctoral Student, Environmental Health Sciences, University of
		California, Berkeley
2003 – 2011

Environmental Scientist, San Francisco Estuary Institute, Oakland, CA

2000 – 2003

Environmental Analyst, San Francisco Estuary Institute, Oakland, CA
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Honors and Awards
2013

IGERT Systems Approach to Green Energy Traineeship, National Science
Foundation and UC Berkeley

2011

STAR Fellowship, US Environmental Protection Agency

1999

STAR Fellowship, US Environmental Protection A
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Matthew G. Heberger
Pacific Institute
654 13th Street, Oakland, CA 94612
Tel: 510-251-1600 x128, Fax: 510-251-2203
mheberger@pacinst.org
http://www.pacinst.org/
Education
1992–1996
Cornell University, Ithaca, New York. B.S. in Agricultural and Biological
		Engineering, 1996.
2001–2003
Tufts University, Medford, Massachusetts. M.S. in Water Resources
		Engineering, 2003.
Research and Professional Experience
Mr. Heberger has been a research associate in the Water Program of the Pacific Institute
since 2007. He is a water resource engineer and hydrologist specializing in hydraulic,
hydrologic, and water quality analyses and modeling, the nexus between water and
energy, and impacts of climate change on water resources. Prior to joining the institute,
Mr. Heberger worked as a consulting engineer at the consulting firm of Camp, Dresser,
and McKee (CDM), where he was responsible for building and calibrating rainfall-runoff,
hydraulic and water quality models for major waterways across the US.
Current and Past Positions
Since 2007

Research Associate, Pacific Institute, Oakland, California

2003 – 2007
Water Resources Engineer, Camp Dresser & McKee,
		Cambridge, Massachusetts
2001 – 2003
		

Research Assistant, Department of Civil and Environmental Engineering,
Tufts University, Medford, Massachusetts

1999 – 2001
		

Coordinator, International Network on Participatory Irrigation
Management, Washington, DC

1996 – 1998
		

Water and Sanitation Extension Agent, United States Peace Corps,
Mali, West Africa
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Honors and Awards
2007

Registered Professional Engineer, Commonwealth of Massachusetts

2004

Certified Floodplain Manager, Association of State Floodplain Managers
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James E. Houseworth
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6459 fax: (510) 486-5686
jehouseworth@lbl.gov
http://esd.lbl.gov/about/staff/jameshouseworth/
Education
1973-1977
California Institute of Technology, Pasadena, CA. B.S. in Environmental
		Engineering, 1977.
1977-1978
California Institute of Technology, Pasadena, CA. M.S. in Environmental
		Engineering, 1978.
1979-1984
California Institute of Technology, Pasadena, CA. Ph.D. in Environmental
		Engineering, 1984.
Research and Professional Experience
Dr. Houseworth has been a program manager in the Earth Sciences Division of Lawrence
Berkeley National Laboratory (LBNL) since 2000. His expertise is in single and multiphase
flow and solute transport in porous and fractured geologic media, and he has worked
on applications to petroleum recovery, nuclear waste disposal, and geologic CO2
sequestration. His most recent work has centered on nuclear waste disposal in argillaceous
rock, CO2/brine leakage from geologic storage reservoirs, and risk assessments of
petroleum recovery operations. Dr. Houseworth has authored over 30 peer-reviewed
journal articles and conference publications.
Current and Past Positions
Since 2000
Program Manager, Earth Sciences Division, Lawrence Berkeley National
		Laboratory (LBNL)
1997 – 2000
		

Technical Systems Manager II, Duke Engineering and Services,
Las Vegas, Nevada

1992 – 1997

Senior Staff Consultant, INTERA Inc., Las Vegas, Nevada

1984 – 1992
		

Research Engineer, Chevron Oil Field Research Company,
La Habra, California

1979 – 1980

Engineer, Bechtel Inc., San Francisco, California
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Honors and Awards
2012		

Director’s Award for Exceptional Achievement (TOUGH codes), by LBNL

2007, 2006

Outstanding Performance Award, by LBNL

1984		

Ph.D. thesis - Richard Bruce Chapman Memorial Award
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Michael L.B. Jerrett
Department of Environmental Health Science, Fielding School of Public Health
University of California Los Angeles, Los Angeles, CA 90095
mjerrett@ucla.edu
Phone: 310.825.9037
Education
1986

Trent University, B.Sc. in Environmental Science

1988

University of Toronto, M.A. in Political Science/Environmental Studies

1996

University of Toronto, Ph.D. in Geography

Research and Professional Experience
Dr. Michael Jerrett is an internationally recognized expert in Geographic Information
Science for Exposure Assessment and Spatial Epidemiology. He is professor and chair
of the Department of Environmental Health Sciences in the Fielding School of Public
Health at UCLA. Dr. Jerrett earned his PhD in Geography from the University of Toronto
(Canada). For the past 15 years, Dr. Jerrett has researched how to characterize population
exposures to air pollution and built environmental variables, how to understand the social
distribution of these exposures among different groups (e.g., poor vs. wealthy), and how
to assess the health effects from environmental exposures. Over the decade, Dr. Jerrett
has also studied the contribution of the built and natural environment to physical activity,
behavior and obesity. In 2009, the United States National Academy of Science appointed
Dr. Jerrett to the Committee on “Future of Human and Environmental Exposure Science
in the 21st Century.” The committee recently concluded its task with the publication of a
report entitled “Exposure Science in the 21st Century: A Vision and a Strategy.” In 2013,
the U.S. Environmental Protection Agency appointed Dr. Jerrett to the Clean Air Scientific
Advisory Sub-Committee for Nitrogen Oxides. In 2014, Dr. Jerrett was named to the
Thomson Reuters List of Highly Cited Researchers, indicating he is in the top 1% of all
authors in the fields of Environment/Ecology in terms of citation by other researchers.
Current and Past Positions
Environmental Planner, Land Use Planning Unit, Env. Planning Section,
Approvals Branch, Ontario Ministry of the Environment
Postdoctoral Fellow, Geography and Geology Department, McMaster University
Assistant Professor, Geography Department, San Diego State University
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Associate Professor (promoted from Assistant in 2002), School of Geography and Geology,
and Health Studies Program, McMaster University
2003-2006
		

Associate Professor, Preventive Medicine Department, Keck School of
Medicine, University of Southern California

2006-Present
		

Associate Professor, Division of Environmental Health Sciences, School of
Public Health, University of California, Berkeley

2008-Present Director, Doctor of Public Health Program, School of Public Health,
		
University of California, Berkeley
2012-Present

Chair and Full Professor, University of California, Berkeley

Honors and Awards
1995

Teaching Postdoctoral Fellowship, Tri-Council Research, MIEH,
McMaster University.

1998

Nystrom Award Competition Finalist, Association of American Geographers (USA).

2003

Dangermond Endowed Speaker in Geographic Information Science,
Environmental Systems Research Institute, Redlands, CA and University of
California, Santa Barbara

2009

National Academy of Science Member of the Committee on “Future of Exposure
Assessment in the 21st Century”

378

Volume III, Appendix C

Preston D. Jordan
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6774, fax: (510) 486-5686
PDJordan@lbl.gov
Education
1982-1987

University of California, Berkeley, B.A., Geology, 1988

1996-1997
University of California, Berkeley, M.S. in Eng. Sci., Geotechnical
		Engineering, 1997
Licenses
California Professional Geologist (since 1998)
California Certified Hydrogeologist (since 2007)
California Certified Engineering Geologist (since 2012)
Research Interests
Mr. Jordan has been a geologist in the Earth Sciences Division at Lawrence Berkeley
National Laboratory (LBNL) since 1990. In addition to his work on the current report,
he has advised the California State Water Resources Control Board regarding guidelines
for monitoring groundwater at well stimulation sites. Previously, he was the principal
investigator of a scientific assessment of onshore oil well stimulation in California for
the Bureau of Land Management state office. Prior to his work on well stimulation, he
researched the risk of geologic carbon storage, with a focus on assessing leakage risk.
His work on a risk assessment of one of the few industrial-scale geologic carbon storage
projects in the world led the operator to reduce the injection pressure. Mr. Jordan has coauthored over 15 peer-reviewed journal articles and conference papers.
Professional Experience
Since 1990
		

Staff Research Associate currently (after five promotions), Earth Science
Division, Lawrence Berkeley National Laboratory

1988-1989

Staff Geologist, Harlan Tait Associates, San Francisco

1988		
Field Geologist, Department of Geology and Geophysics, University of
		California, Berkeley
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1987		
		

Assistant Field Geologist, Department of Geology and Geophysics,
University of California, Berkeley

Honors and Awards
2010

Outstanding Performance Award, by LBNL

1987

USGS/NAGT program nominee, by University of California, Berkeley
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Nathaniel J. Lindsey
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-5409 fax: (510) 486-5686
njlindsey@lbl.gov
Education
2006-2010
		

University of Rochester, Rochester, NY. B.S. in Alternative Energy and
Sustainable Engineering, 2010.

2011-2013

University of Edinburgh, Edinburgh, Scotland. M.Sc. in Geophysics, 2013

2015-		

University of California at Berkeley, Berkeley, CA. Ph.D. in Geophysics

Research and Professional Experience
Mr. Lindsey is a geophysicist in the Earth Sciences Division at Lawrence Berkeley National
Laboratory (LBNL). His research seeks to improve seismic methods that characterize
earthquake hazard, and apply seismic and electromagnetic geophysics to image the hightemperature hydrothermal fluid processes within geothermal energy reservoirs. Recently,
his work has centered on induced seismicity related to enhanced geothermal systems
in the western US, and 3-D magnetotelluric (MT) numerical simulation of geothermal
systems in Iceland, East Africa, New Zealand, and the United States.
Current and Past Positions
Since 2012
Research Associate, Earth Sciences Division, Lawrence Berkeley National
		Laboratory (LBNL)
2011 – 2012

US-UK Fulbright Scholar, School of GeoSciences, University of Edinburgh

2010 – 2011
		

Researcher, Department of Seismology, Geology, & Tectonophysics,
Lamont-Doherty Earth Observatory, Columbia University

2010		
NSF Research Experience for Undergraduates (REU) Intern, Summer of
		Applied Geophysical Experience Program, Los Alamos National Laboratory
2010		

NSF REU Intern, Department of Physics, University of Rochester

2009		

Summer Undergraduate Laboratory Intern, Earth Sciences Division, LBNL

2008		

NSF REU Intern, Department of Chemistry, University of Rochester
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Honors and Awards
2015

Graduate Research Fellowship, National Science Foundation

2014

Best Presentation Award, Geothermal Resources Council Annual Meeting

2011

Fulbright Scholarship (UK)

2010

Dean’s Prize for Undergraduate Research, University of Rochester

2009

Outstanding Commitment to Action, Clinton Global Initiative University
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Dr. Jane C. S. Long
California Council on Science and Technology
1130 K Street, Suite 280, Sacramento, CA 95814
916-492-0996
Dr. Long currently focuses on strategic approaches to the climate change problem. She
has led efforts to define energy systems with radical emission cuts that can feasibly be
built by mid- century. In recognition that the outcomes of climate change might become
extremely severe, she leads a national effort to begin research on intentional modification
of the climate: geoengineering. Dr. Long also works to bring a factual basis to the debate
about hydraulic fracturing and to develop standards for safe practice.
Dr. Long recently retired from Lawrence Livermore National Laboratory as Principal
Associate Director at Large. Her leadership was focused on insuring that energy research
was coordinated with climate research and the directorate she led was not merely
describing the climate problem, but developing solutions to this problem. Outside of the
Lab, she was co-chair of the Task Force on Geoengineering for the Bipartisan Policy Center
that issued a report recommending that the U.S. begin research on this topic. She led the
effort to propose concrete steps the government can take to start research that will be
featured in an upcoming “Comment” piece in Nature. These steps recommend governance
appropriate for this controversial topic, including review of scientific and social merit, risk
assessment, transparency and vested interests management and legal constructs.
She is chairman of the California Council on Science and Technology’s California’s
Energy Future committee, which produced a series of reports designed to show if and
how California could reduce emissions by 80% by 2050. These reports contained a
methodology—a four-step process—for thinking about this problem that has had influence
well beyond the California borders. Many advocates or plans for a new energy system do
not take feasibility into account and they often use questionable accounting in counting
emissions. The methodology contained in these reports explicitly assesses feasibility and
presents an accounting framework for ensuring emission reductions are all counted and
counted once. Dr. Long wrote the summary report in language understandable by policy
makers; this report is cited frequently, and she has presented the material in many places
throughout the country.
She is now on the board of the Center for Sustainable Shale Gas Development in
Pennsylvania, which is an organization formed to provide voluntary environmental
certification for hydraulic fracturing operators. On this board, she has worked to help
develop a standard for wastewater treatment and disposal, perhaps the most difficult
environmental problem associated with hydraulic fracturing. She is the lead for a
legislatively mandated study of hydraulic fracturing in the state of California. This
multimillion dollar assessment includes a large team of scientists. In this role, she has
served as the bridge between science and policy—by working with scientists to tailor
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highly technical assessments to the public concerns, and to both communicate issues not
usually discussed but which are important, and identify issues often discussed, but which
in reality are not important.
As the Dean of the Mackay School of Mines, Dr. Long started the Director of the Great
Basin Center for Geothermal Energy and through her initiative, the state instituted the
Task Force on Renewable Energy and Energy Conservation, which was the first time
Nevada had a state body devoted to promoting these technologies. She also initiated
the Mining Life-Cycle Center designed to act like an extension service in promoting
sustainable practice to the mining industry. Dr. Long also worked at Lawrence Berkeley
National Laboratory leading teams to clean up environmental contamination, develop
geothermal energy, and store nuclear waste.
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Randy L. Maddalena
Energy Analysis and Environmental Impacts Divisoin, MS 70-108B
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-4924 fax: (510) 486-6996
rlmaddalena@lbl.gov
Education
1992

University of California, Davis, B.S. Environmental Toxicology

1998

University of California, Davis, Ph.D. Agricultural and Environmental Chemistry

Research and Professional Experience
Dr. Maddalena’s research focus at LBNL is on environmental fate and transport processes
and multi-pathway exposure assessment for organic chemicals combining modeling, bench
scale experimentation and field observational studies applying a range of environmental
analytical chemistry techniques. His recent research has focused on characterizing
indoor pollutant emission sources from a range of activities and materials, identifying
sources of indoor pollutants in FEMA trailers, characterizing exposure concentrations of
insecticides on passenger aircraft, developing sampling and modeling tools for assessing
indoor exposures to semi-volatile organic compounds, characterizing sulfur gas emission
from Chinese drywall, and quantifying particle emission from Mongolian space heating
stoves. Other research projects focus primarily on indoor air quality measurements and
the development of environmental sampling and analytical chemistry methods to support
research on the fate and exposure characterization for a range of pollutants.
Current and Past Positions
Since 1998
		

Research Scientist, Lawrence Berkeley Lab, Environmental Energy
Technology Division, Berkeley, CA

1996 – 1998
		
		

Graduate Student Research Associate, Energy and Environment Division,
Ernest Orlando Lawrence Berkeley National Laboratory, University of
California, Berkeley, CA 94720

1992 – 1997
		

Post Graduate Researcher, Risk Science Program, Department of
Environmental Toxicology, University of California, Davis CA 95616

1992 – 1992

Staff Toxicologist, EMCON Associates, Sacramento, CA 95834

1988 – 1992

General Building Contractor, Groveland California, 95694

1980 – 1988

General Building Contractor, Palmer Alaska, 99645
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Honors and Awards
The Honors Society of Phi Kappa Phi (1992-) by election of the Chapter at University of
California, Davis; Graduate Student Representative, Graduate Group in Agricultural and
Environmental Chemistry, University of California, Davis (June 1995-June 1996)
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Thomas E. McKone
Energy Analysis and Environmental Impacts Division
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6163 fax: (510) 486-5928
temckone@LBL.gov
http://eetd.lbl.gov/people/thomas-mckone
Education
University of St. Thomas, St. Paul MN. B.A. in Chemistry, 1974.
University of California, Los Angeles, CA. M.S. in Nuclear Engineering,1977.
University of California, Los Angeles, CA. Ph.D. in Nuclear Engineering, 1981.
Research and Professional Experience
Dr. McKone, is a senior staff scientist and Deputy for Research Programs in the Energy
Analysis and Environmental Impacts Division at the Lawrence Berkeley National
Laboratory (LBNL) and Professor of Environmental Health Sciences at the University of
California, Berkeley School of Public Health. At LNBL he leads the Sustainable Energy
Systems Group. His research focuses on the development, use, and evaluation of
models and data for human-health and ecological risk assessments and the health and
environmental impacts of energy, industrial, and agricultural systems. Outside of
Berkeley, he has served six years on the EPA Science Advisory Board, has been a member
of more than a dozen National Academy of Sciences (NAS) committees including the
Board on Environmental Studies and Toxicology, and has been on consultant committees
for the Organization for Economic Cooperation and Development (OECD), the World
Health Organization, the International Atomic Energy Agency, and the Food and
Agriculture Organization.
Research and Professional Experience (Recent)
Since 2011
		
		

Senior Scientist; Group Leader, Sustainable Energy Systems Group;
and Deputy for Research Programs, Energy Analysis and Environmental
Impacts Division, LBNL.

2000 – 2011
Senior Scientist; Group Leader, Environmental Chemistry Exposure and
		
Risk Group; and Deputy Department Head, Indoor Environment
		Department, LBNL.
1996 – 2000
		

Staff Scientist and Group Leader, Exposure and Risk Analysis Group,
Environmental Energy Technologies Division, LBNL.
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Since 1996
Professor and Research Scientist, School of Public Health, University of
		California, Berkeley.
Honors and Awards
McKone is a Fellow of the Society of Risk Analysis and has received two major awards
from the International Society of Exposure Analysis—one for lifetime achievement in
exposure science research and one for research that has impacted major international and
national environmental policies.
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Scott E. Phillips
Dept. of Biological Sciences, Endangered Species Recovery Program
California State University, Stanislaus, Turlock, CA 95382
(209) 664-6686
sphillips@esrp.csustan.edu
http://esrp.csustan.edu/
Education
1989 – 1993

California State University, Fresno, Fresno, CA. B.A. in Geography, 1993.

1993 – 1997

California State University, Fresno, Fresno, CA. M.A. in Geography, 1997.

2007 – 2013

UC Davis, Geography Graduate Group

Research and Professional Experience
Scott Phillips has been a geographic information systems analyst for the Endangered
Species Recovery program at California State University, Stanislaus since 1996. His work
mostly centers on measuring and mapping of habitat quality for special-status species in
human-impacted environments of the San Joaquin Valley of California.
Current and Past Positions
Since 2003

GIS Manager, CSU Stanislaus – Endangered Species Recovery Program

Since 2015

Professor of Geography, Merced College

2010 – 2015

Adjunct Professor of Geography, Merced College

1996 – 2003

GIS Analyst, CSU Stanislaus – Endangered Species Recovery Program
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Seth B. C. Shonkoff
Executive Director, PSE Healthy Energy, Oakland, CA
Dept. of Environmental Science, Policy and Management, University of California, Berkeley
Energy Analysis and Environmental Impacts Division, Lawrence Berkeley National Laboratory,
(510) 899-9706
sshonkoff@psehealthyenergy.org
http://www.psehealthyenergy.org/site/view/816
http://ourenvironment.berkeley.edu/people_profiles/seth-berrin-shonkoff/
Education
1999 – 2003
Skidmore College, Saratoga Springs, NY. B.A. in Environmental
		Science, 2003.
2007 – 2008
University of California, Berkeley, Berkeley, CA. M.P.H. in
		Epidemiology, 2008.
2006 – 2012
		

University of California, Berkeley, Berkeley, CA. Ph.D. in Environmental
Science, Policy, and Management, 2012.

Research and Professional Experience
Dr. Shonkoff is the executive director of the energy science and policy institute, PSE
Healthy Energy. Dr. Shonkoff is also a visiting scholar in the Department of Environmental
Science, Policy and Management at UC Berkeley, and an affiliate in the Environment
Energy Technology Division at Lawrence Berkeley National Laboratory in Berkeley
California. An environmental and public health scientist by training, he has more
than 15 years of experience in water, air, climate, and population health research. Dr.
Shonkoff completed his Ph.D. in the Department of Environmental Science, Policy,
and Management and his MPH in epidemiology in the School of Public Health from
the University of California, Berkeley. He is a contributing author to the human health
chapter of The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment
Report (AR5). He has worked and published on topics related to the intersection of
energy, air pollution, water quality, climate, and human health from scientific and policy
perspectives. Dr. Shonkoff’s research also focuses on the development of the effectiveness
of anthropogenic climate change mitigation policies that generate socioeconomic
and health co-benefits. Dr. Shonkoff’s current work focuses on the human health,
environmental and climate dimensions of oil and gas development in the United States
and abroad.
Current and Past Positions
Since 2012

Executive Director, PSE Healthy Energy, Oakland, CA
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Since 2012
		

Visiting Scholar, Department of Environmental Science, Policy and
Management, University of California, Berkeley, Berkeley, CA

Since 2014
		

Affiliate, Environment Energy and Technology Division, Lawrence
Berkeley National Laboratory, Berkeley, CA

2006 – 2012
		

Climate and Environmental Public Health Graduate Student Researcher,
University of California, Berkeley

2010 – 2010

Program Associate, Berkeley Air Monitoring Group, Berkeley, CA

2003 – 2006

Environmental Analyst, San Francisco Estuary Institute, Richmond, CA

Honors and Awards
Since 2014

Leader, Emerging Leaders Fund, Claneil Foundation, PA

Fall 2012
Outstanding Graduate Student Instructor Award, University of
		California, Berkeley
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William T. Stringfellow, Ph.D.
Earth Sciences Division, MS 84-173
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
510-486-7903 fax: (510) 486-5686
wstringfellow@lbl.gov
Education
1990-1994
Ph.D., Environmental Sciences and Engineering (supporting program:
		
Microbial Physiology and Genetics), University of North Carolina at
		Chapel Hill.
1982-1984
		

M.S., Microbiology (minor: Aquatic Ecology), Virginia Polytechnic
Institute and State University, 1984.

1976-1980

B.S., Environmental Health, University of Georgia, 1980.

Research and Professional Experience
William T. Stringfellow is a Professor and Director of the Ecological Engineering Research
Program in the School of Engineering and Computer Science at the University of the
Pacific. He has a joint appointment as a Research Engineer at Lawrence Berkeley National
Laboratory where he is the Director of the Environmental Measurements Laboratory. Dr.
Stringfellow is an expert in water quality and industrial waste management. His recent
research includes evaluations of the sustainability of biomass energy facilities treating
agricultural wastes and investigating the water quality impacts of the Gulf of Mexico oil
spill. He is currently investigating the use of water treatment chemicals in the energy
industry, with an emphasis on understanding the environmental impacts of biocides.
Dr. Stringfellow has over 30 publications in the field of water quality and industrial
waste management.
Current and Past Positions
2004 to present: University of the Pacific, Ecological Engineering Research Program,
		
School of Engineering and Computer Science, Stockton, CA, Director,
		
EERP and Professor
2003 to present: Lawrence Berkeley National Laboratory, Environmental Measurements
		
Laboratory, Earth Sciences Division, Berkeley, CA, Director, EML
1996 to present: Lawrence Berkeley National Laboratory, Earth Sciences Division,
		
Berkeley, CA, Environmental Engineer
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1988 to 1989: Institut Pasteur, Departement d’Ecologie, Paris, France, Stagiaire
		(Visiting Researcher)
1983 to 1988: Sybron Chemicals, Inc., Salem Research Facility, Salem, Virginia, Senior
		Research Microbiologist
1980 to 1981: Ecology and Environment, Inc., Decatur, Georgia, Hazardous Waste
		Site Investigator
Awards
Outstanding Mentor Award, Lawrence Berkeley National Laboratory, 2001
Outstanding Mentor Award, Department of Energy, 2002
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Craig Ulrich
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 495-8891 fax: (510) 486-5686
culrich@lbl.gov
http://esd.lbl.gov/about/staff/craigulrich/
Education
1996-2000

Northwest Missouri State University, Maryville, MO; B.S. in Geology, 2005.

2002-2005
		

Rutgers the State University of New Jersey, Newark, NJ; M.S. in
Environmental Geology, 2005.

Research and Professional Experience
Mr. Ulrich has been a geophysicist in the Earth Sciences Division of Lawrence Berkeley
National Laboratory (LBNL) since 2010. His expertise is in near-surface geophysics with
an emphasis in environmental studies of remediation, hydrology and climate change. His
most recent work has centered on fresh- and salt-water mixing in coastal environments,
understanding climate feedbacks in an arctic setting, and geologic CO2 sequestration.
Current and Past Positions
Since 2010
		

Scientific Engineering Associate, Earth Sciences Division, Lawrence
Berkeley National Laboratory (LBNL)

2006 – 2010

Geophysics Project Manager, Enviroscan, Lancaster, Pennsylvania

2005 – 2006
Geologist, Environmental Waste Management Associates, Parsippany,
		New Jersey
2003 – 2005
Geologist/Project Manager, Atlantic Environmental Solutions, Hoboken,
		New Jersey
2003 – 2006
		

Owner/Geophysicist, Nearsurface Geophysical Consultants, LLC, Jersey
City, New Jersey
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Appendix D.

Glossary
Acid fracturing – a form of hydraulic fracture stimulation of a formation performed by
injecting the acid over the parting pressure of the rock and using the acid to etch channels
in the fracture face.
Androgens – steroid hormones that promote the development and maintenance of male
characteristics of the body.
Anti-androgens – a substance that can prevent the full expression of androgen.
Anti-estrogens – a substance that can prevent the full expression of estrogen.
Aquifer – a zone of saturated rock or soil through which water can easily move.
Bactericide – a product that kills bacteria in the water or on the surface of the pipe.
Basement faults – faults that occur in the undifferentiated assemblage of rock underlying
the oldest stratified rocks in any region.
Basement rock – the undifferentiated assemblage of rock underlying the oldest stratified
rocks in any region.
Bedding planes – surfaces that separate sedimentary layers in a rock. The beds are
distinguished from each other by grain size and composition, such as in shale and
sandstone. Subtle changes, such as beds richer in iron oxide, help distinguish bedding.
Most beds are deposited essentially horizontally.
Biogenic methane – methane produced as a direct consequence of bacterial activity.
Biomarkers – complex molecular fossils used to correlate crude oil and petroleum source
rocks, provide information on the type of organic matter, and characterize the thermal
maturity.
Borehole cuttings – the small chips and fines generated by drilling through a formation
with a drill bit. Most of the cuttings are removed from the drilling mud as the fluid pass
through the solids control equipment (e.g., shakers, screens, cyclones, etc.,) at the surface.
Brittle – a rock characteristic that implies mechanical failure in the form of a fracture
created with little or no plastic deformation.
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BTEX (benzene, toluene, ethylbenzene, and xylene) – volatile aromatic compounds
typically found in petroleum products such as gasoline and diesel fuel.
Buffer – a chemical used to maintain the pH of a solution within a limited range.
Cations – positively charged ions.
Chemical Abstracts Service (CAS) number – a unique numeric identifier, designates
only one substance, has no chemical significance, and is a link to a wealth of information
about a specific chemical substance within the CAS registry.
Chimneys – vertically oriented geological structures that may be circular or subcircular
in planform if associated with faults, or may be more dispersed laterally if not associated
with faults. Chimneys form from gas migration processes and are often found in
association with mud volcanoes.
Class II wells – used for injection/disposal of fluids associated with oil and natural gas
production. Most of the injected fluid is salt water (brine), which is brought to the surface
in the process of producing (extracting) oil and gas. In addition, brine and other fluids are
injected to enhance (improve) oil and gas production.
Clay stabilizer – a chemical additive used to prevent clay destabilization that results in
clay migration or swelling caused by a reaction to an aqueous fluid.
Conductor casing – generally, the first string of casing in a well. It may be lowered into
a hole drilled into the formations near the surface and cemented in place, or it may be
driven into the ground by a special pile driver. Its purpose is to prevent the soft formations
near the surface from caving in and to conduct drilling mud from the bottom of the hole
to the surface when drilling starts.
Conventional reservoir – reservoirs that may be produced commercially without altering
the reservoir permeability or associated hydrocarbon viscosity.
Corrosion inhibitor – a chemical or mixture of chemicals that prevents or reduces
corrosion.
Coulomb criterion – a criterion for rock failure as a function of the normal and shear
stress conditions.
Cross-link gel fracturing fluid – is generally an aqueous fluid containing a gelling
agent like guar or xanthan and a crosslinker. It has even greater viscosity than a gel
fracturing fluid.
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Crosslinker – A substance that promotes or regulates intermolecular covalent bonding
between polymer chains, linking them together to create a larger structure.
Diagenetic –physical and chemical changes that affect sedimentary deposits during burial
and may culminate in lithification, i.e., turning sediment into solid rock.
Diagenetic trap – a trap formed as a result of diagenetic alteration of rocks within a
sedimentary basin, resulting in decreased permeability.
Diatomite – a fine, soft, siliceous sedimentary rock composed chiefly of the silica-rich
remains of diatoms.
Dip – A measure of the angle between the flat horizon and the slope of a sedimentary
layer, fault plane, metamorphic foliation, or other geologic structure.
Directional drilling – drilling the wellbore in a planned angle of deviation or trajectory
other than vertical.
Dissolved Organic Carbon (DOC) – mass of organic carbon from a measured water
sample that is dissolved or colloidal that can pass through a filter, typically a 0.4 to 0.7
micron filter
Dolomites – carbonate rocks made up of dolomite (CaMg(CaCO3)2).
Downdip – located down the dip of a sloping planar surface.
Drilling mud – the fluid (water, oil or gas based) circulated through the wellbore during rotary
drilling and workover operations that is used to establish well control, transport cuttings to the
surface, provide fluid loss control, lubricate the string and cool the bottom hole assembly.
Ductile – a rock characteristic that implies mechanical failure in the form of a fracture
created with a large amount of plastic deformation.
Earthquake magnitude – a measure of the amount of energy released during an
earthquake, such as the Richter scale.
Effective stress – the total stress minus the pore pressure.
Endocrine-disrupting compounds – chemicals that may interfere with the body’s
endocrine system and produce adverse developmental, reproductive, neurological, and
immune effects in both humans and wildlife.
EPA maximum contaminant level (MCL) – threshold concentration of a contaminant
above which water is not suitable for drinking.
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Epicenter – a point, directly above the true center of disturbance at the Earth’s surface,
from which the shock waves of an earthquake apparently radiate.
Estrogens – steroid hormones that promote the development and maintenance of female
characteristics of the body.
Evaporative emissions – hydrocarbons released into the atmosphere through evaporation
from equipment or storage facilities.
Fault – a fracture in the Earth in which one side has moved relative to the other.
Flaring – the combustion of unwanted gases produced by an oil well.
Flowback – fracturing fluid, perhaps mixed with formation water and traces of
hydrocarbon, that flows back to the surface after the completion of hydraulic fracturing.
Foaming agent – a material that facilitates formation of foam.
Formation – a body of rock of considerable extent with distinctive characteristics that
allow geologists to map, describe, and name it.
Fracture aperture – the distance between fracture faces.
Fracture height – the vertical extent of a fracture.
Fracture length – the horizontal extent of a fracture.
Fracture propagation – enlargement or extension of a crack in a solid material.
Friction reducer – a material, usually a polymer, that reduces the friction of flowing fluid
in a conduit.
Fugitive emissions – emissions of gases or vapors due to leaks and other unintended or
irregular releases.
Gel fracturing fluid –generally an aqueous fluid containing a gelling agent like guar or
xanthan. It has an enhanced viscosity relative to slickwater fracturing fluids.
Globally Harmonized System of Classification and Labeling of Chemicals (GHS) – a
worldwide initiative to promote standard criteria for classifying chemicals according to
their health, physical and environmental hazards.
Greenhouse gas emissions (GHG) – emissions of gases such as CO2 and methane that
trap heat in the atmosphere.
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Horizontal drilling – a well drilled in a manner to reach an angle of 90 degrees relative
to a level plane at its departure point at the surface. In practice, the horizontal section of
most horizontal wells varies by several degrees.
Hybrid fracturing – hydraulic fracturing that utilizes more than one type of fracturing
fluid for a given stage.
Hydraulic diffusivity coefficient – the ratio of the hydraulic conductivity to the volume
of water that a unit volume of saturated soil or rock releases from storage per unit decline
in hydraulic head. It is a parameter that combines transmission characteristics and the
storage properties of a porous medium.
Hydraulic fracturing – an operation in which a specially blended liquid is pumped down
a well and into a formation under pressure high enough to cause the formation to crack
open, forming passages through which oil can flow into the wellbore.
Hydrostatic pressure – the pore pressure that results from the static weight of pore fluid
above the point of interest.
Induced seismicity – earthquakes caused by human activities.
Intercalated turbiditic sandstones – sandstones deposited from a turbidity current (an
underwater current flowing downslope owing to the weight of sediment it carries) that are
alternately layered between other rock types.
Intermediate casing – the casing set in a well after the surface casing but before
production casing to keep the hole from caving and to seal off formations.
Iron control agent – a chemical that controls the precipitation of iron from solution.
Kelly – the heavy square or hexagonal steel member suspended from the swivel through
the rotary table and connected to the topmost joint of drill pipe to turn the drill stem as
the rotary table turns.
Kerogen – solid, insoluble organic material in shale and other sedimentary rock that
yields oil and/or gas upon heating.
Lithology – the physical characteristics (e.g., mineral content, grain size, texture and
color) of a rock or stratigraphic unit.
Matrix acidizing – use of a mineral acid (typically hydrochloric acid (HCl) or HCl in
combination with hydrofluoric acid (HF)) or an organic acid (typically acetic or formic) to
remove damage or stimulate the permeability of a formation.
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Maturation – the chemical transformation of kerogen into petroleum fluids.
Median lethal dose (LD50) – the dose required to kill half the members of a tested
population after a specified test duration.
Microearthquakes – an earthquake of low intensity with a magnitude of 2 or less on the
Richter scale.
Microscanner log – a geophysical measurement record from a downhole instrument that
consists of four orthogonal imaging pads containing microelectrodes in direct contact with
the borehole wall. It is used for mapping of bedding planes, fractures, faults, foliations,
and other formation structures and dip determination.
Microseismic monitoring – a method of tracking a fracture by listening for the sounds of
shear fracturing in the formation during the hydraulic fracturing process.
Migrated oil – oil that has moved from source rock to reservoir rock.
Miocene – the geologic time ranging from about 23 to 5.3 million years ago.
MODFLOW – the USGS’s three-dimensional (3D) finite-difference groundwater model.
Multi-stage hydraulic fracturing – hydraulic fracturing conducted repeatedly in isolated
segments along the length of the well’s production interval.
Nanoparticles – a microscopic particle of matter that is measured on the nanoscale,
usually less than 100 nanometers.
Normal stress – the internal forces per unit area that are exerted in a material object and
are also perpendicular to the selected area.
Oil window - the temperature and pressure ranges under which the organic matter in
organic-rich sedimentary rocks is transformed into petroleum fluids.
Opening mode fractures – a fracture that opens in response to tensile stress, i.e., a stress
that acts to pull a material object apart.
Organic shales – organic-rich shales.
Overburden – the rock layers lying above a point of interest in the subsurface.
Oxides of nitrogen (NOx) – consist of nitric oxide (NO), nitrogen dioxide (NO2) and
nitrous oxide (N2O).
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Ozone precursors – chemical compounds (such as carbon monoxide, methane, nonmethane hydrocarbons, and nitrogen oxides) that, in the presence of solar radiation, react
with other chemical compounds to form ozone.
Particulate matter (PM) and PM2.5 – a complex mixture of extremely small particles and
liquid droplets. PM2.5 consist of particles less than 2.5 microns in diameter.
Permeability – the ability of a rock or other material to allow fluid flow through its
interconnected spaces.
pH adjuster – chemical agents to reduce, or to increase, the acidity of a solution.
Phosphatic shales – phosphate-rich shales.
Pipes – vertically oriented geologic structures commonly circular or subcircular in
planform that may have formed as a result of hydrothermal activity, overpressure, or
dissolution processes.
Play – hydrocarbon reservoirs within the same region that have common sourcing and
trapping mechanisms.
Pore pressure – the normal stress exerted by pore fluids on the porous medium.
Poromechanical effects – phenomena that occur in porous materials whose mechanical
behavior is significantly influenced by the pore fluid.
Portland cement – a general class of hydraulic cements (cements that can harden under
water) usually made by burning a mixture of limestone and clay in a kiln and pulverizing
into a powder.
Precipitate – a solid substance formed from a liquid solution during a chemical process.
Produced water – water, ranging from fresh to salty, produced with the hydrocarbons as
a result of pressure drawdown and flow through the petroleum reservoir.
Production casing – the last string of casing set in a well that straddles and isolates the
producing interval, inside of which is usually suspended a tubing string.
Production liner – similar to casing pipe but does not extend back to the ground surface.
Liners may or may not be cemented.
Propagation of water front – the movement of a constant water saturation level through
a porous medium.
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Proppant – well sorted and consistently sized sand or man-made materials that are
injected with the fracturing fluid to hold the fracture faces apart after pressure is released.
Quaternary fault – a fault that formed sometime between the present and about 2.6
million years ago.
Radiogenic material – material produced by radioactive decay.
Redox conditions – a quantitative description of the environment in question with respect
to be oxidizing or reducing.
Reservoir – a subsurface accumulation of hydrocarbon fluids that resides in rock pores
and fractures.
Scale inhibitor – a chemical that prevents scale from forming in scale mineral saturated
produced waters.
Sedimentary basin – a depression in the Earth’s surface that collects sediment.
Seismic hazard – a phenomenon such as ground shaking, fault rupture, or soil
liquefaction that is generated by an earthquake.
Seismic moment – a measure of the size of an earthquake based on the area of fault
rupture, the average amount of slip, and the force that was required to overcome the
friction sticking the rocks together that were offset by faulting.
Seismometer – an instrument for measuring the direction, intensity, and duration of
earthquakes by measuring the actual movement of the ground.
Seismometer array – numerous seismometers placed at discrete points in a well-defined
configuration.
Semi-volatile organic compounds (SVOC) – organic compound which has a boiling
point higher than water and which may vaporize when exposed to temperatures above
room temperature.
Shale – sedimentary rock derived from mud and commonly finely laminated (bedded).
Particles in shale are commonly clay minerals mixed with tiny grains of quartz eroded
from pre-existing rocks.
Shear failure – brittle or ductile damage that results from shear stress of sufficient
magnitude.
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Shear stress – the internal forces per unit area that are exerted in a material object and
are also tangential to the selected area.
Siliceous – a rock rich in a silica phase, such as opal, cristobalite, or quartz.
Siliceous shales – silica-rich shales.
Slickwater fracturing fluid - a water-based fracturing fluid with only a very small amount
of a polymer added to give friction reduction benefit.
Solvent - a substance that will dissolve a solid. In the oil field, oil based solvents may
range from xylene for asphaltenes and sludges, to kerosene and diesel/xylene mixtures for
paraffins.
Source rock – a rock rich in organic matter from the original sediment deposition that can
generate petroleum fluids under certain temperature and pressure conditions.
Specific conductance - the measure of a material to conduct an electric current.
Stable isotopes – two or more forms of a chemical element having different numbers of
neutrons that do not have any measurable radioactive decay.
Static fractures – fractures that are not changing over time.
Steam cycling – a form of steam injection in which injection and production take place in
the same well, which is accomplished by alternating steam injection with oil production.
Steam injection – a thermally enhanced oil recovery method in which steam is forced into
the reservoir by applying pressure; the thermal energy of the steam heats the reservoir,
which reduces the viscosity of heavy oil (usually the target of thermal oil recovery
methods).
Storage coefficient – the volume of water released from storage per unit surface area of a
confined aquifer per unit decline in hydraulic head.
Stratigraphic trap – a trap formed as a result of variations in porosity and permeability of
the stratigraphic sequence.
Stratigraphic zone – a body of strata that is distinguished on the basis of lithology, fossil
content, age, or other rock property.
Stress – the internal forces per unit area that are exerted in a material object.
Strike – a geometrical characteristic of a planar geologic surface defined by the line of
intersection between the geologic surface and a horizontal plane.
403

Volume III, Appendix D

Structural features – geologic features that result from tectonic, diapiric, gravitational
and compactional processes.
Structural trap – a trap formed as a result of faulting or folding of the rock.
Supercritical CO2 – a fluid state of carbon dioxide which displays characteristics of both
liquid and gas that occurs at conditions above its critical temperature and critical pressure.
Surface casing – the casing following the conductor casing in a well that protects fresh
water aquifers from contact with fluids moving through the well. It is always cemented
across the water zone and the cement usually extends to the surface.
Surfactant – a chemical that is attracted to the surface of a fluid and modifies the
properties such as surface tension.
Tectonic features – features that are a result of forces or conditions within the Earth that
cause movements of the crust.
Tectonic stress – stress that results from forces or conditions within the Earth that cause
movements of the crust.
Televiewer log – a record of the amplitude of high-frequency acoustic pulses reflected by
the borehole wall; provides location and orientation of bedding, fractures, and cavities.
Thermogenic methane – methane created by the thermal decomposition of buried
organic material.
Tiltmeter – an instrument used to measure slight changes in the inclination of the Earth’s
surface resulting from subsidence or uplift, usually in connection with volcanology and
earthquake seismology.
Total dissolved solids (TDS) – total amount of all inorganic and organic substances –
including minerals, salts, metals, cations or anions – that are dissolved within a volume of
water.
Total Organic Carbon (TOC) – total mass of organic carbon from a measured sample.
Total Suspended Solids (TSS) - total mass retained on a filter per unit volume of water,
typically a 0.4 to 0.7 micron filter.
Toxicity – the degree to which a substance can harm humans or other living organisms.
Trace metals – metals that do not affect chemical or physical properties of the system as
a whole to any significant extent, and have ideal solution behavior characteristic of very
high dilution.
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Trap – a configuration of geologic layers and/or structures that has a very low
permeability and is suitable for blocking the upward movement of buoyant hydrocarbons.
Turbidity – the measure of relative clarity of a liquid. It is an optical characteristic of
water and is an expression of the amount of light that is scattered by material in the water
when a light is shined through the water sample.
Unconventional reservoir – oil and gas resources whose porosity, permeability, fluid
trapping mechanism, or other characteristics differ from conventional sandstone and
carbonate reservoirs, such as shale gas, shale oil, heavy and viscous oil, gas hydrates, tight
gas, and coal-bed methane resources.
Updip – located up the dip of a sloping planar surface.
Viscosity – a measurement of a fluid’s internal resistance to flow, expressed as the ratio of
shear stress to shear rate.
Vitrinite – a type of woody kerogen that is used to measure source rock maturity.
Vitrinite reflectance – a measure of source rock maturity based on the reflectance of
vitrinite, measured as % Ro. The onset of oil generation typically occurs at around Ro =
0.6%, with gas formation occurring when Ro = 1.2 %.
Volatile organic compounds (VOC) – organic chemicals whose composition makes
it possible for them to evaporate under normal indoor atmospheric conditions of
temperature and pressure.
Water flooding – purposely injecting water below and/or into the reservoir to drive the
oil towards the producing wellbore.
Well completion – the activities and methods of preparing a well for the production of oil
and gas or for other purposes, such as injection; the method by which one or more flow
paths for hydrocarbons are established between the reservoir and the surface.
Well stimulation technology – refers to well stimulation methods of hydraulic fracturing,
acid fracturing, and matrix acidizing.
Zonal isolation – the exclusion of fluids such as water or gas in one zone from mixing
with fluids in another zone along pathways outside of a well casing, accomplished through
cement that seals the rock to the casing.
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Appendix E.

Review of Information Sources
For this report, authors of the report reviewed many sources of public information,
including some that are not easily accessible to all citizens, such as fee-based scientific
journals. If a member of the public wishes to view a document referenced in the report,
they may visit California Council on Science and Technology at 1130 K Street, Suite 280,
Sacramento, CA 95814-3965. We cannot duplicate or electronically transmit copyright
documents. Please make arrangements in advance by contacting CCST at (916) 492-0996.
CCST issued a request for public submissions of literature by July 15, 2014. All literature
submitted by the deadline is listed below in the Bibliography of Submitted Literature. Our
scientists reviewed the submissions and cited a given reference in the report if it met all
three of the following criteria:
1. Fit into one of the five categories of admissible literature (described in a-e below).
a. Published, peer-reviewed scientific papers.
b. Government data and reports.
c. Academic studies that are reviewed through a university process, textbooks,
and papers from technical conferences.
d. Studies generated by non-government organizations that are based on data,
and draw traceable conclusions clearly supported by the data.
e. Voluntary reporting from industry. This data is cited with the caveat that,
as voluntary, there is no quality control on the accuracy or completeness of
the data.
2. Was relevant to the scope of the report.
3. Added substantive information to the report.

406

Volume III, Appendix E

Bibliography of Submitted Literature
Adams, M.B. (2011), Land Application of Hydrofracturing Fluids Damages a Deciduous Forest Stand in West
Virginia. Journal of Environmental Quality, 40 (4), 1340–4. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/21712604.
Adams, M.B., P.J. Edwards, W.M. Ford, J.B. Johnson, T.M. Schuler, M. Thomas-Van Gundy, and F. Wood (2011),
Effects of Development of a Natural Gas Well and Associated Pipeline on the Natural and Scientific Resources
of the Fernow Experimental Forest.
Adgate, J., B.D. Goldstein, and L.M. McKenzie (2014), Potential Public Health Hazards, Exposures and Health
Effects from Unconventional Natural Gas Development. Environmental Science & Technology. Available
from: http://pubs.acs.org/doi/abs/10.1021/es404621d.
Ake, J., K. Mahrer, D. O’Connell, and L. Block (2005), Deep-Injection and Closely Monitored Induced Seismicity
at Paradox Valley, Colorado. Bulletin of the Seismological Society of America, 95 (2). 664–683. Available
from: http://bssa.geoscienceworld.org/cgi/doi/10.1785/0120040072.
Alberta Energy Regulator (2013), Directive 083: Hydraulic Fracturing - Subsurface Integrity Energy Resources
Conservation Board, Calgary, Alberta Available from: http://www.aer.ca/rules-and-regulations/directives/
directive-083.
Allan, M., M. Rahman, and B. Rycerski (2006), Belridge Giant Oil Field, Diatomite Pool Learnings from an
Unusual Marine Reservoir in an Old Field. In: AAPG National Convention, April 9-12. 2006, Houston, Texas,
pp. 1–24.
Allan, M.E. and J.J. Lalicata (2012), The Belridge Giant Oil Field—100 Years of History and a Look to a Bright
Future. In: AAPG International Convention and Exhibition. 2012, American Association of Petroleum
Geologists, Milan, Italy. Available from: http://www.searchanddiscovery.com/documents/2012/20124allan/
ndx_allan.pdf.
Allan, M.E., D.K. Gold, and D.W. Reese (2010). Development of the Belridge Field’s Diatomite Reservoirs with
Hydraulically Fractured Horizontal Wells: From First Attempts to Current Ultra-Tight Spacing. SPE Annual
Technical Conference and Exhibition. September 2010, Society of Petroleum Engineers, Florence, Italy, pp.
1–19. Available from: http://www.onepetro.org/mslib/servlet/onepetropreview?id=SPE-133511-MS.
Allen, D., V. Torres, J. Thomas, D. Sullivan, M. Harrison, A. Hendler, S.C. Herndon, C. Kolb, M. Fraser, A. Hill,
B. Lamb, J. Miskimins, R. Sawyer, and J. Seinfeld (2013), Measurements of Methane Emissions at Natural
Gas Production Sites in the United States. Proceedings of the National Academy of Sciences. Available from:
http://www.pnas.org/cgi/doi/10.1073/pnas.1304880110.
America’s Oil and Natural Gas Industry (2014), Hydraulic Fracturing: Unlocking America’s Natural Gas
Resources. Available from: http://www.api.org/policy-and-issues/policy-items/hf/~/media/Files/Oil-andNatural-Gas/Hydraulic-Fracturing-primer/Hydraulic-Fracturing-Primer-2014-lowres.pdf.
American Petroleum Institute (2009), Hydraulic Fracturing Operations — Well Construction and Integrity
Guidelines. Available from: www.shalegas.energy.gov/resources/HF1.pdf?
American Petroleum Institute (2010a), Isolating Potential Flow Zones During Well Construction. Available from:
www.shalegas.energy.gov/resources/65-2_e2.pdf?
American Petroleum Institute (2010b), Water Management Associated with Hydraulic Fracturing. Available
from: www.shalegas.energy.gov/resources/HF2_e1.pdf?
American Petroleum Institute (2011), Practices for Mitigating Surface Impacts Associated with Hydraulic
Fracturing. Washington, DC. Available from: http://www.shalegas.energy.gov/resources/HF3_e7.pdf.
American Petroleum Institute (2013), Shale Energy: 10 Points Everyone Should Know Available from: http://
www.api.org/~/media/Files/Policy/Hydraulic_Fracturing/Hydraulic-Fracturing-10-points.pdf.

407

Volume III, Appendix E

American Petroleum Institute (n.d.), Hydraulic Fracturing Best Practices Overview Available from: http://www.
api.org/oil-and-natural-gas-overview/exploration-and-production/hydraulic-fracturing/hydraulic-fracturingbest-practices.
American Public Health Association (2012), The Environmental and Occupational Health Impacts of Highvolume Hydraulic Fracturing of Unconventional Gas Reserves. Policy. Available from: http://scholar.google.
com/scholar?q=The+environmental+and+occupational+health+impacts+of+high-volume+hydraulic+fra
cturing+of+unconventional+gas+reserves&btnG=&hl=en&as_sdt=0,5#0.
Amos, C., P. Audet, and W. Hammond (2014), Uplift and Seismicity Driven by Groundwater Depletion in Central
California. Nature. Available from: http://www.nature.com/nature/journal/vaop/ncurrent/full/nature13275.
html?WT.ec_id=NATURE-20140515.
Arditsoglou, A., and D. Voutsa (2012), Occurrence and Partitioning of Endocrine-disrupting Compounds in the
Marine Environment of Thermaikos Gulf, Northern Aegean Sea, Greece. Marine Pollution Bulletin. Available
from: http://www.sciencedirect.com/science/article/pii/S0025326X12003694.
Arthur, J.D., B. Bohm, B.J. Coughlin, and M. Layne (2008), Evaluating the Environmental Implications of
Hydraulic Fracturing in Shale Gas Reservoirs. In: SPE 121038-MS, SPE Americas E&P Environmental and
Safety Conference. 2008, ALL Consulting, San Antonio, TX, pp. 1–21. Available from: http://www.all-llc.
com/publicdownloads/ArthurHydrFracPaperFINAL.pdf.
Avalos, A., and D. Vera (2013), The Petroleum Industry and the Monterey Shale: Current Economic Impact and
the Economic Future of the San Joaquin Valley. Available from: http://www.safeenergycalifornia.com/wpcontent/uploads/2014/04/The-Petroleum-Industry-and-the-Monterey-Shale-CSU-Fresno-Study.pdf.
Ayotte, J., J. Gronberg, and L. Apodaca (2011), Trace Elements and Radon in Groundwater across the United
States, 1992-2003. Available from: http://pubs.usgs.gov/sir/2011/5059/.
Bair, E.S., D.C. Freeman, and J.M. Senko (2010), Expert Panel Technical Report Subsurface Gas Invasion,
Geauga County, Ohio. Available from: http://oilandgas.ohiodnr.gov/resources/investigations-reportsviolations-reforms#THR.
Bakke, T., J. Klungsøyr, and S. Sanni (2013), Environmental Impacts of Produced Water and Drilling Waste
Discharges from the Norwegian Offshore Petroleum Industry. Marine Environmental Research, 92. Available
from: http://www.sciencedirect.com/science/article/pii/S0141113613001621.
Balk, L., K. Hylland, T. Hansson, and M. Berntssen (2011), Biomarkers in Natural Fish Populations Indicate
Adverse Biological Effects of Offshore Oil Production. PloS One, 6 (5). Available from: http://dx.plos.
org/10.1371/journal.pone.0019735.
Baltz, D., E. Chesney, and M. Tarr (2005), Toxicity and Sublethal Effects of Methanol on Swimming Performance
of Juvenile Florida Pompano. Transactions of the American Fisheries Society. 134 (3), 730–740. Available
from: http://www.tandfonline.com/doi/abs/10.1577/T04-136.1.
Barree, R.D., M.K. Fisher, and R.A. Woodroof (2002), A Practical Guide to Hydraulic Fracture Diagnostic
Technologies. In: 2002 SPE Annual Technical Conference and Exhibtion. 2002, Society of Petroleum
Engineers, San Antonio, Texas.
Barree, R.D., V.L. Barree, and D.P. Craig (2007), Holistic Fracture Diagnostics. In: SPE Rocky Mountain Oil
& Gas Technology Symposium Proceedings: Making the Unconventional Conventional. 2007, Society of
Petroleum Engineers, Denver, Colorado.
Battelle (2012), Review of EPA Hydraulic Fracturing Study Plan EPA/600/R11/122, November 2011. Lexington,
MA. Available from: http://www.api.org/news-and-media/news/newsitems/2012/jul-2012/~/media/Files/
Policy/Hydraulic_Fracturing/Battelle-Studies/Battelle-EPA-study-plan-review-071012.ashx.
Bavestrello, G., and C. Bianchi (2000), Bio-mineralogy as a Structuring Factor for Marine Epibenthic
Communities. Marine Ecology Progress Series, 193, 241–249. Available from: http://www.researchgate.
net/publication/240809091_Biomineralogy_as_a_structuring_factor_for_marine_epibenthic_communities/
file/3deec51e172c22dc4b.pdf.

408

Volume III, Appendix E

Bayne, E.M., L. Habib, and S. Boutin (2008), Impacts of Chronic Anthropogenic Noise from Energy-sector
Activity on Abundance of Songbirds in the Boreal Forest. Conservation Biology. 22 (5), 1186–93. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/18616740.
BC Oil & Gas Commission (n.d.), Safety Advisory 2010-03 BC Oil & Gas Commission, Available from: https://
www.bcogc.ca/node/5806/download.
BC Oil and Gas Commission (2012), Investigation of Observed Seismicity in the Horn River Basin. Available
from: http://www.bcogc.ca/node/8046/download.
Beckmann, J.P., K. Murray, R.G. Seidler, and J. Berger (2012), Human-Mediated Shifts in Animal Habitat Use:
Sequential Changes in Pronghorn Use of a Natural Gas Field in Greater Yellowstone. Biological Conservation,
147 (1), 222–233.
Bergquist, E., P. Evangelista, T.J. Stohlgren, and N. Alley (2007), Invasive Species and Coal Bed Methane
Development in the Powder River Basin, Wyoming. Environmental Monitoring and Assessment, 128 (1–3).
381–394.
Bibby, K.J., S.L. Brantley, D.D. Reible, K.G. Linden, P.J. Mouser, K.B. Gregory, B.R. Ellis, and R.D. Vidic (2013),
Suggested Reporting Parameters for Investigations of Wastewater from Unconventional Shale Gas Extraction.
Environmental Science & Technology, 47 (23), 13220–13221. Available from: http://pubs.acs.org/doi/
abs/10.1021/es404960z.
Bilden, D., F. Efthin, and J. Garner (1990), Evaluation and Treatment of Organic and Inorganic Deposition in
the Midway Sunset Field, Kern County, California. In: 60th California Regional Meeting, Ventura, California,
April 4-6, 1990. 1990, Society of Petroleum Engineers.
Black, J., J. Barnum, and W. Birge (1993), An Integrated Assessment of the Biological Effects of Boron to the
Rainbow Trout. Chemosphere. 26 (7), 1383–1413. Available from: http://www.sciencedirect.com/science/
article/pii/004565359390189C.
Blickley, J.L., D. Blackwood, and G.L. Patricelli (2012a), Experimental Evidence for the Effects of Chronic
Anthropogenic Noise on Abundance of Greater Sage-Grouse at Leks. Conservation Biology. 26 (3), 461–71.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/22594595.
Blickley, J.L., K.R. Word, A.H. Krakauer, J.L. Phillips, S.N. Sells, C.C. Taff, J.C. Wingfield, and G.L. Patricelli
(2012b), Experimental Chronic Noise Is Related to Elevated Fecal Corticosteroid Metabolites in Lekking Male
Greater Sage-Grouse (Centrocercus urophasianus), PLoS One. 7 (11), e50462. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=3502302&tool=pmcentrez&rendertype=abstract.
Bohne-Kjersem, A., N. Bache, and S. Meier (2010), Biomarker Candidate Discovery in Atlantic Cod (Gadus
morhua) Continuously Exposed to North Sea Produced Water from Egg to Fry. Aquatic Toxicology, 96 (4),
280–289. Available from: http://www.sciencedirect.com/science/article/pii/S0166445X09003841.
Boyer, E., B. Swistock, J. Clark, M. Madden, and D. Rizzo (2011), The Impact of Marcellus Gas Drilling on Rural
Drinking Water Supplies. Available from: http://www.rural.palegislature.us/documents/reports/Marcellus_
and_drinking_water_2011_rev.pdf.
Brandt, A.R., G.A. Heath, E.A. Kort, F. O’Sullivan, G. Petron, S.M. Jordaan, P. Tans, J. Wilcox, A.M. Gopstein,
D. Arent, S. Wofsy, N.J. Brown, R. Bradley, G.D. Stucky, D. Eardley, and R. Harriss (2014), Methane Leaks
from North American Natural Gas Systems. Science, 343 (6172), 733–735. Available from: http://www.
sciencemag.org/content/343/6172/733.full.
Brantley, S.L., D. Yoxtheimer, S. Arjmand, P. Grieve, R. Vidic, J. Pollak, G.T. Llewellyn, J. Abad, and C. Simon
(2014), Water Resource Impacts during Unconventional Shale Gas Development: The Pennsylvania
Experience. International Journal of Coal Geology, 126. 140–156. Available from: http://www.sciencedirect.
com/science/article/pii/S016651621300284X.
Brian, J., C. Harris, M. Scholze, A. Kortenkamp, P. Booy, M. Lamoree, G. Pojana, N. Jonkers, A. Marcomini,
and J.P. Sumpter (2007), Evidence of Estrogenic Mixture Effects on the Reproductive Performance of
Fish. Environmental Science & Technology, 41 (1), 337–344. Available from: http://pubs.acs.org/doi/
abs/10.1021/es0617439.

409

Volume III, Appendix E

Bringmann, G., and R. Kühn (1980), Comparison of the Toxicity Thresholds of Water Pollutants to Bacteria,
Algae, and Protozoa in the Cell Multiplication Inhibition Test. Water Research, 14 (3), 231–241. Available
from: http://www.sciencedirect.com/science/article/pii/0043135480900937.
Briskin, J. (2013), Potential Impacts of Hydraulic Fracturing on Drinking Water Resources: Study Update US
EPA, Available from: http://www2.epa.gov/sites/production/files/2013-12/documents/study_update-_
potential_impacts_of_hydraulic_fracturing_on_drinking_water_resources.pdf.
British Geological Survey (2011), Blackpool Earthquake Magnitude 1.5. Available from: http://www.bgs.ac.uk/
research/earthquakes/BlackpoolMay2011.html.
Brooke, L.T. and G. Thursby (2005), Aquatic Life Ambient Water Quality Criteria—Nonylphenol. Washington,
DC.
Brown, D. and B. Weinberger (2014), Understanding Exposure from Natural Gas Drilling Puts Current Air
Standards to the Test. Reviews on Environmental Health. Available from: http://www.degruyter.com/
view/j/reveh.ahead-of-print/reveh-2014-0002/reveh-2014-0002.xml.
Brown, W.A., and C. Frohlich (2013), Investigating the Cause of the 17 May 2012 M 4.8 Earthquake near
Timpson, East Texas. Seismological Research Letters, 84. 374.
Bruner, K., and R. Smosna (2011), A Comparative Study of the Mississippian Barnett Shale, Fort Worth Basin,
and Devonian Marcellus Shale, Appalachian Basin. National Energy.
Bunch, A.G., C.S. Perry, L. Abraham, D.S. Wikoff, J.A. Tachovsky, J.G. Hixon, J.D. Urban, M.A. Harris, and L.C.
Haws (2014), Evaluation of Impact of Shale Gas Operations in the Barnett Shale Region on Volatile Organic
Compounds in Air and Potential Human Health Risks. The Science of the Total Environment, 468-469,
832–42. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24076504.
Bureau of Land Management (2003), Final Environmental Impact Statement and Proposed Plan Amendment for
the Powder River Basin Oil and Gas Project. Buffalo, Wyoming.
Burnham, A., J. Han, and C. Clark (2012), Life-cycle Greenhouse Gas Emissions of Shale Gas, Natural Gas, Coal,
and Petroleum. Environmental Science & Technology. 46 (2), 619–627. Available from: http://pubs.acs.org/
doi/full/10.1021/es201942m.
CA Department of Conservation Division of Oil Gas and Geothermal Resources (2013), Permit to Conduct Well
Operations for “Indian Well 1” API No. 06920082. Available from: ftp://ftp.consrv.ca.gov/pub/oil/BLM Study
Data/NewOCRSampleData/06920082_DATA_09-24-2013.pdf (Accessed: 24 June 2014).
CA Department of Conservation Division of Oil Gas and Geothermal Resources (2012), Producing wells and
Production of Oil, Gas, and Water by County. Available from: ftp://ftp.consrv.ca.gov/pub/oil/temp/NEWS/
Producing_Wells_OilGasWater_11.pdf (Accessed: 24 June 2014).
Cahill, A.E., M.E. Aiello-Lammens, M.C. Fisher-Reid, X. Hua, C.J. Karanewsky, H.Y. Ryu, G.C. Sbeglia, F.
Spagnolo, J.B. Waldron, and O. Warsi (2012), How Does Climate Change Cause Extinction? Proceedings of
the Royal Society B: Biological Sciences. p. rspb20121890.
Cailleaud, K., F. Michalec, and J. Forget-Leray (2011), Changes in the Swimming Behavior of Eurytemora affinis
(Copepoda, Calanoida) in Response to a Sub-lethal Exposure to Nonylphenols. Aquatic Toxicology. Available
from: http://www.sciencedirect.com/science/article/pii/S0166445X1000473X.
California Coastal Commission (2013), Consistency Determination No. CD-001-13. San Francisco, California.
Available from: http://documents.coastal.ca.gov/reports/2013/6/W13a-6-2013.pdf.
Canadian Council of Ministers of the Environment (2002), Canadian Water Quality Guidelines for the Protection
of Aquatic Life: Nonylphenol and its Ethoxylates. In: Canadian Environmental Quality Guidelines, 1999.
Winnipeg, Manitoba.
Cardno ENTRIX (2012). Hydraulic Fracturing Study, PXP Inglewood Oil Field. Los Angeles, CA. Available from:
http://www.scribd.com/doc/109624423/Hydraulic-Fracturing-Study-Inglewood-Field10102012.

410

Volume III, Appendix E

Carlton, A., E. Little, and M. Moeller (2014), The Data Gap: Can a Lack of Monitors Obscure Loss of Clean Air
Act Benefits in Fracking Areas? Environmental Science & Technology, 48 (2). 893–894. Available from:
http://pubs.acs.org/doi/abs/10.1021/es405672t.
Carter, K.M., N. Kresic, P. Muller, and L.F. Vittorio (2013), Technical Rebuttal to Article Claiming a Link between
Hydraulic Fracturing and Groundwater Contamination Pennsylvania Council of Professional Geologists,
Available from: https://pcpg.wildapricot.org/Resources/Documents/Shale Gas/PAGS PCPG Rebuttal to Frac
Induced GW Contamination Article 1.pdf.
Cathles, L.M. (2012), Assessing the Greenhouse Impact of Natural Gas. Geochemistry, Geophysics, Geosystems,
13 (6). Available from: http://energyindepth.org/wp-content/uploads/2012/07/Cathles-Assessinggreenhouse-impact-natgas-June2012.pdf.
Caulton, D., P. Shepson, R. Santoro, J. Sparks, R. Howarth, A. Ingraffea, M. Cambaliza, C. Sweeney, A. Karion,
K. Davis, B. Stirm, S. Montzka, and B. Miller (2014), Toward a Better Understanding and Quantification of
Methane Emissions from Shale Gas Development. Proceedings of the National Academy of Sciences, 111
(17). 6237–6242. Available from: http://www.pnas.org/content/111/17/6237.short.
Center for Biological Diversity (2013). Dirty Dozen: The 12 Most Commonly Used Air Toxics in Unconventional
Oil Development in the Los Angeles Basin. Available from: http://www.biologicaldiversity.org/campaigns/
california_fracking/pdfs/LA_Air_Toxics_Report.pdf.
Chambers, K., J. Kendall, and O. Barkved (2010), Investigation of Induced Microseismicity at Valhall
Using the Life of Field Seismic Array. The Leading Edge. Available from: http://library.seg.org/doi/
abs/10.1190/1.3353725.
Chen, J., M. Al-Wadei, and R. Kennedy (2014), Hydraulic Fracturing: Paving the Way for a Sustainable
Future? Journal of Environmental and Public Health. Available from: http://www.hindawi.com/journals/
jeph/2014/656824/abs/.
Chepesiuk, R. (2009). Missing the Dark: Health Effects of Light Pollution. Environmental Health Perspectives,
117 (1). Available from: http://ehp.niehs.nih.gov/117-a20/?utm_source=rss&utm_medium=rss&utm_
campaign=117-a20.
Cipolla, C., and C. Wright (2002), Diagnostic Techniques To Understand Hydraulic Fracturing: What? Why? and
How? SPE production & Facilities, 17 (1). Available from: https://www.onepetro.org/journal-paper/SPE75359-PA.
Clark, C.E., and J.A. Veil (2009). Produced Water Volumes and Management Practices in the United States.
Argonne National Laboratory, ANL/EVS/R-09/1.
Coday, B., P. Xu, E. Beaudry, and J. Herron (2014), The Sweet Spot of Forward Osmosis: Treatment of Produced
Water, Drilling Wastewater, and Other Complex and Difficult Liquid Streams. Desalination, 333 (1), 23–35.
Available from: http://www.sciencedirect.com/science/article/pii/S0011916413005390.
Cohen, H., T. Parratt, and C. Andrews (2013), Potential Contaminant Pathways from Hydraulically Fractured
Shale to Aquifers. Groundwater. 51 (3), 317–319. Available from: http://onlinelibrary.wiley.com/
doi/10.1111/gwat.12015/full.
Colborn, T., C. Kwiatkowski, K. Schultz, and M. Bachran (2011), Natural Gas Operations from a Public Health
Perspective. Human and Ecological Risk Assessment: An International Journal, 17 (5), 1039–1056. Available
from: http://www.tandfonline.com/doi/abs/10.1080/10807039.2011.605662.
Colborn, T., K. Schultz, L. Herrick, and C. Kwiatkowski (2014), An Exploratory Study of Air Quality Near Natural
Gas Operations. Human and Ecological Risk Assessment: An International Journal, 20 (1), 86–105. Available
from: http://dx.doi.org/10.1080/10807039.2012.749447.
Colorado Division of Water Resources, Colorado Water Conservation Board & Colorado Oil and Gas Conservation
Commission (2012), Water Sources and Demand for the Hydraulic Fracturing of Oil and Gas Wells in
Colorado from 2010 through 2015. Available from: http://cogcc.state.co.us/Library/Oil_and_Gas_Water_
Sources_Fact_Sheet.pdf.

411

Volume III, Appendix E

Commonwealth of Pennsylvania Department of Environmental Protection (2010), DEP Fines Seneca Resources
Corp. $40,000 for Violations at Marcellus Operation in Tioga County Available from: http://www.portal.
state.pa.us/portal/server.pt/community/newsroom/14287?id=14655&typeid=1.
Concerned Health Professionals of NY (n.d.), Compendium of Scientific, Medial, and Media Findings
Demonstrating the Risks and Harms of Fracking (Unconventional Gas and Oil Extraction).
Council of Canadian Academies (2014), Environmental Impacts of Shale Gas Extraction in Canada. Ottawa,
Canada.
Coussens, C. & R. Martinez (2013), Health Impact Assessment of Shale Gas Extraction: Workshop Summary.
Available from: http://books.google.com/books?hl=en&lr=&id=aVqfAwAAQBAJ&oi=fnd&pg=PT10&dq=H
ealth+impact+assessment+of+shale+gas+extraction:+workshop+summary.&ots=3OvBbBCIio&sig=Re3f
mYOePI99a9F7HJJlOPOuWA0.
Cypher, B.L., G.D. Warrick, M.R.M. Otten, T.P.O. Farrell, W.H. Berry, C.E. Harris, T.T. Kato, P.M. Mccue, J.H.
Scrivner, and B.W. Zoellick (2000), Population Dynamics of San Joaquin Kit Foxes at the Naval Petroleum
Reserves in California. Wildlife Monographs. 145. 1–43.
Cypher, B.L., L.R. Saslaw, C.L.V.H. Job, T.L. Westall, and A.Y. Madrid (2012), Kangaroo Rat Population Response
to Seismic Surveys for Hydrocarbon Reserves.
Dale, B.C., T.S. Wiens, L.E. Hamilton, T.D. Rich, C. Arizmendi, D.W. Demarest, and C. Thompson (2008).
Abundance of Three Grassland Songbirds in an Area of Natural Gas Infill Drilling in Alberta, Canada. In:
Proceedings of the 4th International Partners in Flight Conference. 2008, pp. 13–16.
Daneshy, A., and M. Pomeroy (2012). In-situ Measurement of Fracturing Parameters from Communication
Between Horizontal Wells. SPE Annual Technical Conference Exhibition, 8-10 October, San Antonio, Texas,
USA. Available from: https://www.onepetro.org/conference-paper/SPE-160480-MS.
Davidson, C. (2013), California Democratic Party Resolution: Radioactive Shale Oil and Gas Drilling Wastewater
Disposal California Democratic Party,
Davies, P. (2009), Radioactivity: A Description of its Nature, Dangers, Presence in the Marcellus Shale and
Recommendations by the Town Of Dryden to The New York State. Cornell University.
Davies, R., G. Foulger, A. Bindley & P. Styles (2013), Induced Seismicity and Hydraulic Fracturing for the
Recovery of Hydrocarbons. Marine and Petroleum Geology, 45, 171–185. Available from: http://www.
sciencedirect.com/science/article/pii/S0264817213000846.
Davies, R., S. Almond, and R. Ward (2014), Oil and Gas Wells and Their Integrity: Implications for Shale and
Unconventional Resource Exploitation. Marine and Petroleum Geology, 56, 239–254. Available from: http://
www.sciencedirect.com/science/article/pii/S0264817214000609.
De Laender, F., K. De Schamphelaere, P. Vanrolleghem, and C. Janssen (2009), Comparing Ecotoxicological
Effect Concentrations of Chemicals Established in Multi-Species vs. Single-Species Toxicity Test Systems.
Ecotoxicology and Environmental Safety. 72 (2), 310–315. Available from: http://www.sciencedirect.com/
science/article/pii/S0147651308002054.
Dean, G., C. Nelson, S. Metcalf, R. Harris, and T. Barber (1998), New Acid System Minimizes Post Acid
Stimulation Decline Rate in the Wilmington Field Los Angeles County California. SPE Western Regional
Meeting, 10-13 May, Bakersfield, California. Available from: https://www.onepetro.org/conference-paper/
SPE-46201-MS.
Dechesne, R. (n.d.), Limiting Oil Field Light Pollution for Safety and the Environment Available from: http://
www.cpans.org/assets/Uploads/Presentations/NewFolder/Session-46Roland-Dechesne.pdf.
Department of Energy (2009), Modern Shale Gas Development in the United States: A Primer. Available from:
http://www.netl.doe.gov/technologies/oilgas/publications/EPreports/Shale_Gas_Primer_2009.pdf.
Department of Energy National Energy Technology Laboratory & Ground Water Protection Council (2009), State
Oil and Natural Gas Regulations Designed to Protect Water Resources. Available from: http://www.gwpc.
org/sites/default/files/state_oil_and_gas_regulations_designed_to_protect_water_resources_0.pdf.

412

Volume III, Appendix E

Department of Environmental Protection Common Wealth of Pennsylvania (2009), Inspection
Report, May 27, 2009 Available from: http://www.marcellus-shale.us/pdf/CC%E2%80%90Spill_
DEP%E2%80%90Insp%E2%80%90Rpt.pdf.
Diehl, J., S. Johnson, K. Xia, A. West, and L. Tomanek (2012), The distribution of 4-nonylphenol in marine
organisms of North American Pacific Coast estuaries. Chemosphere, 87 (5), 490–497. Available from: http://
www.sciencedirect.com/science/article/pii/S0045653511014093.
DiGiulio, D.C., R.T. Wilkin, C. Miller, and G. Oberly (2011), DRAFT: Investigation of Ground Water
Contamination near Pavillion, Wyoming.
Doherty, K.E., D.E. Naugle, B.L. Walker, and J.M. Graham (2008), Greater Sage-Grouse Winter Habitat Selection
and Energy Development. Journal of Wildlife Management. 72 (1), 187–195. Available from: http://www.
bioone.org/doi/abs/10.2193/2006-454.
Du, S., and B. McLaughlin (2002), In Vitro Neurotoxicity of Methylisothiazolinone, a Commonly Used Industrial
and Household Biocide, Proceeds via a Zinc and Extracellular Signal-regulated Kinase. The Journal of
Neuroscience, 22 (17), 7408–7416. Available from: http://www.jneurosci.org/content/22/17/7408.short.
Dusseault, M., R. Jackson, and D. Macdonald (2014). Towards a Road Map for Mitigating the Rates and
Occurrences of Long-Term Wellbore Leakage. Available from: http://www.geofirma.ca/Links/Wellbore_
Leakage_Study compressed.pdf.
Dyrszka, L., K. Nolan, and S. Steingraber (n.d.). Statement on Preliminary Findings from the Southwest
Pennsylvania Environmental Health Project Study Available from: http://concernedhealthny.org/statementon-preliminary-findings-from-the-southwest-pennsylvania-environmental-health-project-study/.
Dzialak, M.R., S.M. Harju, R.G. Osborn, J.J. Wondzell, L.D. Hayden-Wing, J.B. Winstead, S.L. Webb (2011),
Prioritizing Conservation of Ungulate Calving Resources in Multiple-use Landscapes. PloS One. 6 (1), e14597.
East, L., M. Soliman, and J. Augustine (2011), Methods for Enhancing Far-Field Complexity in Fracturing
Operations. SPE Production & Operations, 26 (3). Available from: https://www.onepetro.org/journal-paper/
SPE-133380-PA.
Eastern Research Group Inc. & Sage Environmental Consulting LP (2011), City of Fort Worth Natural Gas Air
Quality Study. Available from: http://www.shaledigest.com/documents/2011/Air Quality Studies/Ft Worth
Natural Gas Air Quality Study Final Report ERG Research 7-13-2011r.pdf.
Eisner, L., P. Styles, and H. Clarke (2013), Felt Induced Seismicity Associated with Shale Gas Hydraulic
Stimulation in Lancashire, UK. 75th EAGE Conference & Exhibition Incorporating SPE EUROPEC 2013.
Available from: http://www.earthdoc.org/publication/publicationdetails/?publication=68868.
El Shaari, N., and W. Minner (2008), Northern California Gas Sands: Hydraulic Fracture Stimulation
Opportunities and Challenges. SPE Western Regional and Pacific Section AAPG Joint Meeting, 29 March-4
April, Bakersfield, California, USA. Available from: https://www.onepetro.org/conference-paper/SPE114184-MS.
El Shaari, N., M. Kedzierski, and T.L. Gorham (2005), Quantifying Guar Polymer Recovery Post Hydraulic
Fracturing to Determine theDegree of Fracture Cleanup: A Field Study of the Point of Rocks Formation,
California. In: Proceedings of SPE Western Regional Meeting. 1 March 2005, Society of Petroleum Engineers.
Available from: https://www.onepetro.org/conference-paper/SPE-93912-MS.
El Shaari, N., W. Minner, and R. Lafollette (2011), Is There a “Silver Bullet Technique” for Stimulating
California’s Monterey Shale? In: SPE Western North American Regional Meeting. May 2011, Society of
Petroleum Engineers, Anchorage, Alaska, pp. 1–10. Available from: http://www.onepetro.org/mslib/servlet/
onepetropreview?id=SPE-144526-MS.
El Shaari, N.A., A. Swint, and L.J. Kalfayan (2008), Utilizing Organosilane With Hydraulic Fracturing Treatments
To Minimize Fines Migration Into the Proppant Pack: A Field Application. In: SPE Western Regional and
Pacific Section AAPG Joint Meeting, 29 March-4 April, Bakersfield, California, USA. 2008, Society of
Petroleum Engineers.

413

Volume III, Appendix E

Ellsworth, W.L. (2013), Injection-Induced Earthquakes. Science. 341 (6142), 142–149. Available from: http://
www.clas.ufl.edu/users/prwaylen/GEO2200 Readings/Readings/Fracking/Earthquakes and fracking.pdf.
Endocrine Society (2014). Hormone-disrupting Activity of Fracking Chemicals Worse than Initially Found.
ScienceDaily. 23 June. Available from: www.sciencedaily.com/releases/2014/06/140623103939.htm.
Energy and Climate Change Committee (2011), Shale Gas. London, UK.
Engineers’ Society of Western Pennsylvania (2011), Pittsburgh Engineer: The Many Topics within the Marcellus
Shale Engineers’ Society of Western Pennsylvania, Pittsburgh, Pennsylvania Available from: http://www.
eswp.com/PDF/Spring 2011 Pgh ENG.pdf.
Entrekin, S., M. Evans-White, B. Johnson, and E. Hagenbuch (2011), Rapid Expansion of Natural Gas
Development Poses a Threat to Surface Waters. Frontiers in Ecology and the Environment, 9 (9), 503–511.
Available from: http://dx.doi.org/10.1890/110053.
Environment Canada (2014). Domestic Substances List. Available from: http://www.ec.gc.ca/lcpe-cepa/default.
asp?lang=En&n=5F213FA8-1 (Accessed: 3 June 2014).
Erickson, J. (2013), U-M Technical Reports Examine Hydraulic Fracturing in Michigan. Michigan News. 5
September. Available from: http://www.ns.umich.edu/new/releases/21666-u-m-technical-reports-examinehydraulic-fracturing-in-michigan.
Erickson, J.B., and M.K. Kumataka (1977), Hydraulic Fracturing Treatments in the Buena Vista Hills Field. In:
Proceedings of SPE California Regional Meeting. 1 April 1977, Society of Petroleum Engineers. Available
from: https://www.onepetro.org/conference-paper/SPE-6511-MS.
Esswein, E.J., M. Breitenstein, J. Snawder, M. Kiefer , and W.K. Sieber (2013), Occupational Exposures to
Respirable Crystalline Silica During Hydraulic Fracturing. Journal of Occupational and Environmental
Hygiene, 10 (7). 347–56. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23679563.
Evans, J.S., and J.M. Kiesecker (2014), Shale Gas, Wind and Water: Assessing the Potential Cumulative Impacts
of Energy Development on Ecosystem Services within the Marcellus Play. PLOS ONE, 9 (2).
EVONIK Industries AG (2011), GPS Safety Summary: Isotridecanol Available from: http://corporate.evonik.
de/_layouts/Websites/Internet/DownloadCenterFileHandler.ashx?fileid=1148.
Ferrar, K.J., D.R. Michanowicz, C.L. Christen, N. Mulcahy, S.L. Malone, and R.K. Sharma (2013), Assessment of
Effluent Contaminants from Three Facilities Discharging Marcellus Shale Wastewater to Surface Waters in
Pennsylvania. Environmental Science & Technology. 47 (7). pp. 3472–3481. Available from: http://dx.doi.
org/10.1021/es301411q.
Fiehler, C.M., and B.L. Cypher (2011), Ecosystem Analysis of Oilfields in Western Kern County, California.
Field, E.H., K.R. Milner, and 2007 Working Group on California Earthquake Probabilities (2008), Forecasting
California’s Earthquakes—What Can We Expect in the Next 30 Years? US Geological Survey Fact Sheet 2008.
3027.
Fiore, A.M., D.J. Jacob, B.D. Field, D.G. Streets, S.D. Fernandes, and C. Jang (2002), Linking Ozone Pollution
and Climate Change: The Case for Controlling Methane. Geophysical Research Letters, 29 (19). 21–25.
Fisher, K., and N. Warpinski (2012), Hydraulic-Fracture-Height Growth: Real Data. SPE Production &
Operations, 27 (1), 8–19. Available from: https://www.onepetro.org/journal-paper/SPE-145949-PA.
Flewelling, S., and M. Sharma (2014), Constraints on Upward Migration of Hydraulic Fracturing Fluid and Brine.
Ground Water. 52 (1), 9–19.
Flewelling, S.A., M.P. Tymchak, and N. Warpinski (2013), Hydraulic Fracture Height Limits and Fault
Interactions in Tight Oil and Gas Formations. Geophysical Research Letters. 40 (14), 3602–3606. Available
from: http://doi.wiley.com/10.1002/grl.50707.
Folger, P. (2013). Earthquakes: Risk, Detection, Warning, and Research.

414

Volume III, Appendix E

Fontenot, B.E., L.R. Hunt, Z.L. Hildenbrand, D.D. Carlton, H. Oka, J.L. Walton, D. Hopkins, A. Osorio, B.
Bjorndal, Q.H. Hu, and K.A. Schug (2013), An Evaluation of Water Quality in Private Drinking Water Wells
near Natural Gas Extraction Sites in the Barnett Shale Formation. Environmental Science & Technology, 47
(17), 10032–40. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23885945.
Forster, D., and J. Perks (2012), Climate Impact of Potential Shale Gas Production in the EU. Available from:
http://ec.europa.eu/clima/policies/eccp/docs/120815_final_report_en.pdf.
FracFocus. FracFocus Chemical Disclosure Registry. Available from: http://fracfocus.org/welcome (Accessed: 9
February 2014a).
Francis, C.D., N.J. Kleist, C.P. Ortega, and A. Cruz (2012), Noise Pollution Alters Ecological Services: Enhanced
Pollination and Disrupted Seed Dispersal. Proceedings of the Royal Society B: Biological Sciences, 279
(1739), 2727–35. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3367785&to
ol=pmcentrez&rendertype=abstract.
Freyman, M., and R. Salmon (2013), Hydraulic Fracturing & Water Stress: Growing Competitive Pressures for
Water. Ceres.
Freyman, M. (2014), Hydraulic Fracturing & Water Stress: Water Demand by the Numbers. Boston.
Fritschi, L., L. Brown, and R. Kim (2011), Burden of Disease from Environmental Noise: Quantification of
Healthy Life Years Lost in Europe. Available from: http://scholar.google.com/scholar?q=Burden+of+disease
+from+environmental+noise+-+Quantification+of+healthy+life+years+lost+in+Europe.&btnG=&hl=e
n&as_sdt=0,5#0.
Frohlich, C., and E. Potter (2013), What Further Research Could Teach Us about “Close Encounters of the Third
Kind”: Intraplate Earthquakes Associated with Fluid Injection. In: J.-Y. Chatellier & D. M. Jarvie (eds.).
Critical Assessment of Shale Resource Plays. 2013, American Association of Petroleum Geologists (AAPG),
Tulsa, Oklahoma, pp. 109–119.
Frohlich, C. (2012a), A Survey of Earthquakes and Injection Well Locations in the Barnett Shale, Texas. The
Leading Edge. Available from: http://library.seg.org/doi/abs/10.1190/tle31121446.1.
Frohlich, C. (2012b), Two-year Survey Comparing Earthquake Activity and Injection-well Locations in the
Barnett Shale, Texas. Proceedings of the National Academy of Sciences of the United States of America, 109
(35), 13934–8. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3435170&tool
=pmcentrez&rendertype=abstract.
Frohlich, C., C. Hayward, B. Stump, and E. Potter (2011), The Dallas-Fort Worth Earthquake Sequence: October
2008 through May 2009. Bulletin of the Seismological Society of America, 101 (1), 327–340. Available from:
http://www.bssaonline.org/cgi/doi/10.1785/0120100131.
Frohlich, C., W. Ellsworth, W. Brown, M. Brunt, J. Luetgert, T. Macdonald, and S. Walter (2014), The 17 May
2012 M4.8 Earthquake near Timpson, East Texas: An Event Possibly Triggered by Fluid Injection. Journal of
Geophysical Research: Solid Earth, 119 (August 1982). 1–13. Available from: http://onlinelibrary.wiley.com/
doi/10.1002/2013JB010755/full.
Fulmer, J., G. Conroy, and D. Sharbak (1993), Hydraulic Fracture Height Prediction and Evaluation-A Case
Study in the Yowlumne Field Kern County California. Available from: https://www.onepetro.org/general/
SPE-27423-MS.
Gan, W., and C. Frohlich (2013), Gas Injection May Have Triggered Earthquakes in the Cogdell Oil Field, Texas.
Proceedings of the National Academy of Sciences of the United States of America, 110 (47), 18786–91.
Available from: http://www.pnas.org/cgi/content/long/1311316110v1.
Gandossi, L. (2013), An Overview of Hydraulic Fracturing and Other Formation Stimulation Technologies for
Shale Gas Production. Luxembourg.
Ganong, B.L., C. Hansen, P. Connolly, and B. Barree (2003), Rose Field: A McLure Shale, Monterey Formation
Development Story. In: SPE Western Regional/AAPG Pacific Section Joint Meeting. May 2003, Society of
Petroleum Engineers, Long Beach, California, pp. 1–9. Available from: http://www.onepetro.org/mslib/
servlet/onepetropreview?id=00083501.

415

Volume III, Appendix E

Geiszinger, A., and C. Bonnineau (2009), The Relevance of the Community Approach Linking Chemical and
Biological Analyses in Pollution Assessment. TrAC Trends in Analytical Chemistry, 28 (5), 619–626. Available
from: http://www.sciencedirect.com/science/article/pii/S0165993609000466.
Gentes, M.-L., A. McNabb, C. Waldner, and J.E.G. Smits (2007), Increased Thyroid Hormone Levels in
Tree Swallows (Tachycineta bicolor) on Reclaimed Wetlands of the Athabasca Oil Sands. Archives of
Environmental Contamination and Toxicology, 53 (2). 287–292.
Gergs, A., A. Zenker, V. Grimm, and T. Preuss (2013), Chemical and Natural Stressors Combined: From
Cryptic Effects to Population Extinction. Scientific Reports. 3. Available from: http://www.nature.com/
srep/2013/130620/srep02036/full/srep02036.html?message-global=remove.
Gilbert, M.M., and A.D. Chalfoun (2011), Energy Development Affects Populations of Sagebrush Songbirds
in Wyoming. The Journal of Wildlife Management, 75 (4). 816–824. Available from: http://doi.wiley.
com/10.1002/jwmg.123.
Goodwin, S., K. Carlson, C. Douglas, and K. Knox (2012), Life Cycle Analysis of Water Use and Intensity of Oil
and Gas Recovery in Wattenberg Field, Colorado. Oil & Gas Journal, 110 (5). 48–59.
Gradient Corp (2013), National Human Health Risk Evaluation for Hydraulic Fracturing Fluid Additives.
Cambridge, Massachusetts.
Green, C., P. Styles, and B. Baptie (2012a), Shale Gas Fracturing Review & Recommendations for Induced
Seismic Mitigation. Available from: http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:SHAL
E+GAS+FRACTURING+REVIEW+&+RECOMMENDATIONS+FOR+induced+seismic+mitigation#0.
Green, J.J., G.L. Adams, and R. Adams (2012b), Examining Community Level Variables of Fishes in Relation to
Natural Gas Development. In: Southeastern Fishes Council, Annual Meeting Program, November 8-9, 2012,
New Orleans, Louisiana.
Gross, S.A., H.J. Avens, A.M. Banducci, J. Sahmel, J.M. Panko, and B.E. Tvermoes (2013), Analysis of BTEX
Groundwater Concentrations from Surface Spills Associated with Hydraulic Fracturing Operations. Journal of
the Air & Waste Management Association, 63 (4), 424–432. Available from: http://dx.doi.org/10.1080/1096
2247.2012.759166.
Ground Water Protection Council and Interstate Oil and Gas Compact Commission (2014a), Chemical Use.
Available from: http://fracfocus.org/chemical-use.
Ground Water Protection Council and Interstate Oil and Gas Compact Commission (2014b). Fracturing
Fluid Management. Available from: http://fracfocus.org/hydraulic-fracturing-how-it-works/drilling-riskssafeguards.
Ground Water Protection Council and Interstate Oil and Gas Compact Commission (2014c), Groundwater &
Aquifers. Available from: http://fracfocus.org/water-protection/groundwater-aquifers.
Ground Water Protection Council and Interstate Oil and Gas Compact Commission (2014d), Well Construction &
Groundwater Protection. Available from: http://fracfocus.org/hydraulic-fracturing-how-it-works/casing.
Ground Water Protection Council and Interstate Oil and Gas Compact Commission (2014e), Groundwater
Quality & Testing. Available from: http://fracfocus.org/groundwater-protection/groundwater-quality-testing.
Ground Water Protection Council and Interstate Oil and Gas Compact Commission (2014f), Hydraulic
Fracturing: The Process. Available from: http://fracfocus.org/hydraulic-fracturing-how-it-works/hydraulicfracturing-process.
Ground Water Research & Education Foundation (2013), A White Paper Summarizing a Special Session on
Induced Seismicity. Available from: http://www.gwpc.org/sites/default/files/white paper - final_0.pdf.
Habib, L., E.M. Bayne, and S. Boutin (2007), Chronic industrial noise affects pairing success and age structure of
ovenbirds Seiurus aurocapilla. Journal of Applied Ecology, 44 (1), 176–184.

416

Volume III, Appendix E

Handy, R.M. (2014), Crude Oil Spills into Poudre near Windsor. The Coloradoan. 20 June. Available
from: http://www.coloradoan.com/story/news/local/2014/06/20/crude-oil-spills-poudrenearwindsor/11161379/.
Hansen, J., and M. Sato (2004), Greenhouse Gas Growth Rates. Proceedings of the National Academy of Sciences
of the United States of America, 101 (46), 16109–16114.
Hansen, J., M. Sato, P. Kharecha, G. Russell, D.W. Lea, and M. Siddall (2007), Climate Change and Trace Gases.
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 365
(1856), 1925–1954.
Harju, S.M., M.R. Dzialak, R.C. Taylor, L.D. Hayden Wing, and J.B. Winstead (2010), Thresholds and Time Lags
in Effects of Energy Development on Greater Sage Grouse Populations. The Journal of Wildlife Management,
74 (3), 437–448.
Hauksson, E., P. Hellweg, D. Oppenheimer, T. Shakal, and D. Given (2011), California Integrated Seismic
Network Strategic Plan: 2011-2016.
Hein, C.D. (2012), Potential Impacts of Shale Gas Development on Bat Populations in the Northeastern United
States. Austin, Texas: Bat Conservation International.
Hejl, K., A. Madding, M. Morea, C. Glatz, J. Luna, W. Minner, T. Singh, and G. Stanley (2007), Extreme
Multistage Fracturing Improves Vertical Coverage and Well Performance in the Lost Hills Field. SPE Drilling &
Completion, 22 (4), 1–9. Available from: http://www.onepetro.org/mslib/servlet/onepetropreview?id=SPE101840-PA.
Helmig, D., C.R. Thompson, J. Evans, P. Boylan, J. Hueber, and J.-H. Park (2014), Highly Elevated Atmospheric
Levels of Volatile Organic Compounds in the Uintah Basin, Utah. Environmental Science & Technology, 48
(9), 4707–4715.
Henry, T., and K. Galbraith (2013), As Fracking Proliferates, So Do Wastewater Wells. The New York Times. 28
March. Available from: http://www.nytimes.com/2013/03/29/us/wastewater-disposal-wells-proliferatealong-with-fracking.html?pagewanted=all.
Henry, T. (2012), How Fracking Disposal Wells Are Causing Earthquakes in Dallas-Fort Worth. StateImpact.
6 August. Available from: http://stateimpact.npr.org/texas/2012/08/06/how-fracking-disposal-wells-arecausing-earthquakes-in-dallas-fort-worth/.
Hill, E.L. (2012), Unconventional Natural Gas Development and Infant Health: Evidence from Pennsylvania.
Charles H. Dyson School of Applied Economics and Management Working Paper. 12.
Holditch, S., and N. Tschirhart (2005), Optimal Stimulation Treatments in Tight Gas Sands. SPE Annual
Technical Conference and Exhibition, 9-12 October, Dallas, Texas. Available from: https://www.onepetro.
org/conference-paper/SPE-96104-MS.
Holditch, S. (2012), Drillers Must Employ Best Practices To Keep “Fracking” Boom Alive. Houston Chronicle.
6 January. Available from: http://www.chron.com/opinion/outlook/article/Drillers-must-employ-bestpractices-to-keep-2446773.php.
Holland, A. (2011), Examination of Possibly Induced Seismicity from Hydraulic Fracturing in
the Eola Field, Garvin County, Oklahoma. Available from: http://theweeks.org/tmp/FILES/
AustinHollandsEarthquakePaperAndFrackingOF1_2011.pdf.
Holland, A. (2013), Earthquakes Triggered by Hydraulic Fracturing in South-Central Oklahoma. Bulletin of
the Seismological Society of America, 103 (3), 1784–1792. Available from: http://www.bssaonline.org/cgi/
doi/10.1785/0120120109.
Holloran, M.J., R.C. Kaiser, and W.A.. Hubert (2010), Yearling Greater Sage-Grouse Response to Energy
Development in Wyoming. Journal of Wildlife Management, 74 (1), 65–72. Available from: http://www.
bioone.org/doi/abs/10.2193/2008-291.

417

Volume III, Appendix E

Holth, T., and B. Beylich (2009), Genotoxicity of Environmentally Relevant Concentrations of Water-Soluble Oil
Components in Cod (Gadus morhua). Environmental Science & Technology, 43 (9), 3329–3334. Available
from: http://pubs.acs.org/doi/full/10.1021/es803479p.
Hooper, M., and G. Ankley (2013), Interactions between Chemical and Climate Stressors: A Role for Mechanistic
Toxicology in Assessing Climate Change Risks. Environmental Toxicology and Chemistry, 32 (1), 32–48.
Available from: http://onlinelibrary.wiley.com/doi/10.1002/etc.2043/full.
Horton, S. (2012), Disposal of Hydrofracking Waste Fluid by Injection into Subsurface Aquifers Triggers
Earthquake Swarm in Central Arkansas with Potential for Damaging Earthquake. Seismological Research
Letters, 83 (2), 250–260. Available from: http://srl.geoscienceworld.org/cgi/doi/10.1785/gssrl.83.2.250.
Howarth, R. (2014), A Bridge to Nowhere: Methane Emissions and the Greenhouse Gas Footprint of Natural Gas.
Energy Science & Engineering. Available from: http://onlinelibrary.wiley.com/doi/10.1002/ese3.35/full.
Howarth, R.W., R. Santoro, and A. Ingraffea (2011), Methane and the Greenhouse-gas Footprint of Natural
Gas from Shale Formations. Climatic Change. 106 (4), 679–690. Available from: http://link.springer.
com/10.1007/s10584-011-0061-5.
Huang, G., and J. London (2012), Cumulative Environmental Vulnerability and Environmental Justice in
California’s San Joaquin Valley. International Journal of Environmental Research and Public Health, 9 (5),
1593–1608. Available from: http://www.mdpi.com/1660-4601/9/5/1593/htm.
Hughes, J.D. (2013), Energy: A Reality Check on the Shale Revolution. Nature, 494 (7437), 307–308. Available
from: www.postcarbon.org/reports/Drilling-California_FINAL.pdf.
Hultman, N., D. Rebois, M. Scholten, and C. Ramig (2011), The Greenhouse Impact of Unconventional Gas for
Electricity Generation. Environmental Research Letters, 6 (4). 44008.
Human and Environmental Risk Assessment (HERA) Project (2009), Human & Environmental Risk Assessment
on Ingredients of European Household Cleaning Products: Alcohol Ethoxylates. Available from: http://www.
heraproject.com/files/34-F-.
IHS (2012), America’s New Energy Future: The Unconventional Oil and Gas Revolution and the US Economy.
Volume 1: National Economic Contributions. Available from: http://marcelluscoalition.org/wp-content/
uploads/2012/10/IHS_Americas-New-Energy-Future.pdf.
Iledare, O., and A. Pulsipher (1997), Oil Spills, Workplace Safety and Firm Size: Evidence from the US Gulf of
Mexico OCS. The Energy Journal. Available from: http://www.jstor.org/stable/41322751.
Ingelfinger, F., and S. Anderson (2004), Passerine Response to Roads Associated with Natural Gas Extraction in a
Sagebrush Steppe habitat. Western North American Naturalist, 64 (3), 385–395.
Ingraffea, A., and M. Wells (2014), Assessment and Risk Analysis of Casing and Cement Impairment in Oil
and Gas Wells in Pennsylvania, 2000–2012. Proceedings of the National Academy of Sciences, 111 (30).
10955–10960. Available from: http://www.pnas.org/content/111/30/10955.short.
Intermountain Oil and Gas BMP Project (n.d.). Hydraulic Fracturing. Available from: http://www.
oilandgasbmps.org/resources/fracing.php.
International Energy Agency (2012), Golden Rules for a Golden Age of Gas—World Energy Outlook Special
Report on Unconventional Gas. Paris, France. Available from: http://www.worldenergyoutlook.org/media/
weowebsite/2012/goldenrules/WEO2012_GoldenRulesReport.pdf.
Jackson, R.B., A. Vengosh, T.H. Darrah, N.R. Warner, A. Down, R.J. Poreda, S.G. Osborn, K. Zhao, and J.D.
Karr (2013), Increased Stray Gas Abundance in a Subset of Drinking Water Wells near Marcellus Shale Gas
Extraction. Proceedings of the National Academy of Sciences of the United States of America, 110 (28),
11250–5. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3710833&tool=pmce
ntrez&rendertype=abstract.
Janská, E., and L. Eisner (2012), Ongoing Seismicity in the Dallas-Fort Worth Area. The Leading Edge. Available
from: http://library.seg.org/doi/abs/10.1190/tle31121462.1.

418

Volume III, Appendix E

Jenner, S., and A. Lamadrid (2013), Shale Gas vs. Coal: Policy Implications from Environmental Impact
Comparisons of Shale Gas, Conventional Gas, and Coal on Air, Water, and Land in the United States. Energy
Policy. Available from: http://www.sciencedirect.com/science/article/pii/S0301421512009755.
Jeong, S., Y. Hsu, A.E. Andrews, L. Bianco, P. Vaca, J.M. Wilczak, and M.L. Fischer (2013), A Multitower
Measurement Network Estimate of California’s Methane Emissions. Journal of Geophysical Research:
Atmospheres, 118 (19), 11–339.
Jiang, M., W.M. Griffin, C. Hendrickson, P. Jaramillo, J. VanBriesen, and A. Venkatesh (2011), Life Cycle
Greenhouse Gas Emissions of Marcellus Shale Gas. Environmental Research Letters, 6 (3), 34014.
Johnson, N., T. Gagnolet, R. Ralls, E. Zimmerman, B. Eichelberger, C. Tracey, G. Kreitler, S. Orndorff, J.
Tomlinson, and S. Bearer (2010), Pennsylvania Energy Impacts Assessment Report 1: Marcellus Shale Natural
Gas and Wind. Harrisburg, PA, US: The Nature Conservancy-Pennsylvania Chapter.
Jones, J., and D. Soler (1999), Fracture Stimulation of Shallow, Unconsolidated Kern River Sands. In: SPE
International Thermal Operations and Heavy Oil Symposium, 17-19 March 1999. 1999, Society of Petroleum
Engineers, Bakersfield, California.
Jurado, E., and M. Fernández-Serrano (2009), Acute Toxicity and Relationship between Metabolites and
Ecotoxicity during the Biodegradation Process of Non-ionic Surfactants: Fatty-alcohol Ethoxylates,
Nonylphenol. Water Science & Technology, 59 (12), 2351–2358. Available from: http://www.iwaponline.
com/wst/05912/wst059122351.htm.
Justinic, A.H., B. Stump, C. Hayward, and C. Frohlich (2013), Analysis of the Cleburne, Texas, Earthquake
Sequence from June 2009 to June 2010. Bulletin of the Seismological Society of America, 103 (6), 3083–
3093. Available from: http://www.bssaonline.org/cgi/doi/10.1785/0120120336.
Kalfayan, L. (2007), Fracture Acidizing: History Present State and Future. SPE Hydraulic Fracturing Technology
Conference. Available from: https://www.onepetro.org/conference-paper/SPE-106371-MS.
Kaplan, B., C. Beegle-Krause, D. French McCay, A. Copping, and S. Geerlofs (2010), Updated Summary of
Knowledge: Selected Areas of the Pacific Coast. Camarillo, CA. Available from: http://www.data.boem.gov/
PI/PDFImages/ESPIS/4/4955.pdf.
Kappel, W., J. Williams, and Z. Szabo (2013), Water Resources and Shale Gas/Oil Production in the Appalachian
Basin: Critical Issues and Evolving Developments. Available from: pubs.usgs.gov/of/2013/1137/pdf/ofr20131137.pdf.
Karion, A., C. Sweeney, G. Pétron, G. Frost, R. Michael Hardesty, J. Kofler, B.R. Miller, T. Newberger, S. Wolter,
R. Banta, A. Brewer, E. Dlugokencky, P. Lang, S. a. Montzka, R. Schnell, P. Tans, M. Trainer, R. Zamora, and
S. Conley (2013), Methane Emissions Estimate from Airborne Measurements over a Western United States
Natural Gas Field. Geophysical Research Letters, 40 (16), 4393–4397. Available from: http://doi.wiley.
com/10.1002/grl.50811.
Kassotis, C.D., D.E. Tillit, J.W. Davis, A.M. Hormann, and S.C. Nagel (2013), Estrogen and Androgen Receptor
Activities of Hydraulic Fracturing Chemicals and Surface and Ground Water in a Drilling-Dense Region
- en.2013-1697. Endocrinology, 155 (3), 897–907. Available from: http://press.endocrine.org/doi/
pdf/10.1210/en.2013-1697.
Kell, S. (2011), State Oil and Gas Agency Groundwater Investigations.
Kenny, J.F., N.L. Barber, S.S. Hutson, K.S. Linsey, J.K. Lovelace, and M.A. Maupin (2009), Estimated Use of
Water in the United States in 2005. Reston, Virginia.
Keranen, K., M. Weingarten, and G. Abers (2014a), Sharp Increase in Central Oklahoma Seismicity since 2008
Induced by Massive Wastewater Injection. Science, 345 (6195), 448–451. Available from: http://www.
sciencemag.org/content/345/6195/448.short.
Keranen, K.M., H.M. Savage, G.A. Abers, and E.S. Cochran (2013), Potentially Induced Earthquakes in
Oklahoma, USA: Links between Wastewater Injection and the 2011 Mw 5.7 Earthquake Sequence. Geology,
41 (6). 699–702. Available from: http://geology.gsapubs.org/cgi/doi/10.1130/G34045.1.

419

Volume III, Appendix E

Keranen, K.M., M. Weingarten, B. Bekins, S. Ge, and G.A. Abers (2014b), Triggered Earthquakes Far from the
Wellbore: Fluid Pressure Migration and the 2008-2014 Jones Swarm, Central Oklahoma. In: Seismological
Society of America Annual Meeting. 2014, Anchorage, Alaska.
Kibble, A., T. Cabianca, Z. Daraktchieva, T. Gooding, J. Smithard, G. Kowalczyk, N.P. McColl, M. Singh, L.
Mitchem, P. Lamb, S. Vardoulakis, and R. Kamanyire (2014), Review of the Potential Public Health Impacts
of Exposures to Chemical and Radioactive Pollutants as a Result of Shale Gas Extraction. London, UK.
Available from: https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/332837/
PHE-CRCE-009_3-7-14.pdf.
Kielhorn, J., C. Pohlenz-Michel, S. Schmidt, and I. Mangelsdorf (2004), Concise International
Chemical Assessment Document, 57, Glyoxal. Available from: http://whqlibdoc.who.int/
publications/2004/924153057x.pdf.
Kille, L.W. (2014), Fracking, shale gas and health effects: Research roundup. Available from: http://
journalistsresource.org/studies/environment/energy/fracking-shale-gas-health-effects-research-roundup#.
Kim, W.-Y. (2013), Induced Seismicity Associated with Fluid Injection into a Deep Well in Youngstown, Ohio.
Journal of Geophysical Research: Solid Earth, 118 (7), 3506–3518. Available from: http://doi.wiley.
com/10.1002/jgrb.50247.
King, G.E. (2012), Hydraulic Fracturing 101: What Every Representative, Environmentalist, Regulator, Reporter,
Investor, University Researcher, Neighbor and Engineer Should Know About Estimating Frac Risk and
Improving Frac Performance in Unconventional Gas and O. In: SPE 152596, SPE Hydraulic Fracturing
Technology Conference. 2012, Society of Petroleum Engineers, Woodlands, TX, pp. 1–80. Available from:
http://fracfocus.org/sites/default/files/publications/hydraulic_fracturing_101.pdf.
Klins, M.A., D.W. Stewart, D.J. Pferdehirt, and M.E. Stewart (1996), Fracturing Alliance Allows Economical
Production of Massive Diatomite Oil Reserves: A Case Study. Journal of Petroleum Technology, 48 (01),
68–74. Available from: https://www.onepetro.org/journal-paper/SPE-29662-JPT.
Kovats, S., M. Depledge, A. Haines, L. Fleming, P. Wilkinson, S. Shonkoff, and N. Scovronick (2014), The Health
Implications of Fracking. The Lancet, 383, 757–758.
Kresse, T.M., N.R. Warner, P.D. Hays, A. Down, A. Vengosh, and R.B. Jackson (2012), Shallow Groundwater
Quality and Geochemistry in the Fayetteville Shale Gas-Production Area, North-central Arkansas, 2011. US
Geological Survey Scientific Investigations Report, 5273.
Kretzmann, H. (2014). Horizontal and Directional Drilling in California.
Kurfirst, L., and C. O’Donovan (2012), Fracking Best Practices: Top 10 Recommendations. Available from:
http://www.rigzone.com/news/article.asp?hpf=1&a_id=119442.
Landon, M.K., and K. Belitz (2012), Geogenic Sources of Benzene in Aquifers Used for Public Supply, California.
Environmental Science & Technology, 46 (16), 8689–97. Available from: http://dx.doi.org/10.1021/
es302024c.
Leber, J. (2012), Studies Link Earthquakes to Wastewater from Fracking. MIT Technology Review, 14
December. Available from: http://www.technologyreview.com/news/508151/studies-link-earthquakes-towastewater-from-fracking/.
Lester, Y., T. Yacob, I. Morrissey & K. Linder (2014). Can We Treat Hydraulic Fracturing Flowback with a
Conventional Biological Process? The Case of Guar Gum. Environmental Science & Technology Letters, 1 (1),
133–136. Available from: http://pubs.acs.org/doi/abs/10.1021/ez4000115.
Levi, M.A. (2012), Comment on “Hydrocarbon Emissions Characterization in the Colorado Front Range: A Pilot
Study” by Gabrielle Pétron et al. Journal of Geophysical Research: Atmospheres, 117 (D21), 5.
Licata, A. (2009), Natural Gas Drilling Threatens Trout in Pennsylvania (and Other Appalachian States). Field &
Stream. Available from: http://www.troutrageous.com/2009/08/field-stream-pa-natural-gas-drilling.html.

420

Volume III, Appendix E

Lithner, D., Å. Larsson, and G. Dave (2011), Environmental and Health Hazard Ranking and Assessment of
Plastic Polymers Based on Chemical Composition. Science of the Total Environment, 409 (18), 3309–3324.
Available from: http://www.sciencedirect.com/science/article/pii/S0048969711004268.
Llenos, A.L., and A.J. Michael (2013), Modeling Earthquake Rate Changes in Oklahoma and Arkansas: Possible
Signatures of Induced Seismicity. Bulletin of the Seismological Society of America, 103 (5), 2850–2861.
Logan, J., G. Heath, J. Macknick, E. Paranhos, W. Boyd, and K. Carlson (2012), Natural Gas and the
Transformation of the U.S. Energy Sector: Electricity. Golden, Colorado. Available from: http://www.nrel.
gov/docs/fy13osti/55538.pdf.
Lonvik, K., B. Leinum, E. Heier, A. Serednicki, O. Gjorv, T. Myhre, B. Sogard, L. Moen, B. Sogstad, and M.
Saugerud (2006), Material Risk–Ageing Offshore Installations. Available from: http://www.ptil.no/getfile.
php/z Konvertert/Helse, milj%25C3%25B8 og sikkerhet/Hms-Aktuelt/Dokumenter/dnv_materialrisk2.pdf.
Los Padres Forest Watch (2013), Trashing the Sespe: How the Oil Industry is Littering Our Public Lands and
Endangering Wildlife. Available from: http://lpfw.org/wp-content/uploads/2013/11/Trashing-The-SespeFULL-REPORT-WITH-APPENDIX.pdf.
Love, M.S., D.M. Schroeder, and W.H. Lenarz (2005), Distribution of Bocaccio (Sebastes paucispinis) and
Cowcod (Sebastes levis) around Oil Platforms and Natural Outcrops off California with Implications for
Larval Production. Bulletin of Marine Science. 77 (3). pp. 397–408.
Love, M.S., M.K. Saiki, T.W. May, and J.L. Yee (2013),Whole-body Concentrations of Elements in Three Fish
Species from Offshore Oil Platforms and Natural Areas in the Southern California Bight, USA. Bulletin of
Marine Science, 89 (3), 717–734.
Lowe, T., M. Potts, D. Wood, and D. Energy (2013), A Case History of Comprehensive Hydraulic Fracturing
Monitoring in the Cana Woodford. Available from: http://www.microseismic.com/brochures/SPE-166295MS-P.pdf.
Lund, S., J. Manyika, S. Nyquist, L. Mendonca, and S. Ramaswamy (2013), Game Changers: Five Opportunities
for US Growth and Renewal. Available from: http://www.mckinsey.com/insights/americas/us_game_
changers.
Lustgarten, A. (2009), In New Gas Wells, More Drilling Chemicals Remain Underground. ProPublica. 27
December. Available from: http://www.propublica.org/article/new-gas-wells-leave-more-chemicals-inground-hydraulic-fracturing.
Lustgarten, A. (n.d.), EPA Finds Fracking Compound in Wyoming Aquifer. Available from: http://www.
propublica.org/article/epa-finds-fracking-compound-in-wyoming-aquifer.
Maclean, I.M.D., and R.J. Wilson (2011), Recent Ecological Responses to Climate Change Support Predictions of
High extinction Risk. Proceedings of the National Academy of Sciences, 108 (30), 12337–12342.
Magill, B. (2014), Derelict Oil Wells May Be Major Methane Emitters Climate Central. Climate Central, Available
from: http://www.climatecentral.org/news/abandoned-oil-wells-methane-emissions-17575.
Martin, M., and W. Castle (1984), Petrowatch: Petroleum Hydrocarbons, Synthetic Organic Compounds, and
Heavy Metals in Mussels from the Monterey Bay Area of Central California. Marine Pollution Bulletin, 15 (7),
259–266.
Mato, Y., T. Isobe, and H. Takada (2001), Plastic Resin Pellets as a Transport Medium for Toxic Chemicals in
the Marine Environment. Environmental Science & Technology. Available from: http://pubs.acs.org/doi/
abs/10.1021/es0010498.
Mauter, M., V. Palmer, Y. Tang, and A. Behrer (2013), The Next Frontier in United States Shale Gas and Tight
Oil Extraction: Strategic Reduction of Environmental Impacts. Cambridge, Massachusetts. Available from:
http://belfercenter.ksg.harvard.edu/files/mauter-dp-2013-04-final.pdf.
McCabe, W.D., T.J. Hampton, and M.E. Querin (1996), Acid Stimulation Increases Production in 31S C/D Shale
Reservoirs, Monterey Formation, Elk Hills Field, California. In: Western Regional Meeting, Anchorage Alaska,
22-24 May. 1996, Society of Petroleum Engineers.

421

Volume III, Appendix E

Mccawley, M. (2013), Air, Noise, and Light Monitoring Results For Assessing Environmental Impacts of
Horizontal Gas Well Drilling Operations ( ETD 10 Project ). Charleston, West Virginia.
McCrary, M., D. Panzer, and M. Pierson (2003), Oil and Gas Operations Offshore California: Status, Risks, and
Safety. Marine Ornithology, 31, 43–49.
McDonald, R.I., J. Fargione, J. Kiesecker, W.M. Miller, and J. Powell (2009), Energy Sprawl or Energy Efficiency:
Climate Policy Impacts on Natural Habitat for the United States of America. PLoS One, 4(8), e6802. Available
from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2728545&tool=pmcentrez&rendertype=
abstract.
McKenzie, L.M., R. Guo, R.Z. Witter, D.A. Savitz, L.S. Newman, and J.L. Adgate (2014), Birth outcomes
and maternal residential proximity to natural gas development in rural Colorado. Environmental Health
Perspectives, 122 (4), 412–417.
McKenzie, L.M., R.Z. Witter, L.S. Newman, and J.L. Adgate (2012), Human Health Risk Assessment of
Air Emissions from Development of Unconventional Natural Gas Resources. The Science of the Total
Environment, 424, 79–87. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22444058.
McMahon, P.B., J.C. Thomas, and A.G. Hunt (2011), Use of Diverse Geochemical Data Sets to Determine Sources
and Sinks of Nitrate and Methane in Groundwater, Garfield County, Colorado, 2009. US Department of the
Interior, US Geological Survey.
Mee, A., N.F.R. Snyder, and L.S. Hall (2007), California Condors in the 21st Century—Conservation Problems
and Solutions. California Condors in the 21st Century. 243–279.
Michaels, C., J. Simpson, and W. Wegner (2010), Fractured Communities: Case Studies of the Environmental
Impacts of Industrial Gas Drilling. Available from: http://www.riverkeeper.org/wp-content/
uploads/2010/09/Fractured-Communities-FINAL-September-2010.pdf.
Mickley, S. (2011), Data Show Public Health Impacts from Natural Gas Production Overstated. Available from:
http://energyindepth.org/marcellus/data-shows-natural-gas-public-health-impacts-overstated/.
Mielke, E., L. Diaz Anadon, and V. Narayanamurti (2010), Water Consumption of Energy Resource Extraction,
Processing, and Conversion. Energy Technology Innovation Policy Discussion Paper Series. Available from:
http://live.belfercenter.org/files/ETIP-DP-2010-15-final-2.pdf.
Miller, S.M., S.C. Wofsy, A.M. Michalak, E.A. Kort, A.E. Andrews, S.C. Biraud, E.J. Dlugokencky, J. Eluszkiewicz,
M.L. Fischer, and G. Janssens-Maenhout (2013), Anthropogenic Emissions of Methane in the United States.
Proceedings of the National Academy of Sciences, 110 (50), 20018–20022.
Minner, W., C. Wright, G. Stanley, C. de Pater, T. Gorham, L. Eckerfield, and K. Hejl (2002), Waterflood and
Production-induced Stress Changes Dramatically Affect Hydraulic Fracture Behavior in Lost Hills Infill Wells.
SPE Annual Technical Conference and Exhibition, 29 September-2 October, San Antonio, Texas. Available
from: https://www.onepetro.org/conference-paper/SPE-77536-MS.
Minner, W.A., G.R. Molesworth, C.A. Wright, and W.D. Wood (1997), Real-Data Fracture Analysis Enables
Successful Hydraulic Fracturing in the Point of Rocks Formation, Kern County, California. In: Proceedings of
SPE Western Regional Meeting. 1 June 1997, Society of Petroleum Engineers. Available from: https://www.
onepetro.org/conference-paper/SPE-38326-MS.
Minner, W.A., J. Du, B.L. Ganong, C.B. Lackey, S.L. Demetrius, and C.A. Wright (2003), Rose Field: Surface
Tilt Mapping Shows Complex Fracture Growth in 2500’ Laterals Completed with Uncemented Liners.
In: Proceedings of SPE Western Regional/AAPG Pacific Section Joint Meeting. May 2003, Society of
Petroleum Engineers, Long Beach, California, pp. 1–7. Available from: http://www.spe.org/elibrary/servlet/
spepreview?id=00083503.
MIT Energy Initiative (2011), The Future of Natural Gas: An Interdisciplinary MIT Study. Massachusetts Institute
of Technology, Cambridge, MA. Available from: http://web.mit.edu/ceepr/www/publications/Natural_Gas_
Study.pdf.

422

Volume III, Appendix E

Moe, S., K. De Schamphelaere, W. Clements, M. Sorensen, P. Van den Brink, and M. Liess (2013), Combined and
Interactive Effects of Global Climate Change and Toxicants on Populations and Communities. Environmental
Toxicology and Chemistry, 32 (1), 49–61. Available from: http://onlinelibrary.wiley.com/doi/10.1002/
etc.2045/full.
Mohd, M.H., and J. Paik (2013), Investigation of the Corrosion Progress Characteristics of Offshore Subsea Oil
Well Tubes. Corrosion Science, 67, 130–141. Available from: http://www.sciencedirect.com/science/article/
pii/S0010938X1200491X.
Molofsky, L.J., J.A. Connor, S.K. Farhat, and A.S.Wylie, Jr., and T. Wagner (2011), Methane in Pennsylvania
Water Wells Unrelated to Marcellus Shale Fracturing. Oil and Gas Journal. December 5. pp. 54–67.
Moodie, W., and W. Minner (2004), Multistage Oil-Base Frac-Packing in the Thick Inglewood Field Vickers/
Rindge Formation Lends New Life to an Old Producing Field. SPE Annual Technical Conference and
Exhibition, 26-29 September, Houston, Texas. Available from: https://www.onepetro.org/conference-paper/
SPE-90975-MS.
Moore, C., and B. Zielinska (2014), Air Impacts of Increased Natural Gas Acquisition, Processing, and Use: A
Critical Review. Environmental Science & Technology, 48 (15), 8349–8359. Available from: http://pubs.acs.
org/doi/abs/10.1021/es4053472.
Muehlenbachs, L., M. Cohen, and T. Gerarden (2013), The Impact of Water Depth on Safety and Environmental
Performance in Offshore Oil and Gas Production. Energy Policy, 55, 699–705. Available from: http://www.
sciencedirect.com/science/article/pii/S030142151201141X.
Muller, E., C. Osenberg, R. Schmitt, S. Holbrook, and R. Nisbet (2010), Sublethal Toxicant Effects with Dynamic
Energy Budget Theory: Application to Mussel Outplants. Ecotoxicology, 19 (1), 38–47.
Myers, T. (2012), Potential Contaminant Pathways from Hydraulically Fractured Shale to Aquifers. Groundwater,
50 (6), 872–882.
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Appendix F.

California Council on Science
and Technology Study Process
The reports of the California Council on Science and Technology (CCST) are viewed
as being valuable and credible because of the institution’s reputation for providing
independent, objective, and nonpartisan advice with high standards of scientiﬁc and
technical quality. Checks and balances are applied at every step in the study process to
protect the integrity of the reports and to maintain public conﬁdence in them.
Study Process Overview—Ensuring Independent, Objective Advice
For over 25 years, CCST has been advising California on issues of science and technology
by leveraging exceptional talent and expertise.
CCST can enlist the state’s foremost scientists, engineers, health professionals, and other
experts to address the scientiﬁc and technical aspects of society’s most pressing problems.
CCST studies are funded by state agencies, foundations and other private sponsors.
CCST provides independent advice; external sponsors have no control over the conduct
of a study once the statement of task and budget are ﬁnalized. Study committees gather
information from many sources in public and private meetings, but they carry out their
deliberations in private in order to avoid political, special interest, and sponsor inﬂuence.
Stage 1: Deﬁning the Study
Before the committee selection process begins, CCST staff and members work with
sponsors to determine the speciﬁc set of questions to be addressed by the study in a formal
“statement of task,” as well as the duration and cost of the study. The statement of task
deﬁnes and bounds the scope of the study, and it serves as the basis for determining the
expertise and the balance of perspectives needed on the committee.
The statement of task, work plan, and budget must be approved by CCST’s Board chair.
This review often results in changes to the proposed task and work plan. On occasion,
it results in turning down studies that CCST believes are inappropriately framed or not
within its purview.
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Stage 2: Committee Selection and Approval
Selection of appropriate committee members, individually and collectively, is essential
for the success of a study. All committee members serve as individual experts, not as
representatives of organizations or interest groups. Each member is expected to contribute
to the project on the basis of his or her own expertise and good judgment. A committee is
not ﬁnally approved until a thorough balance and conﬂict-of-interest discussion is held,
and any issues raised in that discussion are investigated and addressed. Members of a
committee are anonymous until this process is completed.
Careful steps are taken to convene committees that meet the following criteria:
An appropriate range of expertise for the task. The committee must include experts
with the speciﬁc expertise and experience needed to address the study’s statement of task.
A major strength of CCST is the ability to bring together recognized experts from diverse
disciplines and backgrounds who might not otherwise collaborate. These diverse groups
are encouraged to conceive new ways of thinking about a problem.
A balance of perspectives. Having the right expertise is not sufﬁcient for success. It is
also essential to evaluate the overall composition of the committee in terms of different
experiences and perspectives. The goal is to ensure that the relevant points of view are,
in CCST’s judgment, reasonably balanced so that the committee can carry out its charge
objectively and credibly.
Screened for conﬂicts of interest. All provisional committee members are screened in
writing and in a conﬁdential group discussion about possible conﬂicts of interest. For
this purpose, a “conﬂict of interest” means any ﬁnancial or other interest which conﬂicts
with the service of the individual because it could signiﬁcantly impair the individual’s
objectivity or could create an unfair competitive advantage for any person or organization.
The term “conﬂict of interest” means something more than individual bias. There must
be an interest, ordinarily ﬁnancial, which could be directly affected by the work of the
committee. Except for those rare situations in which CCST determines that a conﬂict
of interest is unavoidable, and promptly and publicly disclose the conﬂict of interest,
no individual can be appointed to serve (or continue to serve) on a committee of the
institution used in the development of reports if the individual has a conﬂict of interest
that is relevant to the functions to be performed.
Point of View is different from Conﬂict of Interest. A point of view or bias is not
necessarily a conﬂict of interest. Committee members are expected to have points of view,
and CCST attempts to balance these points of view in a way deemed appropriate for
the task. Committee members are asked to consider respectfully the viewpoints of other
members, to reﬂect their own views rather than be a representative of any organization,
and to base their scientiﬁc ﬁndings and conclusions on the evidence. Each committee
member has the right to issue a dissenting opinion to the report if he or she disagrees with
the consensus of the other members.
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Other considerations. Membership in CCST and previous involvement in CCST studies
are taken into account in committee selection. The inclusion of women, minorities, and
young professionals are additional considerations.
Speciﬁc steps in the committee selection and approval process are as follows:
Staff solicit an extensive number of suggestions for potential committee members from
a wide range of sources, then recommend a slate of nominees. Nominees are reviewed
and approved at several levels within CCST. A provisional slate is then approved by
CCST’s Board. The provisional committee members complete background information
and conﬂict-of-interest disclosure forms. The committee balance and conﬂict-of-interest
discussion is held at the ﬁrst committee meeting. Any conﬂicts of interest or issues of
committee balance and expertise are investigated; changes to the committee are proposed
and ﬁnalized. Committee is formally approved. Committee members continue to be
screened for conﬂict of interest throughout the life of the committee.
Stage 3: Committee Meetings, Information Gathering, Deliberations, and Drafting
the Report
Study committees typically gather information through:
1. Meetings
2. Submission of information by outside parties
3. Reviews of the scientiﬁc literature, and
4. Investigations by the committee members and staff.
In all cases, efforts are made to solicit input from individuals who have been directly
involved in, or who have special knowledge of, the problem under consideration.
The committee deliberates in meetings closed to the public in order to develop draft
ﬁndings and recommendations free from outside inﬂuences. The public is provided with
brief summaries of these meetings that include the list of committee members present. All
analyses and drafts of the report remain conﬁdential.
Stage 4: Report Review
As a ﬁnal check on the quality and objectivity of the study, all CCST reports—whether
products of studies, summaries of workshop proceedings, or other documents—must
undergo a rigorous, independent external review by experts whose comments are
provided anonymously to the committee members. CCST recruits independent experts
with a range of views and perspectives to review and comment on the draft report
prepared by the committee.
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The review process is structured to ensure that each report addresses its approved
study charge and does not go beyond it, that the ﬁndings are supported by the scientiﬁc
evidence and arguments presented, that the exposition and organization are effective, and
that the report is impartial and objective.
Each committee must respond to, but need not agree with, reviewer comments in a
detailed “response to review” that is examined by one or two independent report review
“monitors” responsible for ensuring that the report review criteria have been satisﬁed.
While feedback from the peer reviewers and report monitors is reflected in the report,
neither group approved the final report before publication. The steering committee and
CCST take sole responsibility for the content of the report. After all committee members
and appropriate CCST ofﬁcials have signed off on the ﬁnal report, it is transmitted to the
sponsor of the study and is released to the public. Sponsors are not given an opportunity
to suggest changes in reports. All reviewer comments remain confidential. The names and
afﬁliations of the report reviewers are made public when the report is released.
The report steering committee wishes to thank the oversight committee and the peer
reviewers for many thoughtful comments that improved this manuscript.
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Expert Oversight and Review
Oversight Committee:
Bruce Darling, National Academy of Sciences and National Research Council
Paul Jennings, California Institute of Technology
Robert F. Sawyer, University of California Berkeley
Report Monitors:
Maxine Savitz, Honeywell, Int. (Retired)
Robert F. Sawyer, University of California Berkeley
Expert Reviewers:
David Allen, University of Texas at Austin
Ari Bernstein, Harvard T.H. Chan School of Public Health, Boston Children’s Hospital
Ziyad Duron, Harvey Mudd College
Graham Fogg, University of California, Davis
Gary Hughes, California Polytechnic State University, San Luis Obispo
Tissa Illangaskare, Colorado School of Mines
Thom Kato, Lawrence Livermore National Laboratory
George E. King, George E. King Engineering
Lisa McKenzie, University of Colorado
Peter McMahon, U.S. Geological Survey, Colorado Water Science Center
Mason Medizade, Cal Poly State University, San Luis Obispo
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Charles Menzie, Exponent Inc.
Larry Saslaw, Bureau of Land Management, Retired
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Unit Conversion Table
1

Oil Barrel

=

0.158987

Cubic Meters (m3)

1

Cubic Foot (ft3)

=

0.02831685

Cubic Meters (m3)

1

Cubic Mile (mi3)

=

4.16818

Cubic Kilometers (km3)

1

Foot (ft)

=

0.3048

Meters (m)

1

Inch (in)

=

2.54

Centimeters (cm)

1

Gallon (gal)

=

0.00378541

Cubic Meters (m3)

1

Acre-foot

=

1,233.4

Cubic Meters (m3)

1

Miles (mi.)

=

1.609344

Kilometers (km)

1

Square Mile (mi )

=

2.589988

Square Kilometers (km2)

1

Nautical Mile

=

1.852

Kilometers (km)

1

Millidarcy (md)

=

9.87 x 10

1

Pound per Square Inch (psi)

=

6.89476 x 10-6

2

439

-16

Square meters (m2)
Gigapascals (GPa)

Volume III, Chapter 2: Appendix 2.A

Appendix 2.A

Freedom of Information Act
Documents Reviewed
A listing of the Freedom of Information Act (FOIA) documents reviewed concerning
well stimulation in federal waters offshore, Pacific Region, is given in Table 2.A-1.
These documents may be downloaded from the Bureau of Safety and Environmental
Enforcement (BSEE) website (BSEE, 2015).
Table 2.A-1. BSEE FOIA documents on well stimulation offshore California.
Date of Original
Request

Source of Request

Information Requested

Number(s)

8/9/2013

Center for Biological
Diversity/McDonnell

Documents identifying Pacific OCS hydraulic fracturing,
environmental and drilling permits, development and
production plans, and reviews.

2013-00179

7/25/2013

Environmental
Defense Center/
Segee

Copies of Categorical Exclusion Reviews (CERs) for
Platform Gilda, Wells S-005, S-075, S-071 and S-033.

2013-00169

Truthout/Ludwig

1. All drilling permits (APD or APM) filed by DCOR LLC
to hydraulically fracture a well. 2. Copies of permits
granted by BSEE to hydraulically fracture a well. 3.
Copies of the BSEE geo-hazard review of DCOR LLC’’s
proposal to hydraulically fracture a sandstone well. 4.
Copies of any violations and/or notices of violations
issued by BSEE to DCOR LLC.

2013-00160 ;
Q & As and Related
Documents

Environmental
Defense Center

1. All records held regarding the historic, current,
or proposed use of hydraulic fracturing, “frac and
pack”, acid fracturing, proppant fracturing, matrix acid
treatments, or enhanced oil recovery techniques from
offshore oil and gas drilling platforms in the Pacific
Region. 2. All records held regarding Applications for
Permission to Modify that include proposals for well
workover operations utilizing hydraulic fracturing, “frac
and pack”, acid fracturing, proppant fracturing, matrix
acid treatments, or enhanced oil recovery techniques
from offshore oil and gas drilling platforms in the
Pacific Region.

2013-00107 ; Extraneous
Information ;
Q & As and Related
Documents

Associated Press

1. All documentation, including but not limited to
permits, requests for permits, internal studies, status
reports and correspondence pertaining to the practice
of hydraulic fracturing, or “fracking” in the federal
waters off the coast of California.

2013-00100 ; Extraneous
Information ;
Q & As and Related
Documents

7/15/2013

3/4/2013

3/19/2013
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3/11/2013

Truthout

1. Copies of any and all drilling permits issued between
the years 2005 and 2013 to operator Venoco Inc. for
oil and gas exploration, drilling and injection well
operations at Venoco’s Platform Gail, Platform Grace
and Platform Holly, each located off the coast of
California. 2. Copies of any violations and/or notices of
violation issued by BSEE to Venoco related to oil and/
or gas offshore exploration, drilling and injection well
activities at Platform Gail, Platform Grace and Platform
Holly. 3. Copies of any permits, emails, memorandums,
notices and documents produced by BSEE and/or
Venoco Inc. that include information on “hydraulic
fracturing,” “frac” and “fracking” operations at Platform
Holly, Platform Grace and Platform Gail.

2013-00094 ; Extraneous
Information ;
Q & As and Related
Documents

References
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Appendix 3.A

Source Rock Potential of Major
Oil-Producing Basins in California
3.A.1. Cuyama Basin
The Cuyama Basin encompasses an area of about 3,600 km2 (1,400 mi2) in the southern
Coast Ranges, about 60 km (40 mi) north of Santa Barbara, between the Temblor Range
and the Sierra Madre Range. Its northwestern end adjoins the Salinas Basin; the San
Andreas Fault separates Cuyama Basin from the Temblor Range on the southwestern side
of the San Joaquin Basin. The southwestern margin of the Cuyama Basin meets the Sierra
Madre Range in an area of great geological complexity. The southern edge of the basin is
a normal fault (a geological fault in which the hanging wall has moved downward relative
to the footwall – motion opposite that of a reverse fault).
In the Cuyama Basin, the Saltos shale forms the lower part of the Monterey Formation
and the Whiterock Bluff shale forms the upper part. Oil is produced predominantly
from the Painted Rock Sandstone member of the Miocene Vaqueros Formation, which
underlies the Monterey (Isaacs, 1992a). In 1994, largely on the basis of geochemical
data, Lillis postulated that the main oil source rock in the Cuyama Basin is the Soda Lake
shale member of the Vaqueros Formation and not the Monterey. However, the work of
Sweetkind suggests that the Monterey, too, may be thermally mature with respect to oil in
the Cuyama basin.
The existence of an active petroleum source rock is demonstrated by the presence of
large oil accumulations and suggests that unconventional resources are a possibility in
the Cuyama Basin. The Soda Lake Shale of the Vaqueros Formation, the principal source
rock, is surely mature with respect to oil at depth in the Cuyama Basin (Lillis, 1988; Lillis,
1992). The Soda Lake Shale ranges from 0 to 370 m (0 to 1,200 ft) thick (Hill et al.,
1958) and contains high concentrations (0.5%–6.7 wt. % TOC; mean = 2.13 wt. %) of
Type II kerogen (Lillis, 1992). these thicknesses and organic matter concentrations are
consistent with those of productive source-rock systems elsewhere. The areas of thermally
mature Monterey source rocks within the Cuyama basin are shown in Figure 3.A-1.
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Figure 3.A-1. Cuyama Basin and associated oil fields, along with distribution of Monterey source
rock (Sweetkind et al., 2013) and portion below top of oil window. Depth of ~2.7 km (1.7 mi)
based on data from (Lillis, 1994).
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3.A.2. Los Angeles Basin
The Los Angeles Basin is a tectonically active and structurally complex sedimentary basin,
with an extremely high concentration of oil (Biddle, 1991; Beyer, 1988). Its numerous
accumulations of migrated oil and abundant oil seeps demonstrate that prolific organicrich source rocks are present in the basin and that they have been heated sufficiently
for petroleum generation. Various geochemical studies (Jeffrey et al., 1991; Peters et
al., 2013) indicate that the principal sources for oil in Los Angeles Basin are Montereyequivalent rocks in the Central Syncline. Burial history modeling suggests that the
Monterey enters the oil window at depths of 2,400 – 3,000 m (8,000 to 10,000 feet) and
that main oil generation occurs at about 3,700 to 4,300 meters (12,000 to 14,000 feet) or
deeper (Figure 3.A-2).

Figure 3.A-2. Burial history model for the American Petrofina Central Core Hole No. 1 Redrill

(courtesy of Janet Pitman of the U.S. Geological Survey). TR = transformation ratio, which is
a measure of the degree of thermal maturation of organic matter, derived from the methods

of Rock-Eval pyrolysis. At a TR of 0, none of the potentially oil-generating sedimentary organic
matter has been converted to petroleum, whereas at a TR of 100, all of the potentially oil-

generating organic matter has been converted to petroleum. TII = Type II kerogen, which is
mixed-marine oil-prone organic matter, typical of petroleum source rocks.
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More than 20 years ago, based largely on the results of a single well, Beyer (1995)
postulated that an unconventional continuous-type oil accumulation may be present in the
Central Syncline. In structural geology, a syncline is a fold having younger strata closer to
the center of the structure; the opposite of an anticline. The well, the American Petrofina
Central Core Hole No. 1 Redrill (APCCH) is still the deepest well ever drilled in the Los
Angeles Basin. The APCCH encountered abnormally high fluid pressures and relatively
high-gravity oil below about 5,490 m (18,000 ft). The well bottomed in strata of Late
Miocene age at a measured depth of 6,466 m (21,215 ft), but did not reach the presumed
Monterey-equivalent source rock. Beyer’s conceptual unconventional reservoir was
postulated to consist of fractured rock within and immediately adjacent to the Mohnian
(Middle and Late Miocene; about 13.4 to 8.75 mya) source rock interval. The potentially
productive area of the postulated play includes most of the Central Syncline and its flanks
at depths below which the source rock interval has been heated sufficiently for maximum
petroleum generation and development of abnormally high fluid pressures (Figure 3.A-3).
Geological evidence indicates that thermally mature organic-rich petroleum source rocks
containing moveable oil at abnormally high fluid pressures are present in the Central
Syncline and that overlying low-permeability strata are oil-charged. Whether or not
large volumes of the generated petroleum can be recovered with existing technology is
unknown. Moreover, because of the likely highly fractured condition of the potentially
productive source rock intervals, the degree to which hydraulic fracturing would be
needed for development of this hypothetical play also remains a subject of speculation.
These “shale oil” resources are beneath the central Los Angeles Basin and largely outside
of existing field boundaries. Testing their development potential would require drilling
and production testing of deep wells specifically targeting the shale oil potential.
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Figure 3.A-3. Map of the Los Angeles Basin with outlines of producing oil fields. The orange
shaded area depicts where deep source rocks within the oil window are located. Data from
DOGGR , Wright (1991), and Gautier (2014).
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3.A.3. Salinas Basin
The Salinas Basin underlies the valley of the Salinas River. It is bounded by the San
Andreas Fault and the Gabilan uplift on the east and by the Santa Lucia Range on
the west. Although it contains sedimentary rocks ranging in age from Cretaceous to
Quaternary, a 3.5 km (2.17 mi) thick section of the Monterey is the principal formation
in the basin (Menotti et al., 2013). The Reliz-Rinconada Fault divides the Salinas into
two sub-basins, the Hames Valley Trough on the southeast and the Arroyo Seco Trough
on the northwest. Both sub-basins contain Monterey Formation that is believed to be
thermally mature with respect to oil generation, but the seven producing fields in the
basin, including the giant San Ardo heavy oil accumulation, are probably sourced from
the Hames Valley Trough. The lower part of the Monterey Formation consists mainly of
laminated, organic-rich strata, which are the most likely source rock for all the oil in the
basin (Menotti & Graham, 2012).
The geological evidence is thus persuasive that a prolific Monterey Formation petroleum
system is presently active at depth in the basin (Menotti & Graham, 2012; Isaacs, 1992a),
particularly in the Hames Valley Trough. It is therefore also possible that a sourcerock system (shale oil) play could be developed in the Salinas Basin, particularly in the
thermally mature, oil-bearing Monterey source rocks in the Hames Valley Trough. Such
development might require widespread application of well stimulation. The approximate
distribution of thermally mature Monterey in the Salinas basin is shown in Figure 3.A-4.
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Figure 3.A-4. Salinas Basin and associated oil fields (DOGGR), along with distribution of source

rock (green) and portion below top of oil window (~2,000 m or 6,562 ft - Menotti and Graham,
2012), with data from Durham (1974) and Menotti and Graham (2012).
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3.A.4. San Joaquin Basin
The San Joaquin Basin, which underlies the southern part of the Central Valley, is an
asymmetrical trough (a syncline-like structure having one limb that is much steeper than
the other) filled with as much as 12,000 m (40,000 ft) (Hosford Scheirer & Magoon,
2008; Johnson & Graham, 2007; Schwochow, 1999) of Cretaceous to Quaternary marine
and continental sediments and sedimentary rocks (Callaway, 1971). The southern Diablo
and Temblor ranges separate it from the Carrizo Plain and Cuyama Basin on the west and
the Transverse Ranges separate it from southern California and the Mojave Desert on the
south. Its northern limit of the San Joaquin Basin is the Stockton Arch, in the vicinity of
the Stanislaus-San Joaquin County line.
The San Joaquin is an extraordinarily rich petroleum basin, containing at least 3.2
billion m3 (20 billion barrels) of known recoverable oil (cumulative production plus
reported remaining reserves) and having the potential for recovery of billions of barrels
of additional oil from existing fields (Tennyson et al., 2012). Most of the known oil is
concentrated along the western, southwestern, and southeastern margins of the Basin,
where oil and gas continually leak to the surface.
A number of active petroleum systems in addition to the Monterey have been identified in
the basin, shown in Figures 3.A-5 through 3.A-7 (Magoon et al., 2009). The depths and
temperatures whereby the source rocks have reached maturity for oil generation have
been studied by Peters et al., (2007; 2013) and have been approximately located and
mapped by Magoon et al., (2009). In particular, the McLure and Antelope Shale members
of the Monterey are the source rocks for most of the oil in the basin and are therefore
likely objectives for attempted shale oil development (Figure 3.A-8).
In summary, large areas of the San Joaquin Basin display the geological characteristics
necessary for the presence of hydrocarbons in low-permeability source-rock (shale-oil)
systems. These characteristics include several prolific petroleum source rocks with thermal
maturity in the “oil window,” the presence of mobile hydrocarbons at abnormally high
fluid pressures, and brittle formation lithologies with natural fracture systems. On the
other hand, the San Joaquin Basin source rocks systems differ significantly from the
highly productive shale oil reservoirs in Texas and North Dakota in their lithological
variability, great structural complexity, and known expulsion efficiency. In addition, the
results of limited exploratory drilling intended to test the shale oil potential have so far
been unsuccessful in adding new reserves. No quantitative assessment of the shale oil
potential for the San Joaquin Basin has been published to date, but it seems likely that any
such assessment would need to reflect not only the possibility of significant recoverable
hydrocarbon volumes, but also the possibility of little or no recoverable resource.
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Figure 3.A-5. Distribution and estimated active source area of the Moreno Formation in the San
Joaquin Basin (Magoon et al., 2009).
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Figure 3.A-6. Distribution and estimated active source area of the Kreyenhagen in the San
Joaquin Basin (Magoon et al., 2009).
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Figure 3.A-7. Distribution and estimated active source area of the Tumey in the San Joaquin
Basin (Magoon et al., 2009).
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Figure 3.A-8. Distribution and estimated active source area of the Monterey in the oil window in
the San Joaquin Basin (Magoon et al., 2009).
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3.A.5. Santa Maria Basin - Onshore
The Santa Maria Basin encompasses about 7,800 km2 (3000 mi2) along the coast of
California between Point Arguello and San Luis Obispo. The basin, which is bounded on
the northeast by the San Rafael Mountains and the Sur-Nacimiento Fault and by the Santa
Ynez Mountains and Santa Ynez Fault to the south, is about 240 km (150 mi) long and
as much as 80 km (10 to 50 mi) wide (Figure 3.A-9) (Sweetkind et al., 2010; Tennyson
& Isaacs, 2001; Tennyson, 1995). The basin also extends offshore to the 4.8 km (3 mi)
limit of California state waters and beyond to the Federal Outer Continental Shelf (OCS),
where numerous oil accumulations are known or postulated.
The Basin contains a thick sequence of sedimentary rocks, most of which are Miocene
and younger (McCrory et al., 1995), including the Monterey. The onshore part of the
basin also contains numerous accumulations of migrated oil trapped in faulted anticlines.
Many Santa Maria reservoirs are in the Monterey Formation. The oil-bearing Monterey
reservoirs are mostly fractured siliceous mudstone, porcelanite, chert, and dolomite
(Isaacs, 1992b; Mackinnon, 1989; Tennyson & Isaacs, 2001). Synclines immediately
adjacent to the anticlines are interpreted to be active petroleum systems where the
migrated hydrocarbons are generated from deeply buried organic-rich strata, also in the
Monterey.
The presence of active Monterey source rocks in the Santa Maria Basin, as indicated
by numerous oil accumulations and active seeps, suggests the possibility of an
unconventional source rock oil play in the deep synclinal areas of the basin where the
Monterey Formation source rocks have reached thermal maturity (Figure 3.A-10). This
postulated unconventional play may have been partially tested in the Los Alamos field,
when advanced directional drilling techniques were used to test fractured siliceous
Monterey shale at a true vertical depth of ~3,050 m (~10,000 ft) (Witter et al., 2005). In
spite of being highly deviated from vertical, and intersecting numerous fractures, the well
did not result in sustained oil production.
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Figure 3.A-9. Santa Maria Basin and producing oil fields (Oil field data from DOGGR).

Distribution of Monterey Formation (green) and portion below top of oil window (~2,040 m or
~6,700 ft) depth - Tennyson and Isaacs, 2001) highlighted in orange) determined using data
from Sweetkind et al. (2010).
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Figure 3.A-10. North-South cross section through the Santa Maria Basin (Tennyson and Isaacs,

2001). Oil fields are located in faulted anticlinal traps – oil presumed to be generated in deeper
synclines.

3.A.6. Santa Barbara-Ventura Basin
The Santa Barbara/Ventura Basin (Figure 3.A-11) is a structurally complex west trending
trough filled by a succession of Upper Cretaceous to Quaternary sedimentary rocks as
much as 11,000 m (36,000 ft) thick. In the primary depocenter near the Ventura oil field,
Plio-Pleistocene strata alone are more than 6,100 m (20,000 ft) thick (Dibblee Jr, 1988;
Nagle & Parker, 1971). The basin is bounded on the north and northeast by the Santa
Ynez and San Gabriel faults and on the south by the Santa Monica Mountains and the
Channel Islands. The west end of the basin, offshore, is a poorly defined basement uplift
called the Amberjack High (Dibblee Jr, 1988; Keller, 1988; Keller, 1995; Nagle & Parker,
1971; Tennyson & Isaacs, 2001). The Santa Barbara/Ventura Basin extends across the
shoreline. The onshore part of the basin is commonly referred to as the Ventura Basin,
while the offshore part, which underlies both state and federal waters, is known as the
Santa Barbara Basin.
In order to refine the Monterey distribution map of the Ventura basin, Gautier reviewed
the geological maps and cross sections of oil fields in the Santa Barbara-Ventura basin
published by DOGGR. The prepared line encloses an area within which the Monterey
Formation may occur at depths greater than approximately 3,048 m (10,000 ft). Areas
where the Monterey is missing or only present at shallower depths were excluded from
the enclosed area. Therefore, the Monterey Formation may occur at shallow depths within
the enclosed area, but it is unlikely to occur at depths greater than 3,048 m (10,000 ft)
outside of the enclosed area. In the areas between the oil fields, the enclosing line was
extended and completed by subjective extrapolation.
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Figure 3.A-11. The Ventura Basin and producing oil fields (Oil field data from DOGGR).

Distribution of the Monterey (green) from Nagle and Parker (1971). No data were available to
constrain the distribution of the active source rock for this basin.
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The basin has had a complicated geological history, demonstrated by 7,000 m (23,000 ft)
of structural relief (the vertical distance between stratigraphically equivalent points) on
the base of Miocene sedimentary rocks (Tennyson & Isaacs, 2001). The principal source
rocks for the Santa Barbara/Ventura Basin are organic-rich and phosphatic facies of the
Monterey (Tennyson & Isaacs, 2001). However, the overlying Sisquoc Formation and
the underlying Rincon shale may also be sources of hydrocarbons (Tennyson and Isaacs,
2001). Since the Pliocene, 2.6 million years ago, intense compression has caused rapid
differential uplift and subsidence responsible for thermal maturity of the organic-rich
source rocks and for the east-west trending reverse faults and folds that contain most of
the known petroleum (Tennyson and Isaacs, 2001).
Santa Barbara/Ventura is a prolific petroleum province, with abundant oil accumulations
and numerous active petroleum seeps both onshore and off. The organic-rich shales
responsible for all of this oil could, in principle, become targets for development of
continuous-type source-rock system plays. However, in contrast with the Los Angeles
Basin to the southeast, the Santa Barbara/Ventura Basin has a relatively low geothermal
gradient (Jeffrey et al., 1991). As a result, thermally mature source rocks are only present
at relatively great depths, making their development as reservoirs more difficult and
expensive. However, if a source-rock play were developed in the Monterey Formation
in Santa Barbara/Ventura, it would most likely be onshore in the deep central trough
near the Ventura, San Miguelito, and Rincon oil fields, where the Monterey is thermally
mature with respect to oil. The geography of thermally mature source rocks is not well
constrained in the Santa Barbara/Ventura Basin and, in contrast to Santa Maria and
adjacent Los Angeles, potential shale oil reservoirs could be present both onshore and
offshore beneath state waters.
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Appendix 3.B

Geologic Time Scale

Figure 3.B-1. Geologic Time Scale, reproduced from the United States Geologic Association’s
Geologic Time Scale, version 4.0. The Monterey was deposited during the latter half of the

Miocene Epoch, between about 7 and 18 million mya. Note that the term Tertiary, not shown on
this chart, refers to the period covered by the Paleogene and Neogene.
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Appendix 3.C

Methods and Data for Potential
Impacts to Water Section
This appendix includes a description of the analysis and the source data we used for the
analysis of water-related assets and infrastructure in proximity to the Monterey source rock.
3.C.1. Water Wells – Data Source
There is no reliable information on the number and location of water wells in California.
Data from water well completion reports filed with the California Department of Water
Resources (DWR), however, gives some indication of the number of water wells within
a given area. Since 1949, California law has required that landowners submit well
completion reports to DWR, containing information on newly constructed, modified, or
destroyed wells. DWR has compiled information from these paper forms into an electronic
database. We obtained a shapefile of these data from Eric Senter, Senior Engineering
Geologist at DWR in April 2013. The file contains points representing 47,941 locations in
California. Each point represents the center of a geographic unit referred to as a section,
mapped by the Public Land Survey System or PLSS. Each section is approximately 2.59
km2 (one square mile). The shapefile’s attribute table contains a field representing the
number of well completion reports filed with DOGGR for each section. This file is useful
but has a number of known limitations:
• The type of well is not differentiated
• The location of the point representing the centroid of each section often plots
outside the boundaries of the state, due either to incorrect data entry or errors in
the program used (http://ke7hr.com/trsfile/trsfile.htm) to derive the coordinated
of the section centroids (This is especially clear where some sections map to areas
off the coast, in the Pacific Ocean.)
• This count of well logs only include all records on file: there are many thousands
of wells for which we do not have coordinates
• There are few wells in some areas due to administrative problems (San Luis
Obispo County in particular)
• There are approximately 50,000 well reports that have not been added to this
system
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• Well completion reports include several types of wells (domestic, municipal,
irrigation, livestock, etc.), but omit wells for oil and gas, waste injection, and
geothermal wells.
Despite these shortcomings, this dataset gives some indication of the density of new wells
drilled since about 1950. We converted the points in the shapefile to a grid, using data
management tools in the software ArcGIS. Figures 3.4-7 and 3.4-8 show the well density
in Southern and Central California, overlaid by the approximate area of the Monterey
source rock and a 5-kilometer (3.11 mi) buffer. One can see clear spatial patterns to
the density of wells, with more wells concentrated in areas above groundwater basins,
agricultural areas, and population centers. There are few or no wells in mountainous
areas, or protected parklands such as state parks or national forests.
3.C.2. Groundwater Basins Above Monterey Source Rock
We downloaded geodata on California’s groundwater basins from the Cal-Atlas website.
These data were created by the California Department of Water Resources for the 2013
update to Bulletin 118, California’s Groundwater.
Table 3.C-1 lists the named groundwater basins that overlay the Monterey source rock and
its 5 km buffer zone.
Table 3.C-1. List of groundwater basins overlying oil Monterey source rock oil
basins. Basins in italics overlie the 5 km(3.11 mi) buffer area only.

Cuyama Basin

Area of the Basin (km²)

Area (sq. mi.)

Carrizo Plain

850

330

Cuyama Valley

980

380

1,300

500

900

350

240

93

4,600

1,800

36,000

14,000

750

290

Los Angeles Basin
Coastal Plain of Los Angeles
Coastal Plain of Orange County
San Gabriel Valley
Salinas Basin
Lockwood Valley
Salinas Valley
San Joaquin Basin
San Joaquin Valley
Santa Maria Basin
Santa Maria
San Antonio Creek Valley

330

130

Santa Ynez River Valley

830

320
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Ventura Basin
Carpinteria

33

13

170

66

Montecito

25

10

Santa Barbara

25

10

780

300

Las Posas Valley

Santa Clara River Valley
Ventura River Valley

51

20

Foothill

13

5

Pleasant Valley

87

34

Upper Ojai Valley

15

6

3.C.3. Water Suppliers Data Source
We used a dataset published by the California Department of Public Health entitled
“California Public Water System Service Area Boundaries.”1 This file contains the
“footprint” of water service areas for many, but not all, public water systems in California2.
The file contained the boundaries for 2,609 distinct water systems in the state. DPH
relied on a variety of sources for geodata, which varies in quality. There are a number of
known issues, such as missing areas, overlapping boundaries, and inaccurate boundaries.
We processed this file to remove duplicate entries and to fix boundaries with “selfintersections” and other geographic problems.
Data on irrigation water providers was obtained from Cal-Atlas3. One file represents State
Water Districts for California, and was created by U.S. Bureau of Reclamation in 2003 in
coordination with the California Department of Water Resources, compiled at 1:24,000
scale.
Information on federal water users came from a geodatabase created by the U.S. Bureau
of Reclamation and the California Department of Water Resources in 2009, and was
downloaded from Cal-Atlas.

1. http://www.ehib.org/page.jsp?page_key=762
2. A Public Water System is regulated by the US Environmental Protection Agency and is defined as a water system that
is publicly- or privately-owned and serves at least 15 service connections or 25 persons.
3. Cal-Atlas Geospatial Clearinghouse: http://www.atlas.ca.gov/
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Appendix 3.D

Surface Water Features
Figure 3.4-5 showed surface water features overlying the entire Monterey source rock
study area. Because of the map scale, it is difficult to view individual stream reaches.
Figure 3.D-1 below shows a series of one map for each basin.

a)
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Figure 3.D-1. Surface water features overlying the Monterey source rock.in the (a) San Joaquin
and Cuyama Basins; (b) Ventura Basin; (c) Los Angeles Basin; and (d) Santa Maria Basin.
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Appendix 3.E

Supplementary Table for
Section 3.4.7, Potential Impacts
to Wildlife and Vegetation
Table 3.E-1. National Vegetation Classification category overlapping
with potential Monterey source rock, broken out by county.

National
Vegetation
Classification

In 5 km
Buffer
(km2)

Over
Source
Rock (km2)

County

Agricultural
Vegetation

Fresno

200

100

200

Kern

700

1,700

Kings

300
0

Los Angeles
Monterey

Total (km2)

4%

5,700

5,900

2,400

51%

2,300

4,800

800

1,100

41%

1,600

2,700

0

0

1%

400

400

100

0

100

9%

1,200

1,300

0

0

0

11%

0

0

SL Obispo

0

0

100

6%

900

900

S Barbara

300

100

400

52%

400

800

0

0

0

0%

3,500

3,500

Ventura
Total

Fresno
Kern
Kings
Los Angeles
Monterey
Orange

100

200

300

61%

200

600

1,800

2,900

4,700

22%

16,200

20,900

0

0

0

1%

500

500

100

0

100

16%

600

700

0

0

0

30%

100

200

400

400

800

23%

2,800

3,600

0

0

0

2%

300

300

100

100

200

15%

1,100

1,300

SL Obispo

0

0

0

0%

300

300

S Barbara

100

100

200

59%

100

300

0

0

0

0%

300

300

100

100

200

38%

300

500

900

700

1,600

20%

6,400

8,000

Fresno

0

0

0

0%

5,200

5,200

Kern

0

0

0

1%

4,000

4,000

Tulare
Ventura
Total
Forest &
Woodland

Outside
source
rock (km2)

Orange

Tulare

Developed &
Other Human
Use

Over Source
Over Source
Rock + Buffer Rock + Buffer (%
(km2)
of Total)
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Kings
Los Angeles
Monterey
Orange

0

57%

0

100

0

0

0

0%

800

800

200

100

200

11%

2,000

2,200

0

0

0

0%

0

0

100

0

100

3%

1,800

1,900

S Barbara

100

0

200

16%

900

1,100

Tulare

0

0

0

0%

7,000

7,000

Ventura

0

0

100

5%

1,000

1,000

400

200

600

3%

22,600

23,200

Fresno

0

0

0

0%

100

100

Kern

0

0

0

16%

0

0

Kings

0

0

0

12%

0

0

Los Angeles

0

0

0

0%

2,100

2,100

Monterey

0

0

0

2%

1,200

1,200

Orange

0

0

0

0%

400

400

SL Obispo

0

0

0

0%

800

800

S Barbara

100

200

200

7%

3,000

3,200

0

0

0

0%

0

0

Tulare
Ventura

0

100

200

19%

800

1,000

100

300

400

5%

8,400

8,800

0

0

0

0%

2,200

2,200

Kern

900

900

1,700

31%

3,800

5,500

Kings

300

100

400

58%

300

700

0

0

0

1%

4,000

4,000

500

200

700

14%

3,900

4,500

0

0

0

0%

700

700

SL Obispo

200

100

300

5%

5,200

5,500

S Barbara

400

100

500

12%

3,900

4,400

Total
Shrubland &
Grassland

0

SL Obispo

Total
Open Water

0

Fresno

Los Angeles
Monterey
Orange

Tulare

0

0

0

0%

900

900

400

300

700

29%

1,800

2,600

Total

2,800

1,700

4,400

14%

26,700

31,100

Grand Total

6,000

5,800

11,700

13%

80,300

92,000

Ventura
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Appendix 4.A

Methods to Determine
Numbers and Locations of
Hydraulically Fractured Wells
in the Los Angeles Basin
4.A.1. Study Area
The geographic focus of this case is limited to the California Air Resources Board (CARB)
South Coast Air Basin (SoCAB). Using GIS techniques, all datasets were limited to the
boundaries of the SoCAB, which includes Los Angeles County, Orange County, and parts
of both Riverside and San Bernardino counties (State of California, 2014).
4.A.2. Dataset Development
To create the datasets for the Los Angeles Basin (SoCAB) case study, we started with the
analysis of well stimulation treatments in Volume I of this report. The data were refined
so that all wells included in the analysis were, according to the Division of Oil, Gas,
and Geothermal Resources (DOGGR), active oil and/or gas production wells that were
stimulated using matrix acidizing, hydraulic fracturing, and frac-packing techniques. The
Volume I dataset was therefore cross-referenced with the following datasets outlined in
Table 4.A-1:
Table 4.A-1. Data Sources
Data
Source #

Data Source

Data Location

Database
Access Date

1

DOGGR All Wells database

http://www.conservation.ca.gov/dog/
maps/Pages/GISMapping2.aspx

12/14/14

2

DOGGR SB4 Well Simulation
Notices

http://maps.conservation.ca.gov/doggr/
iwst_index.html

12/14/14

3

DOGGR Well Production
Database

http://www.conservation.ca.gov/dog/
prod_injection_db/Pages/Index.aspx

12/14/14

4

SCAQMD Rule 1148.2 Oil and
Gas Well Electronic Notification
and Reporting

http://www.aqmd.gov/home/
regulations/compliance/1148-2

12/14/14

5

FracFocus 1 and FracFocus 2

See Approach in Volume I
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Sources 1-3 were used to identify which wells we consider to be “Producing” (oil/gas)
and the producing wells that have been “Stimulated.” Errors in the data and missing
information complicated the process, but the methodology used in this case study was as
follows:
1. Active Oil and/or Gas Production Wells Dataset: The DOGGR production database
was joined to the DOGGR AllWells dataset using a common field, the American
Petroleum Institute (API) identifier.
a. The data was sorted by most recent year of production.
b. All wells with production numbers from 2013/2014 were included.
2. Wells that had not reported production (oil or gas) figures for the last five years
were sorted by multiple fields for consideration.
a. Wells were first sorted by “GIS Symbol Codes.” (see Table 4.A-1) Wells
with codes identifying the well as an “active” or “new” oil and/or gas
wells were included. These were wells marked as AOG (Active Oil and
Gas), ADG (Active Dry Gas), NOG (New Oil and Gas) and NDG (New Dry
Gas). “New” wells are somewhere in development process between being
permitted and inspected/approved for production.
Table 4.A-2. Three letter DOGGR code representing the well status (first
letter in code), and the well type (last two letters in code).

1st Letter

Definition
+

2nd and 3rd Letter

Definition

N

New (permitted to drill)

AI

Air Injector

A

Active or Idle

DG

Dry Gas

P

Plugged

GD

Gas Disposal

GS

Gas Storage

LG

Liquid Petroleum Gas

OB

Observation

OG

Oil & Gas

PM

Pressure Maintenance

SF

Steam Flood

WD

Water Disposal

WF

Water Flood

WS

Water Source

NK

Unknown

DH

Dry Hole

Wells were then sorted by the “Well Status Code” (see Table 4.A-2). Wells that reported
production for 2014 were included in our “Production Wells” dataset. DOGGR codes for
well status are described in Table 4.A-3.
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Table 4.A-3. Definition of well status per DOGGR
Well Status

Definition

Explanation

N

New

Recently permitted, in the process of being drilled.

B

Buried

Older Well, not abandoned to today’s standards, location of well is approximate.

U

Unknown

Status not yet entered from hard copy file. Wells are mostly older, pre-1976.

A

Active

Well has been drilled and completed

C

Cancelled

Well permit was cancelled -- well not drilled

P

Plugged and Abandoned

Well gas been plugged and abandoned to Division standards

I

Idle

Well is idle, not producing

a. Wells without reported production figures for 2013/2014 and marked as B, U, C,
P, or I were excluded from further analysis resulting in the following total set of
active production wells:
i. California: 74,482 wells
ii. South Coast Air Basin: 4,487
iii. Los Angeles County: 4,068
4.A.3. Stimulation Dataset Development
1. The SB4 Analysis Volume I dataset was cleaned and edited, leaving a total of
4,780 unique entries with lat/lon coordinates for the state of California.
a. SB4 well stimulation completion records were added to the dataset.
b. An additional 8 wells from FracFocus were added to the stimulations
dataset. They were:
FracFocus

0403053941

35.614947

-119.721269

FracFocus

0403054276

35.436805

-119.691225

FracFocus

0403054279

35.440473

-119.693172

FracFocus

0403054280

35.437066

-119.689655

FracFocus

0403054281

35.435165

-119.694609

FracFocus

0403054304

35.461401

-119.727668

FracFocus

0403053942

35.615100

-119.720973

FracFocus

0403053943

35.614878

-119.721955

2. For the Los Angeles Basin analysis, known stimulated wells were limited to
the boundaries of the South Coast Air Basin (SoCAB). Of the total (n1=199),
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139 were identified as hydraulically fractured and 60 were identified as matrix
acidizing.
3. The Volume I analysis developed stimulation probabilities for individual
production pools.
a. For pools with stimulation probabilities >50%, it was assumed that all
wells in the pools were stimulated. These wells were added to the known
stimulations dataset, for a total of (n2=1256)
4. For pools with stimulation probabilities <50% (n3=1462), the probabilities were
applied to the number of active production wells in the pool, for a total (N=
1289):
a. Las Cienegas pool (33%) 28 active production wells
b. Wilmington Lower Terminal (33%) 1 active production well
c. Wilmington (17%) 47 active production wells
d. Tapia (7%) 30 active production wells
e. Wilmington Ranger (6%) 55 active production wells
f. Wilmington Tar (2%) 45 active production wells
Comparing across methods had a trivial impact on estimated total number of individuals
and attributes of the population within specified buffer distance. At all buffer distances
considered, Groups 2 and 3 included almost identical human population numbers,
which were approximately 15% greater than Group 1 (Figure 4.A-1). For example, the
total population estimate within the 2,000 m (6,562 feet) buffer distance was 668,631
for Group 1; 752,810 for Group 2; and 759,512 for Group 3. Considering the similar
population estimates, and to be inclusive of all individuals likely to be exposed at fine
spatial scales, analyses of demographic characteristics focused on the Group 3 estimation
method.
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Figure 4.A-1. Total human population numbers estimated within each distance radius,

employing each of the three considered grouping methods. Group 1=all known and confirmed
wells that have been stimulated; Group 2=(Group 1) + (all probabilities of pools with >50%
stimulation records); Group 3=(Group 2) + (all pools with <50% of wells reported as
stimulated with applied adjustment).
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Appendix 4.B

Methods and Approach for
Spatial Analysis of Potential
Public Health Risks
4.B.1. Data Sets Used
4.B.1.1. U.S. Census Bureau Data
Decennial census data (U.S. Census Bureau, 2010) was downloaded from American
Fact Finder via Census.gov for the entire state of California at the census block and the
American Community Survey (ACS) (2013 five-year estimates) was downloaded at the
block group level (U.S. Census Bureau, 2010: 2012; U.S. Census Bureau).
4.B.2. Sensitive Receptors
In addition to demographic profiles of residents, we included four classifications of
sensitive receptor points to our analysis. These locations represent sites where a hazard
may present an elevated risk to populations that are known to be more vulnerable
than the general population with regards to air quality and environmental degradation
exposures. For the South Coast Air Basin (SoCAB) study area, locations of residential
elderly care homes, elementary and secondary schools, permitted daycare facilities, and
playgrounds were included.
Data sets included in the sensitive receptors analysis include:
4.B.3. Residential Elderly Care Homes
This dataset was taken from the California Health Care Facility Dataset (HLTHFAC); a
dataset of over 4,000 facilities in California. The dataset was limited to only residential
elderly care facilities (State of California Geoportal, 2014).
4.B.4. Schools
Enrollment demographics data was downloaded from the California Department of
Education website. The dataset of schools from the CA.gov Geoportal was downloaded,
cleaned and the locations verified for elementary, secondary, and unified school districts.
Then 2013/2014 enrollment demographic profiles of each school was joined to the
shapefile (U.S. Census Bureau, 2014). Schools with (0) total student enrollment were
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removed from the dataset. Quality control techniques identified enrollment demographics
for schools that did not match the schools listed in the GIS files, which were eliminated
from the analysis (California Department of Education, 2014; U.S. Census Bureau, 2014).
4.B.5. Permitted Daycare Facilities
This dataset consists of licensed childcare centers/preschools or daycares. It was extracted
from the larger dataset of all childcare facilities, which also includes child group homes
(California Department of Social Services, 2014). The dataset of playgrounds was limited
from a dataset of all recreational facilities in California’s cities/urban centers. The dataset
was provided by the San Francisco-based non-profit, GreenInfo Network - Information and
Mapping in the Public Interest (GreenInfo Network, 2012).
4.B.6. Spatial Analysis Methods
All datasets were clipped to the study area of the SoCAB using GIS techniques in ArcView
10.2.2 software. The datasets were all projected in the NAD 1983 California Teale Albers
coordinate system. Projected shapefiles were then imported into a personal geodatabase
for ease of management and sharing with other Arc users.
Determination of a “stimulated, active oil and gas production well” dataset for an
assessment of vulnerable populations required an adherence to inclusivity. To create
the dataset, all pools with known stimulation events were included, and the probability
of well stimulations within the pools and within the surrounding communities. If pools
estimated to have <50% wells stimulated were excluded, communities and important
demographics would also be excluded from the analysis. Active oil and gas production
wells located within pools <50% stimulated were therefore considered in the analysis.
The well stimulation probabilities were applied as adjustment factors to the demographics
of the surrounding communities and to the number of wells from said pool falling within
the boundaries of sensitive receptors. If an area/community fell within the bounds of
multiple buffers of “pools <50%”, the stimulation probabilities were summed to generate
an appropriate adjustment values.
Socio-economic characteristics of communities living at various proximities to active and
stimulated active production wells were analyzed and summarized using a combination
of GIS and spreadsheet manipulation techniques. Select demographics for census blocks
were extracted from the 2010 decennial U.S. census data, and additional demographical
data was extracted from the 2010 decennial census at the block group level. The
demographics selected for the analysis available at the census block resolution included
total population counts, racial demographics, and age profiles. From the counts by race,
“non-Hispanic minority”, “Hispanic population” and “total minority population” fields
were calculated. From the age profiles, counts of individuals “5 years of age and younger”,
“<18 years of age” and “75 years of age and older” were calculated. For data relating
to economic status, the highest resolution collected by the U.S. census bureau is limited
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to census block groups and is collected during the ACS. Economic status data by block
group was joined to the census block level data using a common field in both datasets,
the GEOID for census block groups. The ACS (2013, 5-year) block group data included
household counts, educational attainment, limited English language households, and
household income, poverty status and employment. From this data the following
indicators of socio-economic status were generated: “no high school graduation”, “limited
English speaking household”, “median income”, “income below poverty line”, “income
below individual household food-stamp requirement”, and “unemployed”.
For the analysis of vulnerable population characteristics, the dataset of block and block
group census data was sampled at multiple distances from all active wells and stimulated
active wells. The dataset of “stimulated, active oil and gas production wells” was buffered
at multiple radial distances: 100 m (328 feet), 400 m (1,312 feet), 800 m (2,625 feet),
1,000 m (3,281 feet), 1,600 m (5,249 feet), and 2,000 m (6,562 feet) radii, as discussed
in this chapter and in Volume II, Chapter 6.
The census data was mapped using GIS techniques; the census data was joined to a map
layer of census blocks within the bounds of the SoCAB. The census blocks were then
clipped to the bounds of each buffer radius. The areal extent of these clips was calculated
for each census block. For blocks that fell across the boundary of a buffer, the total area
of the block divided by the area of the block falling within the buffer was calculated, and
this areal percent was applied to the census block demographic data. For the block group
resolution census counts, an areal percentage equal to the clipped area of the census
block divided by the total block group area was applied to demographics data. For the
census blocks and block groups falling within the buffer of a pool with <50% of the wells
stimulated, the well stimulation probability of that pool was then applied to the census
counts. The population estimates of the sample population were then compared to the
demographics for the rest of the SoCAB area, which was defined as the population living
greater than 2,000 m (6,562 feet) from stimulated wells.
An analysis of four classes of sensitive receptors considered particularly vulnerable was
also conducted, including (elementary/secondary) schools, daycares, city playgrounds,
and residential elderly care facilities. The locations of these facilities within the SoCAB
area were mapped, and multiple radial buffers were created around the sites at the same
distances as stimulated wells dataset (100 m (328 feet), 400 m (1,312 feet), 800 m
(2,625 feet), 1,000 m (3,281 feet), 1,600 m (5,249 feet), and 2,000 m (6,562 feet)). The
counts of stimulated wells were then generated for each sensitive receptor at each buffer
distance. For pools <50% stimulated, the count of all active production wells falling
within the buffer area was generated, and the “well stimulation probability” for that
particular pool was then applied.
This assessment focuses on public health risks associated with potential air-pollutant
exposures from all active wells and the fraction of these active wells that are hydraulically
fractured. Central to that the focus on actively or potentially stimulated wells is the
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assumption that “plugged,” “buried,” or “idle,” and “abandoned” wells that are not
producing according to DOGGR records are not emitting air pollutants. While studies
suggest that emissions of methane, VOCs and other TACs from plugged, idle, abandoned
and orphaned wells may not be negligible (Dessault et al., 2014; Kang et al., 2014) far
more emissions are sourced from wells and ancillary infrastructure while currently active
(Thompson et al., 2014), and as such our approach is conservative.
4.B.7. Approach to Analyzed Distances from Stimulated Wells
We conducted a proximity analysis to understand the numbers, densities, and
demographics of residents living at various distances from oil and gas wells that have
been or are currently being hydraulically fractured and are known to be acidized. We also
report results on the proximity of sensitive populations, namely children and the elderly.
As discussed in Volume II, Chapter 6, the distance of 800 m (½ mile) and increased
density of active oil and gas wells—stimulated and developed with other methods—has
been documented in studies in Colorado to increase risks of exposure to multiple TACs
that are associated with cancers, respiratory diseases, and birth defects (McKenzie et al.,
2012; McKenzie et al. 2014). A U.S. EPA report on dilution of conserved TACs indicates
that the dilution at 800 m (½ mile) is on the order of 0.1 mg/m3 per g/s (U.S. EPA,
1992). Going out to 2,000 m (~1.25 mi) increases this dilution to 0.015 mg/m3 per g/s.
Given that there is increased risk of exposures to benzene at a dilution of 0.1 mg/m3 per
g/s there are concerns that unsafe exposures beyond 800 m may occur. Many conserved
TACs known to be associated with oil and gas development (e.g., benzene) persist in
the atmosphere long enough to be transported to 2,000 m (~1.25 mi), which is the
furthest distance that we assess in our geospatial analysis. As such, we report on human
populations within distances from active oil and gas wells, and active wells that have
been stimulated, which have been observed in the literature to be potentially hazardous
(800 m or <1/2 mile), and we also analyze other distances up to 2,000 m (~1.25 mi),
given that a number of the known TACs emitted from oil and gas operations in California
(and these operations in general) persist in the atmosphere long enough to potentially be
atmospherically transported to these distances (e.g., benzene).
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Appendix 5.A

Well Pattern Progression in the
Cahn Pool of the Lost Hills Field
Most of the wells in the Cahn pool of the Lost Hills field are hydraulically fractured
(Volume I, Appendix N). The animation of wells in operation in this pool each year that
constitutes this appendix was developed from the California Division of Oil, Gas, and
Geothermal Resources production database and AllWells Geographic Information System
layer.
The time period covered by the production database commences in 1977. At this time,
some wells are already in operation in the pool. The animation shows:
• The initial well pattern,
• The extension of this pattern,
• Initiation and operation of water flooding and infill wells in portions of the pool
within areas whose shape is suggestive of survey or legal, rather than geologic,
boundaries,
• Cyclic steam injection in three wells for two years each, and
• Cessation of production in an area whose shape is suggestive of survey or legal,
rather than geologic, boundaries.
Viewing the animation can be assisted by using the player’s controls to slow down
playback.
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Appendix 5.B

Potential Upper Limit Hydraulic
Fracturing Constituent
Concentrations in Produced
Water from Select Oil Fields
The potential hydraulic-fracturing fluid upper-limit concentrations are available in
spreadsheet and text format in association with this appendix, available online at
http://ccst.us/projects/hydraulic_fracturing_public/SB4.php. This appendix lists the
potential upper limit hydraulic-fracturing constituent concentrations in produced water
from the fields in Table 5.4-4 (Volume III, Chapter 5). “Occurrences” lists the number
of occurrences of each constituent in each field in the assembled constituent data set
(discussed in Volume II, Chapter 2).
“Mean occurrences per operation” lists the average number of occurrences per operation,
which is calculated by dividing the total number of occurrences by the estimated number
of operations each year listed on Table 5.4-4 (Volume III, Chapter 5). A value less than
one indicates a constituent that is not used in all operations. A value greater than one
indicates a constituent that is used more than once in many operations, likely because it
occurs as an additive in more than once constituent mixture.
“Mean mass per operation” is the mean mass per occurrence multiplied by the mean
occurrences per operation. “2013 effluent concentration” is the potential upper limit
concentration resulting from multiplying the mean mass per operation times the estimated
annual number of operations per year (given in Table 5-4, Volume III, Chapter 5), divided
by the water produced in 2013, also given in Table 5.4-4 (Volume III, Chapter 5).
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Appendix 5.C

Comparison of Potential Hydraulic
Fracturing Fluid Constituent
Upper-Limit Concentrations in
Produced Water to Available
Maximum Contaminant
Levels and Concentration
Goals for Drinking Water
Figure 5.C-1 shows the distribution of potential hydraulic-fracturing-fluid constituent
these concentrations in produced water, grouped by the lowest Globally Harmonized
System (GHS) acute oral toxicity category from publicly available test results on mice,
rabbits, and rats. Toxicity increases with decreasing category number. Only one of the
hydraulic fracturing chemicals disclosed has a maximum allowable concentration in
drinking water established by regulation (acrylamide), and a component of only one
other has a concentration goal set by regulation (chloride). These goals and allowable
concentrations are generally set with regard to preventing chronic effects, such as the
development of cancer. Consequently, there is no regulatory guidance regarding whether
the potential upper-limit concentrations are safe with respect to chronic effects.
In order to gain some perspective on the potential upper-limit concentrations relative to
these effects, the distribution of potential upper-limit concentrations was compared to the
distribution of concentration goals and maximum concentration limits (MCLs) established
for constituents in the same GHS acute oral toxicity category. Hydraulic fracturing fluid
constituents were assigned to GHS categories based on the acute oral toxicity data collated
for analysis in Volume II. Constituents with concentration goals and MCLs were assigned
to a GHS oral toxicity category based upon the lowest median acute toxic dose data for
rats, mice, and rabbits available from the U.S. National Library of Medicine (undated). In
this manner, hydraulic-fracturing-fluid constituents were compared to constituents with
concentration goals and MCLs in the same acute oral toxicity category. Consequently, if
the potential upper-limit concentrations are larger than the goals or MCLs for constituents
in the same category, it is likely that some of the constituents occur at a concentration
above the goal or MCL for that constituent if it were established.
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The lower of the concentration goals established by the California State Water Resources
Control Board (SWRCB) and the United States Environmental Protection Agency (U.S.
EPA) for inorganic and organic chemicals and disinfection byproducts for which acute
oral toxicity data for mice, rabbits, or rats were available from the U.S. National Library
of (undated) were used for comparison (SWRCB, 2015; U.S. EPA, 2009). These included
secondary standards from the U.S. EPA. The goals are the concentrations below which
there is no known or expected risk to health.
The MCLs for inorganic and organic chemicals and disinfection byproducts established
by the SWRCB, including the action level for copper and lead, along with MCLs set by
the U.S. EPA for constituents not regulated by the SWRCB, for which acute oral toxicity
data for mice, rabbits, or rats were available from the U.S. National Library of Medicine
(undated) were available were used for comparison (SWRCB, 2015; U.S. EPA, 2009).
These included the dose threshold established by the U.S. EPA for acrylamide and
epichlorohydrin.
Figure 5.C-1 shows that some of the potential upper-limit concentrations are above the
highest MCL for constituents in the same GHS acute oral toxicity category. This suggests
that the potential concentrations of some constituents in produced water may be above
safe drinking water concentrations, if such existed for those constituents. Figure 5.C-1
also shows that most of the potential upper-limit concentrations are greater by an order of
magnitude or more than the drinking water goals for constituents in the same GHS acute
oral toxicity category.
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Figure 5.C-1. Distribution of drinking water concentration goals, maximum concentration limits for
drinking water, and potential hydraulic fracturing fluid constituent upper-limit concentrations in

produced water from the North and South Belridge, Lost Hills, and Elk Hills fields. Data are assigned
by the minimum GHS acute oral toxicity category from testing on rats, mice, and rabbits for each
constituent. Toxicity increases with decreasing category number. The lower and upper ends of the

boxes indicate the first and third quartile concentrations respectively. The line within the box is the

median concentration. Lines extend from the boxes vertically to the highest and lowest concentration
that is within one and half times the concentration interval between the first and third quartile.

Values shown by an “x” are beyond that range. The red diamonds indicate constituents at potential
upper-limit concentrations above the highest MCL in the same GHS category. The first quartile
concentration for the goals is less than the bottom of the range shown on the graph.
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Appendix 5.D

Additional Tables Regarding
Population Demographics in
Proximity to Hydraulically
Fractured Wells And All Active
Oil And Gas Production Wells
In The San Joaquin Basin
Table 5.D-1. Number and percent of facilities with more sensitive population members in
proximity to hydraulically fractured wells in the San Joaquin Valley Air Basin (SJVAB).

Proximity to
a well (m; ft)

All active or
HF wells?

100 (330)

HF

All

HF/All
400 (1,300)

HF

All

HF/All
800 (2,600)

HF

All

HF/All
1,600 (5,300)

HF

All

HF/All

Number of
Daycare Facilities

Number of
Schools

Number of Children
Attending Schools

Number of
Elderly Facilities

0

0

0

0

0.00%

0.00%

0.00%

0.00%

1

0

0

0

0.12%

0.00%

0.00%

0.00%

0

3

1,223

1

0.00%

0.34%

0.24%

0.17%

8

11

6,572

14

1.0%

1.2%

1.3%

2.3%

0.0%

27.3%

18.6%

7.1%

0.0%

4

9

2,626

5

0.51%

1.01%

0.50%

0.86%

25

36

23,343

33

3.0%

4.0%

4.4%

5.3%

16%

25%

11%

15%

29

15,963

26

13

3.2%

3.1%

4.5%

1.6%

109

72,646

95

84

12.2%

13.8%

15.3%

10.2%

27%

22%

27%

16%
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2,000 (6,600)

HF

All

HF/All
Any

All

16

36

21,283

37

2.0%

4.0%

4.1%

6.4%

112

129

91,733

110

14%

14%

17%

18%

14%

28%

23%

34%

772

846

495,223

538

Table 5.D-2. Population over 25 years of age with less than a high school

education in proximity to hydraulically fractured and all active wells in the
study area (based on the 2010 Census data at the block group level).
Proximity to
a well (m; ft)

All active or
HF wells?

100 (330)

HF

Total Population

No High School
Diploma

355

94

0.03%

0.02%

All

400 (1,300)

6,016

1,303

0.43%

0.32%

HF/All

5.9%

7.3%

HF

2,652

583

0.19%

0.14%

All

28,059

6,731

2.0%

1.6%

9.5%

8.7%

HF/All
800 (2,600)

HF

8,422

1,810

0.60%

0.44%

67,144

16,611

4.8%

4.0%

HF/All

12.5%

10.9%

HF

31,920

7,322

2.3%

1.8%

175,167

44,051

All

1,600 (5,300)

All

HF/All
2,000 (6,600)

HF

All

HF/All
Any distance

All
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12%

11%

18%

17%

47,467

10,898

3.4%

2.7%

230,604

58,482

16%

14%

21%

19%

1,360,784

399,988
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Table 5.D-3. Employed and unemployed population in proximity to hydraulically fractured and
all active wells in the study area (based on the 2013 Census data at the block group level).
Proximity to a
well (m; ft)

All active or
HF wells?

100 (330)

HF

Total
Population

Employed

Unemployed

574

248

25

0.02%

0.02%

0.02%

All

400 (1,300)

9,910

4,562

490

0.42%

0.43%

0.33%

HF/All

5.8%

5.4%

5.1%

HF

4,315

1,870

190

0.18%

0.18%

0.13%

All

46,589

21,517

2,634

2.0%

2.0%

1.8%

9.3%

8.7%

7.2%

HF/All
800 (2,600)

HF

All

13,825

6,134

721

0.59%

0.58%

0.48%

111,475

51,555

6,551

4.8%

4.8%

4.4%

12%

12%

11%

52,530

24,378

2,895

2.3%

2.3%

1.9%

286,976

132,931

16,808

12%

13%

11%

HF/All
1,600 (5,300)

HF

All

HF/All
2,000 (6,600)

HF

All

18%

18%

17%

78,570

36,573

4,260

3.4%

3.4%

2.9%

378,819

174,958

22,422

16%

16%

15%

21%

21%

19%

2,258,319

1,026,844

144,881

HF/All
Any

All
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Table 5.D-4. Total, limited English and impoverished households in proximity
to hydraulically fractured and all active wells in the study area (households

with limited English and below the food stamp income threshold based on the

.2010 Census data at the block group scale, and households with income below
the poverty line based on the 2013 Census data block group level).

Proximity to a
well (m; ft)

All active or
HF wells?

Total
Households

Limited
English
Speaking
Households

Households with
Income Below
Individual Food Stamp
Threshold

Households with
Income Below
Poverty Line

100 (330)

HF

187

13

20

33

0.03%

0.02%

0.02%

0.02%

All

400 (1,300)

3,284

170

357

438

0.46%

0.23%

0.35%

0.29%

HF/All

5.7%

7.8%

5.5%

7.4%

HF

1,317

77

137

191

0.18%

0.10%

0.13%

0.13%

14,890

957

1,796

2,284

2.1%

1.3%

1.8%

1.5%

HF/All

8.8%

8.1%

7.6%

8.3%

HF

4,165

258

431

577

0.58%

0.35%

0.42%

0.38%

35,244

2,475

4,498

5,905

4.9%

3.4%

4.4%

3.9%

All

800 (2,600)

All

2,000 (6,600)

HF/All

11.8%

10.4%

9.6%

9.8%

HF

23,856

1,654

2,346

3,720

3.3%

2.3%

2.3%

2.5%

119,589

9,040

15,651

22,554

17%

12%

15%

15%

18%

15%

16%

71,805

99,523

147,340

All

HF/All
Any

All

690,476
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Appendix 5.E

Calculation of Diversity Index
The Diversity Index is a metric that compares the perimeter of a given area to the
perimeter of a circle of the same area (Patton, 1975). Circles have the lowest ratio of
perimeter to area of any shape.
Analysis of the Elk Hills field provides an example. The vegetated areas in the Elk Hills
field have an area of 160 km2 (39,537 acres). A circle of that same area (160 km2 or
39,537 acres) would have a perimeter (circumference) of 45 km (27.96 mi). The length
of the boundary between vegetated and “barren” areas (such as well pads and roads),
is 1,836 km (1,140.84 mi). Consequently, the DI for the Elk Hills Field is calculated as
follows:
DI = 1,836 km (real perimeter) / 45 km (circle perimeter) = 40.8
5.E.1. References
Patton, D.R., 1975. A diversity index for quantifying habitat “edge.” Wildlife Society Bulletin, pp.171–173.

490

California Council on
Science and Technology
1130 K Street, Suite 280
Sacramento, CA 95814
(916) 492-0996
http://www.ccst.us

Lawrence Berkeley
National Laboratory
Earth Sciences Division
1 Cyclotron Road,
Mail Stop 74R316C,
Berkeley, CA 94720
(510) 486-6455
http://www.lbl.gov

Existing scientific literature on setback distances from oil and
gas development sites
Nicole J. Wong, MPH

November 2017 (version 2)

Background: Need for an LA Relevant Setback
The current body of peer-reviewed scientific literature has a small but growing set of studies investigating
the relationship between the proximity of modern oil and gas extraction nearby communities and health
impacts. The published studies that have examined this relationship have considered health outcomes,
exposure to toxic health risks, and discussed whether current setback requirements in various states are
adequate to ensure the health and safety of people who live, work, play, and learn near these facilities.
These studies were conducted primarily in lower population density communities and states. Yet, the
majority of these studies find a positive correlation between distance of a home from an active oil or gas
well and adverse health outcomes. The closer people live to oil and gas wells, the more likely they will be
exposed to toxic air contaminants and the more elevated their risk of associated health effects.1 Most of
these distances are measured at a half-mile to a mile (See Table 2). Distances in Los Angeles are much
closer. No peer-reviewed studies to date have investigated the relationship between the proximity of oil
and gas development and health outcomes in California, nor have any studied this issue in the U.S. urban
context. In Los Angeles alone, about 1.7 million people live within 1 mile of an active oil or gas well, and
of that group, more than 32,000 people live within 100 m (about 328 feet) of an oil or gas well.2
Overview of Report Contents
A total of 14 studies and publications were considered for this report that
The population density
investigated the health and quality of life impacts and exposures of
in South Los Angeles is
unconventional natural gas development proximate to residences. Of the
about 133 times greater
14 studies and publications, 6 considered the distance of an active well to
than the populations
place of residence (Table 1), while the remaining 4 considered the
investigated in the
concentration of wells proximate to residences (Table 2). Four of the
existing literature.
publications are studies and non-peer reviewed reports that have setback
recommendations or relevant considerations for a safe setback margin (included in Table 1). The distances
considered in this report range in setback recommendations and findings from 1,500 to 6,600 feet. Among
the peer-reviewed studies that specified where samples and data were collected, the average population
density was about 150 people per square mile. To compare, the population density for the City of Los
Angeles is about 50 times greater at 8,092.3 people per square mile. In neighborhoods like South Los
Angeles that is home to several active oil drilling sites, the population densities are up to more than 20,000
people per square mile.3 The population density in South Los Angeles is about 133 times greater than
those of the populations investigated in the existing literature. Table 1 lays out the peer-reviewed studies
included in this report, ordered by the safe setback distance each study considered. Advocacy groups in
Los Angeles have called for a 2,500-setback law to protect the health and safety of nearby residents. Based
on the current available research, a 2,500-foot setback recommendation is on the lower end of the
range of distances where research has determined harmful health and quality of life impacts of toxic
emissions and exposures.
1

Oil and Gas Extraction Methods
During much of the early and mid 1900’s, conventional methods of extracting oil depleted most of the oil
fields throughout the country. In Los Angeles, only 10% of oil field reservoirs can be recovered by
conventional means.2 Now, in order to access resources that are deeper or more difficult to recover than
those that have been recovered historically, oil industry has pursued new technologies in
“unconventional” or “enhanced oil recovery” methods.2,5 These methods include steam, water, and/or
chemical injection, hydraulic fracturing, acidization, and gravel packing.

Although the existing research has primarily focused on health impacts and toxic emissions from
unconventional natural gas development, many of the same chemicals of concern used in so-called
unconventional activities are used in routine activities such as well maintenance, well-completion, or
rework on both conventional oil and natural gas wells.6 There are many applications of hazardous
chemicals in oil and gas development, and in fact the routine operational chemical use data is less
available than that for unconventional chemical use activities.6
In Los Angeles, many of the extraction facilities utilize unconventional techniques, such as acidizing with
hydrochloric and hydrofluoric acid, directional drilling, and gravel packing which involves use of tons of
carcinogenic silica sand. Many of the oil fields in Los Angeles produce both oil and gas at a relatively equal
ratio. Among the top ten producing oil fields in the City of Los Angeles, which include Beverly Hills,
Wilmington, and Las Cienegas oil fields, the ratio of gas to oil production is about 0.91.7 Therefore, the
existing research in other parts of the country holds relevance for the nature of oil and gas extraction in
Los Angeles.
Health and Quality of Life Impacts
The consequences to health from oil and gas activity investigated in the reviewed studies include birth
outcomes, asthma, other respiratory and dermal impacts, pediatric sub-chronic non-cancer and chronic
hazard indices, unhealthy noise levels, and various associated health symptoms. Among the existing
research, the greatest distance to oil and gas activity investigated was 2 km (6,561 feet) where exposure
to hydrogen sulfide combined with VOCs were detected.7 The shortest distance measurement studied
was 1,500 feet and this study found significantly more reports of health symptoms in households within
1,500 feet of an active well. The health symptoms included throat irritation, sinus problems, nasal
irritation, eye burning, severe headaches, loss of sense of smell, persistent cough, frequent nose bleeds,
swollen painful joints.9 Rabinowitz, et al. (2015) found an increased number of reported upper respiratory
symptoms and skin conditions among residents who lived less than 1 km (3,280 feet) from an active well
when compared with residents who lived more than 2 km (6,561 feet) from an active well.10 McKenzie, et
al. (2012) found elevated risk of health effects from natural gas development for residents living less than
half a mile from wells. They primarily considered the subchronic non-cancer hazard index, which was
primarily driven up by exposure to trimethylbenzenes, xylenes, and aliphatic hydrocarbons, and chronic
hazard index measurements, which were driven up by benzene exposure.11

Another dimension of health impacts related to oil and gas development is noise levels. Boyle, et al. (2017)
conducted a pilot study investigating the 24-hour noise levels of a compressor station relative to
residential homes both indoors and outdoors.12 His study determined that homes up to 600m away (about
1,968 feet) experienced outdoor noise levels that exceeded the U.S. Environmental Protection Agency’s
2

recommended limit of 55 dBA 100% of the time.12 In addition to these punctuated periods of noise, the
regular day-to-day operations at the site cause what has been described as “buzzing” throughout the
night makes it difficult to sleep. Recent studies have increasingly focused on “non-auditory” effects of
noise on health including annoyance, sleep disturbance, daytime sleepiness, hypertension, cardiovascular
disease, and diminished cognitive performance in school children.13 Many residents living in close
proximity to oil and gas development sites in Los Angeles routinely complain of noise from routine
operations.
Air Quality and Toxic Exposure
Three of the studies investigated levels of volatile organic compounds (VOCs) and endocrine disrupting
chemicals that exceeded regulatory agency minimum standards. Haley, et al. (2016) discussed how
exposures of hydrogen sulfide combined with VOCs could produce potentially new harmful exposures
that could be detected at distances up to 2 km (about 6,561 feet).7 Macey, et al. (2014) investigated
several jurisdictions with setback regulations for oil and gas operations and conducted air monitoring
sampling to examine if the setbacks were adequate.14 The findings revealed high concentrations of
carcinogenic VOCs at distances greater than the setback regulations, including formaldehyde at 2,591 feet
and benzene up to 885 feet away from wells. The study also discussed how health-based risk levels that
most regulatory agencies rely on for setting limits on air emissions are very limited in providing a sense of
the human health impacts.14 The risk level standards do not account for more vulnerable subpopulations
like children and the elderly. Additionally, the number of compounds
that are required for monitoring and toxicity reporting is relatively small
The findings revealed high
when considering the vast number of chemicals required for oil and gas
concentrations of VOCs at
14
operations. Kassotis, et al. (2014) found elevated levels of endocrine
greater distances than the
setback regulations, including
disrupting chemicals in water sources 1 mile away from oil and gas
formaldehyde at 2,591 feet
operations with known spills or incidences.15 The study noted that near
and
benzene up to 885 feet
one of the investigated facilities contaminated by endocrine disrupting
away from wells.
chemicals (EDCs), some of the animals in the area were no longer
producing live offspring.
Explosion Risk and Hazards
Haley, et al. (2016) considered the minimum distance that might be required in case of a blow-out or
explosion event by investigating historical evacuation data.7 For example, an explosion in the Barnett
Shale in northern Texas produced a 750-foot burn crater.16 Their findings determined that the average
evacuation zone for such incidences is 0.8 miles, or 4,224 feet. A blowout in Wyoming County, PA required
a 1,500 foot evacuation zone, which required the evacuation of only 3 families.17 Considering that in
Wyoming County the population density was only 71.2 people per square mile1816 compared to a densely
populated neighborhood in South Los Angeles with a population density of over 20,000, if a similar event
were to happen, the same distance of 1,500 feet would require evacuation of 100,743 people. A very
recent example of natural gas pipeline explosion accident comes from rural Colorado. On April 17, 2017,
a one-inch abandoned pipeline exploded under a home in Colorado, leveled the house, killed two people
and badly burned a third person. The gas well head was located just 178 feet from the home.19
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Dense Population of the City of Los Angeles and Close Proximity to Oil and Gas Facilities Magnifies Health
and Safety Risks
Four studies investigated the relationship between health outcomes and the number of wells within a
certain radius of residential homes (Table 3). The studies were concerned with birth outcomes and
childhood leukemia and were conducted in Pennsylvania and Colorado. The density measures ranged
from 3.36 – 125 wells per square mile. To compare to Los Angeles, the four extraction facilities in South
Los Angeles that extract from the Las Cienegas oil field, the 2nd largest gas producing field in Los Angeles,
each have 22 to 36 oil and gas wells operating less than 100 feet from residential homes. The Inglewood
oil field has over 1000 wells operating well within 1 mile of residential homes, recreation parks, and other
sensitive land uses.

The studies that investigated poor birth outcomes found that mothers in the sampling population who
lived near the highest density of active wells were 1.3 more likely to give birth to a child who had
congenital heart defects (CHD) and 2 times more likely to give birth to a child with neural tube defects
(NTD),22 higher incidences of LBW and SGA,23 and increased rate of preterm birth.24 McKenzie, et al. (2017)
found that increased well density was associated with increased risk for acute lymphocytic leukemia in
people ages 5-24.25
Delphi Technique
In addition to peer review studies, a consortium of experts in environmental studies and public health
have also assessed and considered policy recommendations to address the health and safety
consequences of close proximity to oil and gas development. The Environmental Health Project (EHP) is a
public health organization that utilized the Delphi Technique to arrive at an expert consensus on an
appropriate setback distance for unconventional oil and gas development from human activity.21 “The
Delphi is an accepted method for reaching convergence of expert
…89% participant
opinion about a specific topic,” and in this study, consensus was
agreement that
defined as 70% agreement of panelists. The process resulted in an 89%
1 to 1.25-mile distance
participant agreement that 1 to 1.25-mile distance (6,600 feet) from
from unconventional oil and unconventional oil and gas development is an acceptable minimum to
gas development is an
protect human health. Additionally, the study recommends greater
acceptable minimum.
setback distances for settings where vulnerable subpopulations might
gather, such as schools, day care centers, and hospitals.
Existing setback laws
It is clear that throughout the scientific literature that
…existing setback laws in various
researchers agree the existing setback laws in various
jurisdictions throughout the U.S. are
jurisdictions throughout the U.S. are inadequate to protect
inadequate to protect the health and
the health and safety of residents who live, work, and play
safety
of residents who live, work, and
near oil and gas operations. Existing setback laws range
play nearby oil and gas operations.
from 150 to 1,500 feet. States like Arkansas, Colorado, and
Ohio have varying setback distances from different
sensitive land uses.7,14 Pennsylvania and Texas have state level setback laws for any oil and gas operations
near residential land use. Several municipalities in Denton County, Texas, have enforced stronger setback
laws. In response to override these municipalities, the Texas state legislature subsequently passed HB40
4

which preempts regulation of oil and gas operations by municipalities. Haley, et al. (2016) determined
that based on historical catastrophic events, thermal modeling, vapor cloud modeling, and air pollution
data, these existing setbacks laws are not sufficient to protect potential risks and threats to human health
from hydraulic fracturing operations.7 Macey, et al. (2014) considered the concentration of VOCs in five
different states and determined that the setbacks in those states were inadequate to prevent exposure
to formaldehyde and benzene.14 Majority of the established setback laws were typically decided by
negotiations between stakeholders, like residents and policymakers, and not supported by scientific,
empirical data.23 The state of Maryland is one example of a jurisdiction that scientifically investigated the
health and safety impact of oil and gas operations. In July of 2014, the University of Maryland School of
Public Health conducted another study that focused on public health impacts.26 Among the 52
recommendations that resulted from the investigation, the researchers recommended a minimum 2,000foot setback between dwellings and well pads and non-electric motor compressor stations. In 2017,
Maryland became the second state in the country to ban hydraulic fracturing.27
Conclusions
While few studies have investigated the relationship between the proximity of oil and gas operations and
human health impacts, this body of literature does highlight a clear public health concern and that existing
setback laws are not adequately protecting public health and safety. The growing body of scientific
literature recognizes that a setback distance between oil and gas operations and locations where people
live, work, play, and learn are necessary to protect human health and safety. Setbacks are especially crucial
to protect vulnerable populations, such as children, elderly, and the chronically ill or disabled. The 2,500foot setback recommendation incorporates recognition of Los Angeles’ population density and the
vulnerability of residents, schoolchildren, and the elderly from health hazards and possible disasters
related to oil development. The current literature has identified that existing laws are not adequate for
low density, rural communities. This finding underscores the need for a stronger setback in Los Angeles’
densely populated urban environment. Many of the impacted communities are in close proximity to a
large number of wells and other oil and gas development facilities and are already overburdened by
exposure to cumulative environmental health impacts from other industrial and transportation sources.
These marginalized communities have long endured environmental injustice. The scientific literature and
published reports make a strong case for a far more protective health and safety setback for the City of
Los Angeles than currently exists in other jurisdictions, and creates a substantial basis for the 2,500-foot
setback proposed by community advocates.
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Table 1. Comparison of studies and reports by distance to active oil and gas wells with
consideration to population density.
Green-blue shaded rows are non-peer reviewed reports. Light blue shaded rows are peer reviewed publications that have relevant setback
considerations or recommendations.
*Population density values based on 2010 U.S. Census Fact Finder Population density data.
Distance with health /
exposure finding
impact /
recommendation

Converted
to feet

Pop Density 2010
of investigated
counties/states
(residents per
sq.mi.)) *

Delphi Technique

1 to 1.25 mile

6,600 feet

--

Exposure to hydrogen sulfide combined with VOCs could
produce potentially new set of exposures - detected at
distances of 2 km

2 km

6,561 feet

--

Considered blow-out and evacuation data, average
evacuation zone was 0.8 miles. Explosion in Barnett Shale
14
produced a 750-ft burn crater.

0.8 miles

4,224 feet

--

Elevated levels of endocrine disrupting chemicals in water
sources 1 mile from sites that had known spills/incidents animals no longer produced live offspring…
Location: Garfield County, Colorado

1 mile

5,280 feet

19.1

Literature review on neurodevelopmental and neurological
effects of chemicals associated with UOG operations and
their potential effects on infants and children. Made a
recommended minimum setback of 1.6 km.

1.6 km

5,249 feet

--

Rabinowitz, et al.,
10
2015

Significant respiratory and dermal impacts
Location: Washington County, PA

Less than 1 km

3,280 feet

242.5

McKenzie, Witter,
Newman, &
11
Adgate, 2012

Significantly increased risk of pediatric sub-chronic noncancer hazard & Chronic hazard indices

Less than ½ mile

2,640 feet

Rural areas and
towns, population
<50,000 in 57
counties

Macey, et al.,
14
2014

Monitored high concentrations of VOCs - up to 2,591 ft
Location: Counties in 4 states – AR, PA, CO, OH

2,591 ft

2,591 feet

137.45 (average)

Citation

Health Impact / Exposure Finding

SW Pennsylvania
EHP Technical
21
Reports
Haley, et al., 2016

7

Haley, et al., 2016
& Heinkel-Wolfe,
14
2013

7

Kassotis, et al.,
16
2014

Webb, Ellen, et al.
2017

8,092.30

2,500 FEET RECOMMENDATION FOR CITY OF LOS ANGELES

University of
Maryland School of
Public Health
26
2014

Recommended min setback distance of 2,000 ft from well
pads
Location: state of MD

1,000 ft

2,000 feet

594.8

Boyle, et al.,
12
2017

Unhealthy noise levels
Location: Doddridge County, WV

< 600m

1,969 feet

25.7

Steinzor, Subra, &
9
Sumi, 2013

Significantly higher rates of health symptoms in households
within 1,500 ft of an active well
Location: 14 counties in PA

1,500 ft

1,500 feet

165.1
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Table 2. Studies investigating the relationship of health outcomes and proximity to concentration
of wells

Citation

Health Outcome

Measurement Used

Well
Concentration/
Density
(by wells per
sq mile)

Pop Density
2010 of
investigated
counties/states
(residents per
sq.mi.)) *

McKenzie, et al.,
25
2017

In rural Colorado, People ages 5-24 had a 3-4 times
higher risk for developing acute lymphocytic leukemia
Location: state of Colorado

>33.6 wells in 16.1 km or
10 miles

3.36 wells

48.5

Stacy, et al., 2015

Birth outcomes by concentration of wells. Those with
6+ wells within mile had higher incidence of SGA and
LBW in SW Pennsylvania
Location: 3 counties in PA (Butler, Washington,
Westmoreland

6+ wells per 1 mile

6 wells

277.0 (average)

Mothers who lived in the highest exposure quartile
were 1.4 times more likely to give birth to children
who were considered low birth weight (LBW) and
smaller than gestational age (SGA).
Location: 40 counties in PA – Using state population
density

Highest exposure quartile
had 124 wells within 20
km; lowest had 8 wells
within 20 km

About 10 wells

283.9

36 wells within 1 mile

36 wells

21,848

125 wells

Rural areas and
towns,
population
<50,000 in 57
counties

23

Casey, et al., 2016

24

South Los Angeles – Jefferson Drill Site (example for comparison)

McKenzie, et al.,
22
2014

In rural Colorado, mothers who lived in higher
exposure tertile had 1.3 higher chance of giving birth
to a child with congenital heart defect (CHD)2.4
higher chance of having Neural Tube Defect. Even in
nd
the 2 tertile of highest exposure, mothers were 1.2
more likely to give birth to a child with CHD.
Location:

Highest exposure tertile
had 125-1400 wells within
a mile, the next highest
tertile had 3.63-125 wells
within a mile.

*Population density values based on 2010 U.S. Census Fact Finder Population density data.
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At least 447 new coronavirus deaths and 36,836 new cases were reported
in the United States on Sept. 14. Over the past week, there have been an
average of 36,731 cases per day, a decrease of 12 percent from the average
two weeks earlier.
As of Tuesday evening, more than 6,612,700 people in the United States
have been infected with the coronavirus and at least 195,500 have died,
according to a New York Times database.
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Case numbers remain persistently high across much of the country,
though reports of new cases have dropped considerably since late July,
when the country averaged well over 60,000 per day.
But as many of the country’s most populous states saw vast improvement,
and as the Northeast kept case reports low, new infections were rising by
late summer across parts of the Midwest and South.
Deaths, though still well below their peak spring levels, averaged around
850 per day in early September, far more than were reported in early July.
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States where new cases are higher had a daily average of at least 15 new cases per
100,000 people over the past week. Charts show daily cases per capita and are on the
same scale. Tap a state to see detailed map page.
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Where new cases are lower but going up
States where new cases are lower had a daily average of less than 15 new cases per
100,000 people over the past week. Charts show daily cases and are individually scaled
to the maximum for each state. Tap a state to see detailed map page.
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Where new cases are lower and staying low
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Where new deaths are increasing
Charts show daily deaths per capita and are on the same scale. States are sorted by
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These states have had the highest growth in newly reported deaths over
the last 14 days. Deaths tend to rise a few weeks after a rise in infections,
as there is typically a delay between when people are infected, when they
die and when deaths are reported. Some deaths reported in the last two
weeks may have occurred much earlier because of these delays.
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A year that started out normal — with packed sports arenas, busy airports
and handshake-heavy political campaigning — quickly became deﬁned by
the pandemic.
In late February, there were just a few dozen known cases in the United
States, most of them linked to travel. But by summer, the virus had torn
through every state, infecting more people than the combined populations
of Louisiana and Wyoming. The national death toll exceeded 185,000, more
than the population of Providence, R.I. And after glimmers of progress in
the late spring, cases surged to new records in July.
Cases and deaths by state and county
This table is sorted by places with the most cases per 100,000 residents in the last seven
days. Charts are colored to reveal when outbreaks emerged.
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American life has been fundamentally reordered because of the virus.
Concerts, parades and high school football games continue to be called off.
Countless people have found themselves jobless and struggling to afford
housing. Many schools and colleges will hold few or no in-person classes
this fall. More than 88,000 cases have been linked to colleges and
universities over the course of the pandemic.
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These are days with a data reporting anomaly. Read more here.

The New York Times has found that ofﬁcial tallies in the United States and in more than a dozen
other countries have undercounted deaths during the coronavirus outbreak because of limited
testing availability.
https://www.nytimes.com/interactive/2020/us/coronavirus-us-cases.html
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The New York Times is engaged in a comprehensive effort to track
information on every coronavirus case in the United States, collecting
information from federal, state and local ofﬁcials around the clock. The
numbers in this article are being updated several times a day based on the
latest information our journalists are gathering from around the country.
The Times has made that data public in hopes of helping researchers and
policymakers as they seek to slow the pandemic and prevent future ones.
The Times’s data collection for this page is based on reports from state and
local health agencies, a process that is unchanged by the Trump
administration's requirement that hospitals bypass the Centers for
Disease Control and Prevention and send all patient information to a
central database in Washington.

ADVERTISEMENT

The places hit hardest
The coronavirus has left no state unscathed. But its impact has been wildly
uneven.
Ofﬁcials in California, Florida and Texas, the states with the most known
cases, have each identiﬁed more than 600,000 cases. In a few less populous
states, including Vermont and Wyoming, there are fewer than 5,000
patients. And in a handful of remote counties, there has been not even one
positive test.
The nation’s most populous places have all suffered tremendously. In Cook
County, Ill., which includes Chicago, more than 5,000 people have died. In
Los Angeles County, Calif., at least 246,000 people have had the virus,
more than in most states. And in New York City, about one of every 360
residents has died.
But unlike in the early days of the pandemic, it is not so simple to say that
big cities have been hit hardest. On a per capita basis, many of the places
with the most cases have been small and mid-sized metros in the
Southwest with large Native American or Hispanic populations. In Yuma
County, Ariz., along the country’s border with Mexico, about one of every
https://www.nytimes.com/interactive/2020/us/coronavirus-us-cases.html
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17 residents is known to have had the virus. In McKinley County, N.M.,
which includes part of the hard-hit Navajo Nation, one of every 300
residents has died from Covid-19.
Hot spots: Counties with the highest number of recent cases per resident
Search counties

TOTAL CASES

PER
100,000

CASES
IN LAST
7 DAYS

Wheeler, Ga.

309

3,934

155

1,973

Craig, Okla.

398

2,814

211

1,492

Luce, Mich.

217

3,484

91

1,461

Chattahoochee, Ga.

1,583

14,514

145

1,329

East Feliciana, La.

1,687

8,816

219

1,144

Rosebud, Mont.

466

5,214

81

906

Bollinger, Mo.

263

2,168

101

832

Harrisonburg, Va.

2,269

4,280

391

738

Hardeman, Tenn.

1,472

5,876

182

727

820

5,382

108

709

COUNTY

Union, Fla.

PER
100,000

WEEKLY CASES PER
CAPITA
FEWER

MORE

March 1

Sept. 14

Show all
Note: Recent cases are from the last seven days.

ADVERTISEMENT

Hundreds of thousands of cases traced to clusters
Coronavirus outbreaks have been traced to funerals, fast food restaurants,
cruise ships and Navy vessels. But most of the biggest known clusters
have been in nursing homes, food processing plants and correctional
facilities, all places where people are packed in close quarters with little
opportunity for social distancing.
https://www.nytimes.com/interactive/2020/us/coronavirus-us-cases.html
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Read more here about some of the country’s less-noticed coronavirus
clusters.
Coronavirus cases have been reported in more than 18,000 nursing homes
and other long-term care facilities, according to data collected by The New
York Times from states, counties, the federal government and facilities
themselves. More than 439,000 residents and employees have been
infected in those homes, and more than 72,000 have died. That means
more than 35 percent of deaths from the virus in the United States have
been tied to nursing homes and other long-term care facilities.
Weʼre tracking the devastating effects of the coronavirus in more than 16,000 nursing homes
across the country »

“This disease creates the potential for a perfect storm in a long-term care
facility — large groups of vulnerable people living together and a highly
transmissible virus that may not cause symptoms in those who care for
them,” said Dr. Daniel Rusyniak, the chief medical ofﬁcer for Indiana’s
state social services agency.
In American jails and prisons, more than 186,000 people have been
infected and at least 1,120 inmates and correctional ofﬁcers have died.
During interviews with dozens of inmates across the country, many said
they were frightened and frustrated by what prison ofﬁcials have
acknowledged has been an uneven response to the virus.
“I am very concerned,” said Adamu Chan, an inmate at San Quentin State
Prison in California, which has become one of the nation’s largest
coronavirus clusters with more than 2,500 infections and 27 deaths.
“There’s no way to social distance. We all eat together. We have a
communal bathroom. There’s no way to address a public health issue in an
overcrowded facility.”
Since March, The Times has sought information on clusters from state and
county ofﬁcials, as well as companies and facility operators. Of the
thousands of clusters conﬁrmed by reporters, The Times is publishing a
list of groupings of 50 more cases linked to a speciﬁc site, workplace or
event.
Search clusters
https://www.nytimes.com/interactive/2020/us/coronavirus-us-cases.html
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CASES CONNECTED TO

CASES

San Quentin State Prison — San Quentin, Calif.

2,526

Avenal State Prison — Avenal, Calif.

2,511

Marion Correctional Institution — Marion, Ohio

2,443

Miami-Dade County Jail — Miami, Fla.

2,099

Pickaway Correctional Institution — Scioto Township, Ohio

1,795

Columbia Correctional Institution — Lake City, Fla.

1,456

Seagoville federal prison — Seagoville, Texas

1,392

North County jail — Castaic, Calif.

1,391

Trousdale Turner Correctional Center — Hartsville, Tenn.

1,385

Ouachita River Unit prison — Malvern, Ark.

1,345

Show all

About the data
In data for the United States, The Times uses reports from state, county
and regional health departments. Most governments update their data on
a daily basis, and report cases and deaths based on an individual’s
residence.
Not all governments report these the same way. The Times uses the total
of conﬁrmed and probable counts when they are available individually or
combined. To see whether a state includes probable cases and deaths, visit
the individual state pages listed at the bottom of this page.
The Times has identiﬁed the following reporting anomalies or
methodology changes in the data:
• June 25: New Jersey began reporting probable deaths.
• June 30: New York City released deaths from earlier periods but did not

specify when they were from.
• July 27: Texas began reporting deaths based on death certiﬁcates,

causing a one-day increase.
https://www.nytimes.com/interactive/2020/us/coronavirus-us-cases.html
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• To see a detailed list of all reporting anomalies, visit the individual state

pages listed at the bottom of this page.
The U.S. data includes cases and deaths that have been identiﬁed by public
health ofﬁcials as conﬁrmed coronavirus patients, and also includes
probable coronavirus cases and deaths when governments report them.
Confirmed cases and deaths, which are widely considered to be an
undercount of the true toll, are counts of individuals whose coronavirus
infections were conﬁrmed by a molecular laboratory test. Probable cases
and deaths count individuals who meet criteria for other types of testing,
symptoms and exposure, as developed by national and local governments.
Governments often revise data or report a single-day large increase in
cases or deaths from unspeciﬁed days without historical revisions, which
can cause an irregular pattern in the daily reported ﬁgures. The Times is
excluding these anomalies from seven-day averages when possible.
Read more about the methodology and download county-level data for coronavirus cases in the
United States from The New York Times on GitHub.
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What you can do
Experts’ understanding of how the Covid-19 works is growing. It seems
that there are four factors that most likely play a role: how close you get to
an infected person; how long you are near that person; whether that
person expels viral droplets on or near you; and how much you touch your
face afterwards. Here is a guide to the symptoms of Covid-19.
You can help reduce your risk and do your part to protect others by
following some basic steps:
• Keep your distance from others. Stay at least six feet away from people

outside your household as much as possible.
• Wear a mask outside your home. A mask protects others from your

germs, and it protects you from infection as well. The more people who
wear masks, the more we all stay safer.
• Wash your hands often. Anytime you come in contact with a surface

outside your home, scrub with soap for at least 20 seconds, rinse and
then dry your hands with a clean towel.
• Avoid touching your face. The virus can spread when our hands come

into contact with the virus, and we touch our nose, mouth or eyes. Try to
keep your hands away from your face unless you have just recently
washed them.
Hereʼs a complete guide on how you can prepare for the coronavirus outbreak.
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Abstract
Background: Recent epidemiological evidence has demonstrated a higher rate of COVID-19
hospitalizations and deaths among minorities. This pattern of race-ethnic disparities emerging
throughout the United States raises the question of what social factors may influence spread of a
highly transmissible novel coronavirus. The purpose of this study is to describe race-ethnic and
socioeconomic disparities associated with COVID-19 in patients in our community in Orange
County, California and understand the role of individual-level factors, neighborhood-level
factors, and access to care on outcomes.

Methods: This is a case-series of COVID-19 patients from the University of California, Irvine
(UCI) across six-weeks between 3/12/2020 and 4/22/2020. Note, California’s shelter-in-place
order began on 3/19/2020. Individual-level factors included race-ethnicity status were recorded.
Neighborhood-level factors from census tracts included median household income, mean
household size, proportion without a college degree, proportion working from home, and
proportion without health insurance were also recorded.

Results: A total of 210-patients tested were COVID-19 positive, of which 73.3% (154/210)
resided in Orange County. Hispanic/Latinx patients residing in census tracts below the median
income demonstrated exponential growth (rate = 55.9%, R2 = 0.9742) during the study period.
In addition, there was a significant difference for both race-ethnic (p < 0.001) and income
bracket (p = 0.001) distributions prior to and after California’s shelter-in-place. In addition, the
percentage of individuals residing in neighborhoods with denser households (p = 0.046), lower
levels of college graduation (p < 0.001), health insurance coverage (p = 0.01), and ability to
work from home (p < 0.001) significantly increased over the same timeframe.

Conclusions and Relevance: Our study examines the race-ethnic disparities in Orange County,
CA, and highlights vulnerable populations that are at increased risk for contracting COVID-19.
Our descriptive case series illustrates that we also need to consider socioeconomic factors, which
ultimately set the stage for biological and social disparities.
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Introduction
By April 28, 2020, the COVID-19 pandemic has infected over 1 million individuals in
the United States, with nearly 60,000 associated deaths1. Furthermore, COVID-19 has produced
disproportionately worse outcomes among underserved minority populations. For example,
recent epidemiological evidence has demonstrated a higher rate of hospital admissions and
deaths among Hispanic/Latinx and African American communities2,3. In New York City,
Hispanic/Latinx and African American patients represent 34% and 28% of fatalities despite only
representing 29% and 22% of the population, respectively4. Understanding the critical pattern of
race-ethnic disparities related to COVID-19 necessitates exploration of biological, social, and
environmental factors as well as the interaction of these factors.
It is widely accepted that social determinants of health, "conditions in which people are
born, grow, work, live, age, and the wider set of forces and systems,”5 play a critical role in the
creation of disparities related to morbidity, mortality, and quality of life for most chronic,
noncommunicable diseases (NCD's) including cardiovascular disease, stroke, diabetes, asthma,
and certain cancers6. These social determinants include poverty, wealth, educational quality,
neighborhood conditions, childhood experience, social support, access, etc. Social determinants
linked to NCD's are thought to adversely impact disease outcomes via chronic exposures
throughout the life course6,7. Unfortunately, the relatively short duration of acute infectious
disease has limited investigations into the impact of social determinants, as most of this research
has been conducted in chronic infections including HIV and TB8. However, more recent research
on influenza suggested individual-level factors, neighborhood level factors, access to care, and
social policies were associated with disparities in both respiratory infections and vaccine uptake911

. For example, Chandrasekhar et al. observed that these factors could partially explain the
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variability in influenza hospitalizations with census tract data9. However, little is known about
the social determinants of COVID-19 outcomes.
The pattern of race-ethnic disparities in COVID-19 outcomes emerging throughout the
United States begs the question of what social factors may influence a highly transmissible,
rapidly spreading novel coronavirus. Understanding the mechanisms associated with disparities
in severe illness and death will inform the design of equitable public health strategies and
preparedness plans for emerging and reemerging infectious diseases. The purpose of this study is
to describe race-ethnic and socioeconomic disparities associated with COVID-19 in patients in
our community in Orange County, California. Specifically, we sought to understand the role of
individual-level factors, neighborhood-level factors, and access to care on COVID-19 outcomes.
Further, we sought to understand the role of social distancing as an equitable public health policy
that may not be available to those who cannot work from home.
Methodology
Patient selection
This descriptive case series included patients with confirmed COVID-19 infections who
presented to the University of California Irvine Medical Center (UCI), the only academic
teaching hospital (411 beds) located in Orange County, California, from March 12, 2020, to
April 22, 2020. Study Day 1 was March 12, 2020, which corresponds to the date of presentation
of the first confirmed COVID-19 case at UCI. COVID-19 status was diagnosed by nucleic acid
detection assays for all patients. Retrospective collection of patient data was approved by UCI’s
Institutional Review Board.

Individual-level factors
5
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We obtained demographic and socioeconomic information through manual retrospective chart
review of all COVID-19 cases. Race-ethnicity data is commonly collected at UCI through
patient/proxy self-report. Additional individual-level factors included the patient's marital status,
address, and occupation status. Patient home addresses were used to determine the census tract
and whether the patients lived in a house or apartment.

Neighborhood-level factors
We obtained ecological-level information through address linkage at the level of the census tract
(the smallest census geographic unit in the United States) to the 2019 Federal Financial
Institutions Examination Council (FFIEC) census reports, which contains 583 census tracts in
Orange County12,13. Census tracts are uniquely numbered geographic areas that average 4,000
inhabitants from 1,600 housing units and represent relatively homogenous population
characteristics14. As UCI is a tertiary referral center, patients geocoded to a census tract other
than Orange County were excluded.
Census variables included: (1) median household income, (2) average household size, (3)
percent of inhabitants 25-years and over with a college degree, (4) percent of working
inhabitants 16-years and over that work from home, and (5) percent of inhabitants without health
insurance. We ecologically classified individuals living in areas where the household income fell
between 80% and 120% of the Orange County Median Family Income ($89,398 for 2019) as
middle-income status12. We ecologically classified individuals living in areas where the
household income fell below 80% of Median Family Income as lower-income and individuals
living in areas where the household income was above 120% of Median Family income as
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upper-income. We ecologically classified the proportion of inhabitants who work from home as
the ability to shelter in place.

Statistical Analysis
Descriptive statistics were generated for demographic variables of all patients, including age,
gender, and race-ethnic status. Growth patterns between weeks 1 and 6 for income brackets
(Lower, Middle, and Upper) and race-ethnic groups (White, Asian, and Hispanic/Latinx) were
studied by using least-squares regression analysis. We fully acknowledge that both Latinx and
Black populations have been disproportionately affected by COVID-19; however, Black
individuals account for 2.1% of the Orange County population12 and we do not have a large
enough representation for statistical analysis of this group. Three models were tested to fit each
time series: linear, exponential, and logistic growth curves. The slope-intercept equation, y = mx
+ b, where y is the number of new COVID-19 cases, m is the slope, and b is the y-intercept, was
used for linear regression. The standard exponential growth equation, a = Nert, where a is the
number of new COVID-19 cases, N is a constant, r is the growth rate, and t is time after the start
of our collection period was used for exponential regression. A standard logistic growth
equation, a = amax/(1 + Be−rt), where amax is the asymptotic maximum number of articles,
and B and r are constants that affect the contour of the growth curve, was used for logistic
regression. A P value of less than or equal to 0.05 was considered to indicate significance. The
Akaike information criterion was used as a measure of the goodness of fit of the three models,
with the best fit determined by lowest value15.
To assess difference between income and race-ethnic status with respect to California's
statewide stay-at-home order (which began on 3/19/2020), proportions of cases from 2 week
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blocks from the pre-shelter period (Weeks 1-2, 3/12/2020 – 3/25/2020) and post-shelter period
(Weeks 4-5, 4/2/2020 – 4/15/2020), were compared using Pearson's chi-square.
Pearson's chi-square was also used to test for significant differences in race-ethnic
breakdown between county demographics, all positive COVID-19 patients, and critical COVID19 patients, defined as need for ICU-level care or mechanical ventilation or death. Number of
cases of COVID-19 per 100,000 population and proportion with critical disease were computed
for each race-ethnic group with corresponding 95% confidence intervals. A p-value of 0.05 was
considered significant for all analyses.

Results
Subjects
A total of 1,940 COVID-19 nucleic acid detection tests were conducted over the study period, of
which 10.8% (210/1,940) were positive. Of positive cases, 73.3% (154/210) had an identifiable
medical record and met inclusion criteria. This included 80 males and 74 females with an
average age of 44.7 years (range, 13-88 years) (eTable 1).

Individual-level Factors
The race-ethnic distribution of our patients was 40.3% (62/154) Hispanic/Latinx, 24.0% (37/154)
White, 21.4% (33/154) Asian, 2.6% (4/154) Black, and 11.7% (18/154) Other/Unknown, and
changes in race-ethnic distribution were monitored over the six-week study period (Figure 1A).
During this period, the number of Hispanic/Latinx COVID-19 cases grew linearly (R2 = 0.997)
starting after the first case in Week 2 with 5.9 new patients per week (p < 0.001). No significant
growth pattern was observed for either White or Asian persons (p = 0.53 and p = 0.43,
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respectively). There was a significant difference observed in race-ethnic distribution relative to
the time of shelter (Weeks 1-2 vs. Weeks 4-5) with p < 0.001 (Figure 1B).
Neighborhood-level factors
The median household income for recorded census tracts was $80,190 (range $25,705 to
$214,323), which included 45.3% (68/150) Lower, 29.3% (44/150) Middle, and 25.3% (38/150)
Upper income brackets over the six-week study period (Figure 2A). Across the study period,
patients residing in low income tracts demonstrated an exponential growth rate (r = 64.2%, R2 =
0.958) (p = 0.001). Patients residing in middle-income tracts demonstrated a linear growth rate
(1.9 patients per weak, p = 0.02). No significant growth rate was observed for patients residing in
high-income tracts (p = 0.40). There was a significant difference observed in the income bracket
distribution of census tracts relative to the time of shelter (Weeks 1-2 vs. Weeks 4-5) with p =
0.04 (Figure 2B).
We divided patients into groups residing in tracts above and below the median income
and examined the race-ethnic distribution of COVID-19 cases over the study period. Only
Hispanic/Latinx COVID-19 cases residing in tracts below the median income demonstrated
exponential growth (r = 55.9%, R2 = 0.9742) (Figure 3). We observed no significant growth rate
in new COVID-19 cases amongst Hispanic/Latinx patients who lived in tracts above the Orange
County median income (>$85,398) or amongst White or Asian patients in either income group.
Over the study period, the mean household size assigned by census tracts rose linearly
from 2.52 to 4.01 (0.28 increase per week, R2 = 0.903, p = 0.046) (Figure 4A). With regards to
education, the mean percentage of census tract inhabitants without a college degree rose linearly
from 45.2% to 80.0% (7.2% increase per week, R2 = 0.939, p < 0.001) (Figure 4B). The mean
proportion of inhabitants working from home in the representative census tracts declined linearly
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from 6.3% to 3.3% (-0.6% increase per week, R2 = 0.989, p < 0.001) (Figure 4C). Lastly, the
mean distribution of inhabitants who have no health insurance in the representative census tracts
rose grew exponentially from 7.0% to 13.8% (r = 12.2%, R2 = 0.867) (p = 0.01) (Figure 4D).

County Disparity
We observed significant disparities in race-ethnic distribution among COVID-19 cases with noncritical and critical disease when compared to county demographics (Figure 5). Compared to
Orange Country's race-ethnic distribution (40.1% White, 21.4% Asian, and 34.2%
Hispanic/Latinx)12, the non-critical cases were comprised of 24.4% White, 20.7% Asian, and
39.3% Hispanic/Latinx and the critical cases were comprised of 21.1% White, 26.3% Asian, and
47.4% Hispanic/Latinx. In addition, the COVID-19 cases per 100,000 people were also disparate
among race-ethnic groups, with 2.9 (95% CI: 0.71 to 6.8) White cases, 3.0 (95% CI: 1.4 to 6.1)
Asian cases, and 9.4 (95% CI: 7.2 to 12.6) Hispanic/Latinx cases per 100,000 people of each
group.

Discussion
While recent epidemiologic reports on COVID-19 have observed disparities in incidence,
morbidity, and mortality among underserved and minority populations, including the
Hispanic/Latinx community, there remains a poor understanding about which social
determinants may contribute to these disparities. Included in this descriptive case series is
information about the impact of individual and neighborhood-level determinants on COVID-19
incidence over time and severity. Our observation of exponential growth in Hispanic/Latinx
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COVID-19 cases who live in dense households and low-income communities highlights the
importance of understanding community-level factors during a pandemic.
The extensive research on the relationship between social determinants and race-ethnic
disparities in noncommunicable diseases, including heart disease and stroke, has largely been
characterized by long-term exposures leading to differences in disease ourcomes16,17. However,
the social determinants of infectious disease are less well-characterized. Our finding that
COVID-19 cases in Orange County increased linearly in neighborhoods with higher housing
density, lower educational attainment, and lower health coverage further underscore the
importance of understanding contextual factors surrounding infectious disease outbreaks.
It has been suggested that individuals living in disadvantaged communities may be at
greater risk of infectious diseases10. For example, a significant association between severity and
lower educational attainment (individual and community) was observed in a study examining
factors associated with poorer outcomes during the H1N1 pandemic of 200918. Other studies
suggest that neighborhoods defined as disadvantaged were associated with higher influenzarelated deaths, hospitalizations, and poorer vaccination coverage9-11,19. Similarly, for COVID19 the interaction of social determinants at multiple levels may lead to a "perfect storm" that
disproportionately affects underserved populations by negatively impacting both rates of
infection and outcomes.
This study generates several hypotheses to explain the impact of social determinants of
health on the observed disparities in COVID-19 incidence and severity over time. We
hypothesize that underserved populations living in lower-income census tracts are experiencing a
spike in COVID-19 transmission due to increased housing density, employment in
"essential/frontline" job sectors, lower educational attainment, and limited health care access. For
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health care workers, this trend has been seen across the U.S. and has been attributed to their
“frontline” status with exposure to COVID-19 patients20. We hypothesize that the lower income
and minority populations that demonstrate a similar increase over time may also be experiencing
this “frontline” spike due to barriers to social distancing.”
Social policies at the local, county, state, and national level, including universal face
masking, self and family case isolation, social distancing, school cancellation, and voluntary or
mandated shelter in place, may underlie the connection between social determinants and
COVID-19 disparities21. For example, while social distancing has been demonstrated to be a
strong and effective preventive measure against COVID-19 transmission rates22,23, our data
suggest that those living in communities where work at home is infrequent had higher COVID19 case growth. Adherence to social policies is likely difficult for populations that do not have
and cannot afford remote work options. For example, approximately 75% of New York frontline
and essential workers, including healthcare, grocery & convenience stores, public transit,
cleaning services, and delivery operations, are people of color24. We suggest that social policies
incorporate a framework around social determinants that would promote strategies to achieve
equity for all communities.
In addition, pre-existing disparities in co-morbidities associated with disproportionately
worse COVID-19 outcomes may be partially responsible for the race-ethnic disparities observed
in this study. Data from the National Health and Nutrition Examination Survey (NHANES)
suggests that more than a third of all US adults met the definition of metabolic syndrome with
greater prevalence among Black and Latinx populations and in low socioeconomic populations25.
The significantly greater presence of metabolic syndrome in underserved populations11 may
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provide some insight into the racial-ethnic disparities in COVID-19 incidence, particularly for
critical disease
Limitations of this study include the small sample of patients from a single-center, so
conclusions may not be broadly generalizable. However, the strengths of this study include the
collection of comprehensive data, including race-ethnic and census-tract derived community
determinants from all patients presenting with COVID-19 over the study period. Future studies
should evaluate the complex interactions of the social determinants of income and ethnicity with
other demographic, clinical, and laboratory factors.
In summary, our study examines the unveiling of race-ethnic disparities over the first six
weeks of COVID-19 in Orange County, CA, and highlights vulnerable populations that are at
increased risk for contracting COVID-19 and experiencing disproportionately severe outcomes.
While our findings that Hispanic/Latinx populations are at increased risk corroborates reports
elsewhere in the United States2, this study demonstrates the increase was most dramatic in
minority groups living in disadvantaged communities. When we think of race-ethnic disparities,
we often investigate immediate causes of disease, including risk factors. Our descriptive case
series illustrates that for COVID-19 disparities, we also need to consider the "causes of those
causes," which ultimately set the stage for biological and social disparities.
.
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Demographic information
Total No.
Age, Mean [range], y
Sex
Female
Male
Race-Ethnicity
Hispanic/Latinx
White
Asian
Black
Other / Unknown
Household income of census tracts
No.
Median [range], $
Upper income
Middle income
Lower income

No. (%)
154
44.7 [13-18]
74 (48.1)
80 (51.9)
62 (40.3)
37 (24.0)
33 (21.4)
4 (2.6)
18 (11.7)
150
80,190 [25,705 – 214,323]
68 (45.3)
38 (25.3)
44 (29.3

eTable 1. Study population demographic information.
Median household income of corresponding census tracts was available for 150 patients.
Individuals living in areas where the household income fell between 80% and 120% of the
Orange County Median Family Income ($89,398 for 2019) as middle-income status12.
Individuals living in areas where the household income fell below 80% of Median Family
Income as lower-income and individuals living in areas where the household income was above
120% of Median Family income as upper-income.
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Figure 1. COVID-19 race-ethnic trends.
Bar charts demonstrating trends for White, Asian, and Hispanic/Latinx patients from Week 1
(3/12/2020 – 3/17/2020) through Week 6 (4/16/2020-4/22/2020) demonstrating a linear increase
in Hispanic/Latinx patients with other race-ethnic groups demonstrating no significant growth
trend (A). This likely accounts for a significant difference in race-ethnic distributions relative to
the time of shelter (Weeks 1-2 vs. Weeks 4-5) (B).

Figure 2. COVID-19 census tract trends.
Bar charts demonstrating trends for Upper, Middle, and Lower income neighborhoods of patients
from Week 1 (3/12/2020 – 3/17/2020) through Week 6 (4/16/2020-4/22/2020) demonstrating an
exponential increase for lower income groups, linear increase for middle income groups, and no
significant trend for upper income groups (A). This likely accounts for a significant difference in
income bracket distributions relative to the time of shelter (Weeks 1-2 vs. Weeks 4-5) (B).

Figure 3. COVID-19 race-ethnic trends by census tracts.
White (A), Asian (B), and Hispanic/Latinx (C) growth trends residing in tracts above and below
the median income between Week 1 (3/12/2020 – 3/17/2020) through Week 6 (4/16/20204/22/2020). The only group to demonstrate a significant growth pattern was Hispanic/Latinx
patients living in census tracts below the median income.

Figure 4. COVID-19 socioeconomic trends.
Scatterplots demonstrate a linear increase in average household size (A), linear increase in
proportion of inhabitants without a college degree (B), linear decrease in proportion of
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inhabitants working from home (C), and exponential increase proportion of inhabitants without
health insurance (D).

Figure 5. Race-ethnic disparities of COVID-19 patients.
Bar charts demonstrating disparities between the Orange County racial profile and the
distribution of Non-Critical COVID patients as well as Critical COVID patients at our
institution. Specifically, while Hispanic/Latinx patients account for 34.2% of the county
population, they represent 47.4% of our institution’s critical cases. Conversely, while White
patients account for 40.1% of the county population, they represent 21.1% of our institution’s
critical cases.
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Updated April 17, 2020

WASHINGTON — Coronavirus patients in areas that had high levels of air pollution before the pandemic are more
likely to die from the infection than patients in cleaner parts of the country, according to a new nationwide study
that offers the ﬁrst clear link between long-term exposure to pollution and Covid-19 death rates.
In an analysis of 3,080 counties in the United States, researchers at the Harvard University T.H. Chan School of
Public Health found that higher levels of the tiny, dangerous particles in air known as PM 2.5 were associated with
higher death rates from the disease.
For weeks, public health ofﬁcials have surmised a link between dirty air and death or serious illness from Covid-19,
which is caused by the coronavirus. The Harvard analysis is the ﬁrst nationwide study to show a statistical link,
revealing a “large overlap” between Covid-19 deaths and other diseases associated with long-term exposure to ﬁne
particulate matter.
“The results of this paper suggest that long-term exposure to air pollution increases vulnerability to experiencing
the most severe Covid-19 outcomes,” the authors wrote.
The paper found that if Manhattan had lowered its average particulate matter level by just a single unit, or one
microgram per cubic meter, over the past 20 years, the borough would most likely have seen 248 fewer Covid-19
deaths by this point in the outbreak.
Over all, the research could have signiﬁcant implications for how public health ofﬁcials choose to allocate resources
like ventilators and respirators as the coronavirus spreads. The paper has been submitted for peer review and
publication in the New England Journal of Medicine.
It found that just a slight increase in long-term pollution exposure could have serious coronavirus-related
consequences, even accounting for other factors like smoking rates and population density.
For example, it found that a person living for decades in a county with high levels of ﬁne particulate matter is 15
percent more likely to die from the coronavirus than someone in a region with one unit less of the ﬁne particulate
pollution.
The District of Columbia, for instance, is likely to have a higher death rate than the adjacent Montgomery County,
Md. Cook County, Ill., which includes Chicago, should be worse than nearby Lake County, Ill. Fulton County, Ga.,
which includes Atlanta, is likely to suffer more deaths than the adjacent Douglas County.
“This study provides evidence that counties that have more polluted air will experience higher risks of death for
Covid-19,” said Francesca Dominici, a professor of biostatistics at Harvard who led the study.
Counties with higher pollution levels, Dr. Dominici said, “will be the ones that will have higher numbers of
hospitalizations, higher numbers of deaths and where many of the resources should be concentrated.”
The study is part of a small but growing body of research, mostly still out of Europe, that offers a view into how a
lifetime of breathing dirtier air can make people more susceptible to the coronavirus, which has already killed more
than 10,000 people in the United States and 74,000 worldwide.
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In the short term, Dr. Dominici and other public health experts said the study’s ﬁnding meant that places like the
Central Valley of California, or Cuyahoga County, Ohio, may need to prepare for more severe cases of Covid-19.
The analysis did not look at individual patient data and did not answer why some parts of the country have been hit
harder than others. It also remains unclear whether particulate matter pollution plays any role in the spread of the
coronavirus or whether long-term exposure directly leads to a greater risk of falling ill.
Dr. John R. Balmes, a spokesman for the American Lung Association and a professor of medicine at University of
California, San Francisco, said the ﬁndings were particularly important for hospitals in poor neighborhoods and
communities of color, which tend to be exposed to higher levels of air pollution than afﬂuent, white communities.
“We need to make sure that hospitals taking care of folks who are more vulnerable and with even greater air
pollution exposure have the resources they need,” Dr. Balmes said.

A temporary hospital under construction Friday at McCormick Place, a convention center
in Chicago. Pool photo by Chris Sweda

As more is learned about the recurrence of Covid-19, the study also could have far-reaching implications for cleanair regulations, which the Trump administration has worked to roll back over the past three years on the grounds
that they have been onerous to industry.
“The study results underscore the importance of continuing to enforce existing air pollution regulations to protect
human health both during and after the Covid-19 crisis,” the study said.
Last week, the Trump administration announced a plan to weaken Obama-era regulations on automobile tailpipe
emissions, asserting the rollback would save lives because Americans would buy newer, safer vehicles. But the
administration’s own analysis also found that there would be even more premature deaths from increased air
pollution.
In weakening a regulation last year on carbon pollution from coal-ﬁred power plants, the Environmental Protection
Agency similarly acknowledged that the measure was likely to result in about 1,400 additional premature deaths a
year because of more pollution.
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Asked whether the E.P.A. was also studying the link between air pollution and the virus or considering policies to
address the link, Andrea Woods, a spokeswoman for the agency, referred the question to the Centers for Disease
Control and Prevention, and asserted that the Trump administration rollbacks would lead to some air quality
improvements.
What on earth is going on? Get the latest news about
climate change, plus tips on how you can help.
CLIMATE FWD:

Sign Up

Beth Gardiner, a journalist and the author of “Choked: Life and Breath in the Age of Air Pollution,” said she was
particularly worried about what the coronavirus outbreak would mean for countries with far worse pollution, such
as India.
“Most countries don’t take it seriously enough and aren’t doing enough given the scale of the harm that air pollution
is doing to all of our health,” she said.
Most ﬁne particulate matter comes from fuel combustion, like automobiles, reﬁneries and power plants, as well as
some indoor sources like tobacco smoke. Breathing in such microscopic pollutants, experts said, inﬂames and
damages the lining of the lungs over time, weakening the body’s ability to fend off respiratory infections.
Multiple studies have found that exposure to ﬁne particulate matter puts people at heightened risk for lung cancer,
heart attacks, strokes and even premature death. In 2003, Dr. Zuo-Feng Zhang, the associate dean for research at
the University of California, Los Angeles, Fielding School of Public Health, found that SARS patients in the most
polluted parts of China were twice as likely to die from the disease as those in places with low air pollution.
In an interview, Dr. Zhang called the Harvard study “very much consistent” with his ﬁndings.
To conduct the Harvard study, researchers collected particulate matter data for the past 17 years from more than
3,000 counties and Covid-19 death counts for each county through April 4 from the Center for Systems Science and
Engineering Coronavirus Resource Center at the Johns Hopkins University. The resulting model, which examines
aggregated rather than individual data, suggested what Dr. Dominici called a statistically signiﬁcant link between
pollution and coronavirus deaths.
The researchers also conducted six secondary analyses to adjust for factors they felt might compromise the results.
For example, because New York state has experienced the most severe coronavirus outbreak in the country and
death rates there are ﬁve times higher than anywhere else, the researchers repeated the analysis excluding all of
the counties in the state. They also ran the model excluding counties with fewer than 10 conﬁrmed Covid-19 cases.
And they adjusted for various other factors that are known to affect health outcomes, like smoking rates, population
density and poverty levels.
Dr. Balmes noted that without studying individual characteristics of patients, the study could only suggest a causal
connection between air pollution and Covid-19 deaths and would need to be conﬁrmed by more research — a point
with which Dr. Dominici agreed. But, Dr. Balmes said, “It’s still a valuable ﬁnding.”
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infection have been reported among adults, but are understudied in relation to infection risk in
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ABSTRACT
Objective: To evaluate racial/ethnic and socioeconomic differences in rates of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection among children.
Methods: We performed a cross-sectional study of children tested for SARS-CoV-2 at an
exclusively pediatric drive-through/walk-up SARS-CoV-2 testing site from March 21-April 28,
2020. We performed bivariable and multivariable logistic regression to measure the association
between patient race/ethnicity and estimated median family income (MFI) based on census block
group estimates with: 1) SARS-CoV-2 infection and 2) reported exposure to SARS-CoV-2.
Results: Of 1000 children tested for SARS-CoV-2 infection, 20.7% tested positive. In
comparison to non-Hispanic (NH)-whites (7.3%), minority children had higher rates of infection
(NH-black: (30.0%; adjusted OR 2.3 [95% CI 1.2, 4.4]; Hispanic: 46.4%; adjusted OR 6.3 [95%
CI 3.3, 11.9]). In comparison to children in the highest MFI quartile (8.7%), infection rates were
higher among children in quartile 3 (23.7%; adjusted OR 2.6 [95% CI 1.4, 4.9]; quartile 2
(27.1%; adjusted OR 2.3 [95% CI 1.2, 4.3], and quartile 1 (37.7%; adjusted OR 2.4 [95% CI 1.3,
4.6]). Rates of reported exposure to SARS-CoV-2 also differed by race/ethnicity and
socioeconomic status.
Conclusions: In this large cohort of children tested for SARS-CoV-2 through a communitybased testing site, racial/ethnic minorities and socioeconomically disadvantaged children carry
the highest burden of infection. Understanding and addressing the causes of these differences are
needed to mitigate disparities and limit the spread of infection.

INTRODUCTION
Racial/ethnic and socioeconomic-related disparities in health outcomes have been
reported for years, across multiple clinical conditions.1 The severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic has served to shine a spotlight on and amplify such
disparities, as reports indicate that racial/ethnic minorities and socioeconomically disadvantaged
populations are the most severely impacted.
More than 1.5 million cases of SARS-CoV-2 infection have been diagnosed in the United
States, and children are estimated to comprise approximately 50,000 of those cases.2 Recent data
highlight the disproportionate burden of SARS-CoV-2-related illness and death on racial/ethnic
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minorities among adults.3-5 Additional data further suggest that low socioeconomic status may
further exacerbate health outcomes for racial and ethnic minorities.4
Data regarding disparities in SARS-CoV-2 infection and outcomes have been, thus far,
mostly limited to adults. It is unknown whether such disparities extend to children as well. The
primary objective of this study was to investigate the presence of racial/ethnic and
socioeconomic disparities in rates of SARS-CoV-2 infection in a large sample of non-acutely ill
children who were tested at an exclusively pediatric drive-through/walk-up SARS-CoV-2 testing
site.

METHODS
Study Design
This was a planned cross-sectional analysis of a registry of children tested for SARSCoV-2 at an exclusively pediatric drive-through/walk-up urban SARS-CoV-2 testing site from
March 21, 2020 through April 28, 2020. This SARS-CoV-2 specimen collection site is affiliated
with a tertiary care urban children’s hospital. This service was funded through philanthropic
support; therefore, patients seeking this service did not incur any out of pocket charges. To
broaden access to those without motor vehicles, the testing site also allowed for walk-up testing.
Targeted outreach to non-English speaking communities was also conducted in order to advertise
this service to all communities. Furthermore, interpreters proficient in Spanish and Ahmaric were
present at the testing site daily to assist non-English speaking families, and translated
information material was made available to all. The institutional review board approved this
study and provided a waiver of informed consent as this was a post hoc analysis of previously
collected data.
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Study Population
Children between the ages of 0-22 years with mild symptoms not requiring acute medical
care were eligible to be tested at this site with a physician referral. Age criteria for access to the
testing site were consistent with the policies of the affiliated children’s hospital and primary care
practices. Physicians could refer patients through the use of an electronic portal available on the
hospital website if they met age criteria, reported mild symptoms, and had at least one of
following: known exposure, high risk status, family member with high risk status, required
testing for work. The online referral form included patient demographics (name, age, sex,
race/ethnicity, and address), reported symptoms, and reason for referral.
The testing site, located within one mile of the hospital at an outdoor enclosed parking lot
of a local university, offered testing two to three times per week, including weekends, between
the hours of 10am and 2pm. Because the testing site was not equipped to provide any medical
management, patients who appeared ill were immediately rerouted to the hospital prior to receipt
of SARS-CoV-2 testing.
Outcomes and Exposures
The primary outcome was rate of SARS-CoV-2 positivity. Trained staff collected
nasopharyngeal or throat swabs which were refrigerated and sent to an offsite commercial
laboratory (Quest Diagnostics, Inc) for PCR testing. Quest Diagnostics publishes that they use
four different United States Food and Drug Administration granted Emergency Use
Authorization molecular tests including a laboratory-developed test (LDT), COBAS Roche
Diagnostics test, Hologic Panther Fusion test, and Hologic Panther Covid-19 molecular assay.
The published limits of detection of these tests are the following: Quest LDT 136 copies/mL;
Roche 0.009 TCID50/mL (TCID50 is defined as median tissue culture infectious dose) and both
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Hologic tests are 0.01 TCID50/mL. The secondary outcome included patient/family reported
SARS-CoV-2 exposure status based on data from the standardized online referral form.
Exposure variables were race/ethnicity and socioeconomic status. Consistent with other
studies, race/ethnicity was categorized as non-Hispanic (NH) black, NH-white, Hispanic, and
other.6-8 We used median family income (MFI) by census block group from the American
Communities Survey 2014-2018 as a proxy for socioeconomic status. The American
Communities Survey uses 5-year estimates derived from home address to estimate median
family income.9 MFI was then categorized into quartiles. Potential confounding variables
included age and sex.
Statistical Analysis
We used means and frequency analyses to describe the study population and calculate
unadjusted SARS-CoV-2 positivity rates. Home addresses were geocoded using ArcGIS Pro
(Version 2.5.1) to create a point layer for all patients. The point layer was spatially joined with a
census block group polygon layer and then merged with ACS population level data by census
block group to derive median family income.
Bivariable and multivariable logistic regression analyses were developed to estimate
unadjusted and adjusted odds ratios (OR) to assess the strength of association of race/ethnicity
and socioeconomic status with the outcome measures. We tested for an interaction between
race/ethnicity and SES but only retained interactions that were statistically significant, and thus
the interaction was excluded from the final models. Linear regression analysis was used to assess
trends in rates of SARS-CoV-2 infection over the study period among each racial/ethnic group.
Estimates derived from the multivariable models included adjusted odds ratios with 95%
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confidence intervals (CI) and adjusted probabilities. All analyses were conducted using Stata
16.0 (College Station, TX).

RESULTS
Characteristics of Study Population:
During the study period, 1000 children were tested for SARS-CoV-2 at the drivethrough/walk-up specimen collection site. The median age was 8.0 (IQR 2.0, 14.0) years and
52.3% were male.
Of the children tested, approximately one-third were of NH-black and one-quarter were
of Hispanic race/ethnicity. Median family income ranged from $11,667 to more than $250,000.
Approximately one-third (29.1%) had a median family income below the national median family
income of $78,500. (Table 1, Figure 1a). Median family income differed by race/ethnicity, with
significantly lower median family income for minority youth (MFI NH-white: $161,250; NHblack: $92,188, p<0.001; Hispanic: $75,114, p<0.001; other: $139,568, p=0.001).
Disparities in SARS-CoV-2 Positivity Rates
Of the 1000 children tested, 207 (20.7%) tested positive for SARS-CoV-2. The median
age of those testing positive was 11.0 (IQR 5.0, 16.0) years and 47.8% were male.
Positivity rates for SARS-CoV-2 differed by race/ethnicity. In comparison to NH-white
children (7.3%), NH-black (30.0%, OR 3.3 [95% CI 1.8, 5.9]), and Hispanic (46.4%, OR 9.1
[95% CI 5.1, 16.4]), children had higher rates of SARS-CoV-2 infection. (Figure 2, Table 2)
After adjustment for age, sex, and MFI, minority children had a greater likelihood of SARSCoV-2 infection compared to NH-white children (NH-black (aOR: 2.3 [95% CI: 1.2, 4.4];
Hispanic (aOR: 6.3 [95% CI: 3.3, 11.9]. (Table 2) Furthermore, positivity rates among Hispanic
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children increased over time (p-trend=0.002), but not among other racial/ethnic groups. (Figure
3)
Positivity rates for SARS-CoV-2 infection also differed by MFI (Figure 1b). Children
residing in households of lower MFI had higher rates of positivity compared to those residing in
households with the highest MFI. In comparison to children in the highest MFI quartile (8.7%),
SARS-CoV-2 infection rates were higher among children in quartile 3 (23.7%, OR 3.2 [95% CI:
1.8, 5.6]); quartile 2 (27.1%; OR 3.8 [95% CI: 2.1, 6.6]), and quartile 1 (37.7%, OR 5.9 [95% CI:
3.4, 10.3]). (Figure 2, Table 2) In the fully-adjusted model, rates of SARS-CoV-2 positivity
were higher among children within the lowest MFI quartiles compared to quartile 4 (Quartile 3:
aOR: 2.6 [95% CI: 1.4, 4.9]; Quartile 2: aOR: 2.3 [95% CI: 1.2, 4.3]; Quartile 1: 2.4 [95% CI:
1.3, 4.6]). (Table 2)
Disparities in Exposure Status
Of the 1000 children tested, 106 (10.6%) reported exposure to SARS-CoV-2. Reports of
exposure to SARS-CoV-2 infected people differed by race/ethnicity. In comparison to NH-white
children (11.3%), NH-black children (34.9%; aOR 2.3 [95% CI 1.0, 5.1]) and children of other
racial/ethnic groups (19.8%; aOR 2.5 [95% CI 1.1, 5.8]) reported higher rates of a known
exposure. Furthermore, patient/family reported exposure also differed by MFI, with higher rates
of exposure in less socioeconomically advantaged households (quartile 4: 12.3%; quartile 2:
29.3%, aOR 2.4 [95% CI 1.1, 5.2]). (Table 3)

DISCUSSION
In this large cohort of children tested for SARS-CoV-2 virus through community-based
testing, we found evidence of both racial/ethnic- and socioeconomic-related disparities in SARS-
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CoV-2 infection. Specifically, minority and socioeconomically disadvantaged children had a
higher likelihood of SARS-CoV-2 infection. Furthermore, these observed racial/ethnic
disparities in infection rates only slightly attenuated after adjustment for socioeconomic status.
Our findings of disproportionately higher rates of SARS-CoV-2 infection among
minority youth mirror that found in recent adult literature. For instance, Millet and colleagues
found that US counties with higher populations of black residents had disproportionately higher
rates of SARS-CoV-2 related infection and deaths, beyond adjustment for sociodemographics,
comorbidities, and socioeconomic determinants.3 Similarly, through an analysis using health
system data in California, Azar and colleagues found higher rates of SARS-CoV-2 infection
among black adults compared to white patients after adjustment for median household income.5
Although it was beyond the scope of this study to understand the causes for these
differential rates of infection, the causes may be multifactorial, and include, but are not limited to
structural factors, poorer access to health care, limited resources, as well as bias and
discrimination. For instance, structural factors may prevent minorities from practicing social
distancing, and thus, limiting exposure. Minorities are disproportionately over-represented in
‘essential’ service industries that require travel and face-to-face interactions.10, 11 When working
in the food service industry, health care, and transportation, teleworking and ‘sheltering in place'
may not be feasible. Additionally, minorities have higher reliance on public transportation and
are more likely to live in crowded settings, such as public housing, compared to NH-whites.12, 13
Furthermore, minorities have higher rates of living in multigenerational households, thus,
increasing opportunities for exposure to older adults who may be more vulnerable to infection.14
In fact, our data indicate that minority youth had higher likelihood of reporting exposure to
SARS-CoV-2 compared to NH-white youth. Another explanation for the disproportionately
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higher rates of SARS-CoV-2 infection among minority youth may be due to prior experiences of
bias and discrimination, which can lead to distrust of the healthcare system and delays in seeking
care,15 and thus, spread of infection to household members.
Rates of SARS-CoV-2 infection were higher among Hispanic than NH-black or NHwhite children. This finding is similar to that recently reported by Martinez and colleagues.16 A
study on differences in measures of exposure to H1N1 by race/ethnicity demonstrated that when
compared to NH-whites and NH-blacks, Hispanics had the highest rates of living in metropolitan
areas, in apartment buildings, and with a larger household size. Hispanics also reported the
highest rates of difficulty in avoiding public transportation, lowest rates in ability to telework,
and the highest rates of difficulty obtaining childcare that was not with a group of children.17
Along with the aforementioned reasons for these disparities, Hispanic children may have
experienced the most pronounced burden of infection due to compounding additional factors
such as immigration status and language barriers. Furthermore, symptomatic adults may avoid
testing due to fears of deportation.17, 18 Future work to ensure equitable allocation of testing and
culturally appropriate prevention education may help improve early identification, quarantine,
and distribution of resources to reduce community spread of disease.
The findings of this study should be considered in the context of several potential
limitations. Race and ethnicity data were provided by the clinician at time of referral, not selfreported, and thus may be subject to misclassification bias. We used MFI from the American
Communities Survey as a proxy for SES status, which may be another source of
misclassification bias. However, to provide greater precision, estimates on MFI were based on
census block group rather than zip code. Recent adult data demonstrate higher rates of morbidity
and mortality among racial/ethnic minorities and socioeconomically disadvantaged groups. As
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our study was conducted outside a clinical care setting, we could not assess disparities in
morbidity and mortality. Access to the testing site required physician referral. Therefore, our
findings of racial/ethnic and socioeconomic disparities in positivity rates may be an
underestimate, as racial/ethnic and socioeconomically disadvantaged groups have less access to
primary care physicians.19-21 In addition, referral to the testing site by clinicians may have been
differentially provided, and advertisement of the testing site may not have been uniformly
distributed among all potential referring clinicians. Furthermore, the testing site was available a
few days per week and during the hours of 10am and 2pm which may not have been convenient
for all. The testing site was located in a relatively low income neighborhood with a large
proportion of minority residents. However, our data illustrate children of various socioeconomic
backgrounds travelled across state lines to access the testing site. In addition, four different
diagnostic tests were used for SARS-CoV-2 testing which was standard laboratory approach to
keep up with test demand during this pandemic. It is unlikely that these polymerase chain
reaction amplification-based tests were differentially distributed by patient race/ethnicity and/or
MFI. Furthermore, we were unable to adjust for unmeasured confounding variables, including,
but not limited to housing conditions or occupancy. Finally, as this was a single center study,
these results may not be generalizable to other geographic locations with different racial/ethnic
and socioeconomic compositions of their communities.
In conclusion, we found higher rates of SARS-CoV-2 infection among minority and
socioeconomically disadvantaged children. Future research should confirm and extend this work
by focusing on the modifiable reasons for these observed disparities as well as their differential
impact in terms of SARS-CoV-2-related morbidity and mortality outcomes to mitigate the spread
of infection and its health effects.
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Table 1. Demographics of Study Population
Demographic Characteristic
Age
<1 year
1-4 years
5-11 years
12-17 years
>18 years
Sex
Male
Female
Race/Ethnicity
NH-white
NH-black
Hispanic
Other
Unknown
Median Family Income (quartiles)
Q4 [$157,679->$250,000]
Q3 [$107,321-$157,308]
Q2 [$70,341-$107,292]
Q1 [$11,667-$70,300]
Unknown

SARS-CoV-2 Tested
n=1000 (%)
89 (8.9)
282 (28.2)
279 (27.9)
222 (22.2)
128 (12.8)
523 (52.3)
477 (47.7)
203 (20.3)
304 (30.4)
229 (22.9)
171 (17.1)
93 (9.3)
236 (23.6)
237 (23.7)
236 (23.6)
237 (23.7)
54 (5.4)
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Figure 2. Rates of SARS-CoV-2 Infection by Race/Ethnicity and Socioeconomic Status
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Table 2: Racial/Ethnic and Socioeconomic Factors Associated with SARS-CoV-2 Virus
Positivity
Demographic Characteristic
OR (95% CI)
aOR (95% CI)a
Race/Ethnicity
NH-white
Reference
Reference
NH-black
3.3 (1.8, 5.9)
2.3 (1.2, 4.4)
Hispanic
9.1 (5.1, 16.4)
6.3 (3.3, 11.9)
Other
1.9 (0.9, 3.8)
1.8 (0.9, 3.7)
Median Family Income
(quartiles)
Q4: $157,679->$250,000
Reference
Reference
Q3: $107,321-$157,308
3.2 (1.8, 5.6)
2.6 (1.4, 4.9)
Q2: $70,341-$107,292
3.8 (2.1, 6.6)
2.3 (1.2, 4.3)
Q1: $11,667-$70,300
5.9 (3.4, 10.3)
2.4 (1.3, 4.6)
a
Adjusted for age, sex, race/ethnicity, and median family income.
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Figure 3. Trends in Rates of SARS-CoV-2 Positivity over Study Period, by Race/Ethnicity
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Table 3. Racial/Ethnic and Socioeconomic Factors Associated with Reported SARS-CoV-2
Virus Exposure
Demographic
OR (95% CI)
aOR (95% CI)a
Characteristic
Race/Ethnicity
NH-white
Reference
Reference
NH-black
2.2 (1.1, 4.4)
2.3 (1.0, 5.1)
Hispanic
2.2 (1.1, 4.5)
1.9 (0.8, 4.4)
Other
2.0 (1.0, 4.5)
2.5 (1.1, 5.8)
Median Family Income
(quartiles)
Q4 [$157,679->$250,000] Reference
Reference
Q3 [$107,321-$157,308]
2.0 (1.0, 4.1)
1.9 (0.9, 4.1)
Q2 [$70,341-$107,292]
2.6 (1.3, 5.1)
2.4 (1.1, 5.2)
Q1 [$11,667-$70,300]
2.5 (1.3, 4.9)
2.1 (0.9, 4.6)
a
Models adjusted for age, sex, race/ethnicity, and median family income.
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State Officials Announce Latest COVID-19 Facts

OFFICE OF PUBLIC AFFAIRS
State O icials Announce Latest COVID-19
Facts
Date: June 3, 2020
Number: NR20-111
Contact: CDPHpress@cdph.ca.gov

SACRAMENTO – The California Department of
Public Health today announced the most
recent statistics on COVID-19. California now
has 117,687 confirmed cases and 4,361
deaths.

Testing in California
As testing capacity continues to increase across the
state, the California Department of Public Health is
working to expand access to COVID-19 testing. Testing
should be used for medical evaluation of persons with
symptoms of COVID-19 as well as for e orts by public
health agencies and essential employers to prevent
and control the spread of COVID-19. Individuals
prioritized for testing include:
Hospitalized patients
Symptomatic and asymptomatic healthcare
workers, first responders, and other social
service employees
https://www.cdph.ca.gov/Programs/OPA/Pages/NR20-111.aspx
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Symptomatic individuals age 65 and older or
symptomatic individuals of any age with chronic
medical conditions that increase the risk of
severe COVID-19 illness
Individuals who are tested as part of disease
control e orts in high-risk settings
Asymptomatic residents and employees of
congregate living facilities when needed to
prevent disease transmission
Symptomatic and asymptomatic individuals in
essential occupations such as grocery store and
food supply workers, utility workers and public
employees
Other individuals with symptoms consistent with
COVID-19
As of June 2, there have been 2,131,294 tests
conducted in California and reported to the California
Department of Public Health. This represents an
increase of 59,703 tests over the prior 24-hour
reporting period. These numbers include data from
commercial, private and academic labs, including
Quest, LabCorp, Kaiser, University of California and
Stanford, and the 25 state and county health
labs currently testing. The Department is now
reporting all tests reported in California, rather than
the total number of individuals tested.

Data Portal
The state has launched a user-friendly data portal
at COVID-19 Statewide Update that tracks COVID-19
cases statewide and by county, gender, age and
ethnicity. The portal also outlines statewide
hospitalizations and testing e orts. The data presented
on the portal is updated daily and will include
additional information as it is available.

Racial Demographics – A More Complete Picture
The California Department of Public Health is
committed to health equity and collecting more
detailed racial and ethnic data that will provide
additional understanding for determining future
action. Health outcomes are a ected by forces
including structural racism, poverty and the
disproportionate prevalence of underlying conditions
such as asthma and heart disease among Latinos and
https://www.cdph.ca.gov/Programs/OPA/Pages/NR20-111.aspx
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African American Californians. Only by looking at the
full picture can we understand how to ensure the best
outcomes for all Californians.
The di erences in health outcomes related to COVID-19
are most stark in COVID-19 deaths. We have nearly
complete data on race and ethnicity for COVID-19
deaths, and we are seeing the following trends. Overall,
for adults 18 and older, Latinos, African Americans and
Native Hawaiians and Pacific Islanders are dying at
disproportionately higher levels. The proportion of
COVID-19 deaths in African Americans is about double
their population representation across all adult age
categories. For Native Hawaiians and Pacific Islanders,
overall numbers are low, but about three-fold
di erence between the proportion of COVID-19 deaths
and their population representation. More males are
dying from COVID-19 than females, in line with national
trends. More information is available at COVID-19 Race
and Ethnicity Data.

Health Care Worker Infection Rates
As of June 2, local health departments have reported
10,293 confirmed positive cases in health care workers
and 63 deaths statewide.

Your Actions Save Lives
Every person has a role to play. Protecting yourself and
your family comes down to common sense:
Staying home except for essential
needs/activities following local and state public
health guidelines when patronizing approved
businesses. To the extent that such sectors are
re-opened, Californians may leave their homes
to work at, patronize, or otherwise engage with
those businesses, establishments or activities.
Practicing social distancing.
Wearing a cloth face mask when out in public.
Washing hands with soap and water for a
minimum of 20 seconds.
Avoiding touching eyes, nose or mouth with
unwashed hands.
Covering a cough or sneeze with your sleeve, or
disposable tissue. Wash your hands a erward.
Avoiding close contact with people who are sick.
Staying away from work, school or other people
if you become sick with respiratory symptoms
https://www.cdph.ca.gov/Programs/OPA/Pages/NR20-111.aspx
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like fever and cough.
Following guidance from public health o icials.
What to Do if You Think You're Sick
Call ahead: If you are experiencing symptoms of COVID19 (fever, cough or shortness of breath), call your
health care provider before seeking medical care so
that appropriate precautions can be taken. More than
85 community testing sites also o er free, confidential
testing: Find a COVID-19 Testing Site.
For more information about what Californians can do
to prevent the spread of COVID-19, visit Coronavirus
(COVID-19) in California.
California continues to issue guidance on preparing
and protecting California from COVID-19. Consolidated
guidance is available on the California Department of
Public Health's Guidance web page.
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Editor’s note: The Economist is making some of its most important
coverage of the covid-19 pandemic freely available to readers of The
Economist Today, our daily newsletter. To receive it, register here. For
our coronavirus tracker and more coverage, see our hub
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ach day about 100m barrels of oil rise from reservoirs deep
below Earth’s surface. A ship called Liza Destiny sits o the coast
of Guyana, collecting the black stu from wells on the seabed nearly
2km below. On Norway’s continental shelf the Johan Sverdrup project
is ramping up faster than expected. In Texas some 174,000 wells are at
work, from big shale operations to solitary pumpjacks nodding as
cattle graze nearby. Last month Saudi Arabia said it would ship a
staggering 12.3m barrels a day to customers in April. From the Niger
delta to Siberia, oil continues to ow. The rest of the world,
meanwhile, is standing still.
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In recent years oil producers have faced a spectre of depressed
demand that could up-end the industry. All of a sudden the wraith
has materialised—not out of concern for the climate, as oilmen
feared, but because of covid-19. Crude fuels the movement of people
and goods around the world. A lot of this has stopped as governments
limit travel and other economic activity to contain the pandemic. Oil
demand has dipped in only two years of the past 35. In the rst six
months of 2020 it may plunge by more than 20%.
If that weren’t enough, a brawl between Saudi Arabia and Russia has
led to a price war. The price of Brent crude, the global benchmark, fell
by more than half in March, below $23 a barrel. The last time it was
this cheap, in 1999, Britney Spears topped the charts and the dotcom
bubble had not burst. As for the drop, “nothing like this has ever
happened before,” says Daniel Yergin, a historian and vice-chairman
of ihs Markit, a consultancy.
…Baby, one more time
Saudi Arabia and Russia were expected to discuss production cuts
with other petrostates on April 9th, after The Economist went to press,
then again at a g20 meeting the next day. Any deal is unlikely to end
oversupply. Covid-19 is already exposing vulnerabilities of petrostates
and oil rms. With prices poised to sink lower, the entire industry
may be forever transformed.
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A few months ago demand was expected to rise modestly this year.
But trouble festered. Surging production in Guyana, Norway and
Brazil seemed sure to weigh on prices. More worrisome, the world’s
energy powers were increasingly at odds. In 2016 Russia teamed up
with the Organisation of the Petroleum Exporting Countries (opec),
led by Saudi Arabia, in an attempt to o set booming American shale
production. This opec+ alliance proved both fractious and
ine ectual. Russia regularly ignored the group’s self-imposed
production limits, forcing Saudi Arabia to curb its own output more
sharply. That pushed oil prices high enough to shore up investment
in American shale but too low to balance the budgets of Saudi Arabia
and other petrostates.
America, which in 2018 eclipsed Saudi Arabia and Russia as the
world’s top oil producer (see chart 1), indeed looks like the main
bene ciary of opec+. In an e ort to snu out shale Russia shocked
opec in March by refusing further production cuts. Furious Saudis
declared the price war in response.
https://www.economist.com/briefing/2020/04/08/an-unprecedented-plunge-in-oil-demand-will-turn-the-industry-upside-down
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supply needs to fall by 10m barrels a day, 12% of the total, for tanks
not to spill over. Prices in parts of the world may fall below $10, says
Goldman Sachs, another bank—or turn negative, as producers pay to
have their oil taken away rather than shut in wells.
With opec+ in tatters and America’s shalemen clamouring for help,
on April 2nd Donald Trump, who two days earlier welcomed cheap oil
as a tax cut for American consumers, tweeted that a production deal
between Russia and Saudi Arabia was imminent. This pushed Brent
up by 20%, the biggest one-day gain since 1986.
Mr Trump wanted to support American oil companies further by
buying their crude and storing it in the government’s strategic
reserves. But he is not an autocrat presiding over a petrostate and his
idea was rejected by Congress. Another of his suggestions, to levy a
tari on imported oil, might bene t some of America’s 9,000 or so oil
and gas producers. But it would harm integrated giants such as
ExxonMobil, which use heavier overseas crudes in their American
re neries. Large companies also resist national production caps that
would prop up smaller, less pro table rivals.
Some petrostates have trouble grasping that Mr Trump cannot call oil
bosses and tell them to do this or that, says Mr Yergin. But, he adds,
the president does have “an enormous amount of in uence”. If the
government’s power over oil rms is limited, its control of aid is
plainer. A group of American senators from oil-producing states have
threatened to withhold military support for Saudi Arabia if it refuses
to limit output.
Mr Trump may therefore help broker an agreement, particularly if
armed with data showing that American companies are already
https://www.economist.com/briefing/2020/04/08/an-unprecedented-plunge-in-oil-demand-will-turn-the-industry-upside-down
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American frackers and international oil giants had problems of their own. Even as shale
production surged, shale rms’ valuations sank, with more investors sceptical of their
ability to produce steady pro ts. Worries over climate change clouded the long-term
prospects of supermajors such as ExxonMobil and Royal Dutch Shell while other
industries o ered better short-term returns. Energy was the worst-performing sector in
the s&p 500 index in four of the past six years.

The oil market has witnessed big shocks before (see chart 2). In the
late 1990s supply rose while a demand-sapping nancial crisis rocked
Asia. In 2014 the Saudis opened the taps in an attempt to drown
American shale. But never before has anyone seen anything like
covid-19. In the coming weeks crude will come perilously close to
lling the capacity to store it. Citigroup, a bank, says that global
https://www.economist.com/briefing/2020/04/08/an-unprecedented-plunge-in-oil-demand-will-turn-the-industry-upside-down
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cutting spending. However, continued animosity between Russia and
Saudi Arabia, combined with instability within opec’s smaller
members, will lead at best to temporary production deals of limited
impact. Output cuts agreed now would take time to be felt in the
physical market. Even a cut of 15m barrels a day—around ten times
what the Saudis sought in March—would be dwarfed by covid-19’s
obliteration of demand, of as much as 20m barrels a day in April. “We
are not going to fully recover until we are through corona,” says Mike
Sommers of the American Petroleum Institute, a powerful lobby
group.
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Even then, it is unclear that the industry, in its current form, recovers
at all. Russia is in a position of relative strength. It can balance its
budget with oil at $42 a barrel and has more than $500bn in foreign
reserves. Saudi Arabia has low operating costs of just $3.20 a barrel,
about one-third of America’s, according to Rystad Energy, a
consultancy. That would help it in a drawn-out battle for market
share, though the current crisis has hit about a decade too soon for
comfort—economic reforms to diversify the Saudi economy away
from oil are a work in progress and the country still needs $84 a
barrel to nance its budget.
Other producers look more vulnerable. Low oil prices will tighten the
vise on Iran and Venezuela, each already squeezed by American
sanctions. In Iran deteriorating nances will make it even harder to
deal with high rates of coronavirus transmission. Cheap oil will
exacerbate strife in Libya and may feed unrest in Iraq, as well as
Algeria. A few big projects in Africa require an oil price of $45 or more
just to break even, reckons Rystad; many may now be put on hold.
Listed oil giants are paring spending in an e ort to protect dividends.
hilli h d l d d illi i l k
h
h
i
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ConocoPhillips has delayed drilling in Alaska. Chevron has cut its
capital budget for this year by 20%.
More damage will come as low prices compel rms and governments
not just to cancel new projects but mothball existing wells. That may
hurt countries with high production costs, like Brazil and Britain.
The sudden plunge in demand means that shut-ins will depend as
much on logistics as on production cost, argues Damien Courvalin of
Goldman Sachs. As inland tanks ll, landlocked wells with limited
access to storage and transport will su er. Canadian crude has the
double misfortune of being costly and hard to ship—on April 7th a
barrel of Western Canadian Select fetched about $10, a third as much
as Brent. Some inland American and Russian production may stop,
too.
Oops…I did it again
ADVERTISEMENT

When the world economy begins to open up after the pandemic, it
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will nd the oil industry looking di erent. In America less productive
shale beds may be gone, nally “ ushing out production that was
never really warranted”, says Ed Morse of Citigroup. The number of
shale bankruptcies jumped by 50% last year. In 2020 more ine cient
companies will vanish. Some wells, once closed, are too costly to
reopen. And with oil at $35 a barrel, the return on renewable projects
—which most energy rms have largely ignored—can rival that of a
new oil eld, notes Valentina Kretzschmar of Wood Mackenzie, a
consultancy.
A sudden loss of production could, if demand picks up quickly, create
an opportunity for more drilling. But investors may now be warier of
oil companies’ spending plans. Especially if they suspect covid-19
fundamentally alters oil demand: more people may work remotely, a
lot of international travel could come to be seen as unnecessary and
companies may bring supply chains closer to home to avert
disruptions. “Are we about to see a structural change in oil
consumption?” wonders Mr Courvalin. “It is a very valid question.”
Oilmen used to take comfort that it was an abstract one. No longer. 7
Dig deeper:
For our latest coverage of the covid-19 pandemic, register for The
Economist Today, our daily newsletter, or visit our coronavirus tracker
and story hub
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Oil markets turning bearish amid
signs of pandemic’s accelerating
economic impact
By BRIAN WINGFIELD, ALEX LONGLEY AND JACK WITTELS on 9/9/2020

(Bloomberg) --Six months after the coronavirus pandemic’s initial punch, signs of a second wave are already
emerging in the oil market.
China’s buying has slowed after the nation binged when crude was cheap. Some of the largest producers in
the Middle East are slashing prices for their barrels, signaling a lack of con dence in the recovery. In the U.S.,
the world’s most visible market, inventories remain stubbornly high. Global benchmark Brent crude on
Tuesday dropped below $40 a barrel for the rst time since June.
While nobody is predicting a return to the dark days of April, when U.S. crude brie y traded in negative
territory, the tone of the market has nonetheless turned more bearish. After curbing output by record
amounts for months, the Organization of Petroleum Exporting Countries and its allies in August began
easing back on their cuts -- but a corresponding, consistent recovery in consumption hasn’t emerged.
“Everyone’s expectation of this progressively improving demand was too optimistic,” said Gary Ross, chief
executive o cer of Black Gold Investors LLC. “OPEC made a mistake in reducing the cuts. They lost the
momentum in the price by doing that.”
More bad news may be on the way. Coronavirus cases are surging in parts of Europe. India, which consumes
roughly the same amount of oil as France, Germany and Britain combined in normal times, is now on track
for its rst annual slump in four decades as it becomes a hotspot for infections. In the U.S., a seasonal
demand increase driven by summer travel, which was already lackluster, has come to an end. Airlines,
normally a big source of oil demand, continue to lay o thousands of workers as their balance sheets foretell
a bleak future.
“It will take three years for global oil demand to recover from Covid to its new normal, assuming we have a
vaccine or a cure,” analysts at Bank of America wrote in a report this week.
Double Whammy
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In recent days, crude has su ered a double whammy from both its largest importer and exporter. Customs
data from China show that the nation’s imports in August fell for a second month, to the equivalent of 11.2
million barrels a day, after reaching a record in June. In addition, private re ners may see their purchases
drop by as much as 40% in September and October as state-issued allowances decline. There’s little sign of a
meaningful pickup, although the next monthly trading cycle has yet to begin.
Meanwhile, Saudi Arabia cut the o cial selling prices for its crude for October, and other Middle Eastern
producers are starting to follow.
Iraq, OPEC’s second-largest producer, has continued to pump more than agreed under the output deal. The
United Arab Emirates, the third-largest, also hasn’t complied recently, according to the International Energy
Agency.
Crude is in a market pattern known as contango, where a glut depresses the price of immediate cargoes
below those in future months. Earlier this year, the contango was so deep that traders raced to book tankers
to store oil -- usually a last resort, due to the expense. Now, oating storage is again becoming viable in
some regions, mainly because shipping rates have cratered as demand slumps.
On land, stockpiles are slowly dwindling. U.S. crude inventories have dropped by about 8% since peaking in
June, government data show. They’re still at the highest for the time of year since at least 1991. Inventories
are also dropping in northwest Europe.
“There’s lots of reasons to worry, but there is still a process of clearing inventories,” said Richard Bronze, cofounder of Energy Aspects. “It’s just turning out to be a longer process than at rst it looked like it might be.
That’s mostly because of softness on the demand side.”
Diesel Slump
Weakness is also showing in stockpiles of re ned fuels. U.S. distillate inventories are at the highest level for
the time of year since at least 1991. Gasoline and jet fuel stocks in independent storage in the Rotterdam
area, Europe’s oil-trading hub, are at the highest seasonally since at least 2008, according to Insights Global.
Of particular concern is the diesel market, sometimes viewed as an economic barometer. In Europe, the ICE
gasoil crack -- the price of the fuel versus crude, and a key indicator of the diesel market’s strength -- recently
fell to its lowest in at least nine years. Similar measures for the U.S. Gulf Coast and Singapore also show
sharp declines.
Like crude, ICE gasoil’s contango structure has also deepened. Globally, there were about 25 million barrels
of diesel being held in oating storage at the end of last month, more than double the amount of gasoline,
according to analytics rm Vortexa.
“There’s just too much supply chasing too little demand,” said Steve Sawyer, director of re ning at Facts
Global Energy. Re ners are having to put at least half of the unwanted jet fuel into diesel production, he
added. “That has resulted in high stocks, and that’s weighing very heavily on prices, no matter where you
are.”
There are some bright spots in the market. The number of supertankers hauling crude to China in the
coming months is now at a three-week high, ship-tracking data compiled by Bloomberg show. In Berlin,
Shanghai and Beijing, road congestion -- a proxy for the market’s recovery -- has recently been higher than it
https://www.worldoil.com/news/2020/9/9/oil-markets-turning-bearish-amid-signs-of-pandemic-s-accelerating-economic-impact
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was at the same time last year, according to near-real time estimates from the TomTom Tra c Index.
Even though the OPEC+ alliance has eased back on its supply cuts, the group is still at least pledging to cut
output by a collective 7.7 million barrels a day for the rest of the year -- at any other time in history, curbs of
that magnitude that would be unprecedented. The pandemic has hit the U.S. shale industry hard, resulting in
widespread job losses, but the e ect has been to curb American output by about 25% from its peak in
March.
While crude prices have tumbled since the beginning of the month, the drop seems to have hit a wall near
the $40 mark for Brent.
“The question is how far,” said Ross of Black Gold Investors, referring to the decline. “At these prices it’s hard
to be very bearish.”
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Oil markets turning bearish
amid signs of pandemic’s
accelerating economic impact
By BRIAN WINGFIELD, ALEX LONGLEY AND JACK WITTELS on 9/9/2020

(Bloomberg) --Six months after the coronavirus pandemic’s initial punch, signs of a second
wave are already emerging in the oil market.
China’s buying has slowed after the nation binged when crude was cheap. Some of the
largest producers in the Middle East are slashing prices for their barrels, signaling a lack of
con dence in the recovery. In the U.S., the world’s most visible market, inventories remain
stubbornly high. Global benchmark Brent crude on Tuesday dropped below $40 a barrel
for the rst time since June.
While nobody is predicting a return to the dark days of April, when U.S. crude brie y traded
in negative territory, the tone of the market has nonetheless turned more bearish. After
curbing output by record amounts for months, the Organization of Petroleum Exporting
Countries and its allies in August began easing back on their cuts -- but a corresponding,
consistent recovery in consumption hasn’t emerged.
“Everyone’s expectation of this progressively improving demand was too optimistic,” said
Gary Ross, chief executive o cer of Black Gold Investors LLC. “OPEC made a mistake in
reducing the cuts. They lost the momentum in the price by doing that.”
More bad news may be on the way. Coronavirus cases are surging in parts of Europe. India,
which consumes roughly the same amount of oil as France, Germany and Britain combined
in normal times, is now on track for its rst annual slump in four decades as it becomes a
hotspot for infections. In the U.S., a seasonal demand increase driven by summer travel,
https://www.worldoil.com/news/2020/9/9/oil-markets-turning-bearish-amid-signs-of-pandemic-s-accelerating-economic-impact
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which was already lackluster, has come to an end. Airlines, normally a big source of oil
demand, continue to lay o thousands of workers as their balance sheets foretell a bleak
future.
“It will take three years for global oil demand to recover from Covid to its new normal,
assuming we have a vaccine or a cure,” analysts at Bank of America wrote in a report this
week.
Double Whammy
In recent days, crude has su ered a double whammy from both its largest importer and
exporter. Customs data from China show that the nation’s imports in August fell for a
second month, to the equivalent of 11.2 million barrels a day, after reaching a record in
June. In addition, private re ners may see their purchases drop by as much as 40% in
September and October as state-issued allowances decline. There’s little sign of a
meaningful pickup, although the next monthly trading cycle has yet to begin.
Meanwhile, Saudi Arabia cut the o cial selling prices for its crude for October, and other
Middle Eastern producers are starting to follow.
Iraq, OPEC’s second-largest producer, has continued to pump more than agreed under the
output deal. The United Arab Emirates, the third-largest, also hasn’t complied recently,
according to the International Energy Agency.
Crude is in a market pattern known as contango, where a glut depresses the price of
immediate cargoes below those in future months. Earlier this year, the contango was so
deep that traders raced to book tankers to store oil -- usually a last resort, due to the
expense. Now, oating storage is again becoming viable in some regions, mainly because
shipping rates have cratered as demand slumps.
On land, stockpiles are slowly dwindling. U.S. crude inventories have dropped by about 8%
since peaking in June, government data show. They’re still at the highest for the time of
year since at least 1991. Inventories are also dropping in northwest Europe.
“There’s lots of reasons to worry, but there is still a process of clearing inventories,” said
Richard Bronze, co-founder of Energy Aspects. “It’s just turning out to be a longer process
than at rst it looked like it might be. That’s mostly because of softness on the demand
side.”
Diesel Slump
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Weakness is also showing in stockpiles of re ned fuels. U.S. distillate inventories are at the
highest level for the time of year since at least 1991. Gasoline and jet fuel stocks in
independent storage in the Rotterdam area, Europe’s oil-trading hub, are at the highest
seasonally since at least 2008, according to Insights Global.
Of particular concern is the diesel market, sometimes viewed as an economic barometer.
In Europe, the ICE gasoil crack -- the price of the fuel versus crude, and a key indicator of
the diesel market’s strength -- recently fell to its lowest in at least nine years. Similar
measures for the U.S. Gulf Coast and Singapore also show sharp declines.
Like crude, ICE gasoil’s contango structure has also deepened. Globally, there were about
25 million barrels of diesel being held in oating storage at the end of last month, more
than double the amount of gasoline, according to analytics rm Vortexa.
“There’s just too much supply chasing too little demand,” said Steve Sawyer, director of
re ning at Facts Global Energy. Re ners are having to put at least half of the unwanted jet
fuel into diesel production, he added. “That has resulted in high stocks, and that’s weighing
very heavily on prices, no matter where you are.”
There are some bright spots in the market. The number of supertankers hauling crude to
China in the coming months is now at a three-week high, ship-tracking data compiled by
Bloomberg show. In Berlin, Shanghai and Beijing, road congestion -- a proxy for the
market’s recovery -- has recently been higher than it was at the same time last year,
according to near-real time estimates from the TomTom Tra c Index.
Even though the OPEC+ alliance has eased back on its supply cuts, the group is still at least
pledging to cut output by a collective 7.7 million barrels a day for the rest of the year -- at
any other time in history, curbs of that magnitude that would be unprecedented. The
pandemic has hit the U.S. shale industry hard, resulting in widespread job losses, but the
e ect has been to curb American output by about 25% from its peak in March.
While crude prices have tumbled since the beginning of the month, the drop seems to have
hit a wall near the $40 mark for Brent.
“The question is how far,” said Ross of Black Gold Investors, referring to the decline. “At
these prices it’s hard to be very bearish.”

RELATED NEWS ///
Frac pumping volumes lowest since 2017 as shale slowdown continues
(/news/2020/9/11/frac-pumping-volumes-lowest-since-2017-as-shale-slowdownhttps://www.worldoil.com/news/2020/9/9/oil-markets-turning-bearish-amid-signs-of-pandemic-s-accelerating-economic-impact
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Description
The S&P 500® Energy comprises those companies included in the S&P 500 that are classified as members of the GICS® energy
sector.

Index Attributes
Created in 1957, the S&P 500 was the first U.S. market-cap-weighted stock market index. Today, it's the basis of many listed and
over-the-counter investment instruments. This world-renowned index includes 500 of the top companies in leading industries of
the U.S. economy.
The S&P 500 is part of a series of S&P Dow Jones U.S. equity indices that can be used as mutually exclusive building blocks; the
index does not overlap holdings with the S&P MidCap 400® or S&P SmallCap 600®. Together, they constitute the S&P Composite
1500®.

Methodology Construction
This index is a subindex of the S&P 500. The methodology snapshot that follows applies to the S&P 500.
• Universe. All constituents must be U.S. companies.
• Eligibility Market Cap. To be included, companies must have an unadjusted market cap of USD 8.2 billion or greater.
• Public Float. Companies must have a float market cap of at least USD 4.1 billion.
• Financial Viability. Companies must have positive as-reported earnings over the most recent quarter, as well as over the most
recent four quarters (summed together).
• Adequate Liquidity and Reasonable Price. Using composite pricing and volume, the ratio of annual dollar value traded (defined as
average closing price over the period multiplied by historical volume) to float-adjusted market capitalization should be at least
1.00, and the stock should trade a minimum of 250,000 shares in each of the six months leading up to the evaluation date.
• Sector Representation. Sector balance, as measured by a comparison of each GICS sector’s weight in an index with its weight in
the S&P Total Market Index, in the relevant market capitalization range, is also considered in the selection of companies for the
indices.
• Company Type. All eligible U.S. common equities listed on eligible U.S. exchanges can be included. REITs are also eligible for
inclusion. Closed-end funds, ETFs, ADRs, ADS, and certain other types of securities are ineligible for inclusion.

Quick Facts
WEIGHTING METHOD
REBALANCING FREQUENCY

Float-adjusted market cap weighted
Quarterly in March, June, September, and December

CALCULATION FREQUENCY

Real time

CALCULATION CURRENCIES

USD

LAUNCH DATE

June 28, 1996

FIRST VALUE DATE

September 11, 1989

REGULATORY AUTHORIZATION

European Union

For more information, including the complete methodology document, please visit:
https://www.spglobal.com/spdji/en//indices/equity/sp-500-energy-sector
All information for an index prior to its Launch Date is back-tested, based on the methodology that was in effect on the Launch Date. Back-tested performance, which is
hypothetical and not actual performance, is subject to inherent limitations because it reflects application of an Index methodology and selection of index constituents in
hindsight. No theoretical approach can take into account all of the factors in the markets in general and the impact of decisions that might have been made during the actual
operation of an index. Actual returns may differ from, and be lower than, back-tested returns.
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Performance
INDEX LEVEL

RETURNS

ANNUALIZED RETURNS

1 MO

3 MOS

YTD

1 YR

3 YRS

5 YRS

10 YRS

-1.02%

-7.31%

-39.28%

-33.53%

-13.46%

-8.1%

-0.76%

-2.06%

-8.61%

-41.62%

-36.86%

-16.73%

-11.26%

-3.59%

-1.33%

-7.7%

-39.99%

-34.55%

-14.45%

-9.06%

-1.61%

7.19%

15.48%

9.74%

21.94%

14.52%

14.46%

15.16%

7.01%

14.98%

8.34%

19.61%

12.3%

12.16%

12.8%

15.33%

9.32%

21.23%

13.85%

13.77%

14.45%

Total Return
514.05
Price Return
266.5
Net Total Return
210.84

BENCHMARK* Total Return
7,192.11
BENCHMARK* Price Return
3,500.31

BENCHMARK* Net Total Return
6,346.27

7.13%

* The index benchmark is the S&P 500
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Calendar Year Performance
2019

2018

2017

2016

2015

2014

2013

2012

2011

2010

-18.1%

-1.01%

27.36%

-21.12%

-7.78%

25.07%

4.61%

4.72%

20.46%

-20.5%

-3.8%

23.65%

-23.55%

-9.99%

22.27%

2.33%

2.77%

17.86%

-18.82%

-1.86%

26.24%

-21.86%

-8.45%

24.22%

3.92%

4.14%

19.67%

21.83%

11.96%

1.38%

13.69%

32.39%

16%

2.11%

15.06%

19.42%

9.54%

-0.73%

11.39%

29.6%

13.41%

0%

12.78%

21.1%

11.23%

0.75%

12.99%

31.55%

15.22%

1.47%

14.37%

Total Return
11.81%
Price Return
7.64%
Net Total Return
10.54%

BENCHMARK* Total Return
31.49%

-4.38%

BENCHMARK* Price Return
28.88%

-6.24%

BENCHMARK* Net Total Return
30.7%

-4.94%

* The index benchmark is the S&P 500

Risk
ANNUALIZED RISK

ANNUALIZED RISK-ADJUSTED RETURNS

3 YRS

5 YRS

10 YRS

3 YRS

5 YRS

10 YRS

35.08%

29.32%

24.53%

-0.38

-0.28

-0.03

35.24%

29.45%

24.65%

-0.47

-0.38

-0.15

29.35%

24.57%

-0.41

-0.31

-0.07

14.8%

13.38%

0.83

0.98

1.13

14.8%

13.38%

0.7

0.82

0.96

14.8%

13.38%

0.79

0.93

1.08

Total Return
Price Return
Net Total Return
35.12%
BENCHMARK* Total Return
17.51%
BENCHMARK* Price Return
17.51%
BENCHMARK* Net Total Return
17.51%

Risk is defined as standard deviation calculated based on total returns using monthly values.
* The index benchmark is the S&P 500

Fundamentals
P/E (TRAILING)

P/E (PROJECTED)

P/B

INDICATED DIV YIELD

P/SALES

P/CASH FLOW

N/A

57.73

0.91

6.01%

0.59

13.5

P/E (Projected) and Dividend Yield are as of August 31, 2020; P/E (Trailing), P/B, P/Sales, and P/Cash Flow are as of March 31, 2020. Fundamentals are updated on
approximately the fifth business day of each month.
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Index Characteristics
NUMBER OF CONSTITUENTS

26

CONSTITUENT MARKET [USD MILLION]
MEAN TOTAL MARKET CAP

26,093.09

LARGEST TOTAL MARKET CAP

168,874.75

SMALLEST TOTAL MARKET CAP

3,445.34

MEDIAN TOTAL MARKET CAP

13,114.78

WEIGHT LARGEST CONSTITUENT [%]

25.2

WEIGHT TOP 10 CONSTITUENTS [%]

80.6

ESG Carbon Characteristics
CARBON TO VALUE INVESTED (METRIC TONS CO2e/$1M INVESTED)*

599.44

CARBON TO REVENUE (METRIC TONS CO2e/$1M REVENUES)*

613.59

WEIGHTED AVERAGE CARBON INTENSITY (METRIC TONS CO2e/$1M REVENUES)*

625.62

FOSSIL FUEL RESERVE EMISSIONS (METRIC TONS CO2/$1M INVESTED)

24,173.49

*Operational and first-tier supply chain greenhouse gas emissions.
For more information, please visit: www.spdji.com/esg-carbon-metrics.

Sector* Breakdown

*Based on GICS® sectors
The weightings for each sector of the index are rounded to the nearest tenth of a percent; therefore, the aggregate weights for the index may not equal 100%.

Country Breakdown
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NUMBER OF CONSTITUENTS

TOTAL MARKET CAP [USD MILLION]

INDEX WEIGHT [%]

26

678,420.29

100

United States
Based on index constituents’ country of domicile.

Tickers
TICKER

REUTERS

Price Return

SPN

.SPNY

Total Return

SPTRENRS

.TRINXE

Net Total Return

SP5NENRS

N/A
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CONTACT US
spdji.com
index_services@spglobal.com
S&P Dow Jones Custom Indices
customindices@spglobal.com

New York

Dubai

Hong Kong

1 212 438 7354
1 877 325 5415

971 (0)4 371 7131

852 2532 8000

Mexico City

Mumbai

Tokyo

52 (55) 1037 5290

91-22-2272-5312

81 3 4550 8564

London

Beijing

Sydney

44 207 176 8888

86.10.6569.2770

61 2 9255 9802

DISCLAIMER
Source: S&P Dow Jones Indices LLC.
The launch date of the S&P 500 Energy (Sector) was June 28, 1996.The launch date of the S&P 500 was March 4, 1957.
All information presented prior to the index launch date is back-tested. Back-tested performance is not actual performance, but is hypothetical. The back-test calculations
are based on the same methodology that was in effect when the index was officially launched. Past performance is not an indication or guarantee of future results. Please
see the Performance Disclosure at http://www.spindices.com/regulatory-affairs-disclaimers/ for more information regarding the inherent limitations associated with backtested performance.
Copyright © 2020 S&P Dow Jones Indices LLC. All rights reserved. Redistribution or reproduction in whole or in part are prohibited without written permission. STANDARD &
POOR’S and S&P are registered trademarks of Standard & Poor’s Financial Services LLC (“S&P”); DOW JONES is a registered trademark of Dow Jones Trademark Holdings
LLC (“Dow Jones”); and these trademarks have been licensed for use by S&P Dow Jones Indices LLC. S&P Dow Jones Indices LLC, Dow Jones, S&P and their respective
affiliates (“S&P Dow Jones Indices”) and third party licensors makes no representation or warranty, express or implied, as to the ability of any index to accurately represent
the asset class or market sector that it purports to represent and S&P Dow Jones Indices and its third party licensors shall have no liability for any errors, omissions, or
interruptions of any index or the data included therein. Past performance of an index is not an indication or guarantee of future results. This document does not constitute an
offer of any services. Except for certain custom index calculation services, all information provided by S&P Dow Jones Indices is general in nature and not tailored to the
needs of any person, entity or group of persons. S&P Dow Jones Indices receives compensation in connection with licensing its indices to third parties and providing custom
calculation services. It is not possible to invest directly in an index. Exposure to an asset class represented by an index may be available through investable instruments
offered by third parties that are based on that index. S&P Dow Jones Indices does not sponsor, endorse, sell, promote or manage any investment fund or other investment
product or vehicle that seeks to provide an investment return based on the performance of any Index. S&P Dow Jones Indices LLC is not an investment or tax advisor. S&P
Dow Jones Indices makes no representation regarding the advisability of investing in any such investment fund or other investment product or vehicle. A tax advisor should
be consulted to evaluate the impact of any tax-exempt securities on portfolios and the tax consequences of making any particular investment decision. Credit-related
information and other analyses, including ratings, are generally provided by licensors and/or affiliates of S&P Dow Jones Indices. Any credit-related information and other
related analyses and statements are opinions as of the date they are expressed and are not statements of fact. S&P Dow Jones Indices LLC is analytically separate and
independent from any other analytical department. For more information on any of our indices please visit www.spdji.com.
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IEEFA update: Oil and gas stocks place dead last in 2019, again,
despite 30% price rise
Institutional investors remain committed to flailing energy sector
Rising oil prices couldn’t keep oil and gas stocks from underperforming again in 2019. Brent Crude Oil prices rose 28% and WTI oil prices rose 30% last year. Still,
the energy sector placed dead last in the Standard & Poor’s 500 index, posting a 7.3% gain, while the index as a whole rose 29% for the year.
How much of an outlier was energy? The next-worst performing sector, health care, was up 19%. This is the third year straight that the energy sector has finished at
or near the bottom of the S&P 500.
The energy sector now commands only 4.3% of the index, down from 25% in the 1980s, when oil and gas companies represented seven of the top 10 companies.
Today, there are none, since ExxonMobil, the industry leader, dropped out of the S&P’s top ten last year for the first time in more than 100 years.
Moody’s 2020 oil and gas outlook says the industry is “stable.” Stable is not necessarily a good thing when you are sitting in last place.
Three lowlights crystallize the year.
Confusion and disarray at ExxonMobil – In March 2017, newly minted CEO Darren Woods declared that his approach to exploration and production
(fracking) in the Permian Basin would be to secure quick cash in a short cycle process that would help the company rebound from its doldrums within three years.
He made the announcement personally and, together with the company’s senior VP Jack Williams, drove a stake through the heart of former CEO Lee Raymond’s
signature achievement: convincing the markets that the oil industry should not be judged through the prism of short-term cash gains. In 2019, Woods deployed
Staale Gjervik, XTO’s (Exxon’s fracking arm) president, to state the obvious – the Permian Basin could not produce cash within three years. In fact, Gjervik set no
time frame for achieving long-term value creation.
ExxonMobil’s adoption of a long-term strategy feels not so much a return to
Raymond’s theory of value creation, but more like management grasping for
ExxonMobil changes strategy and
something to say in the wake of missing another high-stakes benchmark. Others in
the industry announced write-downs even during this year of rising oil prices. Will
misses key benchmarks
investors have the courage to recognize that ExxonMobil might write down its
assets? The company’s big-bet losses: in the oil sands, Russia and XTO, are
noteworthy and the tottering of its Permian venture looms large. The issue for
ExxonMobil and the oil and gas industry is that the last round of write-downs came on the heels of crashing prices. Now we see write-downs occurring during a
year in which the price of oil increased substantially.
ExxonMobil’s 2019 stock performance was flat. Integrated oil and gas companies generally rose by about 2.3% dragging down the energy sector’s overall weak 7.3%
gain.
GE hits the skids on failed fossil fuel investments – The company, which is backed by BlackRock, Vanguard and Fidelity, lost $193 billion in share value
over three years on a series of gambles related to natural gas and fossil fuel development. GE’s fall from grace rattled the markets in 2019, as it had to acknowledge
major missteps in its power unit and in an inability to generate synergies from its purchase of oil services company Baker Hughes.
Saudi Arabia’s IPO overstated Aramco’s value – Much of the international debate surrounding the initial public offering of state-run oil giant Saudi Aramco
focused on uncertainty over specific aspects of the transaction. Overall, Saudi Aramco was just another oil interest seeking to convince the market that its oil and
gas reserves were worth more than the market would pay. The opaqueness of the Saudi-run enterprise added to market skittishness over its $2 trillion offering.
This IPO was not a financial transaction. No investment house signed off on the
Saudi valuation. No globally-recognized stock market took on the transaction. No
investors outside the Persian Gulf were willing to take the risk. Initial investors were
not arms-length buyers, but rather had their arms twisted. Even the dividend
structure was fraught – too low for the risk, too high for company finances and the
fiscal solvency of the Kingdom. The company eventually achieved its $2 trillion goal
after four days of trading, but it came with an asterisk. A royal fiat is not a market
price.

Saudi Aramco IPO had few
international takers

The transaction has been characterized, correctly by some, as a political ploy by Saudi Crown Prince Mohammed bin Salman to build up his popularity at home
positioning himself as a potent problem-solver, and as a leader both in the Middle East (open to the outside, strong enough to retain power) and globally (the head
of a $2-trillion company).
Poor performance is well understood by the business press and, presumably, by equity and debt analysts as well. A week does not go by without a
prominent story on the financial failures of fracking, the stumblings of oil majors and other tales of woe during this volatile downcycle. Yet almost all heavy
institutional investors, led by BlackRock, State Street, Fidelity and Vanguard, remain wedded to these companies, in spite of each quarter bringing new evidence of
weak revenues, distressed transactions and a negative outlook.
The financial justification for these investments remains elusive. The BlackRocks, J.P. Morgans and their peers cannot convincingly answer the question of why
they continue to be so heavily invested in fossil fuels. Most mutter about passive indexes and diversification, or feign a commitment of accountability to their
clients, who apparently are crying out for stakes in an underperforming industry.
In the end, evidence be damned, the prevailing view in a year when the market as a whole went up 29% is, who cares if the sick energy sector came in last? But how
long can financial leaders like BlackRock be rewarded with astronomical fees ($18 billion in revenues in 2018) for unproductive, hands-off stratagems that yield
shaky results?
Money doesn’t invest itself yet. People do. It is time for energy investors to sit up and act accordingly.
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Tom Sanzillo (tsanzillo@ieefa.org) is IEEFA’s director of finance.

RELATED ITEMS:
IEEFA update: ExxonMobil abandons goal of “quick cash” from Permian fracking
IEEFA update: ExxonMobil’s slide from the Top Ten of the S&P 500 ‒ historic turning point for the company
IEEFA update: 2018 ends with energy sector in last place in the S&P 500

https://ieefa.org/ieefa-update-oil-and-gas-stocks-place-dead-last-in-2019-again-despite-30-price-rise/

2/2

9/11/2020

IEEFA update: Oil and gas stocks place dead last in 2019, again, despite 30% price rise - Institute for Energy Economics & Financial Anal…

IEEFA update: Oil and gas stocks place dead last in 2019, again,
despite 30% price rise
Institutional investors remain committed to flailing energy sector
Rising oil prices couldn’t keep oil and gas stocks from underperforming again in 2019. Brent Crude Oil prices rose 28% and WTI oil prices rose 30% last year
the energy sector placed dead last in the Standard & Poor’s 500 index, posting a 7.3% gain, while the index as a whole rose 29% for the year.
How much of an outlier was energy? The next-worst performing sector, health care, was up 19%. This is the third year straight that the energy sector has finis
or near the bottom of the S&P 500.
The energy sector now commands only 4.3% of the index, down from 25% in the 1980s, when oil and gas companies represented seven of the top 10 compani
Today, there are none, since ExxonMobil, the industry leader, dropped out of the S&P’s top ten last year for the first time in more than 100 years.
Moody’s 2020 oil and gas outlook says the industry is “stable.” Stable is not necessarily a good thing when you are sitting in last place.
Three lowlights crystallize the year.
Confusion and disarray at ExxonMobil – In March 2017, newly minted CEO Darren Woods declared that his approach to exploration and production
(fracking) in the Permian Basin would be to secure quick cash in a short cycle process that would help the company rebound from its doldrums within three y
He made the announcement personally and, together with the company’s senior VP Jack Williams, drove a stake through the heart of former CEO Lee Raymo
signature achievement: convincing the markets that the oil industry should not be judged through the prism of short-term cash gains. In 2019, Woods deploy
Staale Gjervik, XTO’s (Exxon’s fracking arm) president, to state the obvious – the Permian Basin could not produce cash within three years. In fact, Gjervik s
time frame for achieving long-term value creation.
ExxonMobil’s adoption of a long-term strategy feels not so much a return to
Raymond’s theory of value creation, but more like management grasping for
ExxonMobil changes strategy and
something to say in the wake of missing another high-stakes benchmark. Othe
the industry announced write-downs even during this year of rising oil prices.
misses key benchmarks
investors have the courage to recognize that ExxonMobil might write down its
assets? The company’s big-bet losses: in the oil sands, Russia and XTO, are
noteworthy and the tottering of its Permian venture looms large. The issue for
ExxonMobil and the oil and gas industry is that the last round of write-downs came on the heels of crashing prices. Now we see write-downs occurring during
year in which the price of oil increased substantially.
ExxonMobil’s 2019 stock performance was flat. Integrated oil and gas companies generally rose by about 2.3% dragging down the energy sector’s overall wea
gain.
GE hits the skids on failed fossil fuel investments – The company, which is backed by BlackRock, Vanguard and Fidelity, lost $193 billion in share val
over three years on a series of gambles related to natural gas and fossil fuel development. GE’s fall from grace rattled the markets in 2019, as it had to acknow
major missteps in its power unit and in an inability to generate synergies from its purchase of oil services company Baker Hughes.
Saudi Arabia’s IPO overstated Aramco’s value – Much of the international debate surrounding the initial public offering of state-run oil giant Saudi A
focused on uncertainty over specific aspects of the transaction. Overall, Saudi Aramco was just another oil interest seeking to convince the market that its oil
gas reserves were worth more than the market would pay. The opaqueness of the Saudi-run enterprise added to market skittishness over its $2 trillion offerin
This IPO was not a financial transaction. No investment house signed off on the
Saudi valuation. No globally-recognized stock market took on the transaction. No
investors outside the Persian Gulf were willing to take the risk. Initial investors were
not arms-length buyers, but rather had their arms twisted. Even the dividend
structure was fraught – too low for the risk, too high for company finances and the
fiscal solvency of the Kingdom. The company eventually achieved its $2 trillion goal
after four days of trading, but it came with an asterisk. A royal fiat is not a market
price.

Saudi Aramco IPO had few
international takers

The transaction has been characterized, correctly by some, as a political ploy by Saudi Crown Prince Mohammed bin Salman to build up his popularity at hom
positioning himself as a potent problem-solver, and as a leader both in the Middle East (open to the outside, strong enough to retain power) and globally (the
of a $2-trillion company).
Poor performance is well understood by the business press and, presumably, by equity and debt analysts as well. A week does not go by wit
prominent story on the financial failures of fracking, the stumblings of oil majors and other tales of woe during this volatile downcycle. Yet almost all heavy
institutional investors, led by BlackRock, State Street, Fidelity and Vanguard, remain wedded to these companies, in spite of each quarter bringing new evide
weak revenues, distressed transactions and a negative outlook.
The financial justification for these investments remains elusive. The BlackRocks, J.P. Morgans and their peers cannot convincingly answer the question of w
they continue to be so heavily invested in fossil fuels. Most mutter about passive indexes and diversification, or feign a commitment of accountability to their
clients, who apparently are crying out for stakes in an underperforming industry.
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In the end, evidence be damned, the prevailing view in a year when the market as a whole went up 29% is, who cares if the sick energy sector came in last? Bu
long can financial leaders like BlackRock be rewarded with astronomical fees ($18 billion in revenues in 2018) for unproductive, hands-off stratagems that yi
shaky results?
Money doesn’t invest itself yet. People do. It is time for energy investors to sit up and act accordingly.
Tom Sanzillo (tsanzillo@ieefa.org) is IEEFA’s director of finance.
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As Exxon Mobil Leaves, The Dow Jones Industrial Average Loses Its Oldest Member : NPR
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Exxon Mobil Exits: The Dow Drops Its
Oldest Member
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CAMILA DOMONOSKE

Exxon joined the Dow Jones Industrial Average in 1928, as Standard Oil, one of companies descended
from John D. Rockefeller's world-transforming oil monopoly.
Bruce Bennett/Getty Images

The Dow Jones Industrial Average is the classic blue-chip stock index. Exxon
Mobil is an iconic blue-chip stock.
https://www.npr.org/2020/08/25/905818004/exxon-mobil-exits-the-dow-drops-its-oldest-member
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But starting next week, the oil giant — currently the Dow's longest-tenured
member — will be dropped from the influential index, which for many people is
shorthand for the stock market.
The change is driven by Apple's decision to split its stock, according to S&P
Dow Jones Indices, which is responsible for the Dow. Its impact on Exxon will
be more symbolic than substantive.
But it reflects just how once-dominant Exxon has diminished. Many oil
companies are struggling on the stock market as climate concerns mount,
Silicon Valley stocks massively outperform petroleum and the coronavirus
keeps global oil demand well below expectations.
BUSINESS
Dow Jones Drops GE, A Member Of The Original Industrial Average In
1896

Exxon joined the Dow Jones Industrial Average in 1928, as Standard Oil, one of
companies descended from John D. Rockefeller's world-transforming oil
monopoly. Mobil was another branch of Rockefeller's empire.
The two companies by themselves were behemoths. When Exxon and Mobil
merged in 1999, it was the biggest merger in history, creating the world's
largest privately held oil company. For years, Exxon Mobil was the world's
largest publicly traded company.
Today, after the long rise of the tech giants and the abrupt collapse of the oil
market, there are some three dozen companies more valuable than Exxon.

https://www.npr.org/2020/08/25/905818004/exxon-mobil-exits-the-dow-drops-its-oldest-member
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The Dow Jones Industrial Average is an index of 30 large U.S. companies,
designed to roughly track the stock market performance of many sectors of the
economy at once.
Article continues after sponsor message

BUSINESS
Tesla's String Of Profits Opens A New Door For World's Most Valuable
Automaker

Apple's stock value has soared so high (the tech giant recently reached a
valuation of $2 trillion) that the company has decided to institute a stock split
to bring the price of a single share down. Everyone currently owning one share
of Apple stock will own four shares next week, with each one worth a quarter of
its previous price.
This creates a problem for the Dow. With the price of Apple stock suddenly
lower, the tech industry will represent a smaller slice of the Dow pie. To get
https://www.npr.org/2020/08/25/905818004/exxon-mobil-exits-the-dow-drops-its-oldest-member
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that pie back closer to its ideal proportions, the S&P Dow Jones Indices is
removing Exxon Mobil, pharmaceutical giant Pfizer and defense contractor
Raytheon from the index, and adding cloud software company Salesforce,
biotech company Amgen and manufacturer Honeywell.
The change will take place on Aug. 31. Chevron will be the only remaining
energy stock in the Dow.
"This action does not affect our business nor the long-term fundamentals that
support our strategy," an Exxon spokesman told NPR. "Our portfolio is the
strongest it has been in more than two decades, and our focus remains on
creating shareholder value by responsibly meeting the world's energy needs."
CORONAVIRUS LIVE UPDATES
The Big Comeback: S&P 500 Closes At Record High 6 Months After
Coronavirus Plunge

As other oil and gas giants have pledged to transform their business model to
reduce their contribution to climate change, Exxon has doubled down on
petrochemicals. Early in March, the company laid out a strategy for huge new
investments in oil and gas, despite dropping oil prices and public pressure to
reduce emissions.
Those plans have been disrupted by the precipitous drop in demand for oil due
to the pandemic. Instead of funding big new projects, Exxon Mobil has slashed
its investments and its expenses so it can keep paying out hefty dividends to its
stockholders.
Editor's note: Exxon Mobil and Apple are among NPR's financial
supporters.
https://www.npr.org/2020/08/25/905818004/exxon-mobil-exits-the-dow-drops-its-oldest-member

4/17

9/11/2020

Crude oil prices down sharply in fourth quarter of 2014 - Today in Energy - U.S. Energy Information Administration (EIA)

Skip to sub-navigation

Today in Energy
January 6, 2015

Crude oil prices down sharply in fourth quarter of 2014

Source: U.S. Energy Information Administration, based on Bloomberg
Crude oil prices fell sharply in the fourth quarter of 2014 as robust global production exceeded demand. After
reaching monthly peaks of $112 per barrel (bbl) and $105/bbl in June, crude oil benchmarks Brent and West Texas
Intermediate (WTI) fell to $62/bbl and $59/bbl in December, respectively.
Brent prices fell below the five-year average in early September and slipped well below the five-year range in
November and December. WTI prices have been below the five-year average since early October and below the five
year-range since early November.

https://www.eia.gov/todayinenergy/detail.php?id=19451

1/3

9/11/2020

Crude oil prices down sharply in fourth quarter of 2014 - Today in Energy - U.S. Energy Information Administration (EIA)

Source: U.S. Energy Information Administration, based on Bloomberg
U.S. highlights
Domestic crude oil production increased 1.2 million barrels per day (bbl/d) in 2014, up 16% from 2013. At 8.6
million bbl/d, U.S. production is at the highest level in nearly 30 years.
The Brent-WTI spread averaged less than $6/bbl, significantly lower than the 2011-13 average of nearly
$15/bbl.
Global highlights
Estimated global liquids production grew by 1.8 million bbl/d to total 92.0 million bbl/d in 2014, mainly
reflecting non-OPEC (Organization of the Petroleum Exporting Countries) production increases concentrated
in North America.
EIA estimates that global unplanned supply disruptions averaged 3.1 million bbl/d in 2014, 0.4 million bbl/d
higher than the previous year. OPEC producers had the largest share of outages at 2.5 million bbl/d.
EIA estimates that global liquid fuels production exceeded consumption in each of the four quarters of 2014.
In the previous five years, production had not exceeded consumption for more than two consecutive
quarters.

https://www.eia.gov/todayinenergy/detail.php?id=19451
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Source: U.S. Energy Information Administration, Short-Term Energy Outlook, December 2014
Note: Fourth-quarter 2014 represents a forecast.
Principal contributor: Hannah Breul

https://www.eia.gov/todayinenergy/detail.php?id=19451
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Crude oil prices end the year lower than they began the year

Source: U.S. Energy Information Administration and Bloomberg
Brent crude oil averaged $72 per barrel (b) in 2018, and West Texas Intermediate (WTI) averaged $65/b in 2018.
The prices for both crude oils finished the year lower than they began it. Brent and WTI each hit their highest prices
during the year on October 3 at $86/b and $76/b, respectively. Prices for each benchmark fell quickly after that, and
on December 24, Brent reached an annual low of $50/b and WTI reached an annual low of $43/b.
Brent ended the year at $54/b, $13/b lower than it began the year, and WTI ended the year at $45/b, $15/b lower
than it began the year. This year marks the first time since 2015 that crude oil prices for these benchmarks ended
the year at a lower price than at the beginning of the year.
U.S. highlights
U.S. crude oil and other liquids production increased in 2018, and EIA forecasts it to average 17.8 million
barrels per day (b/d) for the year, the highest level on record (EIA data going back to 1994 ) and an increase
of 2.2 million b/d from the 2017 production level.
The United States surpassed Russia and Saudi Arabia earlier in 2018 to become the largest crude oil
producer in the world based on monthly data. U.S. crude oil production was at record levels in 2018, and in
the December Short-Term Energy Outlook, EIA forecasted that 2018 annual crude oil production would reach
10.9 million b/d, surpassing the previous annual high of 9.6 million b/d set in 1970.

https://www.eia.gov/todayinenergy/detail.php?id=37852
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U.S. crude oil exports averaged 1.9 million b/d in 2018, about twice the amount that was exported in 2017.
Crude oil overtook distillate as the largest U.S. petroleum export.
The growth in U.S. exports of crude oil and petroleum products led to a one-week period in late November
when the United States was a net exporter for the first time in EIA’s data history.

Source: U.S. Energy Information Administration, Short-Term Energy Outlook, December 2018
Note: December 2018 data for the United States and Russia are forecasted; EIA does not publish forecast
data for individual OPEC members.
International highlights
EIA forecasts that the Organization of the Petroleum Exporting Countries (OPEC) total crude oil and other
liquids production will average 39.2 million b/d in 2018, down slightly from 39.3 million b/d in 2017.
Although U.S. sanctions on Iran began on November 5, 2018, the United States granted waivers for some of
Iran’s largest customers to continue importing limited volumes of crude oil for six months.
Crude oil production increases in Saudi Arabia in the second half of 2018 partially offset Iran’s declining
production as a result of the U.S. sanctions on OPEC’s total production levels.
Russian crude oil and other liquids production increased from an estimated 11.2 million b/d in January to a
forecasted 11.6 million b/d in December.
In an effort to limit excess supply, on December 7, 2018, OPEC and other producing countries (including
Russia) announced they would cut production by 1.2 million barrels per day (b/d) from October 2018 levels
during the first six months of 2019.
Principal contributor: Matt French

https://www.eia.gov/todayinenergy/detail.php?id=37852
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Crude oil prices increased in 2017, and Brent-WTI spread widened

Source: U.S. Energy Information Administration, based on Thomson Reuters
Crude oil prices ended 2017 at $60/barrel (b), the highest end-of-year price since 2013. West Texas Intermediate
(WTI) crude oil prices averaged $51/b in 2017, up $7/b from the 2016 average, and ended the year $6/b higher than
at the end of 2016. Brent prices have moved up $10/b since the end of 2016 and ended the year at $65/b, widening
the Brent-WTI spread to $5/b at the end of the year, the largest difference since 2013.
Despite relatively high U.S. crude oil production, curtailments in production by members of the Organization of the
Petroleum Exporting Countries (OPEC) and robust global demand supported crude oil price increases in 2017. The
OPEC agreement to curtail crude oil production in 2017 and subsequent extension of that agreement through 2018
tightened crude oil supplies, which put upward pressure on crude oil prices.
The price spread between Brent and WTI was significantly greater in 2017 than in 2016. Lower domestic crude oil
prices made U.S. crude oil more competitive in international markets and supported record U.S. crude oil exports.
Domestic demand was also higher: U.S. product supplied for crude oil and petroleum products was the highest level
since 2007.

https://www.eia.gov/todayinenergy/detail.php?id=34372

1/3

9/11/2020

Crude oil prices increased in 2017, and Brent-WTI spread widened - Today in Energy - U.S. Energy Information Administration (EIA)

Source: U.S. Energy Information Administration, Short-Term Energy Outlook, December 2017
U.S. highlights
U.S. crude oil production increased in 2017 by more than 384,000 barrels per day (b/d) to 9.2 million b/d,
based on data through September and estimates from the December Short-Term Energy Outlook (STEO) for
the remainder of 2017. The increase was driven by Lower 48 onshore production (especially in the Permian
Basin area) with an estimated increase of nearly 330,000 b/d from 2016 to 2017.
The Brent-WTI price spread averaged more than $3.33/b in 2017. In 2016, the average price difference was
less than $1/b.
Crude oil export volumes and the number of destinations for those exports continued to increase. U.S.
exports of crude oil averaged 1.0 million b/d through October 2017, on pace for a record high and an
increase of 445,000 b/d from the 2016 average.
Based on data through October 2017, average U.S. imports of crude oil increased by more than 103,000 b/d
from the 2016 level to nearly 8.0 million b/d in 2017, the highest level since 2012. Canada, Saudi Arabia, and
Venezuela were the largest foreign suppliers of crude oil to the United States.
The average volume of U.S. product supplied for crude oil and petroleum products was 19.8 million b/d
through October, the highest level since 2007.
On August 25, 2017, Hurricane Harvey made landfall in the U.S. Gulf Coast, disrupting refinery and port
operations and resulting in a steep decrease in refinery operations.
International highlights
EIA estimates OPEC crude oil production averaged 32.5 million b/d in 2017, a 0.2 million b/d decrease from
the 2016 levels.
https://www.eia.gov/todayinenergy/detail.php?id=34372
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OPEC and the non-OPEC countries that agreed to crude oil production cuts in 2017 also agreed to continue
limiting output through the end of 2018. Saudi Arabia and Russia will co-chair a monitoring committee
designed to assess the group’s adherence to the production targets. The group plans to reassess target
production levels at its June 2018 meeting in the context of market conditions at that time.
A pipeline outage in the North Sea contributed to higher Brent crude oil prices in December, further widening
the Brent-WTI spread.
Principal contributor: Matt French

https://www.eia.gov/todayinenergy/detail.php?id=34372
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Crude oil prices were generally lower in 2019 than in 2018
Daily Brent and West Texas Intermediate crude oil futures prices (Jan 2018-Dec 2019)
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The price of Brent crude oil, the international benchmark, averaged $64 per barrel (b) in 2019, $7/b lower than its
2018 average. The price of West Texas Intermediate (WTI) crude oil, the U.S. benchmark, averaged $57/b in 2019,
$7/b lower than in 2018.
Compared with recent years, both crude oil prices traded within relatively narrow price ranges throughout the year.
Brent prices reached an annual daily low of $55/b in early January, rising to a daily high of $75/b in late April. The
resulting range of $20/b is the narrowest since 2003. WTI prices ranged from $47/b to $66/b.
More recently, crude oil prices have increased following the January 3 U.S. military operation in Iraq, likely reflecting
an increase in geopolitical risk.
Although the 2019 range of daily prices remained relatively narrow, Brent and WTI front-month futures prices did
experience their largest single-day price increases since 2008. On Monday, September 16, 2019, the first full day of
trading after an attack on key energy installations in Saudi Arabia, Brent and WTI crude oil prices increased by $9/b
and $8/b, respectively. The price increases were relatively short lived, and prices returned to pre-attack levels by the
end of the month because of Saudi Arabia’s ability to bring production back online within weeks of the attack and
global concerns about demand growth.
Throughout 2019, increases in U.S. petroleum production put downward pressure on crude oil prices. In addition,
the production increases likely limited the effect on prices from the attack on Saudi Arabia, production cut
https://www.eia.gov/todayinenergy/detail.php?id=42415
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announcements from the Organization of the Petroleum Exporting Countries (OPEC), and U.S. sanctions on Iran
and Venezuela that limited crude oil exports from those countries.
Outside the United States, crude oil production from major producers such as Saudi Arabia, Venezuela, and Iran
declined in 2019. EIA expects that total OPEC crude oil production averaged 29.8 million b/d in 2019, a decline from
the 2018 average of 32.0 million b/d. U.S. crude oil imports from OPEC countries were at their lowest level in
several decades. To continue limiting excess crude oil supply, on December 7, 2019, OPEC+ (OPEC plus 10 other
nations such as Russia, Mexico, and Kazakhstan) announced they were deepening the production cuts originally
announced in December 2018.
Based on the U.S. Energy Information Administration’s (EIA) monthly data through October and short-term forecasts
for November and December, 2019 will likely be a record year for several U.S. crude oil and petroleum metrics. EIA
expects that U.S. crude oil and other liquids production will reach an annual average of 19.6 million barrels per day
(b/d), the highest level on record. EIA also expects U.S. crude oil production will average 12.3 million b/d in 2019,
making the United States the largest crude oil producer in the world.
In its December Short-Term Energy Outlook, EIA expects U.S. crude oil and petroleum product net imports will
average 490,000 b/d in 2019, down from 2.3 million b/d in 2018. In September and October, the United States
exported more petroleum (crude oil and products) than it imported for the first time on record, based on monthly
values since 1973. EIA’s monthly data through December 2019 will be available by the end of February 2020.
Principal contributor: Matt French

https://www.eia.gov/todayinenergy/detail.php?id=42415
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Crude oil prices increased in 2016, still below 2015 averages

Source: U.S. Energy Information Administration, based on Thompson Reuters
Crude oil prices ended the year above $50 per barrel (b). Although the annual average West Texas Intermediate
(WTI) crude oil price in 2016 was $43/b—down $5/b from 2015—the WTI price ended 2016 at $53/b, $16/b higher
than at the end of 2015. Similarly, Brent ended the year up $17 from the end of 2015, at $54/b, but the 2016 annual
average of $44/b was $8 below the 2015 average.
Despite robust demand for petroleum products, relatively high production and inventory levels provided downward
pressure on crude oil prices throughout most of 2016. However, recent agreements to curb production over the next
six months within the Organization of the Petroleum Exporting Countries (OPEC) and additional pledges by some
key non-OPEC producers put upward pressure on prices at the end of 2016 as markets appear to be anticipating
tighter balances than previously forecast.

https://www.eia.gov/todayinenergy/detail.php?id=29412
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Source: U.S. Energy Information Administration, Short-Term Energy Outlook, December 2016
U.S. highlights for 2016
U.S. crude oil production was lower in 2016 than in 2015 by more than 500,000 barrels per day (b/d) using
estimates from the December Short-Term Energy Outlook (STEO). The decrease was driven by reductions in
Lower 48 onshore production, with an estimated decline in production from 2015 to 2016 of nearly 700,000
b/d. Despite the decline, production of crude oil is forecast to average 8.9 million b/d in 2016, the second
highest level since 1985.
The Brent-WTI price spread averaged less than $1/b in 2016, significantly below the 2015 average spread of
$3.45/b.
Based on data through September 2016, average U.S. imports of crude oil increased by more than 500,000
b/d from 2015 to 7.9 million b/d, the highest level since 2012. The United States imported the three largest
volumes of crude oil from Canada, Saudi Arabia, and Venezuela.
The number of countries receiving U.S. crude oil exports has risen since restrictions on exporting U.S. crude
oil were lifted in December 2015. Despite declines in domestic production, total crude oil exports for 2016
were up, with estimates through October 2016 totaling more than 500,000 b/d, an increase of more than
30,000 b/d from the same period in 2015.
International highlights for 2016
EIA estimates that total OPEC crude oil and other liquids production increased 3% to 39.3 million b/d in 2016.
At the November 30 OPEC meeting, member countries agreed to reduce production by approximately 1.2
million b/d from an October baseline to lower OPEC's production ceiling to 32.5 million b/d beginning January
1, 2017.
https://www.eia.gov/todayinenergy/detail.php?id=29412
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Non-OPEC countries met following OPEC’s agreement and agreed to cut production by 558,000 b/d, with
Russia making the largest cuts of approximately 300,000 b/d.
Principal contributor: Matthew French

https://www.eia.gov/todayinenergy/detail.php?id=29412
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Bankruptcies in Fracking Sector
Mount in 2019
E&P Companies’ Debt of $26 Billion Doubled
Over Previous Year
Bankruptcies among fracking-focused
companies exploded in 2019. The 42
bankruptcy filings among Exploration &
Production (E&P) companies in 2019
involved nearly $26 billion in debt –
double the $13 billion in bankruptcyrelated debt filed in 2018.1
“Following a steep drop in oil prices in
the fourth quarter of 2018, there was a
sharp increase in the number of filings in
2019,” reported Haynes & Boone, a legal
firm that publishes a quarterly report on
bankruptcies.

Key Findings
• 42 U.S. E&Ps filed for bankruptcy
in 2019.
• Their aggregate debt was $26
billion – double the amount from
2018.
• Appalachian frackers have been
hit especially hard as natural
gas prices were cut by a third.
• Bankruptcy-related debt among
oilfield services companies that
rely on revenue from frackers,
also doubled in 2019 compared
to 2018.

After years of mounting debt and
negative cash flows,2 the fracking sector
has experienced an ongoing wave of
bankruptcies over the past five years.
• More bankruptcies are expected,
Natural gas prices, which dropped by a
as the gas and oil glut continues
third in 2019, and persistently low oil
and prices remain subdued.
prices throughout the year that averaged
$57 per barrel3 compared to $654 the
year before, pushed 42 companies
focused on unconventional production of oil and gas to file for bankruptcy
protection in 2019.
Moody’s concludes that the oil and gas industry never “fully recovered” from the
2015-2016 oil price slump.5
All told, 208 North American oil and gas producers declared bankruptcy between
January 2015 and December 31, 2019, affecting more than $121 billion in debt.6

Haynes & Boone. Oil Patch Bankruptcy Monitor. January 17, 2020.
IEEFA. Fracking sector spills more red ink in Q3. November 19, 2019.
3 EIA.gov. WTI Spot Prices
4 Ibid.
5 Moody’s. Energy defaults are on the rise again, clouded economic outlook calls for a higher US
speculative grade default rate. October 31, 2019.
6 Haynes & Boone. Oil Patch Bankruptcy Monitor. January 17, 2020.
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2019 saw an especially large uptick in bankruptcies among E&P companies. In just
the first nine months of 2019, these bankruptcies had already involved nearly $13
billion in debt, compared to $13.2 billion in all of 2018 and $8.5 billion in 2017.7
Subsequently, in the fourth quarter of 2019, nine fracking-focused companies filed
for an additional nearly $13 billion in debt to be restructured or written off, which
sent the 2019 total ballooning to $25.8 billion, nearly double the 2018 level.
Bankruptcy filings in the oilfield services sector, which relies heavily on the
fracking industry for revenues,8 also doubled in 2019 compared to 2018. More
than $8 billion in bankruptcy filings were recorded in 2019, compared to less than
$4 billion in 2018.9 The oilfield services sector has gone through nearly 200
bankruptcies involving more than $66 billion in debt since 201510 – including, in
May 2019, the insolvency of Weatherford International, formerly the world’s fourthlargest oilfield services company, which must restructure $7.6 billion in long-term
debt.
Schlumberger and Halliburton,11 the world’s largest oilfield services companies,
recorded significant losses in 2019, with Schlumberger writing off $12.7 billion in
Q4 2019, an amount that Tudor Pickering, an investment bank that focuses on the
oil and gas industry, suggested was “eyebrow-raising.”12
More bankruptcies are all but certain, as oil and gas borrowers must repay or
refinance more than $100 billion dollars in debt over the next few years.13
Hardest hit have been the Appalachian frackers, which primarily produce
natural gas. Their already-battered stocks have been further pummeled since the
beginning of the year, as gas prices continue to decline.14 The largest of them, EQT,
took a $1.8 billion write-off in Q4 2019, and reduced its workforce by 25 percent in
2019.15
Chevron walked away from its Appalachian shale gas holdings in December 2019,
taking an impairment charge of more than $5 billion.16 It has put its shale assets on
the market, but energy consultant Rystad expects it will get far less than the more
than $4 billion it paid for these assets.17
Ibid.
Deloitte. The oilfield services sector transforms again. 2017
9 Haynes & Boone. Oilfield Services Bankruptcy Tracker. January 17, 2020
10 Ibid.
11 Houston Chronicle. Halliburton closes 2019 with 1.1 billion loss, January 21, 2020
12 Bloomberg.com. Schlumberger rips off band-aid with $12.7 billion write-down. October 18,
2019.
13 Oil & Gas Journal. Rystad Energy: US shale bankruptcies ‘not industry-wide epidemic.’
September 25, 2019.
14 S&P Global Market Intelligence. Appalachian shale gas stocks are pummeled as benchmark
approaches $2MMbtu. January 20, 2019
15 KallanishEnergy.com EQT may incur a $1.8 b 4th quarter impairment. January 14, 2020.
16 The Wall Street Journal. Chevron, facing fossil fuels glut, takes $10 billion charge. December 10,
2019.
17 Pittsburgh Business Times. Chevron plans to divest Appalachian business. December 10, 2019.
7
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Appalachian producers are now facing a wave of debt, which will be nearly
impossible for them to repay with gas prices below $2.00/MMBtu. Their cash flows
had already been negative18 even with much higher gas prices. IHS Markit sent
shock waves through the market in September 2019 by suggesting that gas prices
would continue to plummet, reaching levels not seen since the 1970s.19
Just eight E&P companies with a significant presence in Appalachia20 face $29.95
billion in long-term debt. Their market cap, as of January 24, 2020, is just $12.4
billion. (See Figure 1.)

Figure 1: Long-Term Debt Facing 8 Fracking-Focused Companies in
Appalachia (in millions)
Long-Term Debt, Q3 2019, (in millions)
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Sources: Company Filings

As of September 30, 2019, the long-term debt of those eight frackers will mature
between 2021 and 2027, with more than $4 billion maturing in 2022 (see Figure 2.)

IEEFA. Mounting negative cash flows highlight struggles of Appalachian fracked gas producers.
November 2019
19 IHS Markit. U.S. natural gas price will fall to levels not seen since 1970s. September 12, 2019.
20 Antero Resources, CNX Resource, Cabot Oil & Gas, Gulfport Energy, Chesapeake Energy, Range
Resources, EQT, and Southwestern Energy.
18
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Figure 2: Year When 8 Fracking Companies’ Long-Term Debt is Due
Total Aggregate Debt a/o 9/30/2019 (in millions): AR,
CHK, COG, CNX, EQT, GPOR, RRC, SWN
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Sources: Company Filings
*L-Term Debt, including bank financing, credit facilities with unspecified maturities

Conclusion
The significant uptick in bankruptcy filings in the E&P and oil services sectors in
2019 illustrates the increasingly speculative character of the industry as its financial
rationale of high risk and high reward deteriorates. High risk is now producing
chronic value destruction. Bankruptcies among U.S. frackers accelerated in 2019,
with 42 companies filing for bankruptcy, affecting $25.8 billion in debt – nearly
double 2018 levels. The oilfield services sector, which relies on revenues from E&P
companies, also saw bankruptcy filings double in 2019.
The inability of the sector to adapt to a low-priced oil and gas environment has now
produced decade-long negative cash flows among oil and gas producers, resulting in
increasing numbers of bankruptcies as both lenders and equity investors have
largely abandoned the sector.21
Given the massive wave of debt facing E&P companies, more bankruptcies are all
but certain. The global glut of gas and oil is expected to continue. Natural gas prices
are dipping to levels not seen since the 1970s. And even political tensions and
outright attacks in the Middle East don’t cause oil price spikes to last more than a
few days.
In this environment, it is difficult to see a financial pathway forward for oil and gas
producers.
21

The Wall Street Journal. Frackers scrounge for cash as Wall Street closes its doors. June 7, 2019.
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Bankruptcies in Fracking Sector Mount in 2019
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Plummeting oil prices caused by a Saudi-Russian feud and the coronavir
outbreak may lead to a decline in fracking, the controversial practice tha
has fueled the domestic energy revolution in the U.S.
Fracking, which involves blasting water and other chemicals deep within
the ground to lift oil out of rock crevices, is more expensive than using a
traditional oil derrick, making U.S. producers more sensitive to dropping
prices.
Oil sank to $23 from a high of $53 dollars in mid-February, far below the
“break even” point that producers need to drill new wells to maintain
supply, and with volumes rapidly diminishing at existing wells.
“These wells are more expensive, they produce a larger portion of all the
oil and gas that irst year,” said Lynn Helms, director of North Dakota’s
Department of Mineral Resources, which regulates the oil industry. "We’r
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It’s not just that fracking is more expensive — it costs anywhere from $6
million to $10 million to drill a horizontal fracked well versus about $2
million for the traditional bobbing oil derricks dominant in the rest of the
world — fracked wells can also deliver half of their contents to the surfac
within the irst year, giving a well little time to wait out shocks to the
market.
Major oil players have already told stockholders they will slash their
budgets in response.
Schlumberger, one of the largest oil ield services companies in the world
said it would cut its budget by 30 percent this year. Halliburton, another
oil ield services giant, has already furloughed 3,500 of its employees in
Houston.

VIEW ALL

In North Dakota, where 5 percent of the state’s workers are tied to an oil
industry dependent on fracking, unemployment has soared, with claims
jumping from 600 in the middle of last week to more than 2,500 by the
week's end, according to The Bismarck Tribune.
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But while fracking is key to an industry that is the lifeblood of many
communities, there’s a growing movement to restrict the practice given
its impact on the environment. Beyond the eﬀects to the climate from
simply burning fossil fuels, fracking relies on a variety of chemicals and
risks polluting water.
Most Democratic presidential candidates this cycle vowed to end the
practice on federal lands, and Sen. Bernie Sanders (I-Vt.) and Rep.
Alexandria Ocasio-Cortez (D-N.Y.) have introduced a bill that would ban
fracking entirely.
“We need to cut our emissions by 2030, so we need to get oﬀ of fossil
fuels,” said Randi Spivak at the Center for Biological Diversity, which
advocated against any assistance for the oil industry in the coronavirus
stimulus package. “From a climate perspective this downturn should be
seen as a way to pivot away from fossil fuels and into clean renewable
energy.”
But as oil hits its lowest price in 18 years, economics rather than politics
are likely to fuel a decrease in fracking, at least in the short term.
Experts say the price drop will hit the industry in waves.

CNN's Tapper tried to
talk GOP candidate out

First to go will be the crews operating rigs that drill new wells, as
companies likely won’t have the multimillion-dollar cash low needed to
begin work. Oil is far below the approximately $50 break-even igure
needed to keep pumping existing wells while drilling new ones.
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“I’ve never been a fan of the term ‘break even’ because no one is in
business to break even,” said Ron Ness, head of the North Dakota
Petroleum Council. “But do you want to produce some of the highest
quality, best crude oil in the world at $20 a barrel? Do you want to keep
producing that oil or be patient?”
Tucker Carlson accuses
Lindsey Graham of

The number of rigs in the U.S. has already dropped by about 20, falling to
772 last week from around 790 the month before — a signi icant drop in a
igure said to measure the health of the industry.
Without drilling new wells, oil supply will decline.
“The best day of life for an oil and gas well is its birthday,” when oil rushe
to the surface, said Raoul LeBlanc, an oil industry expert at IHS Markit. Bu
after that, “They decline relentlessly.”
After cutting rigs, producers might eventually look at slowing production
Producers could “shut in” wells, essentially capping them to pause
production, a move that risks damaging the lifetime production of the we
but allows them to reopen once prices rise.
But experts disagree on just how likely that is to happen.
Rusty Braziel, CEO of energy analysis company RBN Energy, said shut-ins
are rare and unlikely to happen right away.
“Now producers are only going to be focused on the very best sweet
spots they've got,” he said. “If you turn wells oﬀ, you get nothing, and
right now companies need the money.”
Braziel and LeBlanc agreed prices would have to fall to below $10 a barre
before producers won’t make enough money to continue fracking.
ADVERTISING

But LeBlanc said he thinks shut-ins could begin this year.
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“We believe that prices will go low enough to shut in production because
we have a monster surplus,” he said.
That’s an issue the government was looking to ix. President Trump vowe
to buy 77 million barrels of oil to ill the Strategic Petroleum Reserve, but
funds for the purchase were stripped from government stimulus
packages, and the initial 30 million barrel sale was canceled.
Adding to the industry's woes, gasoline demand is expected to fall by
more than 50 percent throughout the pandemic, according to research
from IHS Markit.
The oil industry has said it is not seeking a bailout.
“Make no mistake this is a challenging time not just for our industry but
businesses across the U.S. Considering that we are a resilient and
innovative industry, we have time and again bounced back,” said Frank
Macchiarola, senior vice president of policy, economics and regulatory
aﬀairs with the American Petroleum Institute.
Environmentalists, meanwhile, hope the industry volatility will spur
leaders to evaluate ways to move away from fossil fuels. But low prices
could complicate that trend as well.
“I would never say the crisis we're facing is a good thing, and I think it's
not clear what the impact of this will be on carbon emissions. If oil prices
are low, that pushes in one direction and pulls in another,” said Tim
Donaghy with GreenPeace.

Outside counsel says Trump's 'pressure campaign' moved DOJ to
drop...

“If gasoline prices are low, there's a worry it will slow the adoption of
electrical vehicles or other clean energy solutions.”
LeBlanc agreed.
“For people who want to see an energy transition, it’s good for oil to be
expensive because it makes all of your other technologies more
competitive,” he said.
TAGS ALEXANDRIA OCASIO-CORTEZ BERNIE SANDERS DONALD TRUMP FRACKING CORONAVIRUS
OIL PRICES ECONOMY
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Plummeting oil prices caused by a Saudi-Russian feud and the coronavirus
outbreak may lead to a decline in fracking, the controversial practice that
has fueled the domestic energy revolution in the U.S.
Fracking, which involves blasting water and other chemicals deep within
the ground to lift oil out of rock crevices, is more expensive than using a
traditional oil derrick, making U.S. producers more sensitive to dropping
prices.
Oil sank to $23 from a high of $53 dollars in mid-February, far below the
“break even” point that producers need to drill new wells to maintain
supply, and with volumes rapidly diminishing at existing wells.
“These wells are more expensive, they produce a larger portion of all their
oil and gas that irst year,” said Lynn Helms, director of North Dakota’s
Department of Mineral Resources, which regulates the oil industry. "We’re
just starting to see the economic impacts and expect them to grow quite
a bit over the next six to nine months."
It’s not just that fracking is more expensive — it costs anywhere from $6
million to $10 million to drill a horizontal fracked well versus about $2
million for the traditional bobbing oil derricks dominant in the rest of the
world — fracked wells can also deliver half of their contents to the surface
within the irst year, giving a well little time to wait out shocks to the
market.
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Schlumberger, one of the largest oil ield services companies in the world,
said it would cut its budget by 30 percent this year. Halliburton, another
oil ield services giant, has already furloughed 3,500 of its employees in
Houston.
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In North Dakota, where 5 percent of the state’s workers are tied to an oil
industry dependent on fracking, unemployment has soared, with claims
jumping from 600 in the middle of last week to more than 2,500 by the
week's end, according to The Bismarck Tribune.
But while fracking is key to an industry that is the lifeblood of many
communities, there’s a growing movement to restrict the practice given
its impact on the environment. Beyond the eﬀects to the climate from
simply burning fossil fuels, fracking relies on a variety of chemicals and
risks polluting water.
Most Democratic presidential candidates this cycle vowed to end the
practice on federal lands, and Sen. Bernie Sanders (I-Vt.) and Rep.
Alexandria Ocasio-Cortez (D-N.Y.) have introduced a bill that would ban
fracking entirely.
“We need to cut our emissions by 2030, so we need to get oﬀ of fossil
fuels,” said Randi Spivak at the Center for Biological Diversity, which
advocated against any assistance for the oil industry in the coronavirus
stimulus package. “From a climate perspective this downturn should be
seen as a way to pivot away from fossil fuels and into clean renewable
energy.”
But as oil hits its lowest price in 18 years, economics rather than politics
are likely to fuel a decrease in fracking, at least in the short term.

San Francisco hair salon
owner 'afraid to go back'

Experts say the price drop will hit the industry in waves.
First to go will be the crews operating rigs that drill new wells, as
companies likely won’t have the multimillion-dollar cash low needed to
begin work. Oil is far below the approximately $50 break-even igure
needed to keep pumping existing wells while drilling new ones.

Tucker Carlson accuses
Lindsey Graham of

“I’ve never been a fan of the term ‘break even’ because no one is in
business to break even,” said Ron Ness, head of the North Dakota
Petroleum Council. “But do you want to produce some of the highest
quality, best crude oil in the world at $20 a barrel? Do you want to keep
producing that oil or be patient?”
The number of rigs in the U.S. has already dropped by about 20, falling to
772 last week from around 790 the month before — a signi icant drop in a
igure said to measure the health of the industry.
Without drilling new wells, oil supply will decline.
“The best day of life for an oil and gas well is its birthday,” when oil rushes
to the surface, said Raoul LeBlanc, an oil industry expert at IHS Markit. But
after that, “They decline relentlessly.”
After cutting rigs, producers might eventually look at slowing production.
Producers could “shut in” wells, essentially capping them to pause
production, a move that risks damaging the lifetime production of the well
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but allows them to reopen once prices rise.
But experts disagree on just how likely that is to happen.
Rusty Braziel, CEO of energy analysis company RBN Energy, said shut-ins
are rare and unlikely to happen right away.
“Now producers are only going to be focused on the very best sweet
spots they've got,” he said. “If you turn wells oﬀ, you get nothing, and
right now companies need the money.”
Braziel and LeBlanc agreed prices would have to fall to below $10 a barrel
before producers won’t make enough money to continue fracking.
ADVERTISING

But LeBlanc said he thinks shut-ins could begin this year.
“We believe that prices will go low enough to shut in production because
we have a monster surplus,” he said.
That’s an issue the government was looking to ix. President Trump vowed
to buy 77 million barrels of oil to ill the Strategic Petroleum Reserve, but
funds for the purchase were stripped from government stimulus
packages, and the initial 30 million barrel sale was canceled.
Adding to the industry's woes, gasoline demand is expected to fall by
more than 50 percent throughout the pandemic, according to research
from IHS Markit.
The oil industry has said it is not seeking a bailout.
“Make no mistake this is a challenging time not just for our industry but
businesses across the U.S. Considering that we are a resilient and
innovative industry, we have time and again bounced back,” said Frank
Macchiarola, senior vice president of policy, economics and regulatory
aﬀairs with the American Petroleum Institute.
Environmentalists, meanwhile, hope the industry volatility will spur
leaders to evaluate ways to move away from fossil fuels. But low prices
could complicate that trend as well.
“I would never say the crisis we're facing is a good thing, and I think it's
not clear what the impact of this will be on carbon emissions. If oil prices
are low, that pushes in one direction and pulls in another,” said Tim
Donaghy with GreenPeace.
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“If gasoline prices are low, there's a worry it will slow the adoption of
electrical vehicles or other clean energy solutions.”
LeBlanc agreed.
“For people who want to see an energy transition, it’s good for oil to be
expensive because it makes all of your other technologies more
competitive,” he said.
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Comments Submitted to the Railroad Commission of Texas on the Matter of the
Pioneer Natural Resources U.S.A Inc. and Parsley Energy, Inc. request for
determination of reasonable market demand
Submitted by: Tom Sanzillo, Director of Finance, Institute for Energy Economics
and Financial Analysis (IEEFA), 3430 Rocky River Drive, Cleveland, OH 44111,
phone: 518-505-1186
April 7, 2020
My name is Tom Sanzillo, Director of Finance for the Institute for Energy Economics and Financial
Analysis (IEEFA). I write to respond to the request for comment by the Texas Railroad Commission
(RRC)1 on the matter of the verified complaint2 of Pioneer Natural Resources U.S.A. Inc. and Parsley
Energy, Inc. (“the complainants”) to determine reasonable market demand for oil in the State of
Texas.
IEEFA is a non-profit organization which conducts research and analyses on financial and economic
issues related to energy and the environment. The Institute's mission is to accelerate the transition
to a diverse, sustainable and profitable energy economy.
IEEFA supports the general proposition that the RRC should establish production goals for the
industry and companies involved in oil and gas production in Texas. RRC production goals should
be based on the need to establish an orderly process to rationalize the market to meet the shortterm issues outlined by the complainants. The RRC must also acknowledge that the oil and gas
industry is a smaller industry today than in the past and is likely to continue to decline in market
share and profitability for the foreseeable future. To ensure a smoother functioning energy market
that can emerge from the current crisis, to participate in the nation’s economic recovery, and to
address the longstanding issues facing the industry, the RRC must also commit to taking a longterm and persistent regulatory approach to setting production goals for the oil and gas industry.
Short-term actions will prove to be counterproductive to the industry, the economy and to the
people of the State of Texas.
Background
The complainants argue that the RRC is compelled to act, to issue orders and to promulgate rules
when production is in excess of reasonable market demand. Under Texas law, when production is
in excess of demand, the surplus production is deemed to be waste. The RRC is charged with taking
1
2

Railroad Commission of Texas, Current Meeting Notice, published April 2, 2020
Baker Botts, Oil Prorationing in the Spotlight at Texas Railroad Commission, March 31, 2020

1

actions to curtail waste and, as the complainants argue, to mitigate industry disruption. The
complainants state that the current market will require companies to cut production (“shut in
wells”) but that for RRC to do so without a uniform set of rules will result in unfairness.
The complainants characterize the current market:
The global oil market is experiencing unprecedented disruption resulting from
simultaneous, opposing shocks to both supply and demand. In particular, two global
phenomena are driving these shocks: a market share war between Russia and Saudi
Arabia, resulting in a sudden, massive surge in the supply of oil; and the outbreak of
the COVID-19 pandemic, resulting in the precipitous decline in oil demand.
Reportedly, Russian leaders specifically aim to cripple U.S. shale oil production in
order to reduce global capacity and competition from U.S. oil exports.
As a result of the sudden and dramatic drop in demand, combined with the rapid
increase in oil supplies from Saudi Arabia, other OPEC countries and Russia, an
unprecedented and massive oil supply surplus (as high as 20 million barrels per day of
oil) already is pouring into the global market. At the current rate, 100 million barrels
of oil per week could be added to inventories during the second quarter of 2020.
The complainants’ argument is supported by two publications written by the leading industry
experts, which are included as exhibits: Light Speed Oil Surplus: Emergency Conditions for the Oil
Industry: Global Crude Oil Markets, Short Term Outlook, by IHS Markit, March 20, 2020 and Rapidan’s
Short-Term Oil Balance Update, by Rapidan Energy Group, March 29, 2020.
Are the complainants characterizing the problem accurately?
Yes and no. It is plain that the coronavirus pandemic has substantially curtailed demand. What is
not made clear in the complaint is that the recent demand shock from the economic fallout over the
virus compounded an already existing long-standing oversupplied market.3 It is also plain that the
current price war between Saudi Arabia and Russia flows from a deterioration in political cohesion
over the historical governing structures of the energy industry, which have been led for the most
part by the Organization of Petroleum Exporting Countries (OPEC).
The cumulative impact of these two factors, when combined with the rise of production in the
United States from unconventional oil and gas drilling (“fracking”), have been leading causes of a
decline in oil and gas prices. Other broader causes related to the changing structure of demand for
oil and gas has also influenced the deterioration of the industry.
None of these factors are of recent origin. The current precipitating events of the coronavirus and
the conflict between Russia and Saudi Arabia simply bring these festering problems into sharp
relief.
•
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As summary evidence of the long-term nature of the energy sector’s problems, the RRC
should consider that the oil and gas sector comprised 28% of the Standard & Poor’s Index4

IEA, Oil 2020 – Fuel Report, March 2020
Siblis Research. S&P 500 sector weightings 1979-2019
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in the 1980s. As of March 31, 2020, the oil and gas sector makes up only 2.6% of the S&P
Index.5
As summary evidence of the long-term nature of the energy sector’s problems, the RRC
should consider that for the last ten years the energy sector has underperformed the stock
market. For many years prior the energy sector led the world market. In 2018 and 2019 the
energy sector placed last among all sectors indexed in the S&P 500 and it is likely that this
will continue to be the case in 2020.6
The role of fracking in creating an oversupply of oil and gas in the United States over the last
decade is well known.7 The inability of unconventional producers to establish a successful
business model is also well known.8 The retreat by institutional investors from the fracking
sector is well recognized.9
The oversupply issue is most visible as the industry continues to flare increasing amounts 10
of gas that, although extracted, has no economic value.
The political consensus that once ruled the industry is increasingly fragmented. The
declining significance of OPEC as the focal point for market rationalization reflects the
deterioration in its members’ collective market share and the rise of the role of the U.S. and
Russia11 in the market.
The changing composition of GDP growth from economies that are heavily reliant on fossil
fuels to those less reliant on fossil fuels is apparent. 12
The serious decline in oil prices from the mid-$50s/barrel to below $20/barrel represents a
drop from an already low price to a very low price. Most oil and gas companies, recovering
from the price collapse of 2016, have responded by introducing greater efficiencies and
driving down production costs. Many now contend they can accept lower prices -- in the
$60/barrel range13 – for longer. Most oil and gas companies, however, have not
demonstrated that prices in this range can improve balance sheets and raise investor
confidence. The sector remains an underperformer in the stock market.

One conclusion from these trends is that the economy is now capable of financial growth even if the
fossil fuel sector is not growing.
In response to a question about broad market activity and competition between large U.S. oil
majors and independents in the current environment, Scott Sheffield, CEO of Pioneer Natural
Resources, and a signatory to the complaint that initiated this proceeding, recently said, referring to
the industry “We have no solutions.”14
A more analytical framing of the issue from Daniel Yergin, Vice Chairman of IHS Markit, makes the
depth of the problem clear. Mr. Yergin, responding to a broad discussion of current markets related

S&P 500 Indices
IEEFA, IEEFA update: Oil and Gas Stocks Place Dead Last in 2019 Again, Despite 30% Price Rise, January 9, 2020
7 Wall Street Journal, A Decade in Which Fracking Rocked the Oil World, December 17, 2019
8 Wall Street Journal, Fracking Buzzwords Evolve, From ‘Ramp Up’ to ‘Capital Discipline’, September 9, 2019
9 Reuters, Small U.S. Oil and Gas Companies Get Cold Shoulder from Large Banks, October 28, 2019
10 Reuters, U.S. Old Fields Flared and Vented More Natural Gas Again in 2019: data , February 3, 2020
11 World Bank Group, The Great Plunge in Oil Prices: Causes, Consequences, and Policy Responses, March 2015, see
page 13.
12 McKinsey Quarterly, The Decoupling of GDP and Energy Growth: A CEO Guide, April 2019
13 ExxonMobil, 2020 Investor Day, March 5, 2020
14 CNBC, Pioneer Natural Resources CEO Warns Independent Oil Companies Could Go Bankrupt if Production
Continues Amid Coronavirus, March 26, 2020
5

6

3

to the coronavirus pandemic, geopolitics and oversupply, said: “…a battle for market share in a
constricting market is not going to get you money.”15
The RRC is being asked to set rules not only in relation to the immediate crisis but against a
backdrop of highly competitive companies in a constricting market, companies that have now
demonstrated that normal systems of market adaptation are likely to continue to create market
dysfunction. This is not a short-term matter.
What will happen if the RRC adopts a short-term system of production goals?
The complainants ask for assistance to reduce production so that surplus oil currently held in
industry storage assets can be consumed. They argue that undisciplined production should not be
allowed to continue. The complainants properly argue that the reduction in production will take
place with or without rules. Without rules, the process is likely to result in serious market
disruption ‒ which the complainants only hint at – including job losses, tax losses and the
destruction of local economies throughout Texas (and beyond).
The plan to restrict supply, rebalance the market and raise prices is remarkably short-sighted. A
recent Goldman Sachs note reflects some of this thinking: “While oil prices are low today and
physical constraints are forcing the behavioral changes, as oil shortages develop once economic
activity normalizes, the high oil prices will likely accelerate the energy transition by constraining
demand.”16
Rising oil prices no longer take place in an environment where oil consumers must simply adapt to
the high prices. Consumers – be they individual households, businesses or nations ‒have choices
that can diminish or sometimes even eliminate reliance on high-priced oil or gas. In fact, it is likely
that rising prices will restrict demand for fossil fuels, diminishing the market for oil and gas, but not
diminishing overall energy use or economic growth. In a constricting market, short-term RRC
production goals may reduce surpluses, but unchecked, will encourage individual companies to
revert to their prior practice of increasing drilling. Short-term price increases will erode market
share and encourage a new round of oversupply and another price collapse.
A similar insight is true for the natural gas market. Assuming medium-term economic disruption
from the coronavirus, the ways in which the economy recovers will be critically important. During
recessions, regulated utilities in the U.S. usually maintain value due to the smoothing effects of rate
agreements between State Public Service Commissions and the utility companies.17
Moody’s has recently pointed out that regulated utilities with midstream assets in the natural gas
sector are more vulnerable to negative credit events due to commodity market fluctuations and
recovery.18 They have also pointed out that merchant generation is subject to greater risk for those
exposed to fossil fuels as compared to renewable energy.19

CNBC, Oil Market is Facing a ‘Triple Whammy’ of Pressures, Oil Expert Daniel Yergin Says, March 9, 2020
Reuters, Oil Views: An Industry game changer, Goldman Sachs, March 30, 2020.
17 Moody’s, Utilities demonstrate credit resilience in the face of coronavirus disruptions, March 18, 2020
(subscription required)
18 Ibid.
19 Moody’s, Outlook changed to stable as coronavirus hits power prices, political intervention rises, April 2, 2020
(subscription required)
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IHS Markit recently underscored the point that fossil fuels will be a less desirable investment
opportunity post-recession for utilities than renewable energy:
“If you look at the returns in the oil and gas sector, they’ve been very poor, let’s say—not
just in the last few weeks but the last few years,” said Atul Arya, senior vice president for
energy at IHS Markit.
“Private capital investment looking for good candidates to invest post-coronavirus will be
examining the relative merits of investing in oil and renewables,” Arya said. “My view is that
the renewables investment will look even more attractive.”20
Recent reports also suggest that industry efforts to bolster profits through greater investment in
petrochemicals are also facing troubling market forces.21
The complainants clearly want oil and gas prices to rise as a way to improve profitability. However,
given the longer-term problems facing the industry, it would take a prolonged rise in prices over a
long period of time, coupled with a positive outlook in most of the sectors served by fossil fuels, to
re-instill investor confidence.
What should be done?
Based on the need to adopt a long-term perspective, we recommend that the RRC adopt production
cuts.
The current low-price environment hurts company profits. The prolonged nature of low prices that
started before both the cornonavirus and the Saudi-Russia price war is unsustainable for oil and gas
companies. The causes of low prices – technological competition, political disarray and oversupply
– are likely to continue.
Market and governmental interventions to raise prices may have an impact in the short term. But as
prices rise, the level of increase will be constrained by competitive pressures from alternative
technologies and other challenges. Price increases are unlikely to reach levels where investors will
be confident of returns.
This price dilemma where neither low prices nor rising prices solve the industry’s financial
problem has an industry-wide impact. Large oil companies that see in this period of industry
distress an opportunity for greater market share pose a particular problem for the RRC.
ExxonMobil for example, is poorly positioned to execute such a strategy. In 2007, the company’s
market capitalization was over $500 billion. The company hit a recent low of $133 billion on March
23, 2020.22 ExxonMobil’s history of strong project execution has failed financially on a series of
projects over the last decade.23 Current efforts by the company to maintain an aggressive capital
spending program have failed to restore investor confidence.24 If the RRC embraces this approach,
it does so at great peril to the oil and gas industry.
20

National Journal, Coronavirus Crisis: Could Fuel Move to Renewable Energy? April 6, 2020
Shaledirectories.com, Market Conditions Threaten U.S, Petchem Projects, March 25, 2020
22 YCharts, ExxonMobil Corp, accessed April 6, 2020
23 Reuters, Exxon CEO Struggles To Reverse Tillerson’s Legacy of Failed Bets, March 7, 2018
24 Reuters, Exxon To Push Ahead with Spending Plans Despite Investor Concerns, March 5, 2020
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The cumulative impact of current market forces provides a signal that the RRC leadership can do
something about. The market forces outlined above are indications that the industry will consist of
fewer companies, extract less oil and gas, be highly competitive, produce lower profits, require
greater emphasis on innovation and be less powerful as a political force. The entire industry and
government business model that has evolved in the United States over the last sixty years no longer
functions. It does not produce a profitable environment for oil companies. The industry is
threatened and along with it, market systems of oil and gas allocation and distribution that provide
basic necessities to people and businesses in the U.S. and around the world. The fundamental
conception of reasonable market demand is at stake.
As the oil and gas industry gets smaller over the years, the RRC will have to make some difficult
choices. It can be a bystander, watching the industry contract in what is likely to be a chaotic way,
featuring multiple bankruptcies, stock market disruptions, layoffs and government revenue
problems. These issues pose challenges for the Texas economy and the planning choices for many
local governments that are now dependent on the industry for jobs, taxes and a healthy economy.
Or it can be an active regulator, mandating reductions in extraction apportioned rationally across
the industry according to a time frame that will enable private industry and government actors to
limit their exposure to chaos. IEEFA suggests that RRC should choose to become an active regulator.
A long-term perspective means that this decision cannot simply be designed to address the current
physical oversupply of oil and gas. The RRC must become a forum for a wholesale shift in the role of
the industry as it becomes smaller. This will require more analytical work by the RRC on broader
topics, an upgrade and broadening of staff capacity and a greater presence in Washington and the
marketplace to insure that its decisions on the oil and gas sector in Texas are coordinated with
other oil and gas-producing regions in the nation and globally.
This view of the RRC pushes the bounds of how it sees its role as a regulator of a state economy. The
RRC may currently have inadequate tools for the job at hand, but like the complainants, we believe
it is the only venue available for a discussion of the rationalization of the oil and gas sector in the
U.S. If ever there were a time when leadership must rise to the occasion, this is it.
One final note: IEEFA fully expects this analysis and general recommendations to be rejected by the
oil and gas industry generally. This was the response of the coal industry in the late 2000’s when
similar warnings were issued. The coal industry rejected every effort to redesign its business model
in the wake of significant changes in market conditions. The coal industry never mounted a
successful recovery effort using the outdated business model it had developed with the federal
government over forty years ago. After numerous bankruptcies, a series of failed initiatives, a
rollback of some environmental rules and even the election of a pro-coal President, industry market
share declined from 50% of the U.S. electricity market to 23.5% in 201925. In recent years the
industry’s decline has intensified and shows no signs of abating. The result has been devastating
both for the people who built the industry and for the communities that hosted it.
The RRC has a clear opportunity to rise to an extraordinary challenge and to prevent a similar
trajectory for the oil and gas industry.

25

IEEFA, U.S. Coal Outlook 2020: Market Trends Pushing Industry Ever Closer to a Reckoning, March 2020
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Oil prices have fallen again, sinking below $28 a barrel.
The price of Brent crude fell to $27.67 a barrel at one point, its lowest since 2003, while US
crude fell as low as $28.36.
Many analysts have slashed their 2016 oil price forecasts, with Morgan Stanley analysts
saying that "oil in the $20s is possible", if China devalues its currency further.
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Economists at the Royal Bank of Scotland say that oil could fall to $16, while Standard
Chartered predicts that prices could hit just $10 a barrel.
What are the factors have caused the price to sink below $30 a barrel - and what could spark
a recovery?

What are the main reasons behind the fall in prices?
In a nutshell, it's down to too much supply and too little demand.
China's economic slowdown has curbed appetite for commodities in general, while Saudi
Arabia, which produces a third of the Opec cartel's output, is keener on preserving its market
share than it is on cutting production to boost prices.
At the same time, the rise of the US as a shale oil producer means it now imports less oil,
adding to the glut on world markets.
This makes life harder for other non-US, non-Opec producers, who are facing cutbacks,
particularly in the North Sea.

Is North Sea oil production viable at less than $35 a barrel?
Big oil companies such as BP, Shell, Total and Exxon Mobil have weathered the storm by
cutting back on billions of pounds of investment, and thousands of jobs have been cut.
However, Jeremy Batstone-Carr, chief economist at Charles Stanley, warns that further price
falls could really start hurting the big firms.
The first clue that they are starting to suffer, he suggests, will be cutting dividend payments to
investors - something they have avoided so far.
Meanwhile, Alan Gelder, of oil analysts Wood Mackenzie, says many North Sea oil operators
are "beginning to really feel the pain" at current prices.
He says firms can just about survive as many North Sea operators have already cut costs.
But Mr Gelder warns that "there is no money left for future investment".
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How about US fracking and shale oil operators?
Paul Stevens, professor emeritus at the University of Dundee, and a Middle East specialist,
says the price of oil could theoretically fall to as little as $20 to $25 per barrel.
Why? It may be an unusual view but he thinks most US shale oil producers can tolerate
current oil prices.
They may make a small loss - he estimates the cost of production at about $40 a barrel for
shale producers - but until the price falls to around $25 a barrel they will keep producing, Prof
Stevens says.
Mr Gelder, however, does not think many US shale operators can continue production with
prices below $50.
"There are some sweet spots in the US where some operators are able to keep production
going at lower levels, but it's not economic at under $30," he says.
There is also another much bigger problem than the future of fracking in the US.
"An awful lot of oil producers can't survive at these levels," Mr Gelder says. "Venezuela,
Algeria, Nigeria are facing serious financial problems and political unrest with people out of
work and prices rising."
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How much oil is being bought at these prices?
There is so much oversupply globally that countries are running out of storage. The US, which
is thought to have among the largest storage facilities in the world, has nowhere left to keep it,
says Prof Stevens. And it's not the only country.
"Storage is pretty much full and people are already talking about buying tankers as floating
storage," he says. "But if supply continues to outstrip demand, then the only thing that you
can do with the oil is sell it, which inevitably pushes the price down."
Mr Gelder takes a different view, suggesting it is not entirely clear whether US storage is
completely full. "We know about US and European storage levels, but India and China are
strategically storing oil for supply disruptions."
Mr Batstone-Carr adds: "Without a marked reduction in output nothing will change, and we
have to wait until June for the next Opec meeting before we might see a reduction in quotas.
And all of this comes at a time when economic activity is on the back foot, signalling there's
not a lot of demand out there."
Professor Stevens warns that the collapse in prices is the result of oil being "freely traded for
the first time since 1928".
That, he says, is because Saudi Arabia has decided not to cut production to support prices unlike during previous oil gluts.
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Saudi Arabia v Iran: What could it do to oil prices?
It is just over four years since the US imposed sanctions on oil imports from Iran, helping to
bolster prices and allowing Saudi Arabia to grab market share that it is now very reluctant to
surrender.
A report from Wood Mackenzie says that the Saudis would not cut output to make room for
Iran, which could begin exporting oil in the next few weeks, according to some sources.
"Unless other producers such as Russia, Iran and Iraq agree to reduce their oil production,
Saudi Arabia has consistently stated since the November 2014 Opec meeting, it has no
intention of cutting its supply to support oil prices," the report says.
"The current ramping up in tensions between Saudi Arabia and Iran only further confirms our
view that Saudi Arabia is unlikely to cut its output to help Iran regain market share."
Prof Stevens says tensions in the Middle East are "as high as you could have them without
having outright war. I don't think things have been as bad since 1918 and the fall of the
Ottoman Empire."
Such uncertainty normally sparks an oil price spike. But apart from a rise over the New Year,
prices have continued to slide.
Mr Gelder says most oil traders shrugged off the possibility of Saudi Arabia and Iran squaring
up to one another in a way that could seriously affect supplies.
And with demand for oil weakening, especially in China and emerging markets, there seems
little reason to expect that prices are set to rise any time soon.

What does all this mean to me?
https://www.bbc.com/news/business-35245133
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It means lower petrol prices, although what you pay at the pump may not fully reflect the oil
price drop. Bear in mind that excise duty and VAT make up nearly 60% of the price of a litre,
and that isn't coming down any time soon.
Obviously if people are spending less at the forecourt, they have more money to allocate
elsewhere, and that is a potential boost to the economy.
However, if petrol-driven cars cost less to run, that means there's less incentive to invest in
alternatives, such as electric vehicles, so in the long run, low petrol prices could be bad for the
environment.
Additional reporting by Tom Espiner.
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Key facts about the great oil crash of 2014
By Robert J. Samuelson
December 3, 2014

The great oil bust of 2014 is something to behold.
Since mid-June, crude prices have dropped roughly 40 percent, from $115 a barrel for the Brent benchmark
to about $70 a barrel now. U.S. gasoline prices have fallen almost a dollar a gallon, from $3.63 in June to
$2.74 in early December. These declines signal a massive transfer of wealth from producers to consumers,
estimated at about $1.5 trillion annually by economist Edward Yardeni. Although the full implications are
hazy — in part because it’s unclear where prices will settle — likely effects include a boost to the sluggish
global economic recovery and political strains for some major exporters, including Nigeria, Venezuela, Russia
and Iran.
Why is this happening? What does it mean? Here’s what we know.
The law of supply and demand did it. The price collapse mainly reflects too much supply chasing too little
demand. Most analysts have focused on surging U.S. production of “shale” oil, which has increased by 3.5
million barrels a day (mbd) since 2008, according to the consultancy IHS. But the U.S. expansion was widely
anticipated, says economist Larry Goldstein. The real surprise, he argues, was lower-than-expected global
demand. In early 2014, forecasters predicted growth of 1.3 mbd, says Goldstein. Actual growth is about half
that, 700,000 mbd, reflecting unpredicted economic weakness in Europe, Japan and China.
The small shift in the supply-demand balance resulted in significant price changes, because oil demand is
“price inelastic.” Modest surpluses and shortages can trigger dizzying price swings, because consumers’ needs
— in the short run — are rigid. Shortages cause a scramble for supply; surpluses produce price plunges to
clear the market. As it is, global oil consumption today is about 92 mbd, and available production capacity is
about 95 mbd, says Goldstein.
Lower prices, if maintained, represent a huge consumer windfall. All countries that are net oil importers
(most of Europe, Japan, China) should benefit, but the United States — given its driving and flying habits —
should be an especially big winner. If crude prices decline an average of $25 a barrel, typical households could
save $500 over the next year, says economist Mark Zandi of Moody’s Analytics. On the assumption that twothirds of the windfall is spent, the economy would grow nearly 0.4 percent faster (that’s about $70 billion in a
Support journalism you can trust when it matters most. Get one year for $29
$17 trillion economy) and generate 350,000 jobs.
/

Cutbacks in oil exploration and development shouldn’t offset most of this stimulus. In theory, low prices
could cause oil companies to scrap new projects because they have become unprofitable. This would dilute the
effect of higher consumer spending. But for U.S. shale oil, the threat is modest, argued Daniel Yergin of IHS
in the Wall Street Journal. He cited an IHS study, based on individual well data, finding that 80 percent of
projects planned for 2015 are profitable with oil prices between $50 and $69 a barrel. (IHS assumes that
prices will stabilize at $77 a barrel.) Longer-term, low prices would threaten costly deepwater and Arctic
projects, Yergin said. But the effect would be gradual.
OPEC (the Organization of the Petroleum Exporting Countries) is not a working cartel. Cartels prop up
prices by limiting supplies. If OPEC’s members — representing a third of global oil output — were a genuine
cartel, they would have prevented the price collapse. OPEC didn’t because, says Goldstein, almost all its
members want “to produce every barrel they can.” Only Saudi Arabia, its largest member, would trim
production to raise prices. It refused to shoulder single-handedly the costs of being a cartel.
We don’t yet know how far prices may sink or when they might rise. For many producing nations, oil revenue
constitutes a sizable share of government budgets. Will the squeeze cause social strife or political instability?
Will it spur some (Vladimir Putin?) to become more bellicose to distract from a faltering economy? Will the
damage cause OPEC members to behave like a real cartel? The oil crash is a big story in 2014. It might be
even bigger in 2015.
Read more from Robert Samuelson’s archive.

Read more:
Daniel Yergin: Gas prices are falling, but that is not necessarily a good thing
The Post’s View: Falling oil prices put pressure on Russia, Venezuela and Iran
Robert Samuelson: The logic in exporting U.S. oil
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The great oil bust of 2014 is something to behold.
Since mid-June, crude prices have dropped roughly 40 percent, from $115 a barrel for the
Brent benchmark to about $70 a barrel now. U.S. gasoline prices have fallen almost a dollar
a gallon, from $3.63 in June to $2.74 in early December. These declines signal a massive
transfer of wealth from producers to consumers, estimated at about $1.5 trillion annually by
economist Edward Yardeni. Although the full implications are hazy — in part because it’s
unclear where prices will settle — likely effects include a boost to the sluggish global
economic recovery and political strains for some major exporters, including Nigeria,
Venezuela, Russia and Iran.
Why is this happening? What does it mean? Here’s what we know.
The law of supply and demand did it. The price collapse mainly reflects too much supply
chasing too little demand. Most analysts have focused on surging U.S. production of “shale”
oil, which has increased by 3.5 million barrels a day (mbd) since 2008, according to the
consultancy IHS. But the U.S. expansion was widely anticipated, says economist Larry
Goldstein. The real surprise, he argues, was lower-than-expected global demand. In early
2014, forecasters predicted growth of 1.3 mbd, says Goldstein. Actual growth is about half
that, 700,000 mbd, reflecting unpredicted economic weakness in Europe, Japan and China.
The small shift in the supply-demand balance resulted in significant price changes, because
oil demand is “price inelastic.” Modest surpluses and shortages can trigger dizzying price
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consumption today is about 92 mbd, and available production capacity is about 95 mbd, says
Goldstein.
Lower prices, if maintained, represent a huge consumer windfall. All countries that are net
oil importers (most of Europe, Japan, China) should benefit, but the United States — given
its driving and flying habits — should be an especially big winner. If crude prices decline an
average of $25 a barrel, typical households could save $500 over the next year, says
economist Mark Zandi of Moody’s Analytics. On the assumption that two-thirds of the
windfall is spent, the economy would grow nearly 0.4 percent faster (that’s about $70 billion
in a $17 trillion economy) and generate 350,000 jobs.
Cutbacks in oil exploration and development shouldn’t offset most of this stimulus. In
theory, low prices could cause oil companies to scrap new projects because they have become
unprofitable. This would dilute the effect of higher consumer spending. But for U.S. shale oil,
the threat is modest, argued Daniel Yergin of IHS in the Wall Street Journal. He cited an IHS
study, based on individual well data, finding that 80 percent of projects planned for 2015 are
profitable with oil prices between $50 and $69 a barrel. (IHS assumes that prices will
stabilize at $77 a barrel.) Longer-term, low prices would threaten costly deepwater and
Arctic projects, Yergin said. But the effect would be gradual.
OPEC (the Organization of the Petroleum Exporting Countries) is not a working cartel.
Cartels prop up prices by limiting supplies. If OPEC’s members — representing a third of
global oil output — were a genuine cartel, they would have prevented the price collapse.
OPEC didn’t because, says Goldstein, almost all its members want “to produce every barrel
they can.” Only Saudi Arabia, its largest member, would trim production to raise prices. It
refused to shoulder single-handedly the costs of being a cartel.
We don’t yet know how far prices may sink or when they might rise. For many producing
nations, oil revenue constitutes a sizable share of government budgets. Will the squeeze
cause social strife or political instability? Will it spur some (Vladimir Putin?) to become
more bellicose to distract from a faltering economy? Will the damage cause OPEC members
to behave like a real cartel? The oil crash is a big story in 2014. It might be even bigger in
2015.
/
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Oil prices have fallen again, sinking below $28 a barrel.
The price of Brent crude fell to $27.67 a barrel at one point, its lowest since
2003, while US crude fell as low as $28.36.
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Many analysts have slashed their 2016 oil price forecasts, with Morgan Stanley
analysts saying that "oil in the $20s is possible", if China devalues its currency
further.
Economists at the Royal Bank of Scotland say that oil could fall to $16, while
Standard Chartered predicts that prices could hit just $10 a barrel.
What are the factors have caused the price to sink below $30 a barrel - and
what could spark a recovery?

What are the main reasons behind the fall in prices?
In a nutshell, it's down to too much supply and too little demand.
China's economic slowdown has curbed appetite for commodities in general,
while Saudi Arabia, which produces a third of the Opec cartel's output, is
keener on preserving its market share than it is on cutting production to boost
prices.
At the same time, the rise of the US as a shale oil producer means it now
imports less oil, adding to the glut on world markets.
This makes life harder for other non-US, non-Opec producers, who are facing
cutbacks, particularly in the North Sea.

Is North Sea oil production viable at less than $35 a barrel?
Big oil companies such as BP, Shell, Total and Exxon Mobil have weathered
the storm by cutting back on billions of pounds of investment, and thousands of
jobs have been cut.
However, Jeremy Batstone-Carr, chief economist at Charles Stanley, warns
that further price falls could really start hurting the big firms.
The first clue that they are starting to suffer, he suggests, will be cutting
dividend payments to investors - something they have avoided so far.
Meanwhile, Alan Gelder, of oil analysts Wood Mackenzie, says many North
Sea oil operators are "beginning to really feel the pain" at current prices.
He says firms can just about survive as many North Sea operators have
already cut costs. But Mr Gelder warns that "there is no money left for future
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investment".

How about US fracking and shale oil operators?
Paul Stevens, professor emeritus at the University of Dundee, and a Middle
East specialist, says the price of oil could theoretically fall to as little as $20 to
$25 per barrel.
Why? It may be an unusual view but he thinks most US shale oil producers can
tolerate current oil prices.
They may make a small loss - he estimates the cost of production at about $40
a barrel for shale producers - but until the price falls to around $25 a barrel
they will keep producing, Prof Stevens says.
Mr Gelder, however, does not think many US shale operators can continue
production with prices below $50.
"There are some sweet spots in the US where some operators are able to keep
production going at lower levels, but it's not economic at under $30," he says.
There is also another much bigger problem than the future of fracking in the
US.
"An awful lot of oil producers can't survive at these levels," Mr Gelder says.
"Venezuela, Algeria, Nigeria are facing serious financial problems and political
unrest with people out of work and prices rising."

How much oil is being bought at these prices?
There is so much oversupply globally that countries are running out of storage.
The US, which is thought to have among the largest storage facilities in the
world, has nowhere left to keep it, says Prof Stevens. And it's not the only
country.
"Storage is pretty much full and people are already talking about buying
tankers as floating storage," he says. "But if supply continues to outstrip
demand, then the only thing that you can do with the oil is sell it, which
inevitably pushes the price down."
Mr Gelder takes a different view, suggesting it is not entirely clear whether US
storage is completely full. "We know about US and European storage levels,
but India and China are strategically storing oil for supply disruptions."
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Mr Batstone-Carr adds: "Without a marked reduction in output nothing will
change, and we have to wait until June for the next Opec meeting before we
might see a reduction in quotas. And all of this comes at a time when economic
activity is on the back foot, signalling there's not a lot of demand out there."
Professor Stevens warns that the collapse in prices is the result of oil being
"freely traded for the first time since 1928".
That, he says, is because Saudi Arabia has decided not to cut production to
support prices - unlike during previous oil gluts.

Saudi Arabia v Iran: What could it do to oil prices?
It is just over four years since the US imposed sanctions on oil imports from
Iran, helping to bolster prices and allowing Saudi Arabia to grab market share
that it is now very reluctant to surrender.
A report from Wood Mackenzie says that the Saudis would not cut output to
make room for Iran, which could begin exporting oil in the next few weeks,
according to some sources.
"Unless other producers such as Russia, Iran and Iraq agree to reduce their oil
production, Saudi Arabia has consistently stated since the November 2014
Opec meeting, it has no intention of cutting its supply to support oil prices," the
report says.
"The current ramping up in tensions between Saudi Arabia and Iran only
further confirms our view that Saudi Arabia is unlikely to cut its output to help
Iran regain market share."
Prof Stevens says tensions in the Middle East are "as high as you could have
them without having outright war. I don't think things have been as bad since
1918 and the fall of the Ottoman Empire."
Such uncertainty normally sparks an oil price spike. But apart from a rise over
the New Year, prices have continued to slide.
Mr Gelder says most oil traders shrugged off the possibility of Saudi Arabia
and Iran squaring up to one another in a way that could seriously affect
supplies.
And with demand for oil weakening, especially in China and emerging markets,
there seems little reason to expect that prices are set to rise any time soon.
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What does all this mean to me?
It means lower petrol prices, although what you pay at the pump may not fully
reflect the oil price drop. Bear in mind that excise duty and VAT make up
nearly 60% of the price of a litre, and that isn't coming down any time soon.
Obviously if people are spending less at the forecourt, they have more money
to allocate elsewhere, and that is a potential boost to the economy.
However, if petrol-driven cars cost less to run, that means there's less incentive
to invest in alternatives, such as electric vehicles, so in the long run, low petrol
prices could be bad for the environment.
Additional reporting by Tom Espiner.
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A hunt for any storage space turns urgent as oil glut grows
By Devika Krishna Kumar, Jennifer Hiller

NEW YORK/HOUSTON (Reuters) - The telephone lines have been ringing at Adler Tank
Rentals in Texas as oil companies found a new use for steel tanks that had been left idle when
shale producers stopped drilling - they want to use the tanks to store some of an oil glut that
has overwhelmed the market and ﬂipped U.S. crude prices negative for the ﬁrst time.
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FILE PHOTO: Crude oil storage tanks are seen from above at the Cushing oil hub, in Cushing, Oklahoma, March
24, 2016. REUTERS/Nick Oxford/File Photo

Hundreds of millions of barrels of crude have gushed into storage worldwide in the past two
months as the coronavirus-related lockdowns wiped out around a third of global oil demand.
With oil depots that normally store crude oil onshore ﬁlling to the brim and supertankers
mostly taken, energy companies are desperate for more space. The alternative is to pay buyers
to take their U.S. crude after futures plummeted to a negative $37 a barrel on Monday.
A topsy-turvy market that has oil prices for October delivery at $31 a barrel has oil ﬁrms
anxious to sock away millions of barrels now to sell at a proﬁt later.
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In Cushing, Oklahoma, home to dozens of large tank farms with combined space for about 76
million barrels, operators are fully booked, said traders. Storage there jumped by 5.7 million
barrels the week before last, according to the latest U.S. Energy Information Administration
(EIA).

While the government estimated there is available space, traders said Monday’s market drop
indicated any unﬁlled tanks are under lease, and not available to new renters.
"The industry is really scrambling to source viable storage options," said Stuart Porter, a
manager at Adler Tank Rentals MGRC.O in Texas, which has shale companies lining up to
potentially lease dozens of its 500-barrel steel frac tanks. The tanks can be lined up like
dominos and ﬁlled at the well site by producers without a home for their oil.Converge
Midstream LLC with millions of barrels of storage available in underground salt caverns
outside Houston has gone from few takers to requiring one- to two-year contracts.
“Quite honestly we were struggling for business. Now that the market has changed, everyone is
our friend,” said Dana Grams, chief executive of Converge Midstream.
The hunt for storage points to the magnitude of the collapse in demand for U.S. shale and the
huge volume of unsold oil to reﬁners who are cutting purchases.
Last month, the Organization of the Petroleum Exporting Countries (OPEC) and other
producers including Russia threw in the towel on four years of self-imposed output curbs that
gave U.S. shale a price umbrella. The result was a drop in U.S. oil prices to about $20 a barrel
as Saudi Arabia and Russia pledged to pump full bore.
For a time, it looked like prices would stabilize after the pair and other nations this month
agreed to deepen cuts. But crude stocks in the United States rose by 19 million barrels overall
the week before last, the EIA said, the biggest one-week increase in history, setting the stage
for Monday’s historic decline.
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In addition to the onshore glut, there are about 160 million barrels of oil sitting on tankers
waiting for buyers. And at least six crude tankers carrying 2 million barrels apiece are en route
to the United States from Saudi Arabia, adding to the alarm at the U.S. Gulf Coast.
It is not just crude looking for a place to go. State lockdowns have decimated demand for
motor fuel. U.S. gasoline demand fell 32% earlier this month compared with the same time a
year ago, the EIA said.
That glut is creating opportunities for some.

At Caliche Development Partners, which stores natural gas liquids in underground caverns
near Houston, CEO Dave Marchese may shift his plans and open a newly completed 3-millionLIVE
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barrel underground salt-cavern for crude oil or gasoline.
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“Gasoline has a pretty large contango right now,” he said, referring to prices ﬁve or more
months ahead that are higher than current levels. But both fuels would require new pumps in
its salt cavern, Marchese said, and he wants buyers to pay up for any upgrades.
Shale producer Teal Natural Resources had one of its three crude buyers cancel a purchase
agreement last month, sending it shopping for frac tanks. They are not cheap, Teal CEO John
Roby learned after scouring the market.
Storing a month’s worth of output would cost Teal about $20 a day per tank, or about $300,000
a month. At those rates, Teal would rather shut in wells, he said.
Shutting oﬀ wells is not for everyone, though, because it can reduce future oil recovery, and
may put a producer in breach of their lease contracts.

Rentals for frac tanks have jumped from about $15 a day previously, a Texas oil marketer said.
Another oil producer, Texland Petroleum aims to sell immediately whatever crude it can this
month, said President Jim Wilkes. He is considering adding frac tanks to avoid having to pay to
have his oil carried away in May.
Joshua Wade, an oil marketer in Oklahoma, is in talks to reserve about 100,000 barrels of
storage for May using a combination of frac tanks, on-system pipeline storage and smaller
tanks that have been dormant on pipelines.
But time is running out and costs are rising quickly.
“A lot of people have been calling me now and saying ‘I wanna go out and buy 100,000 barrels
in May and put them in a frac tank,’” said Wade. “I tell them the party started about a month
ago and it’s now almost over.”
Reporting by Devika Krishna Kumar in New York and Jennifer Hiller in Houston; Additional reporting by
CDC director
to Senate
on coronavirus
Laila Kearney in New LIVE
York; Editing
by Garytestiﬁes
McWilliams
and Richard
Pullin
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A hunt for any storage space turns urgent as oil glut
grows
By Devika Krishna Kumar, Jennifer Hiller

NEW YORK/HOUSTON (Reuters) - The telephone lines have been ringing at Adler Tank
Rentals in Texas as oil companies found a new use for steel tanks that had been left idle
when shale producers stopped drilling - they want to use the tanks to store some of an oil
glut that has overwhelmed the market and ﬂipped U.S. crude prices negative for the ﬁrst
time.
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FILE PHOTO: Crude oil storage tanks are seen from above at the Cushing oil hub, in Cushing, Oklahoma, March
24, 2016. REUTERS/Nick Oxford/File Photo

Hundreds of millions of barrels of crude have gushed into storage worldwide in the past
two months as the coronavirus-related lockdowns wiped out around a third of global oil
demand.
With oil depots that normally store crude oil onshore ﬁlling to the brim and supertankers
mostly taken, energy companies are desperate for more space. The alternative is to pay
buyers to take their U.S. crude after futures plummeted to a negative $37 a barrel on
Monday.
A topsy-turvy market that has oil prices for October delivery at $31 a barrel has oil ﬁrms
anxious to sock away millions of barrels now to sell at a proﬁt later.
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TANK FARMS ARE FULL
In Cushing, Oklahoma, home to dozens of large tank farms with combined space for
about 76 million barrels, operators are fully booked, said traders. Storage there jumped
by 5.7 million barrels the week before last, according to the latest U.S. Energy
Information Administration (EIA).
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While the government estimated there is available space, traders said Monday’s market
drop indicated any unﬁlled tanks are under lease, and not available to new renters.
"The industry is really scrambling to source viable storage options," said Stuart Porter, a
manager at Adler Tank Rentals MGRC.O in Texas, which has shale companies lining up
to potentially lease dozens of its 500-barrel steel frac tanks. The tanks can be lined up
like dominos and ﬁlled at the well site by producers without a home for their
oil.Converge Midstream LLC with millions of barrels of storage available in underground
salt caverns outside Houston has gone from few takers to requiring one- to two-year
contracts.
“Quite honestly we were struggling for business. Now that the market has changed,
everyone is our friend,” said Dana Grams, chief executive of Converge Midstream.
The hunt for storage points to the magnitude of the collapse in demand for U.S. shale
and the huge volume of unsold oil to reﬁners who are cutting purchases.
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Last month, the Organization of the Petroleum Exporting Countries (OPEC) and other
producers including Russia threw in the towel on four years of self-imposed output curbs
that gave U.S. shale a price umbrella. The result was a drop in U.S. oil prices to about $20
a barrel as Saudi Arabia and Russia pledged to pump full bore.

Slideshow ( 2 images )

For a time, it looked like prices would stabilize after the pair and other nations this
month agreed to deepen cuts. But crude stocks in the United States rose by 19 million
barrels overall the week before last, the EIA said, the biggest one-week increase in
history, setting the stage for Monday’s historic decline.
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In addition to the onshore glut, there are about 160 million barrels of oil sitting on
tankers waiting for buyers. And at least six crude tankers carrying 2 million barrels apiece
are en route to the United States from Saudi Arabia, adding to the alarm at the U.S. Gulf
Coast.
It is not just crude looking for a place to go. State lockdowns have decimated demand for
motor fuel. U.S. gasoline demand fell 32% earlier this month compared with the same
time a year ago, the EIA said.
That glut is creating opportunities for some.

At Caliche Development Partners, which stores natural gas liquids in underground
caverns near Houston, CEO Dave Marchese may shift his plans and open a newly
completed 3-million-barrel underground salt-cavern for crude oil or gasoline.
“Gasoline has a pretty large contango right now,” he said, referring to prices ﬁve or more
months ahead that are higher than current levels. But both fuels would require new
pumps in its salt cavern, Marchese said, and he wants buyers to pay up for any upgrades.
Shale producer Teal Natural Resources had one of its three crude buyers cancel a
purchase agreement last month, sending it shopping for frac tanks. They are not cheap,
Teal CEO John Roby learned after scouring the market.
Storing a month’s worth of output would cost Teal about $20 a day per tank, or about
$300,000 a month. At those rates, Teal would rather shut in wells, he said.
Shutting oﬀ wells is not for everyone, though, because it can reduce future oil recovery,
and may put a producer in breach of their lease contracts.
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Rentals for frac tanks have jumped from about $15 a day previously, a Texas oil marketer
said.
Another oil producer, Texland Petroleum aims to sell immediately whatever crude it can
this month, said President Jim Wilkes. He is considering adding frac tanks to avoid
having to pay to have his oil carried away in May.
Joshua Wade, an oil marketer in Oklahoma, is in talks to reserve about 100,000 barrels of
storage for May using a combination of frac tanks, on-system pipeline storage and
smaller tanks that have been dormant on pipelines.
But time is running out and costs are rising quickly.
“A lot of people have been calling me now and saying ‘I wanna go out and buy 100,000
barrels in May and put them in a frac tank,’” said Wade. “I tell them the party started
about a month ago and it’s now almost over.”
Reporting by Devika Krishna Kumar in New York and Jennifer Hiller in Houston; Additional
reporting by Laila Kearney in New York; Editing by Gary McWilliams and Richard Pullin
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As oil prices crashed, tankers idled off California—spewing pollution for weeks
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As oil prices crashed, tankers idled off
California—spewing pollution for weeks
This scrum of oil tankers, right next to the Los Angeles basin, emitted tons of air pollutants and
CO2 while they were parked.
BY ALEJANDRA BORUNDA
PUBLISHED JUNE 12, 2020

Giant ships lurked off the California coast for weeks in April and May, their bellies full of up to 20 million barrels
of oil. This floating cache, enough to support the energy needs of the entire U.S. for a day, sat aboard an idling
fleet that pumped out tons of pollutants, according to a new analysis performed by the University of College
London and shared with National Geographic. These emissions could ultimately affect the long-term health of
coastal communities—many of them already at risk and underserved—and they added tons of climate-warming
carbon dioxide to the atmosphere.
Despite U.S. energy demand plummeting to record lows due to the coronavirus crisis, oil kept getting pumped
out of the ground. The resulting oversupply taxed the limits of U.S. storage capacity. Oil trade groups spoke of a
scramble to fill up empty pipelines or rail cars, but the most popular option was to charter and fill giant oil
tankers. These tankers and their sea-size loads of oil began idling a few miles offshore from major shipping
centers around the world, including Los Angeles and Long Beach, California.
“It’s not normal to float [this many] barrels off the West Coast,” says Reid l’Anson, a senior economist with
Kpler, a global analysis firm that specializes in energy commodities. He says oil refiners would normally “run”
the crude oil to extract and then sell diesel, gasoline, and other distillates. But they didn’t want to in this case
because both the consumer demand and the price dropped.
“Reduced oil demand resulting from efforts to slow the spread of COVID-19 has created a backlog in the supply
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refined products to West Coast refineries were likely forced into somewhat of a holding pattern, including
serving as interim floating storage facilities until demand starts to rebound and while the market rebalances.”
In late April, at the height of the oil market’s convulsions, 22 oil tankers and two chemical tankers sat off
Southern California. That’s more than twice the average from January to early March, and four times the number
from a year ago. Based on their analysis, Tristan Smith and Camilo Velandia Perico at University College London
estimate that every day this 24-ship fleet idled, it spit out six tons of nitrogen pollutants, a quarter ton of sulfur
pollutants, and about 290 pounds of PM2.5—the fine particles that have been correlated with higher risk of lung
and heart diseases, as well as with worse outcomes from COVID-19. The tankers' PM2.5 emissions amount to a
third of what the Port of Los Angeles, one of the largest sources of pollution in the city, produces on an average
day.
The ships also pumped out up to 600 metric tons of CO2 each day—equivalent to 68,000 daily car trips for
Angelenos. That’s small relative to global annual carbon emissions, but every bit of carbon not added to the air
helps in the bid to stabilize the planet’s climate.
Over the following weeks, the number of tankers fluctuated, dipping down to 19 at the end of April and back up
to 23 in early May. Only by mid-May did the numbers dip to the low teens, where they have stayed since. But if
the UCL data can serve as an upper estimate, then the extra oil tankers may have added up to 15,000 tons of
planet-warming CO2 and 7,250 pounds of lung-harming PM2.5 during their month or so of idling.
Exactly how much of this air pollution will end up on shore—and how much of an effect it will have on air quality
and health in the long run—has yet to be determined. It takes careful atmospheric modeling and checking of air
quality sensors across the whole Los Angeles basin to track the pollutants. Wind patterns, rain, and complicated
chemistry influence how much of the dirty stuff gets to people’s doorsteps—and into their lungs. However, the
UCL team and other experts see a stark message at play when tankers hover offshore, even as COVID-19 has
been hurting communities already made vulnerable by air pollution and the resulting long-standing health
issues.

Dirty fuel
Shipping undergirds much of the modern global economy. Thousands of freighters and tankers crisscross the
ocean every day carrying food, consumer goods, chemicals, and oil. About 90 percent of the worlds’ goods rely on
this mode of transportation at some point between their production and when they are discarded.
When far offshore, most of those ships are powered by “heavy” oil—a fuel that is much dirtier than what is used
in cars or trucks. Heavy oil is essentially what’s left over after gasoline, natural gas, and the other “cleaner” fuels
are distilled from crude oil. These leftovers are thick with sulfur, heavy metals such as vanadium and nickel, and
a suite of other contaminants that, once burned in an engine, combust into fine, lung-damaging particles.
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that pollution from global shipping used to contribute to about 400,000 premature deaths and 14 million extra
childhood asthma cases each year.
Those fuels also produce atmosphere-warming greenhouse gases, including carbon dioxide. Annually, oceancrossing tankers emit about 125 million tons of CO2 into the atmosphere, as much as the home electricity
consumption from 21 million U.S. residents (roughly the population of Florida) over the same time period.
Most of this climate and air pollution happens in the vast expanse of the ocean, so their repercussions are often
overlooked.
“Ships are just quite often out of sight, out of mind,” says Bryan Comer, an expert on shipping pollution with the
nonprofit International Council on Clean Transportation. As a result, these emissions are one of the leastregulated sources of air pollution globally.
In January, the International Maritime Organization, an agency that regulates the shipping industry, introduced
stricter fuel-quality rules, a step forward in the effort to clean up air pollution and climate impacts. The new
regulation dialed back the amount of sulfur allowed in shipping fuels, from 3.5 to 0.5 percent. Sulfur content can
be considered a rough proxy for other pollution that causes lung damage, says Matthew Loxham, a respiratory
specialist at the University of Southampton in the U.K. This single shift alone is expected to prevent some
150,000 early deaths annually.
“Marine fuels are also increasingly cleaner, with the International Maritime Organization’s recentlyimplemented low-sulfur fuel standard, driving a more than 80 percent reduction in the sulfur emissions from
seaborne transportation,” says API’s Rorick.
Most other fuel sources started cleaning up after the “wild west” days of the 1970s, says Kent Johnson, an
engineer at the University of California, Riverside. Car fuel, truck fuel, and even train fuels were subject to
tightening pollution regulations. But ships were long left out of those reforms. Until 2012, they were allowed to
use heavy fuels with up to 4.5 percent sulfur. Now, when they come within 200 miles of U.S. shores, all ships
must also switch to slightly cleaner fuel, which can contain up to 0.1 percent sulfur. That’s still about 67 and 100
times dirtier than diesel truck fuel and car gasoline, respectively.

Thick air near ports, and traces far away
Communities near ports are all too familiar with ship pollution. Long Beach and Los Angeles neighborhoods
near and downwind of the ports consistently earn the distinction of having the worst air quality, and the health
impacts are borne primarily by people of color. According to the American Lung Association, some 13 million
black, Latino, Asian, and American Indian residents breathe in the ports' pollution-laced air.
“The ports are an environmental justice issue,” says Yifang Zhu, an air pollution expert at UCLA’s Fielding
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the effects are very clear,” she says. Among them, more preventable lung and heart disease, an increased risk of
diabetes, and higher cancer rates.
In Southern California, the ports of Long Beach and Los Angeles—which sit right next to each other—are,
together, one of the biggest sources of air pollution in the region, accounting for roughly 10 percent of the local
smog-forming emissions. The pair handle some 40 percent of all the imports coming into the country and serve
as a gateway for oil and gas products moving their way to and from consumers and refineries within the U.S.
Much of the port-related pollution comes from diesel-burning trucks zooming in and out of the facility, but the
ships themselves are also major sources. These hazards are most noticeable near where the ships are docked or
anchored. But common weather phenomena, like the sea breezes that often sweep air inland from the cool
Pacific, can carry gases and particles miles inland. In a 2009 study, Ault and his colleagues found traces of shipsourced emissions from the Long Beach/Los Angeles port area all the way in San Diego, a hundred miles
downwind.
“The systems we have in place to move people and goods around: They’re not working,” says Cesunica Ivey, an
atmospheric chemist at the University of California, Riverside, who studies air pollution in the Inland Empire.
“We can’t reach our [air pollution reduction] goals without major changes.”
And in 2008, a study for the California Air Resources Board found that ship emissions made up roughly 25
percent of the Los Angeles basin’s sulfur pollution load, 4 percent of the nitrogen pollutants, and less than one
percent of the fine particles. The impacts weren’t subtle: The scientists could essentially track the path of a ship
motoring down the coast from Ventura toward Los Angeles if they looked at the stations along the way that
monitored ozone, a pollutant formed from chemical reactions among the sulfur and nitrogen pollution.
“It’s the underserved communities that are suffering the most from air pollution in the first place,” Ivey says “It
is clear to me that underserved communities will continue to suffer the brunt of what’s going on.”
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Our lawyers have played a key role in a number of high-profile E&P, midstream, and oilfield service matters, including asset sales, refinancings, debt
restructurings and Chapter 11 cases, representing debtors, creditors, energy lenders, and private equity investors. Haynes and Boone publishes
companion reports on oilfield services companies in the Oilfield Services Bankruptcy Tracker, and for midstream companies in the Midstream
Report. For additional information on the industry, please see these reports and the Haynes and Boone Borrowing Base Redeterminations Survey
and Energy Bank Price Deck Survey as indicators of the impact of market conditions.

Over the entire five-year period as of August 31, 2020, 244 producers have filed for bankruptcy since Haynes and Boone’s Oil Patch Bankruptcy Monitor
began tabulating E&P filings, involving more than $172 billion in aggregate debt with over $50 billion so far in 2020. Haynes and Boone will continue to
monitor the industry and report periodically on the financial status of its producers.

Without any near term horizon hope for improving economic conditions for U.S. producers, it is reasonable to expect that a substantial number of
producers will continue to seek protection from creditors in bankruptcy before this year is over. In July and August, 13 producers filed, which, combined
with the rest of the filings this year, represents a 62 percent increase over this time last year. It’s not quite the level of filings reached in 2016 but a
disturbing trend nevertheless. It is interesting to note that the total secured debt involved in 2020 producer bankruptcies to date already exceeds the total
amount of secured debt for all producer filings in 2016. And, in 2016, the producers had a much higher level of unsecured debt than what has been
reported in 2020. As a direct result of this shift, more secured lenders’ claims are impaired this year than was the case four years ago. This disappearing
“unsecured debt cushion” that existed earlier in this cycle, including 2016, and served as a heat shield to protect secured lenders has been burned away
by the continued pressure of low commodity prices due to oversupply and shrinking demand.

As the U.S. heads into the new school year and flu season, the continued presence of COVID-19 cases in the U.S. and abroad casts a pall over worldwide energy demand and contributes to a collective gloom that prices and industry activity will not turn the corner anytime soon. Until full economic
activity returns and consumer confidence that the worst of the pandemic is behind us, demand levels will remain depressed. “Lower for longer” remains
the watchword for producers and their creditors.

In August 2020, a couple of Gulf of Mexico producers sought bankruptcy court protection, including on August 3, Fieldwood Energy, which previously
filed bankruptcy in February 2018. Fieldwood exited its 2018 bankruptcy two months later, simultaneously acquiring upon exit $710 million worth of
Noble Energy’s offshore assets. Fieldwood and Arena Energy, the other Gulf of Mexico producer, both note in their recent filings substantial liabilities for
decommissioning costs to retire offshore platforms and related assets. Arena Energy filed on August 20 with a restructuring support plan that, if
approved, would see Arena’s assets sold for $64 million plus contingent value rights to senior secured revolver lenders and up to $10 million in
contingent payments to term loan lenders against more than $1 billion in outstanding funded debt, in addition to significant decommissioning liabilities.
Also, in August, there was another repeat filer, Chaparral Energy, which filed for the second time in four years, triggered by a reduction in its borrowing
base in April below amounts borrowed under its senior credit facility.

Haynes and Boone has monitored the number of North American oil and gas producer bankruptcies since 2015. After the initial wave in the first two
years of more than 100 bankruptcy filings, the number of producer filings decreased almost by half in 2017 and 2018. While the second half of 2019 saw
a rising trend in filings, since January of this year, with oil prices falling from $63/bbl to a one day drop into negative territory on April 20, producer
bankruptcy filings have substantially picked up pace. Although July and August saw prices rebound above the $40/bbl range, the relatively flat price
curve for future periods may not be a sufficient clearing price for many heavily leveraged producers. Market conditions heading into September are not
trending in an optimistic direction for the industry.
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MONTANA
$83,726,167

NEVADA
$1,042,675

NEW JERSEY
$1,024,566

NEW MEXICO
$1,286,649

OKLAHOMA
$553,504,222

PENNSYLVANIA
$2,009,791,901

UTAH
$274,640,449

VIRGINIA
$1,250,928,395

WEST VIRGINIA
$40,865,611

WYOMING
$123,542,133

ALASKA
$217,158,133

ARIZONA
$3,699,213

CALIFORNIA
$137,635,084

CANADA
$1,710,380,228
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$513,110,275

KENTUCKY
$15,381,247
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$628,628,399

MASSACHUSETTS
$3,578,276
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$51,129,723
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$1,233,733
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CASE NUMBER
20-10143
20-10158
20-50369
20-31884
20-31920
20-32021
20-12377
20-01244
20-11367
20-41455
20-32391
20-32487
20-32582
20-41754
20-32631
20-32656
20-32740
20-11441
20-11548
20-11593
20-33193
20-33233
20-33274
20-10768
20-11144
20-33568
20-33605
20-47870
20-33697
20-33695
20-33801
20-20377
20-33949
20-34037
20-11947
20-34215
$
$
$
$
$
$
$

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
9,428,934,657
20,381,058,466
4,028,066,757
8,467,115,402
11,654,278,568
23,450,103,288
77,409,557,138

SECURED
199,879
561,972,109
23,482
616,100,000
80,448,980
1,071,966,400
22,859,666
8,481,170
2,250,000
15,560,455
15,243,156
49,113,463
38,244,956
24,091,520
552,276,460
139,000,000
456,000,000
604,199,296
516,827,035
1,321,262,936
5,759,133,190
227,573,463
4,991,010,656
510,000,000
6,773,128
10,098,483
338,200,000
2,000,000,000
609,877
1,799,200,000
61,100,000
581,633,528
1,068,650,000
$
$
$
$
$
$
$

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
7,948,644,822
36,458,841,062
4,515,455,884
4,688,644,031
14,113,409,087
27,542,956,152
95,267,951,038

UNSECURED
53,463,571
63,075,091
1,194,791
2,385,147
10,811,536
2,494,849,093
18,141,322
5,007,939
12,198,912
41,128,602
7,545,741
3,750,650
515,882
5,532,056,552
568,527,805
4,669,182,228
9,700,000
1,918,373,865
43,176,450
113,033,749
6,040,866,810
352,302,871
7,434,527
193,743
1,294,812,849
567,000,000
19,215,531
3,602,672
24,500,000
500,000,000
5,629,856
160,000,000
34,515,460
2,961,255,107
3,507,800
$
$
$
$
$
$
$

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
17,377,579,479
56,839,899,528
8,543,522,641
13,155,759,433
25,767,687,655
50,993,059,440
172,677,508,176

TOTAL
53,663,450
625,047,200
1,218,273
618,485,147
91,260,516
3,566,815,493
41,000,988
13,489,109
12,198,912
43,378,602
23,106,196
18,993,806
49,629,345
38,244,956
5,556,148,072
1,120,804,265
4,808,182,228
465,700,000
2,522,573,161
560,003,485
1,434,296,685
11,800,000,000
579,876,334
7,434,527
193,743
6,285,823,505
1,077,000,000
25,988,659
13,701,155
362,700,000
2,500,000,000
6,239,733
1,959,200,000
95,615,460
3,542,888,635
1,072,157,800

*Debt estimated per First Day Declarations or other pleadings; schedules not yet available.
~Lead case – estimate includes affiliate(s); debt may be duplicative to a certain extent.
^^Second filing.
^^^Chesapeake filed on 8/21/2020 its schedules with a total of over $95B in debt,
most of which is intercompany loans and therefore not included.
(As of August 31, 2020)

DEBTOR
BRIDGEMARK CORPORATION
SOUTHLAND ROYALTY COMPANY LLC
DALF ENERGY, LLC
SHERIDAN HOLDING COMPANY I, LLC*~
ECHO ENERGY PARTNERS I, LLC
WHITING PETROLEUM COMPANY~
SKLAR EXPLORATION COMPANY, LLC~
AMAZING ENERGY LLC~
TEMBLOR PETROLEUM COMPANY, LLC
YUMA ENERGY, INC.~
BUZZARDS BENCH, LLC*~
VICTERRA ENERGY HOLDING CO., LLC~
FREEDOM OIL & GAS, INC.~
NEW EMERALD ENERGY, LLC
ULTRA PETROLEUM CORP.^^ ~
GAVILAN RESOURCES, LLC~
UNIT CORPORATION~
TEMPLAR ENERGY LLC~*
EXTRACTION OIL & GAS, INC.~
CHISHOLM OIL AND GAS OPERATING, LLC~
SABLE PERMIAN RESOURCES, LLC~
CHESAPEAKE ENERGY CORPORATION~ * ^^^
LILIS ENERGY, INC.~
MEXTEX OPERATING COMPANY
BULLSEYE ENERGY, LLC
CALIFORNIA RESOURCES CORPORATION~
BRUIN E&P PARTNERS, LLC~ *
COLUMBUS OIL & GAS, LLC^^
BRAHMAN RESOURCE PARTNERS, LLC~*
ROSEHILL RESOURCES INC.*
DENBURY RESOURCES INC.~
SUMMIT GAS RESOURCES, INC.
FIELDWOOD ENERGY INC. ^^ ~ *
REMORA PETROLEUM, L.P. ~ *
CHAPARRAL ENERGY, INC.^^ ~
ARENA ENERGY, LP ~ *
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TOTAL 2015
TOTAL 2016
TOTAL 2017
TOTAL 2018
TOTAL 2019
2020 YTD
TOTAL 2015-2020

FILING DATECOURT
01/14/2020 C.D. Cal.
01/27/2020 D. Del.
02/17/2020 W.D. Tex.
03/23/2020 S.D. Tex.
03/24/2020 S.D. Tex.
04/01/2020 S.D. Tex.
04/01/2020 D. Colo.
04/06/2020 S.D. Miss.
04/09/2020 E.D. Cal.
04/15/2020 N.D. Tex.
04/30/2020 S.D. Tex.
05/06/2020 S.D. Tex.
05/11/2020 S.D. Tex.
05/14/2020 N.D. Tex.
05/14/2020 S.D. Tex.
05/15/2020 S.D. Tex.
05/22/2020 S.D. Tex.
05/31/2020 D. Del.
06/14/2020 D. Del.
06/17/2020 D. Del.
06/25/2020 S.D. Tex.
06/28/2020 S.D. Tex.
06/28/2020 S.D. Tex.
07/07/2020 W.D. Tex.
07/11/2020 N.D. Ok.
07/15/2020 S.D. Tex.
07/16/2020 S.D. Tex.
07/19/2020 E.D. Mich.
07/26/2020 S.D. Tex.
07/26/2020 S.D. Tex.
07/30/2020 S.D. Tex.
07/31/2020 D. Wy.
08/03/2020 S.D. Tex.
08/12/2020 S.D. Tex.
08/16/2020 D. Del.
08/20/2020 S.D. Tex.
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Our lawyers have played a key role in a number of high-profile E&P, midstream, and oilfield service matters, including asset sales, refinancings, debt
restructurings and Chapter 11 cases, representing debtors, creditors, energy lenders, and private equity investors. Haynes and Boone publishes
companion reports on oilfield services companies in the Oilfield Services Bankruptcy Tracker, and for midstream companies in the Midstream
Report. For additional information on the industry, please see these reports and the Haynes and Boone Borrowing Base Redeterminations Survey
and Energy Bank Price Deck Survey as indicators of the impact of market conditions.

Over the entire five-year period as of August 31, 2020, 244 producers have filed for bankruptcy since Haynes and Boone’s Oil Patch Bankruptcy Monitor
began tabulating E&P filings, involving more than $172 billion in aggregate debt with over $50 billion so far in 2020. Haynes and Boone will continue to
monitor the industry and report periodically on the financial status of its producers.

Without any near term horizon hope for improving economic conditions for U.S. producers, it is reasonable to expect that a substantial number of
producers will continue to seek protection from creditors in bankruptcy before this year is over. In July and August, 13 producers filed, which, combined
with the rest of the filings this year, represents a 62 percent increase over this time last year. It’s not quite the level of filings reached in 2016 but a
disturbing trend nevertheless. It is interesting to note that the total secured debt involved in 2020 producer bankruptcies to date already exceeds the total
amount of secured debt for all producer filings in 2016. And, in 2016, the producers had a much higher level of unsecured debt than what has been
reported in 2020. As a direct result of this shift, more secured lenders’ claims are impaired this year than was the case four years ago. This disappearing
“unsecured debt cushion” that existed earlier in this cycle, including 2016, and served as a heat shield to protect secured lenders has been burned away
by the continued pressure of low commodity prices due to oversupply and shrinking demand.

As the U.S. heads into the new school year and flu season, the continued presence of COVID-19 cases in the U.S. and abroad casts a pall over worldwide energy demand and contributes to a collective gloom that prices and industry activity will not turn the corner anytime soon. Until full economic
activity returns and consumer confidence that the worst of the pandemic is behind us, demand levels will remain depressed. “Lower for longer” remains
the watchword for producers and their creditors.

In August 2020, a couple of Gulf of Mexico producers sought bankruptcy court protection, including on August 3, Fieldwood Energy, which previously
filed bankruptcy in February 2018. Fieldwood exited its 2018 bankruptcy two months later, simultaneously acquiring upon exit $710 million worth of
Noble Energy’s offshore assets. Fieldwood and Arena Energy, the other Gulf of Mexico producer, both note in their recent filings substantial liabilities for
decommissioning costs to retire offshore platforms and related assets. Arena Energy filed on August 20 with a restructuring support plan that, if
approved, would see Arena’s assets sold for $64 million plus contingent value rights to senior secured revolver lenders and up to $10 million in
contingent payments to term loan lenders against more than $1 billion in outstanding funded debt, in addition to significant decommissioning liabilities.
Also, in August, there was another repeat filer, Chaparral Energy, which filed for the second time in four years, triggered by a reduction in its borrowing
base in April below amounts borrowed under its senior credit facility.

Haynes and Boone has monitored the number of North American oil and gas producer bankruptcies since 2015. After the initial wave in the first two
years of more than 100 bankruptcy filings, the number of producer filings decreased almost by half in 2017 and 2018. While the second half of 2019 saw
a rising trend in filings, since January of this year, with oil prices falling from $63/bbl to a one day drop into negative territory on April 20, producer
bankruptcy filings have substantially picked up pace. Although July and August saw prices rebound above the $40/bbl range, the relatively flat price
curve for future periods may not be a sufficient clearing price for many heavily leveraged producers. Market conditions heading into September are not
trending in an optimistic direction for the industry.
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MONTANA
$83,726,167

NEVADA
$1,042,675

NEW JERSEY
$1,024,566

NEW MEXICO
$1,286,649

OKLAHOMA
$553,504,222

PENNSYLVANIA
$2,009,791,901

UTAH
$274,640,449

VIRGINIA
$1,250,928,395

WEST VIRGINIA
$40,865,611
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$123,542,133
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$217,158,133
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$3,699,213
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$137,635,084
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$1,710,380,228
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$513,110,275
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$15,381,247
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$628,628,399
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$3,578,276
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$51,129,723
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$1,233,733
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CASE NUMBER
20-10143
20-10158
20-50369
20-31884
20-31920
20-32021
20-12377
20-01244
20-11367
20-41455
20-32391
20-32487
20-32582
20-41754
20-32631
20-32656
20-32740
20-11441
20-11548
20-11593
20-33193
20-33233
20-33274
20-10768
20-11144
20-33568
20-33605
20-47870
20-33697
20-33695
20-33801
20-20377
20-33949
20-34037
20-11947
20-34215
$
$
$
$
$
$
$

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
9,428,934,657
20,381,058,466
4,028,066,757
8,467,115,402
11,654,278,568
23,450,103,288
77,409,557,138

SECURED
199,879
561,972,109
23,482
616,100,000
80,448,980
1,071,966,400
22,859,666
8,481,170
2,250,000
15,560,455
15,243,156
49,113,463
38,244,956
24,091,520
552,276,460
139,000,000
456,000,000
604,199,296
516,827,035
1,321,262,936
5,759,133,190
227,573,463
4,991,010,656
510,000,000
6,773,128
10,098,483
338,200,000
2,000,000,000
609,877
1,799,200,000
61,100,000
581,633,528
1,068,650,000
$
$
$
$
$
$
$

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
7,948,644,822
36,458,841,062
4,515,455,884
4,688,644,031
14,113,409,087
27,542,956,152
95,267,951,038

UNSECURED
53,463,571
63,075,091
1,194,791
2,385,147
10,811,536
2,494,849,093
18,141,322
5,007,939
12,198,912
41,128,602
7,545,741
3,750,650
515,882
5,532,056,552
568,527,805
4,669,182,228
9,700,000
1,918,373,865
43,176,450
113,033,749
6,040,866,810
352,302,871
7,434,527
193,743
1,294,812,849
567,000,000
19,215,531
3,602,672
24,500,000
500,000,000
5,629,856
160,000,000
34,515,460
2,961,255,107
3,507,800
$
$
$
$
$
$
$

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
17,377,579,479
56,839,899,528
8,543,522,641
13,155,759,433
25,767,687,655
50,993,059,440
172,677,508,176

TOTAL
53,663,450
625,047,200
1,218,273
618,485,147
91,260,516
3,566,815,493
41,000,988
13,489,109
12,198,912
43,378,602
23,106,196
18,993,806
49,629,345
38,244,956
5,556,148,072
1,120,804,265
4,808,182,228
465,700,000
2,522,573,161
560,003,485
1,434,296,685
11,800,000,000
579,876,334
7,434,527
193,743
6,285,823,505
1,077,000,000
25,988,659
13,701,155
362,700,000
2,500,000,000
6,239,733
1,959,200,000
95,615,460
3,542,888,635
1,072,157,800

*Debt estimated per First Day Declarations or other pleadings; schedules not yet available.
~Lead case – estimate includes affiliate(s); debt may be duplicative to a certain extent.
^^Second filing.
^^^Chesapeake filed on 8/21/2020 its schedules with a total of over $95B in debt,
most of which is intercompany loans and therefore not included.
(As of August 31, 2020)

DEBTOR
BRIDGEMARK CORPORATION
SOUTHLAND ROYALTY COMPANY LLC
DALF ENERGY, LLC
SHERIDAN HOLDING COMPANY I, LLC*~
ECHO ENERGY PARTNERS I, LLC
WHITING PETROLEUM COMPANY~
SKLAR EXPLORATION COMPANY, LLC~
AMAZING ENERGY LLC~
TEMBLOR PETROLEUM COMPANY, LLC
YUMA ENERGY, INC.~
BUZZARDS BENCH, LLC*~
VICTERRA ENERGY HOLDING CO., LLC~
FREEDOM OIL & GAS, INC.~
NEW EMERALD ENERGY, LLC
ULTRA PETROLEUM CORP.^^ ~
GAVILAN RESOURCES, LLC~
UNIT CORPORATION~
TEMPLAR ENERGY LLC~*
EXTRACTION OIL & GAS, INC.~
CHISHOLM OIL AND GAS OPERATING, LLC~
SABLE PERMIAN RESOURCES, LLC~
CHESAPEAKE ENERGY CORPORATION~ * ^^^
LILIS ENERGY, INC.~
MEXTEX OPERATING COMPANY
BULLSEYE ENERGY, LLC
CALIFORNIA RESOURCES CORPORATION~
BRUIN E&P PARTNERS, LLC~ *
COLUMBUS OIL & GAS, LLC^^
BRAHMAN RESOURCE PARTNERS, LLC~*
ROSEHILL RESOURCES INC.*
DENBURY RESOURCES INC.~
SUMMIT GAS RESOURCES, INC.
FIELDWOOD ENERGY INC. ^^ ~ *
REMORA PETROLEUM, L.P. ~ *
CHAPARRAL ENERGY, INC.^^ ~
ARENA ENERGY, LP ~ *
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TOTAL 2015
TOTAL 2016
TOTAL 2017
TOTAL 2018
TOTAL 2019
2020 YTD
TOTAL 2015-2020

FILING DATECOURT
01/14/2020 C.D. Cal.
01/27/2020 D. Del.
02/17/2020 W.D. Tex.
03/23/2020 S.D. Tex.
03/24/2020 S.D. Tex.
04/01/2020 S.D. Tex.
04/01/2020 D. Colo.
04/06/2020 S.D. Miss.
04/09/2020 E.D. Cal.
04/15/2020 N.D. Tex.
04/30/2020 S.D. Tex.
05/06/2020 S.D. Tex.
05/11/2020 S.D. Tex.
05/14/2020 N.D. Tex.
05/14/2020 S.D. Tex.
05/15/2020 S.D. Tex.
05/22/2020 S.D. Tex.
05/31/2020 D. Del.
06/14/2020 D. Del.
06/17/2020 D. Del.
06/25/2020 S.D. Tex.
06/28/2020 S.D. Tex.
06/28/2020 S.D. Tex.
07/07/2020 W.D. Tex.
07/11/2020 N.D. Ok.
07/15/2020 S.D. Tex.
07/16/2020 S.D. Tex.
07/19/2020 E.D. Mich.
07/26/2020 S.D. Tex.
07/26/2020 S.D. Tex.
07/30/2020 S.D. Tex.
07/31/2020 D. Wy.
08/03/2020 S.D. Tex.
08/12/2020 S.D. Tex.
08/16/2020 D. Del.
08/20/2020 S.D. Tex.

2020 BANKRUPTCIES, January – August

LIST OF NORTH AMERICAN OIL AND GAS PRODUCER BANKRUPTCIES*
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California Resources Corp., leading
oil and gas producer, files for
Chapter 11 bankruptcy
Janet Wilson and Mark Olalde Palm Springs Desert Sun
Published 7:55 p.m. PT Jul. 15, 2020

Updated 8:08 p.m. PT Jul. 15, 2020

California Resources Corp., the state’s largest oil and gas production company
with more than 2 million acres of reserves spanning four major basins, filed
for Chapter 11 bankruptcy protection on Wednesday evening, seeking relief
from $5 billion in debt and looming interest payments.
The company's announcement came just hours before the clock was about to
run out at midnight Eastern Time on the last of several agreements with
creditors.
Under a Chapter 11 restructuring filed in U.S. Bankruptcy Court for the
Southern District in Texas, the company hopes to eliminate more than $5
billion of debt and equity interest and consolidate its ownership of its Elk Hills
power plant and a gas plant in Kern County upon court approval.
Liquidity would be bolstered by $1.1 billion debtor-in-possession financing,
which also would refinance in full CRC’s current revolving loan facility.
CRC will continue to operate its production facilities during the process,
company executives said, although its operations are already sharply reduced
due to the coronavirus and other issues.
https://www.desertsun.com/story/news/environment/2020/07/15/crc-californias-largest-oil-and-gas-company-files-bankruptcy-protection/5446329002/
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The Santa Clarita-based company, created in late 2014 as a spin-off from
Occidental Petroleum, was saddled with debt from its inception after
transferring billions of dollars to Occidental. But it did well for part of its brief
history, reporting average net daily production of 132,000 barrels of oil
equivalent per day in 2018. By this week, though, nearly half of its 17,500 wells
sat idle, from the tidelands of Long Beach and Huntington Beach to the
sprawling Elk Hills oil field.
A global oil price war earlier this year and pandemic-related stay-at-home
orders have caused steep drops in demand and caused huge losses to CRC's
market value. As of mid-July, its share prices had plunged 92% in the past 12
months.
“CRC will emerge from Chapter 11 as a strong, healthy company committed to
providing Californians with safe, affordable, reliable and locally produced
energy, good-paying jobs and millions of dollars in annual government
revenues for vital public services for many years to come," said Todd Stevens,
CRC's president and CEO. "We take this role very seriously, and our
commitment to ensuring a safe, diverse and resilient supply of energy from
California resources will not change.”
"We have consistently operated within cash flow, significantly reducing the
outsized debt burden we inherited from Occidental Petroleum at our
December 2014 spin-off. However, today’s unprecedented market conditions,
including oversupply and reduced demand due to COVID-19, require that we
further reduce our debt through a Chapter 11 process,” said Stevens.
But one industry analyst said the company's woes predated the pandemic, and
it would be tough for CRC to recover.
"One sign that this is a particularly bad bankruptcy is that's a lot of debt. $5
billion is not chump change for an oil and gas bankruptcy," said Clark
Williams-Derry, an energy finance analyst at the Institute for Energy
https://www.desertsun.com/story/news/environment/2020/07/15/crc-californias-largest-oil-and-gas-company-files-bankruptcy-protection/5446329002/
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Economics and Financial Analysis. "In today's market, it's very hard to see
how CRC is going to emerge from bankruptcy as a healthy company," he said.
The bankruptcy filing is another shock for the state’s already distressed
economy. CRC employed about 1,250 Californians at the beginning of the year,
according to U.S. Securities and Exchange Commission filings, and is one of
Kern County’s top property taxpayers. As recently as 2018, it pumped $37
million into county coffers, second only to Chevron.
Kern County, however, is listed in the bankruptcy paperwork as an unsecured
creditor, and is owed more than $25 million by CRC. The company also
owes $24 million to the State of California's Geologic Energy Management
Division, or CalGEM, by Aug. 15.
"CRC’s bankruptcy filing does not reduce its obligation to comply with
California’s stringent oil and gas regulations and to pay its annual
assessments," said state Oil and Gas Supervisor Uduak-Joe Ntuk, who heads
CalGEM. "CalGEM has taken steps to prepare for developments like this and
will continue its oversight of CRC’s facilities and operations to ensure ongoing
protection of public health, safety and the environment."
CRC spokeswoman Margita Thompson said CRC expects to pay the state
assessment fee on time.
CRC has sharply reduced production in recent months as it sought to slash
costs low enough just to maintain “mechanical integrity” of its field operations,
according to SEC filings. No employees are currently furloughed, said
Thompson.
WhileCRC has been hemorrhaging cash, The Desert Sun and the Ventura
County Star also revealed that the petroleum company spent $825,000 in
March Ventura County board of supervisors races in a jurisdiction where CRC
drills. CRC's efforts succeeded in one of two elections.
https://www.desertsun.com/story/news/environment/2020/07/15/crc-californias-largest-oil-and-gas-company-files-bankruptcy-protection/5446329002/

3/8

9/12/2020

CRC, California's largest oil and gas company, files for bankruptcy

Oil and gas company bankruptcies have been rising in recent years, and the
demand downturn caused by business closures and stay-at-home orders has
only exacerbated the issue. According to law firm Haynes and Boone, LLP,
which tracks the energy sector’s bankruptcy filings, 23 oil and gas companies
went bankrupt in North America in the first half of this year alone.
“It is reasonable to expect that a substantial number of producers will continue
to seek protection from creditors in bankruptcy even if oil prices recover over
the next few months,” the law firm predicted in a late-June report. However,
with a glut in oil reserves, still-low commodity prices and only minimal nearterm demand growth predicted, the return of oil markets anytime soon
appears unlikely.

Taxpayers left with the headache
Taxpayers could also be saddled with major cleanup costs for idle and orphan
wells if CRC's efforts to reorganize do not succeed or if other companies fail.
“Bankruptcy proceedings like these are a threat to California because oil
companies like CRC try to weaponize them to dump their environmental
cleanup costs on the public,” said Kassie Siegel, an attorney at the Center for
Biological Diversity. “Given the huge number of wells at stake, the Newsom
administration has to intervene quickly to protect the public and our
environment."
Two new California laws aimed at increasing state regulators’ ability to hold
petroleum companies accountable for the costs of plugging and cleaning up
their wells couldget their first real test with the CRC restructuring. According
to its own math, CRC has roughly $500 million in environmental cleanup
costs. Based on the average cost of plugging wells as defined by the California
Council on Science and Technology, the true number may be much higher.
https://www.desertsun.com/story/news/environment/2020/07/15/crc-californias-largest-oil-and-gas-company-files-bankruptcy-protection/5446329002/
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State officials said they had been preparing for a CRC bankruptcy for months
based on published reports of the company’s spiraling financials and high
levels of debt and cleanup liabilities. If CRC is ultimately unable to pay for its
own reclamation, California has the legal ability to seek payments from the
immediate preceding owner. That would be Occidental, which is facing its own
fiscal woes.
Although CRC has the second-most idled wells of any company operating in
the state, all its wells and facilities are currently in full compliance with state
laws, according to state oil regulators. The company made its required $3
million payment for idle well costs on time in May to the state.
CRC made a partial payment on interest owed to funders last month but had
faced another $74 million in payments due in June 2021 to JPMorgan Chase,
Bank of America and other lenders.
In addition to its thousands of unplugged onshore wells, CRC is also partly
responsible for eventual cleanup costs of unique oil production facilities on
state-owned tidal lands that are managed by the city of Long Beach.
A state trust fund for cleanup there holds about $300 million. However, it
needed an estimated $900 million as of Jan. 1, leaving a $600 million gap.
Legislation failed in recent years to require greater contributions to the fund.
Long Beach has about $180 million in its own post-production fund.
There is extra urgency to maintain or properly close wells in the Long Beach
tidelands because the city suffered subsidence as much as 2 feet per year until
the 1950s due to fluid extraction. It was once known as the “Sinking City by the
Sea.”
City and state officials said subsidence is closely monitored and is nearly
nonexistent because proper pressures are maintained in the wells at all times,
in essence keeping downtown properly afloat. If oil operations ceased, they
https://www.desertsun.com/story/news/environment/2020/07/15/crc-californias-largest-oil-and-gas-company-files-bankruptcy-protection/5446329002/
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said that the worst-case scenario could be avoided by continually injecting
water into the idle wells.
State Lands Commission attorneys were also working with CRC this spring to
try to structure payments into a trust for the eventual cleanup of Huntington
Beach wells. Earlier this year, Thompson said CRC across all its subsidiaries
had more than $80 million to pay for its cleanup around the state.
A full recovery or even fiscal stability for CRC will be difficult, with experts
predicting it would take several years before oil markets recover from the
coronavirus pandemic and continued tensions between domestic and
international suppliers.
Williams-Derry, the energy finance analyst, has tracked the company's
downward trajectory since before the pandemic. "CRC is claiming that the
COVID crisis is the reason for their bankruptcy filing, whereas in reality, this is
a company that was in no position to pay off its massive debts, even before the
coronavirus hit," he said.

California oil on the way out?
CRC’s woes bring into sharp relief the decline since the mid-1980s of oil
production in California and a pitched battle between energy companies and
environmentalists over its future.
Environmentalists pushing to transition California off of all fossil fuels want to
see CRC's oil and gas extraction halt. They said largely low-income
communities of color around its operations have suffered severe health effects
for years, from being exposed to contaminantscontained in oil and from
dangerous soot and smog emitted as part of the extraction, refining and
transport processes.

https://www.desertsun.com/story/news/environment/2020/07/15/crc-californias-largest-oil-and-gas-company-files-bankruptcy-protection/5446329002/

6/8

9/12/2020

CRC, California's largest oil and gas company, files for bankruptcy

Rosanna Esparza is a Bakersfield-based community activist who watchdogs
CRC's Elk Hills field and other oil and gas infrastructure around Kern
County. "This is not a surprise that they filed for Chapter 11, not at all. What
concerns me, though, is that we have been saying all along that these
companies aren't paying a high enough fee to cover when they default."
Fossil fuel emissions, including billions of tons of carbon dioxide, are also
causing global climate change. A national coalition of 700 environmental,
consumer and public health groups dubbed the Last Chance Alliance, with
dozens of members in California, is pushing Gov. Gavin Newsom’s
administration to phase out all oil production. They argue a "just
transition" can be achieved for energy workers by paying them to properly
plug wells and otherwise close down the state’s legacy oil and gas fields.
But energy trade groups, lobbyists and the companies themselves say CRC and
other oil and gas companies provide good, high paying jobs. They say
California can meet aggressive emission reduction mandates in coming years
by achieving “net zero” emissions from fossil fuel production rather than
shutting it down completely. That would include burying or re-injecting
carbon dioxide underground rather than sending it skyward.
CRC won some private and federal funding earlier this year to construct an
early centerpiece of those efforts — a facility to capture carbon dioxide
emissions from its Elk Hills natural gas plant and inject them back into the
sprawling field to aid in extracting the last bits oil from mature reservoirs. The
project is moving forward with a completely funded front-end study, company
spokeswoman Margita Thompson said Wednesday.
And as more oil companies walk away from their environmental and labor
liabilities, Democrats and some Republicans have begun pushing for a federal
government-funded pool of money to address the pollution flowing from the
country’s potentially millions of orphan wells.
https://www.desertsun.com/story/news/environment/2020/07/15/crc-californias-largest-oil-and-gas-company-files-bankruptcy-protection/5446329002/
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According to CalGEM, there are about 5,500 deserted or orphaned
wells scattered around the Golden State, many in Los Angeles County. These
can pollute aquifers, emit climate-warming gases and carcinogens, and present
an explosion hazard.
On July 1, the Democrat-controlled U.S. House of Representatives passed a
$1.5 trillion bill that wrapped up COVID-19 relief and infrastructure spending,
including $2 billion that would put unemployed oil workers back on the job
plugging orphan wells.
“It’s a win for the environment, it’s a win for states, it’s a win for workers,”
chair of the Subcommittee on Energy and Mineral Resources Rep. Alan
Lowenthal (D-Calif.) said during a June 1 forum on the proposal. “And it
simply accelerates the cleanup that American taxpayers are on the hook for
sooner or later anyway.”
Sen. Mitch McConnell (R-Ky.), however, already made it clear that he had no
intention of advancing Democratic stimulus bills in the Senate, making it
unclear where the proposal would head next.
Esparza, the Kern County activist, is worried about what comes next for the
industry.
"Everybody was waiting for this, waiting for the next shoe to drop," she said.
"So who's going to be next? The small operators are struggling, and a lot of
them have just walked away."
Janet Wilson and Mark Olalde cover the environment for The Desert Sun.
Wilson is the senior environment reporter and part of the 2020 ProPublica
State Reporting Network. She can be reached at janet.wilson@desertsun.com
or @janetwilson66. Get in touch with Olalde at molalde@gannett.com, and
follow him on Twitter at @MarkOlalde.
https://www.desertsun.com/story/news/environment/2020/07/15/crc-californias-largest-oil-and-gas-company-files-bankruptcy-protection/5446329002/
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Bankruptcies in Fracking Sector
Mount in 2019
E&P Companies’ Debt of $26 Billion Doubled
Over Previous Year
Bankruptcies among fracking-focused
companies exploded in 2019. The 42
bankruptcy filings among Exploration &
Production (E&P) companies in 2019
involved nearly $26 billion in debt –
double the $13 billion in bankruptcyrelated debt filed in 2018.1
“Following a steep drop in oil prices in
the fourth quarter of 2018, there was a
sharp increase in the number of filings in
2019,” reported Haynes & Boone, a legal
firm that publishes a quarterly report on
bankruptcies.

Key Findings
• 42 U.S. E&Ps filed for bankruptcy
in 2019.
• Their aggregate debt was $26
billion – double the amount from
2018.
• Appalachian frackers have been
hit especially hard as natural
gas prices were cut by a third.
• Bankruptcy-related debt among
oilfield services companies that
rely on revenue from frackers,
also doubled in 2019 compared
to 2018.

After years of mounting debt and
negative cash flows,2 the fracking sector
has experienced an ongoing wave of
bankruptcies over the past five years.
• More bankruptcies are expected,
Natural gas prices, which dropped by a
as the gas and oil glut continues
third in 2019, and persistently low oil
and prices remain subdued.
prices throughout the year that averaged
$57 per barrel3 compared to $654 the
year before, pushed 42 companies
focused on unconventional production of oil and gas to file for bankruptcy
protection in 2019.
Moody’s concludes that the oil and gas industry never “fully recovered” from the
2015-2016 oil price slump.5
All told, 208 North American oil and gas producers declared bankruptcy between
January 2015 and December 31, 2019, affecting more than $121 billion in debt.6

Haynes & Boone. Oil Patch Bankruptcy Monitor. January 17, 2020.
IEEFA. Fracking sector spills more red ink in Q3. November 19, 2019.
3 EIA.gov. WTI Spot Prices
4 Ibid.
5 Moody’s. Energy defaults are on the rise again, clouded economic outlook calls for a higher US
speculative grade default rate. October 31, 2019.
6 Haynes & Boone. Oil Patch Bankruptcy Monitor. January 17, 2020.
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2019 saw an especially large uptick in bankruptcies among E&P companies. In just
the first nine months of 2019, these bankruptcies had already involved nearly $13
billion in debt, compared to $13.2 billion in all of 2018 and $8.5 billion in 2017.7
Subsequently, in the fourth quarter of 2019, nine fracking-focused companies filed
for an additional nearly $13 billion in debt to be restructured or written off, which
sent the 2019 total ballooning to $25.8 billion, nearly double the 2018 level.
Bankruptcy filings in the oilfield services sector, which relies heavily on the
fracking industry for revenues,8 also doubled in 2019 compared to 2018. More
than $8 billion in bankruptcy filings were recorded in 2019, compared to less than
$4 billion in 2018.9 The oilfield services sector has gone through nearly 200
bankruptcies involving more than $66 billion in debt since 201510 – including, in
May 2019, the insolvency of Weatherford International, formerly the world’s fourthlargest oilfield services company, which must restructure $7.6 billion in long-term
debt.
Schlumberger and Halliburton,11 the world’s largest oilfield services companies,
recorded significant losses in 2019, with Schlumberger writing off $12.7 billion in
Q4 2019, an amount that Tudor Pickering, an investment bank that focuses on the
oil and gas industry, suggested was “eyebrow-raising.”12
More bankruptcies are all but certain, as oil and gas borrowers must repay or
refinance more than $100 billion dollars in debt over the next few years.13
Hardest hit have been the Appalachian frackers, which primarily produce
natural gas. Their already-battered stocks have been further pummeled since the
beginning of the year, as gas prices continue to decline.14 The largest of them, EQT,
took a $1.8 billion write-off in Q4 2019, and reduced its workforce by 25 percent in
2019.15
Chevron walked away from its Appalachian shale gas holdings in December 2019,
taking an impairment charge of more than $5 billion.16 It has put its shale assets on
the market, but energy consultant Rystad expects it will get far less than the more
than $4 billion it paid for these assets.17
Ibid.
Deloitte. The oilfield services sector transforms again. 2017
9 Haynes & Boone. Oilfield Services Bankruptcy Tracker. January 17, 2020
10 Ibid.
11 Houston Chronicle. Halliburton closes 2019 with 1.1 billion loss, January 21, 2020
12 Bloomberg.com. Schlumberger rips off band-aid with $12.7 billion write-down. October 18,
2019.
13 Oil & Gas Journal. Rystad Energy: US shale bankruptcies ‘not industry-wide epidemic.’
September 25, 2019.
14 S&P Global Market Intelligence. Appalachian shale gas stocks are pummeled as benchmark
approaches $2MMbtu. January 20, 2019
15 KallanishEnergy.com EQT may incur a $1.8 b 4th quarter impairment. January 14, 2020.
16 The Wall Street Journal. Chevron, facing fossil fuels glut, takes $10 billion charge. December 10,
2019.
17 Pittsburgh Business Times. Chevron plans to divest Appalachian business. December 10, 2019.
7
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Appalachian producers are now facing a wave of debt, which will be nearly
impossible for them to repay with gas prices below $2.00/MMBtu. Their cash flows
had already been negative18 even with much higher gas prices. IHS Markit sent
shock waves through the market in September 2019 by suggesting that gas prices
would continue to plummet, reaching levels not seen since the 1970s.19
Just eight E&P companies with a significant presence in Appalachia20 face $29.95
billion in long-term debt. Their market cap, as of January 24, 2020, is just $12.4
billion. (See Figure 1.)

Figure 1: Long-Term Debt Facing 8 Fracking-Focused Companies in
Appalachia (in millions)
Long-Term Debt, Q3 2019, (in millions)
12,000
10,000
8,000

6,000
4,000
2,000
0

Sources: Company Filings

As of September 30, 2019, the long-term debt of those eight frackers will mature
between 2021 and 2027, with more than $4 billion maturing in 2022 (see Figure 2.)

IEEFA. Mounting negative cash flows highlight struggles of Appalachian fracked gas producers.
November 2019
19 IHS Markit. U.S. natural gas price will fall to levels not seen since 1970s. September 12, 2019.
20 Antero Resources, CNX Resource, Cabot Oil & Gas, Gulfport Energy, Chesapeake Energy, Range
Resources, EQT, and Southwestern Energy.
18
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Figure 2: Year When 8 Fracking Companies’ Long-Term Debt is Due
Total Aggregate Debt a/o 9/30/2019 (in millions): AR,
CHK, COG, CNX, EQT, GPOR, RRC, SWN
4,500
4,000
3,500
3,000
2,500
2,000
1,500
1,000
500
0

Sources: Company Filings
*L-Term Debt, including bank financing, credit facilities with unspecified maturities

Conclusion
The significant uptick in bankruptcy filings in the E&P and oil services sectors in
2019 illustrates the increasingly speculative character of the industry as its financial
rationale of high risk and high reward deteriorates. High risk is now producing
chronic value destruction. Bankruptcies among U.S. frackers accelerated in 2019,
with 42 companies filing for bankruptcy, affecting $25.8 billion in debt – nearly
double 2018 levels. The oilfield services sector, which relies on revenues from E&P
companies, also saw bankruptcy filings double in 2019.
The inability of the sector to adapt to a low-priced oil and gas environment has now
produced decade-long negative cash flows among oil and gas producers, resulting in
increasing numbers of bankruptcies as both lenders and equity investors have
largely abandoned the sector.21
Given the massive wave of debt facing E&P companies, more bankruptcies are all
but certain. The global glut of gas and oil is expected to continue. Natural gas prices
are dipping to levels not seen since the 1970s. And even political tensions and
outright attacks in the Middle East don’t cause oil price spikes to last more than a
few days.
In this environment, it is difficult to see a financial pathway forward for oil and gas
producers.
21

The Wall Street Journal. Frackers scrounge for cash as Wall Street closes its doors. June 7, 2019.
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the world economy. In 2020 the economy is bleeding red. As
covid-19 keeps workers at home and planes on the ground, demand
for oil has fallen faster and further than at any point in its history.
Amplifying the shock, a furious row between Saudi Arabia and Russia
set o a price war in early March. Last month oil prices fell by more
than half, leaving a giant industry reeling.
On April 12th the world’s energy superpowers broke bread and
reached a new deal to try to prop up prices. The Organisation of the
Petroleum Exporting Countries (opec) and its allies, including Russia,
said they would slash production by 9.7m barrels a day from May to
the end of June, a record, and restrain output for two years. In the
20th century Uncle Sam was keen to undermine opec, but in 2018
America became the biggest oil producer, ahead of Saudi Arabia and
Russia. President Donald Trump’s re-election depends on the shale
states of Texas, Pennsylvania and Ohio. He argued for the pact and
said the industry would recover “far faster” than expected.
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In fact private oil rms, state-controlled companies and countries
that rely on energy exports should brace themselves for a long period
of pain, and use the crisis to begin the restructuring that will have to
take place if the planet is to deal with climate change.
This week’s grand bargain is unlikely to work. For a start the sums
don’t add up. Global demand may fall by 29m barrels a day this
month, three times the opec deal’s promised cuts. Private rms
outside the alliance may reduce output, too, but by how much is
uncertain. And no one knows when demand will pick up. Oil
stockpiles are rising and storage capacity could be exhausted within
weeks.

The alliance is shaky. Russia, the world’s second-biggest producer,
has worked with opec since 2016 but routinely ignored the terms of
deals. It is unlikely that America will permanently join opec in
creating a new energy order. The new pact involves assurances that
output will fall in America but Texan frackers respond to price signals
and the pro t motive, not government quotas. The deal almost fell
h
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apart when Mexico refused Saudi Arabia’s terms, illustrating how one
country can prompt an unravelling. And Saudi Arabia continues to
o er deep discounts on crude bound for Asia, a sign of its eagerness
to defend its powerful position in oil’s most important market.
A last reason for scepticism is that the covid-19 crisis could further
dampen long-term oil demand. Hundreds of millions of people are
living through an experiment with home-working, fewer ights and
less urban pollution. This could help change public opinion about the
desirability of a faster shift from an economy built on fossil fuels.
Checks and Bala

Checks and B
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· Share

Rather than stability, then, oil producers face volatile demand and production. Iran and
Venezuela, already squeezed by American sanctions, will see more unrest. Countries
with high costs and poor governance, such as Nigeria and Angola, face capital ight and
balance-of-payments crises. Last year bankruptcies among American oil producers
jumped by 50%. In 2020 that gure will soar.

Beyond this year a deeper adjustment awaits. Volatility will dampen
investors’ appetite for new projects. Oil companies have already
slashed capital spending by about 25% this year. Some pricey oil will
be left underground for good. Shale’s frenetic growth will abate. Big
oil exporters, including Saudi Arabia, will have to cut public spending
and diversify.
For years the oil industry has faced the possibility that demand might
https://www.economist.com/leaders/2020/04/18/the-future-of-the-oil-industry?itm_source=parsely-api
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fall, as governments moved to limit climate change. That threatened
to heap chaos on oil producers, as capital dried up and companies
battled for their share of a dwindling market. A peak in demand may
still be years away. But oil producers should see covid-19’s turmoil for
what it is: not an aberration, but a sign of what is to come.7
Sign up to our fortnightly climate-change newsletter here
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IEEFA U.S.: IEEFA Director of Finance urges oil production cuts at
Texas Commission Hearing
Industry stressors predate COVID-19 and Russia-Saudi price war
April 14, 2020 (IEEFA U.S.) – At a public hearing held on Tuesday by the Texas Railroad Commission (RRC) closely followed by industry experts and analysts,
IEEFA’s Director of Finance, Tom Sanzillo urged production cuts (“prorationing”) to deal with the ongoing turbulence and oversupply in the oil and gas sector.
“The problems of oversupplied markets and low prices, aligning interests within the industry, technological competition and the changing composition of economic
growth predate the coronavirus outbreak and will persist long after the pandemic passes,” he said.
In response to the pandemic, the hearing was held remotely and streamed to a public audience via live video feed. IEEFA had previously submitted written
comments to the Commission on April 7.
Sanzillo reminded the Commissioners that from 1970 to 2000, the energy sector led the market occupying 28% of the S&P 500, today representing only 2.9%.
He added that the structure of demand for oil and gas is undergoing “massive transformation” nationally and globally. Even as energy demand grows, he said, the
markets that serve that demand are expanding beyond the oil and gas and industry.
Sanzillo encouraged the RCC to address, not only the short-term supply glut but also the longer-term issues of an industry in decline and a sector in transition.
“Any short-term fix designed by the RRC, or government support for additional storage capacity, will return markets, not to the previous status quo, but to a
reduced level of chaos in the oil and gas markets and the finance sector,” he said.
Tom Sanzillo is IEEFA’s director of finance.
Full testimony: IEEFA Statement in favor of the Texas Railroad Commission’s adoption of production goals for the oil and gas industry
Written comments: Comments Submitted to the Railroad Commission of Texas on the Matter of the request for determination of reasonable market demand
Media contact
Vivienne Heston (vheston@ieefa.org) +1 (914) 439-8921
About IEEFA
The Institute for Energy Economics and Financial Analysis (IEEFA) examines issues related to energy markets, trends and policies. The Institute’s mission is to
accelerate the transition to a diverse, sustainable and profitable energy economy.

https://ieefa.org/ieefa-u-s-ieefa-director-of-finance-urges-oil-production-cuts-at-texas-commission-hearing/
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Summary
In 2017, California was the fourth largest producer of crude oil and the fifteenth largest
producer of natural gas among U.S. states (US EIA). There are about 107,000 active and
idle oil and gas wells in California. At some point all of these wells will end their productive
life and the operator/owner of the well will be required to carefully plug the well with
cement and decommission the production facilities, restoring the well site to its prior
condition. There is a large population of nonproductive wells in the state, known as idle
wells, which have not produced oil and gas for at least two years and have not been plugged
and decommissioned. Idle wells can become orphan wells if they are deserted by insolvent
operators. When this happens, there is the risk of shifting responsibilities and costs for
decommissioning the wells to the State.
There are policies in place to protect the State from the potential liabilities of orphan and
idle wells. Operators are required to file indemnity bonds when drilling, reworking, or
acquiring a well, to support the cost of plugging a well should it be deserted. However,
the available bond funds are often not enough to fully cover the costs of plugging and
decommissioning a well. In two recent insolvencies involving offshore facilities, Rincon
Island and Platform Holly, the bonds recoverable by the State totaled about $32 million—
well under the more than $100 million estimated cost to plug and decommission the wells
at both facilities.
Issues with orphan wells are not limited to offshore wells. The vast majority of orphan wells
in the state are located onshore. These wells represent potentially large liabilities for the
State. In some cases, especially for older orphan wells, there may be no bond available.
In an effort to prevent orphan wells, the operators of idle wells are required to pay fees or
develop management plans to eliminate long-term idle wells. The Division of Oil, Gas, and
Geothermal Resources (the Division) is in the process of updating these regulations and
implementing new well testing requirements from recent legislation.
Concerned about the potential financial risks involved with idle and orphan wells and aware
of similar problems in other parts of North America, the Division requested the California
Council on Science and Technology (CCST) produce a study assessing the State’s potential
orphan well liabilities. Using existing data from the Division, we have conducted a rough
estimate of potential future costs to the State for plugging and decommissioning orphan
wells. We have also summarized recent studies that compare the policies and practices of
California to other states and regions.
The preliminary analysis performed here finds that 5,540 wells in California may already
have no viable operator or be at high risk of becoming orphaned in the near future. The
likely plugging and abandonment costs for these wells, based on the State’s historical
experience with orphan wells, exceed the available bond funds by a factor of 10 or more.
The State’s potential net liability for these wells appears to be about $500 million. This
ix
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estimate ignores environmental or health damages that could be caused by orphan wells,
which is a poorly understood category of potential impacts that is outside of the scope of
this report and deserves greater study.
An additional 69,425 economically marginal and idle wells are identified here that could
become orphan wells in the future as their production declines and/or as they are acquired
by financially weaker operators. Increasing the financial security for these wells while
they are still profitable may avoid enforcement challenges in the future. Idle Well Fee and
Management Plan requirements may also reduce the stock of idle wells, but operators have
less incentive to comply with regulations after wells cease production.
The total costs of plugging and abandoning all of the state’s 106,687 active and idle oil
and gas wells are found to be about $9.1 billion. This gives an unlikely worst-case scenario
for the state’s total costs. The share of this cost that is ultimately borne by the State (as
opposed to operators) will depend on policy choices, market dynamics, and other factors. In
comparison, the bond amounts currently held by the state for these wells cover only about
$110 million. This study recommends several specific areas where more in-depth research
will better inform future policy approaches.
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CCST Introduction
The California Council on Science and Technology (CCST) is a nonpartisan, nonprofit
organization established via the Legislature in 1988 that is called upon by the State to
conduct independent, scientifically rigorous studies to inform policy decisions. CCST studies
are valued for their scientific and technical analysis, which undergoes a full peer review
process to ensure that the information presented is accurate and technically sound.
This study was produced at the request of the Division of Oil, Gas, and Geothermal
Resources (the Division) under the California Department of Conservation. It was
researched and written by principal researchers and select CCST staff within a study team
overseen by a Steering Committee Chair. The study team provides an appropriate range of
expertise, a balance of perspectives, and no conflicts of interest.1 This study was subject to a
full and thorough peer review and the authors responded to all comments from reviewers.
CCST strives to produce reports through a transparent process to ensure that the final
product is responsive to the questions of the sponsor, while maintaining full scientific
independence. Transparency is achieved by engaging the sponsor in dialogue about the
nature of the information needed and informing the sponsoring agency of study progress.
Language used in this study:
In oil and gas well terminology, there are many ways to say that a well has been properly
plugged and/or that the remaining facilities have been removed and the site returned to
its original condition: ‘properly plug and abandon,’ ‘plugging and reclamation,’ etc. In this
study, we primarily use the term ‘plug and decommission’ to refer to the actual cementing or
plugging of the well and restoration of the site.

1. See Appendix F for more information on the CCST study team selection and study process.
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Chapter 1

Background
Among states in 2017, California was the fourth largest producer of crude oil (US EIA)
and the fifteenth largest producer of natural gas (US EIA). The state’s oil and gas fields are
considered mature, and there is a growing population of nonproductive wells in the state.
The life cycle of oil and gas wells depends on a number of factors, the most important
of which are production rates and energy market prices (Figure 1). A well can operate
profitably for several years or decades depending on the rate of production and operating
expenses. At low prices, or as production slows, operators may be inclined to shut down,
idle, or hand off non-economic wells and leases. Once a well’s productive life comes to
an end, it must be carefully plugged with cement and its attendant production facilities
decommissioned1 to prevent any potential hazards. In California, this process is the
operator’s responsibility.
Under current rules (which have recently been revised), prior to drilling, reworking, or
acquiring a well, an operator must file a security with the State in the form of an indemnity
bond or other deposit. As of January 1, 2018, this bond cannot be released until the well
is properly plugged and decommissioned. Indemnity bonds are an agreement between
a principal (the operator), an obligee (the State), and a surety bond company (the
surety) that protects the State in cases where operators do not fulfill their obligations to
decommission a well—providing payment of the bond amount to the State. These bonds
range in amount depending on the depth of the well and the number of wells to be covered.
Current requirements for onshore wells range from $25,000 for a single well to $3 million
for a blanket bond to cover all of an operator’s wells. For offshore leases, there is a blanket
$1 million bond required for drilling or modifying one or more wells. The historic and
existing bond requirements as well as the availability and adequacy of bonds on file to cover
the plugging and decommissioning of potential orphan wells are discussed in Chapters 2
and 3.
Finding 1-1: California requires well operators to obtain an individual or blanket indemnity
bond prior to drilling, reworking, or acquiring a well or wells, not to be released until the
well is plugged and decommissioned.

1. 14 CCR § 1760 “Decommission” means to safely dismantle and remove a production facility and to restore the site
where it was located.
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24 consecutive months. Operators may eventually return idle wells to production, but while idle
they may need to either pay annual idle well fees or file an Idle Well Management Plan. Finally, if a
well is orphaned prior to plugging, the responsibilities of plugging and decommissioning the well
may ultimately fall upon the State.

Finding 1-2: The amount of the required indemnity bond depends on well depth for
individual bonds, the number of wells in the state to be covered for blanket bonds, and
whether the well is located onshore or offshore. Bond amounts range from $25,000 for
a single well to $3 million for a blanket bond covering multiple wells. The amount on file
may also depend on when the well was last drilled, reworked, or acquired, and the bonding
requirements at that time.
Of the approximately 229,000 oil and gas wells in California, about 122,000 have already
been plugged. The remaining 107,000 of them are classified as either active or idle wells.
California regulators consider a well to be an idle well if it has not produced oil or gas for
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24 consecutive months.2 Many of California’s idle wells are long-term idle wells—wells
that have been idle wells for eight or more years.3 These idle wells are potentially at risk of
becoming orphan wells. If not properly maintained or plugged, idle and orphan wells
can present a potential environmental hazard. In some cases, these wells may provide
a source for fluid and gas migration to unwanted zones. For example, they may leak oil,
injected fluids, or formation water into nearby underground drinking water or surface water
reservoirs, or release methane or other gases into groundwater or the atmosphere.
From idle to orphan
Wells are not always plugged and decommissioned immediately after production ceases.
Operators often maintain wells in a nonproductive, idle state—either to preserve the
option of resuming production in the future, or simply to defer the expense of permanently
plugging the well.
It costs much less in the short term for operators to maintain a well in an idle state than
to properly plug and decommission a well. In California, the required fees to maintain an
idle well range from $150 per year to $1,500 per year. This approach also maintains the
potential to return the well to production if energy prices increase. Although this “option
value” from the ability to resume production can in principle be quite important, research
in Alberta, Canada, has shown the decision to leave a well idle is more often driven by a desire
to defer decommissioning costs on wells with little likelihood of resuming production
(Muehlenbachs, 2015). Ultimately, some operators may declare bankruptcy in order to
relinquish their leases and forfeit any requirement to plug and decommission the well,
potentially leaving the costs to the governmental regulator.
Wells deserted by insolvent operators become orphan wells. Since orphan wells
have no financially viable operator, the State may become responsible for plugging and
decommissioning costs. At this point, the State may use the available indemnity bond funds
on file, if any, to contribute toward the cost of plugging and decommissioning the well.
Orphan wells are a concern in every state and region that produces oil and gas. At the federal
level, a recent study by the U.S. Government Accountability Office (GAO) made several
recommendations to the U.S. Department of Interior in order to better protect against billions
of dollars of potential decommissioning liabilities for offshore wells in the Gulf of Mexico
(GAO, 2016). In Alberta, Canada, potential liabilities were estimated at between $129
million and $257 million for known orphan wells, with the total costs of well liabilities (when
considering potential future insolvencies) estimated at up to $8.6 billion (Dachis et al., 2017).

2. PRC §3008(d) Wells that for 24 consecutive months have not produced oil or gas, or have not produced water used to
stimulate production, for enhanced oil recovery, reservoir pressure management, or injection.
3.

PRC §3008(e).
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Recent offshore cases in California: Rincon Island and Platform Holly
In California, there have been several prominent cases where the State has had to take
responsibility for an oil or gas field. Two offshore facilities in southern California and their
associated wells recently became the responsibility of the State: Rincon Island in Ventura
County and Platform Holly in Santa Barbara County. Offshore wells are much more
expensive to plug and decommission than their onshore counterparts—often amounting
to millions of dollars rather than thousands—and have a high priority to plug due to their
environmental risk. For these reasons, operators of offshore wells are required to file higher
amounts of security than what is required for onshore wells, either as part of their lease
with the State or under Division regulations. This security, typically in the form of a surety
bond, is intended to protect the State against losses in the event that the operator cannot
afford the cost of plugging and decommissioning their wells. However, at Rincon Island and
Platform Holly, the security amounts available were not enough for either facility. The State
Lands Commission (the Commission) is responsible for managing leases on submerged
lands in the state, including the three miles off the Pacific coast. The Commission requested
$108.5 million over three years from the state’s General Fund to plug and decommission
the wells (California State Lands Commission, 2018a), in addition to millions already
appropriated to maintain and monitor the wells.
Finding 1-3: The amount of an indemnity bond may not be adequate to cover the actual
plugging and decommissioning costs. For example, bonds on file from the leases at Rincon
Island and Platform Holly, $10 million and $22 million, respectively, were a fraction of the
estimated costs of over $100 million for both leases.
In the case of Rincon Island, operated by Rincon Island Limited Partnership, the lease had not
produced oil or gas since 2008. According to a staff report, Commission staff were prepared
to recommend termination of the lease in August 2016 over regulatory violations (potentially
risking environmental contamination) and other lease requirements. However, Rincon
Island Limited Partnership filed for chapter 11 bankruptcy before the lease was terminated
(Fabel & Blackmon 2018). After bankruptcy and eventual relinquishment of the leases, the
Commission—with no responsible operator available to take over—entered into an emergency
contract with a company to oversee the wells. The Commission also obtained $8 million in a
settlement agreement with prior lessee ARCO and worked to secure a combined $10 million
surety bond that was held by Rincon Island Limited Partnership.4 The cost to plug the 49 wells
and decommission the facilities at Rincon Island was estimated to be around $50 million over
three years (California State Lands Commission 2018a).
At Platform Holly, which had been non-operational since the Refugio Oil Spill in May 2015,
the operator Venoco relinquished its leases of the South Ellwood Field in April 2017 and filed

4. According to a February 2018 SLC staff report (Fabel & Blackmon), the Division requested their combined $350,000
bond be released to the Commission, which holds a $9.65 million bond.
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a petition for relief under chapter 11 bankruptcy, returning the lease and the platform’s
32 wells to the Commission. The Division subsequently ordered that the Venoco wells be
plugged and abandoned. When Venoco was unable to do so, the Commission called on and
received Venoco’s $22 million bond. This bond amount was intended to be larger. In August
2013, an amendment to the lease included provisions for increasing the bond amount
incrementally by $4 million per year to eventually reach $30 million in September 2018.
This amount was intended to be adjusted in 2025 and every 10 years to accurately reflect
the full cost of Venoco’s liabilities (California State Lands Commission, 2013).
In 1997, Venoco became the third operator assigned to the lease, following approximately
28 years by ARCO and 4 years by Mobil Oil Company. Under California law, the
Division can pursue previous operators as far back as January 1, 1996, for plugging and
decommissioning responsibilities. After calling on Venoco’s bond, the Commission sought
an agreement with the prior lessee, now ExxonMobil, to plug and abandon the wells. In
August 2017, the Commission and ExxonMobil filed a letter of intent to discuss the plugging
and abandonment of the Venoco wells and collaborated to assess needed repairs that
would ease the plugging process. Meanwhile, the Commission hired a contractor to take
over daily operations of Platform Holly. Anticipating a potentially lengthy process to reach
a final agreement on the extent of liability and funding amount with ExxonMobil—and
recognizing the urgency of the situation—the Commission requested $58.04 million from
the General Fund to manage the platform and plug and abandon the wells (California
State Lands Commission 2018a). In June 2018, the Commission and ExxonMobil entered
into a Phase 1 agreement for plugging and abandoning the 32 wells on site, with provisions
addressing contested wells modified by Venoco (California State Lands Commission and
Exxon Mobil 2018).
In response to these recent offshore bankruptcies, the Governor signed legislation in
September 2018 to specifically address any inadequate financial security of offshore oil and
gas wells in California (SB 1147, Hertzberg).
The decommissioning of onshore wells
Though these recent cases highlight the more expensive and complicated nature of the
offshore plugging and decommissioning process, most wells in California are located
onshore. In fact, offshore wells account for just over 2% of all wells in California and, as of
January 2018, there were only 19 offshore leases remaining in the state (California State
Lands Commission, 2018b). No new offshore lease has been approved by the Commission
since 1968.
Like their offshore counterparts in California, onshore wells can also be hazardous
and expensive to decommission, especially in dense urban areas. In 2004, an orphan well
leaked in a neighborhood in the city of Huntington Beach for several hours. An emergency
rig was called in to plug the well (Division of Oil, Gas, and Geothermal Resources, 2011).
In 2016, two buried orphan wells were discovered on Firmin Street in the residential Echo
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Park neighborhood of downtown Los Angeles after reports of an odor coming from one of
the wells. Drilled before 1903, these wells were deserted by their operators. The Division
utilized industry funds from their orphan wells program to properly plug the wells. It cost
the Division more than $1 million to plug the wells, according to its own estimates.
The expense of such onshore projects, along with the sheer number of onshore wells and
their location throughout the state, makes them a major point of concern for the State in
terms of potential liabilities.
Finding 1-4: The vast majority (nearly 98%) of wells in the state are located onshore.
The vast majority of idle wells in the state are also onshore.
Conclusion 1-1: Recent cases in California highlight the potentially expensive and
complicated nature of plugging and decommissioning offshore wells and the difficulty
of determining liabilities following bankruptcy. As most of California’s wells are located
onshore, it will be important to assess the potential liabilities for onshore wells in situations
where idle wells may become orphan wells.
Considering these recent experiences and concerned about the potential cost and liabilities
associated with plugging and decommissioning both existing orphan wells and wells that
may become orphaned—which may include some of the thousands of idle and long-term
idle wells—the Division asked CCST to assess these potential costs. CCST was also asked to
look at the policies of other states and regions regarding orphan well management and cost
recovery for how they could inform California policy. To accomplish these tasks, the CCST
study team undertook a literature review and examined available datasets from
the Division and elsewhere. Through meetings, investigations, and literature and data
review, the CCST study team has drafted this report to address the questions and concerns
of the Division.
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Relevant Laws and Regulations
Governing Oil and Gas
Wells in California
The statutory requirements and definitions relating to the operation of oil and gas wells
in California are provided in Division 3 of the Public Resources Code (PRC) and Title 14,
Chapter 4 of the California Code of Regulations (CCR), with primary responsibilities given
to the Division of Oil, Gas, and Geothermal Resources (the Division), led by the state oil and
gas supervisor (the Supervisor), under the California Department of Conservation (DOC).
The operation of oil and gas wells
There are numerous laws affecting the operation of oil and gas wells in California.
The operator of a well is the entity who has the right to drill or operate a well.1 Drilling
new wells or the deepening or redrilling of existing wells requires a notice of intention,
to be approved by the Supervisor or district deputy.2 Alongside the notice of intention,
operators must provide an indemnity bond, or a deposit in lieu of a bond,3 for any well
drilled or reworked, intended to protect the State against losses in case the operator cannot
afford to plug the well. The bond can be released once the well is properly plugged and
decommissioned. Operators must notify the Supervisor or district deputy when selling
or transferring their wells or production facilities4 and are similarly required to do so
when they acquire a well or production facility. 5
Bonding requirements
Bonding requirements for wells have changed over the years (Table 9). Initially set at $5,000
per well (Ch. 93, 1939), they have since increased in cost and been modified to account
for well depth, idle status, location onshore or offshore, and number, allowing the use of
blanket bonds for operators with many wells. Most recently refined by AB 2729 (Williams
et al., 2016), operators are now required to obtain individual indemnity bonds when they
drill, redrill, deepen, or permanently alter any well. Beginning January 1, 2018, these

1. PRC §3009 Person who either by ownership or lease has the right to drill, operate, maintain, or control a well.
2.

PRC §3203.

3.

CCP §995.710.

4.

PRC §3201 When selling, exchanging, transferring, or otherwise disposing of their wells or production facilities.

5.

PRC §3202.
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requirements were also applied to any operator who acquires a well. As increased by SB 665
(Wolk, 2013), operators must file indemnity bonds with the Supervisor for either $25,000
for each well that is less than 10,000 feet deep, or $40,000 for each well that is 10,000 or
more feet deep (Table 1).6 A bond of $100,000 is also required for each Class II commercial
wastewater disposal well.7 The bond is specified to protect the state against all losses,
charges, and expenses incurred in obtaining operator compliance with the provisions.
Table 1: Individual bonds
Well Depth

Amount

10,000 ft or more

$40,000

Less than 10,000 ft
Class II disposal well

$25,000
$100,000

Blanket indemnity bonds cover the drilling or modification of 20 or more wells at a time.8
The blanket bond covers all of the operator’s other onshore wells in the state. If the operator
has 50 or fewer wells in the state, they must provide a bond of $200,000 to cover them all, or
$400,000 for more than 50 wells. New upper level categories of $2 million for more than
500 wells, and $3 million for more than 10,000 wells, were added by AB 2729 (Table 2).
These well numbers do not include any wells that the operator has already plugged. Another
notable change resulting from AB 2729 is that, as of January 1, 2018, state law only allows
indemnity bonds to be released upon proper plugging and decommissioning of wells rather
than at the time of completion of the well.9 This requires all necessary steps to ensure
proper separation from underground or surface water.10 For safety purposes, the Supervisor
or district deputy may also order or permit the reabandonment of any well they suspect
was not properly plugged or any well that is not visible or accessible.11 Reabandonment
is an operator’s responsibility, except for a few scenarios in which the operator did plug
and decommission the well in conformity with the requirements at the time.
Finding 2-1: Recent legislation revised California’s indemnity bond requirements, requiring
bonds for operators acquiring a well, increasing individual and blanket bond amounts, and
requiring that a well be properly plugged and decommissioned before a bond is released.

6. PRC §3204.
7.

PRC §3205.2.

8.

PRC §3205.

9.

PRC §3207.

10. PRC §3208.
11. PRC §3208.1.
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Table 2: Blanket bonds
# Wells in State

Amount

More than 10,000

$3,000,000

501 - 10,000

$2,000,000

51 - 500

$400,000

50 or fewer

$200,000

Offshore

$1,000,000

Offshore wells
For offshore wells, there is a blanket $1 million bond required for drilling or modifying
one or more wells located in submerged, ocean waters within the state’s jurisdiction.12
In addition, the entity who operates one or more of these offshore wells is required by
the Supervisor to provide security to cover the full cost of plugging and decommissioning
of the wells. However, there is an exception to this additional security in cases where a
similar bonding agreement is part of the lease with the State, usually with the State Lands
Commission, for offshore wells. The Commission tracks bonds for each of the 19 remaining
offshore leases, which are as high as $30 million for a single lease (California State Lands
Commission, 2018c). In September 2018, the Governor signed SB 1147 (Hertzberg),
seeking to more adequately cover the cost of plugging and decommissioning offshore oil and
gas wells.
Finding 2-2: In addition to the required offshore indemnity bond of $1 million, offshore
wells require a supplemental form of security to cover the full costs of plugging all of the
operator’s offshore wells. However, these bonds may be filed as part of the operator’s lease
with the State Lands Commission, rather than as additional security with the Division.
Idle well fees and management
Recently, requirements from AB 2729 (Williams et al., 2016) increased annual idle well fees,
based on the amount of time each well has been idle. The law also requires the operator
of any idle well, even if that idle well is already bonded, to either pay the annual fee or file
an Idle Well Management Plan to manage or eliminate their long-term idle wells. Prior to
January 1, 2018, operators who already had an indemnity bond on an idle well or held a
$2,000,000 all-inclusive blanket bond were exempt from these fees. Now, on an annual
basis on or before January 31, operators must file a fee of $150 for each well that has been
an idle well for 3 years or longer,13 $300 for each well that has been an idle well for 8 years
or longer, $750 for each well that has been an idle well for 15 years or longer, or $1,500 for

12. PRC §3205.1.
13. Since idle wells are wells that have not produced for 24 consecutive months, if a well is classified as an idle well for
three years, it means the well has not been productive for five total years.
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each well that has been an idle well for 20 years or longer (Table 3).14 These fees go into
the Hazardous and Idle-Deserted Well Abatement Fund (HIDWAF), which is continuously
appropriated without regard to fiscal year for the plugging and/or decommissioning
of wells or production facilities at hazardous or potentially hazardous sites. Hazardous
wells and facilities are those that have been determined to be a potential danger to
life, health, or natural resources and have no known operator responsible for plugging
or decommissioning. If an operator fails to pay idle well fees for any of their idle wells,
that failure may serve as conclusive evidence of desertion, for which the Supervisor can
order the current operator to plug and decommission the well. Additionally, since the
implementation of AB 1960 (Nava, 2008), if an operator has a history of violating the
Division’s regulations, they may be ordered to keep a life-of-well bond, covering the full
estimated lifetime costs of their wells.15
Table 3: Idle well fees
Years Classified as an Idle Well
20 or more

Annual Fee
$1,500

15 to 19

$750

8 to 14

$300

3 to 7

$150

Finding 2-3: Recent legislation in California has increased idle well fee requirements and
revised the requirements for the idle well management program.
Finding 2-4: Fees from the idle well program go into the Hazardous and Idle-Deserted Well
Abatement Fund (HIDWAF), which is continuously appropriated without regard to fiscal
year to support the plugging and decommissioning of hazardous or potentially hazardous
wells and facilities.
Finding 2-5: Wells may be considered deserted and ordered plugged if the operator fails
to comply with certain well regulations, including payment of idle well fees.
Finding 2-6: Since 2008, operators with a history of violating well regulations may be
required to hold a life-of-well bond, covering the full estimated lifetime costs of the well
and/or production facility, including plugging, decommissioning, and spill response, rather
than a categorical indemnity bond based on well depth, or a blanket bond. According to the
Division, no operator currently holds such a life-of-well bond.

14. PRC §3206.
15. PRC §3270.4: A life-of-well bond includes an amount adequate to plug each well and decommission each production
facility and to finance a spill response and incident cleanup.
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As an alternative to paying idle well fees, operators may file a plan with the Supervisor to
manage or eliminate their long-term idle wells: operators with 250 or fewer idle wells must
plug and decommission 4% of their long-term idle wells each year, operators with 251 to
1,250 idle wells must get rid of 5% of their long-term stock, and operators with more than
1,250 idle wells must get rid of 6% of their long-term idle wells each year (Table 4).16 In
each case, operators must eliminate at least one long-term idle well per year.
Table 4: Idle Well Management Plans
# Idle Wells

Annual Reduction of Long-Term Idle Wells*

1,250 or more

6%

251 to 1,249

5%

250 or fewer

4%

*In each case, operators must eliminate at least one long-term
idle well per year

Idle well testing and management requirements
The passage of AB 2729 (Williams et al., 2016) required the Division to update its regulations
relating to idle wells by June 1, 2018. It is in the process of doing so. The bill included idle well
testing and management requirements to determine separation from drinking water sources; well
mechanical integrity or appropriate remediation; and an engineering analysis for wells that are
idle 15 years or more to see if they could return to production. If an operator does not remediate
a well or fails to show that it could return to operation, then the operator must plug and
decommission the well. If an operator fails to comply with these well testing requirements, it can
be considered conclusive evidence of desertion.17 The Supervisor is also required to present an
annual report to the Legislature commencing on or before July 1, 2019, including the following:
1. A list of all idle and long-term idle wells and any status changes
2. A list of remaining orphan wells including identified idle/long-term idle wells that
have become orphan wells and the costs and timeline for abandoning those wells
3. A list of all operators who have filed their long-term idle well plans.18
The Division is in the process of preparing this information.
District discretionary authority
The Supervisor and district deputy are also granted the authority to order the plugging
and decommissioning of a well or the decommissioning of production facilities that are
determined to be deserted. Credible evidence for desertion includes the operational

16. PRC §3206.
17. PRC §3206.1.
18. PRC §3206.3.
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history, operator response, operator compliance with existing law, and other criteria19
and are presumed to be deserted under a number of scenarios.20 An operator can counter
a presumption of desertion with credible evidence. If a well is deserted but the operator
cannot pay for the costs of plugging and decommissioning the well, the Division can
pursue previous operators as far back as January 1, 1996, as stipulated by SB 2007
(Costa, 1996).21 If no responsible operator is identified, the Supervisor can plug and
decommission the well, in line with their policies for plugging hazardous wells and
facilities.22
As of July 1, 2018, the Division’s expenditure authority for plugging and decommissioning
hazardous or orphan wells and facilities was increased to up to $3 million per fiscal year
(from $1 million) from the annually-assessed industry fees on production that fund
the Division’s operations (Lara 2017). 23 Beginning with the 2022-23 fiscal year, that
amount will decrease to the previous amount of $1 million. Funds from idle well fees in
HIDWAF (which are continuously appropriated without regard to fiscal year) are available
for additional support. Alongside the increased expenditure authority, the Division is
required to develop criteria for plugging and decommissioning hazardous or orphan
(idle-deserted) wells and facilities. On October 1, 2020, the DOC is required to report to
the Legislature the number of hazardous and orphan wells and facilities remaining and
the estimated costs and timeline for plugging and decommissioning them. On October 1,
2023, the DOC must provide an update on actual costs, average costs per well and facility,
the number of wells plugged and abandoned, the number of facilities decommissioned,
the total projects completed, and any additional wells identified for plugging and
decommissioning.24
Finding 2-7: The Division’s expenditure authority for plugging and decommissioning
orphan or hazardous wells and facilities was recently increased to up to $3 million per fiscal
year until 2022, when it will decrease back to $1 million per year. With this expenditure
authority, there are numerous reporting requirements to the Legislature regarding orphan
and hazardous wells and facilities.
Conclusion 2-1: With the recent updates to idle well management and testing
requirements, and the numerous reporting requirements, the State will gain a more
comprehensive list of remaining hazardous and orphan wells and a better sense of
responsible operators based on compliance with the updated idle well requirements.

19. PRC §3237(a)(2).
20. PRC §3237(a)(3).
21. PRC §3237.
22. PRC §3250 - 3258.
23. See PRC §3258 for expenditure authority. Changes in expenditure authority may result in an adjustment to the rate
that determines annual charges on oil and gas production as described beginning with PRC §3400.
24. PRC §3258.
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Quantifying Potential Oil and
Gas Well Liabilities in California
This chapter uses administrative data from the Division to roughly estimate the potential
future costs to the State to plug and decommission orphan wells. To do this, a simple screen
was developed to identify wells that may already be orphaned or be at high risk of becoming
orphaned in the future. The likely plugging and abandonment costs for these wells were
benchmarked using historical costs for other wells plugged by the State. Finally, the
available bond funds from each well’s operator were considered to generate an estimated
net cost to the State.
This chapter begins by describing the data provided by the Division and how this raw data
was merged and cleaned to create the analysis dataset. Results are presented in three
subsections focused on identifying orphan wells, understanding likely plugging costs, and
calculating available bond funds. The final section of this chapter combines these pieces into
an overall estimate of the State’s potential net liabilities for orphan wells.
Data and descriptive statistics
Our analysis is based on administrative data on oil and gas wells provided by the Division,
which provided information on 240,741 wells. We remove 12,093 well records with a status
of “Canceled”, which indicates permits that were never drilled, leaving 228,648 wells. This
dataset includes plugged, active, and idle wells. The well types in the dataset include both
oil and gas production wells and other related well types, such as injection wells. The data
appendix provides more detail on the input datasets and how those raw data were used to
build the final dataset.
Table 5 presents summary statistics for the analysis dataset. The median production rate
across active and idle wells is just 2.7 barrel-of-oil-equivalents (BOE) per day.1 The median
year of first production is 1989 and 28% of the unplugged wells in the dataset are officially
classified as “idle” by the Division.2 These production statistics underscore the mature status
of oil and gas fields in California. With few major discoveries in recent decades, producers
are now focused on efficiently extracting remaining oil and gas from partially-depleted
fields. Most wells are located onshore (about 98%), accounting for 95% of production
during 2013–2017. Of the 1,454 operators with any active or idle (unplugged) wells, 1,099
operate only idle wells. At the same time, 91% of idle wells belong to operators that also

1. One BOE represents one barrel of crude oil or 6,000 cubic feet of natural gas.
2.

We use first observed production because drilling or completion dates are missing for a large share of wells.

13

Chapter 3

have active wells. As shown later, this reflects the fact that a few companies operate a large
share of all wells.
Table 5: Summary statistics for analysis dataset
Wells

228,648

Plugged

121,961

Active/Idle

106,687

Among Active/Idle Wells
Median Daily Production (BOE)*

2.7

Median Year of First Production*

1989

% of Wells Offshore

2.3

% of Production Offshore

5.3

% of Wells Idle

28

Operators with Active or Idle Wells

1,454

Operators with only Idle Wells

1,099

% of Idle Wells Belonging to Operators
with some Active Wells

91

*Starred values calculated using well types OG, GAS,
and Multi.

Figure 2 shows average monthly production over the life of a California well. These curves
were constructed using all oil and gas wells entering production between 1980 and
2017. The figure shows how production declines over the life of the well due to reservoir
depletion. This phenomenon of declining production is central to the orphan well problem.
Near the end of a well’s productive life, it generates little revenue that can be used to pay
for plugging and decommissioning. Consistent with the mature status of California’s oil and
gas fields, the figure also shows that wells have become less productive in recent decades.
For wells drilled in recent years, initial production is lower and declines are steeper than for
wells drilled during the 1980s. Production in the fifth year of the life of a well drilled during
the 2000s or 2010s is about half of fifth-year production of a well drilled during the 1980s
or 1990s.
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Figure 2. Average production by age of well and decade drilled. This figure shows the average
production rate (in BOE/day) in each month of a well’s productive life. The four colors represent
averages for wells drilled during each decade since 1980. The fitted lines represent smoothed nonparametric fits and 95% confidence intervals (in gray). The first month of a well’s productive life is
defined as the first month of non-zero production.

RESULTS
Identifying potential orphan wells
Historically, there has been little monitoring of the solvency of operators of idle oil and gas
wells in California. While the State maintains a comprehensive list of idle wells, the share
of these that are orphan wells is unknown. An orphan well is defined here as an idle well
for which no responsible operator exists to undertake plugging and decommissioning.3 The
first step in this analysis was to develop a rough screen for wells that may already have been
orphaned or that risk becoming orphan wells in the near future. This approach is based on
recent production from the well, as well as production by the operator from other California
wells. Six categories of wells are defined, which are summarized in Table 6.4

3. Idle wells by definition exclude plugged wells, which are no longer producing but have been properly plugged and
abandoned.
4. The statutory definition of an idle well also exempts from idle status wells that produce water to be used in tertiary
production methods. Accounting for water production has little practical effect on the number of wells in each category in
our analysis.
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Table 6: Categorization of oil and gas wells
Active and Idle Wells
Likely Orphan Wells

2,565

High Risk of Becoming Orphan Wells

2,975

Other Idle and Marginal Wells

69,425

Higher-Producing Wells

31,722

Plugged Wells
Plugged before modern requirements

41,390

Plugged after modern requirements

80,571

Total

228,648

In this study, wells with no production or injection in the past five years that also belong to
operators with no California production or injection in the past five years are considered
to be “likely orphan wells.” There are 2,565 wells in this category. The lack of observable
activity by the operators of these wells is an indication that they may have no viable
operator, so the State may bear the costs of plugging and abandoning these wells.5 The
next category in the screen is “wells at high risk of becoming orphan wells,” which includes
2,975 wells. These are wells with no production or injection activity during the past five
years, where the responsible operator is currently active in California but is small and
operates primarily idle and marginal wells. Specifically, this group includes idle wells
where the operator’s average production rate across all wells is less than five BOE/day, and
the operator has fewer than 1,000 actively producing wells. We focus on small operators
because research in other states suggests small operators are more likely to orphan wells
(Boomhower, in press) and because these small companies are more difficult to recover
costs from in the event of default due to the high fixed costs of such collection efforts.
The third category of orphan well risk includes all other idle and marginal wells,
where we define marginal wells as wells producing fewer than five BOE/day. It also
contains currently active injection wells.6 This category includes 69,425 wells. Many of
these wells belong to a few large operators that are responsible for thousands or tens
of thousands of primarily low-producing or idle wells.7 These major producers likely
face lower risk of insolvency than smaller producers. In addition, if they do become
insolvent, collection efforts may be more cost-effective because the State would quickly
notice such a bankruptcy and because the fixed costs of legal efforts can be spread over
the firm’s many wells. At the same time, the risk of bankruptcy exists even for large

5. While we use five years of inactivity as our cutoff, many of the wells and operators in this category have been inactive
for much longer—in some cases, decades.
6. We include all active injection wells in this category because of the lack of a clear method for identifying which active
injection wells are economically marginal. Of the 69,425 wells in this category, 13,057 are injection wells.
7. Aera Energy, Chevron U.S.A., and California Resources Production Corporation together account for 57% of the
33,288 wells that have been inactive for five or more years. These same three operators are responsible for 60% of all oil
and gas wells in California. The largest 10 operators account for 90% of inactive wells and 82% of all wells.
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producers. A single bankruptcy among one of these large companies could potentially
create a large number of orphan wells, at great cost to the State.8
The fourth category includes wells that currently produce more than five BOE/day.9 These
higher-producing wells are currently at low risk of becoming orphan wells. Even if their
current operators were to become insolvent, other companies would likely find it profitable
to take over these wells and continue production.
The final two categories include plugged wells. California implemented modern
requirements for well plugging to protect groundwater in February 1978. The 41,390 wells
plugged prior to these requirements may not have been plugged to current standards,
increasing the risk that they will need to “re-abandoned” in the future. The remaining
80,571 wells were plugged during the modern regulatory period.
It is important to note that this coarse categorization is a rough screen meant to assess the
approximate magnitude of the orphan well problem in California using the best available
data from the Division. The thresholds used in the analysis to define marginal wells and to
categorize operators are by necessity somewhat arbitrary. In the appendix, we investigate
the sensitivity of our categorizations to changes in these category thresholds. More
broadly, this coarse approach is substantially less detailed than would be required to make
legal determinations about the status of any given well. It is also less sophisticated than
approaches used by regulators in other jurisdictions (e.g. Alberta, Canada), which rely on
detailed, company-specific financial information that is not tracked by the Division.
Another important note about this screen is that oil and gas wells commonly transfer
between operators as production decreases, meaning that a marginal well at low orphaning
risk today could change risk categories if sold to a less robust operator. Our calculations
using data from the Division imply that a typical California oil and gas well has passed
between about three different operators by the time it reaches ten years old. While
California law makes former operators jointly liable for plugging and decommissioning costs
of wells sold after 1996, recovering costs from previous operators may be costly and timeconsuming in practice. Thus, in coming years or decades, some of the wells in the “Other
Idle and Marginal Wells” and “Higher-Producing Wells” categories could ultimately become
orphan wells as they transfer between operators. Despite these limitations, this coarse
categorization is useful for approximating the current orphan well problem in California
given the available data.

8. The orphan well risk posed by some large operators depends partly on complicated and currently unsettled legal
questions. For example, some of these firms are subsidiaries of or receive investments from international corporations.
There seems to be disagreement about the degree to which those parent firms would be held liable for costs created by
their subsidiaries. In addition, large companies may also consider reputational consequences in addition to direct financial
penalties.
9. A common alternative threshold for marginal wells is ten barrels per day. Our conversations suggest that many wells
in California operate profitably at lower levels of production, and so we use five BOE/day as our cutoff for economically
marginal wells. This is a simplification reflecting our coarse analytical approach. The actual economic limit for any given
well depends on field-level production costs, output prices, and other factors.
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Finding 3-1: A coarse analysis of readily available information from the Division suggests
several thousand wells in California are likely orphan wells or are at high risk of becoming
orphan wells in the near future.
Finding 3-2: Tens of thousands of additional idle and low-producing wells could become
orphan wells in the future if they are acquired by a financially weak operator or there
is a prolonged negative shock to the oil and gas industry. The likelihood of these wells
eventually becoming orphan wells depends in part on the practical enforceability of
California’s rules that make previous well operators jointly liable for decommissioning costs.
Old wells plugged prior to modern standards may also pose some risk.
Recommendation 3-1: Refine predictions of wells at risk of becoming orphaned. A more
detailed analysis could consider additional factors such as operator financial information,
field-level production costs, and output price projections.
Recommendation 3-2: Study the ownership history of orphan wells and wells at high
risk of becoming orphan wells. Such research will identify the share of plugging and
decommissioning costs that may be recoverable from previous operators. It will also
increase understanding of well ownership dynamics, which are thought to involve wells
moving to smaller, higher orphan risk operators as production rates decrease.
Finding 3-3: Improved measurement and data management will be important for assessing
the orphan wells problem in more detail and monitoring the effectiveness of policy
responses.
Figure 3 shows the broad geographic distribution of likely orphan wells and wells at highest
risk of becoming orphan wells. The distribution of these wells is similar to the overall
geographic distribution of oil and gas activity in the state. Figure 4 shows more detail for
southern and central California.
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Figure 3. Statewide map of potential orphan and other wells.
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Figure 4. Detailed map of Southern California.

Finding 3-4: The likely and potential orphan wells we identify are located throughout
the state matching the overall geographic distribution of oil and gas activity, with greater
concentrations near Kern County and Los Angeles County.
Potential costs faced by the State
The costs ultimately imposed on the State by orphan wells depend on plugging and
decommissioning costs, as well as any amounts that can be recovered from responsible
operators through claims on bond funds. This section considers these elements. A category
of potential costs that we do not consider is possible environmental or health damages due
to pollution from orphan wells. These impacts are poorly understood and are the subject
of ongoing research by geologists and engineers. One priority for future research is to
determine the economic significance of these potential damages.
Finding 3-5: The risk of environmental or health damages from orphan wells is poorly
understood but may be significant in some cases.
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Recommendation 3-3: Investigate the potential environmental impacts of orphan and
idle wells in California. Possible impacts may include groundwater contamination, human
health impacts, and other issues.
Per-well plugging costs
The Division provided us with information on plugging and abandonment costs for a subset
of onshore wells that have been plugged at State expense since 2013. In the various records
provided by the Division, we identified 86 wells where expenditures were reported at the
individual-well level.10 The reported costs are the amounts paid by the Division to private
contractors to plug and abandon each well. These contracts are negotiated on a case-by-case
basis and the exact services procured can vary. Most of the contracts we were able to review
included both well plugging and minimal surface restoration.11 Projects involving more
complex surface remediation would likely be costlier.
The average contract cost in this sample is $68,000 per well. The range of costs is large, with
a minimum value of $1,200 and a maximum of $391,000. Figure 5 shows this variation is
partially explained by district-specific factors. The four box plots describe plugging costs
for wells in each the Division district: southern, northern, inland, and coastal. The median
plugging cost in the Southern district, which includes urban areas near Los Angeles and
Long Beach, is about three times greater than median plugging costs in the other districts.

10. The Division also provided aggregate expenditures on well plugging for an additional several dozen wells. We focus on
individual well expenditures in our main analysis so that we can analyze geographic and other variation in costs. Including
the aggregate spending on the additional wells has little effect on our estimate of overall average cost.
11. For example, one fairly typical contract stipulates that in addition to plugging and abandonment of the wellbore, “[A]
ll equipment, casing, or junk that requires removal to implement restoration to lawful conditions shall be removed and
properly disposed of in accordance with environmental laws… All liquid wastes shall be removed and properly disposed of
at the nearest approved site... [and] The surface at the site shall be restored.”

21

Chapter 3

Figure 5. Well-level plugging costs by district. Each of the four panels shows a box-and-whiskers
plot for well-level plugging costs in the sample of 86 recent plugging contracts provided by the
Division. The thick vertical line indicates the median; thin vertical lines show the interquartile
range (i.e., the 25th and 75th percentiles). Black dots represent outliers (values outside of the
interquartile range (IQR) by more than 1.5 * IQR).

Figure 6 explores this variation in more detail. Panel (a) plots plugging costs against the
date that the well was first drilled. Panel (b) plots plugging costs against population density.
Older well ages and greater population densities are correlated with higher plugging costs.
With this small sample of wells, it is difficult to disentangle correlation and causation. The
Southern district wells in our small sample, which tend to be high cost, are located in more
densely-populated areas and are older than average. Both age and population density have
been reported to increase plugging and abandonment costs by Ho et al. (2018).12 We also
attempted to study the relationship between historical plugging costs and well depth but

12. Ho et al. (2018) provides a thorough and valuable summary of plugging costs across states, as well as detailed
regression analysis of plugging costs using a sample of about 5,000 wells in Kansas. Their reported plugging cost for
California is $31,000. That estimate is based on 113 wells in the Division’s former District 2, which roughly corresponds to
the coastal district in the Division’s current four-district system. We find that incorporating costs from other districts yields
a higher estimate because the other districts are systematically more expensive.
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were limited by the availability of depth data, as we describe in Appendix B3.

(a) Population Density

(b) Spud Date

Figure 6. Variation in plugging and abandonment costs. These figures examine variation among
the 86 wells with available information on plugging cost. The blue line and gray region indicate a
quadratic fit and 95% confidence interval. Marker shapes indicate the four Division districts. Spud
date is the date that drilling began. Spud dates were missing for 30 wells, so these are omitted from
panel (b).

With a larger sample of plugging costs, determinants of California plugging costs could
be investigated in more detail with regression analysis. Such analysis may be possible
in the future using data from an industry source, or after the state accumulates cost
records for future contracts. Given the limited data currently available, plugging costs
for wells in each district were instead modeled using district-level averages. These
average costs along with the number of observations for each district are in Table 7.13

13. All 86 of the well-level cost records provided by the Division are for onshore wells. Later in this section, when
we consider future plugging costs, we use a placeholder estimate of $1.5 million for each offshore well based on the
approximate per-well costs of plugging and decommissioning at Rincon Island and plugging and abandonment at Platform
Holly (California State Lands Commission 2018a). While the large majority of idle wells are onshore, future analyses
should consider offshore well costs in more detail.
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Table 7: Average onshore plugging and abandonment costs by district
District

Observations

Average Cost

Southern

17

$152,000

Northern

32

$51,000

Inland

17

$47,000

Coastal

20

$40,000

Total

86

$68,000

Finding 3-6: Based on a small sample of well-level plugging costs, the statewide average
cost to plug and abandon an onshore orphan well is $68,000. Costs in the densely-populated
Southern district near Los Angeles are about three times higher than in other regions.
Additional surface reclamation costs may be required for some wells.
Recommendation 3-4: Track expenses for orphan well plugging and surface reclamation
at the individual well level in a centralized database. This will allow for more detailed
understanding of the determinants of plugging and decommissioning costs, and thus more
accurate cost predictions for future orphan wells.
Available bond funds to offset these costs
The Division collects performance bonds from oil and gas operators to align operator’s
incentives for plugging and decommissioning, and to offset these costs in the event that the
operator does not perform their responsibility. This analysis suggests the effective amount
of these bond funds is small compared to the predicted plugging costs calculated above. The
Division provided information on bonds for all California oil and gas operators. Summing
over all of the bonds for operators in the dataset, the total bond funds available to plug and
abandon wells in California are about $110 million. Dividing by 106,687 active and idle oil
and gas wells, this implies an overall average of just over $1,000 in available bond funds per
well. Of course, the actual bond amounts available for each well depend on the bond posted
by that well’s operator, which are discussed below. But this simple average across all wells
illustrates the rough size of bonds relative to the costs of plugging and decommissioning.14
The effective bond coverage for every well in California is calculated by dividing each
operator’s total bond amount by that operator’s number of active and idle wells. Figure
7 describes these effective bond amounts for operators of different sizes. Effective bond
amounts tend to be larger for operators with fewer wells, because blanket bond rules

14. The dataset provided by the Division does not include some bonds for offshore wells that are held by the State Lands
Commission instead of by the Division. Many offshore platforms in California have bond coverage with the State Lands
Commission of $20 million or more per platform, meaning that offshore bond coverage is substantially higher than
onshore (though decommissioning costs are also substantially higher).
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allow larger operators to post small bond amounts per well operated. Regardless of
operator size, however, effective bond amounts are well below the predicted plugging
and decommissioning costs discussed previously. Blanket bonds are one reason that
these effective bond amounts are low. A second reason is that until recent increases, bond
requirements in California had been quite limited.15 Importantly, some California operators
may be grandfathered in under prior bond requirements unless they have since undertaken
significant rig work or acquired additional wells, or may have had their bonds released prior
to plugging and decommissioning under old requirements. That means some operators of
old wells in California may have no or very small bonds.16

Figure 7. Available bond funds per well, by size of operator. This figure shows the median, 25th
percentile, and 75th percentile of effective bond amount for wells with operators of different
sizes. Effective bond amount is calculated by dividing each operator’s total bond amount by the
operator’s total number of active and idle wells.

Finding 3-7: The bond amounts available to pay for plugging and decommissioning vary
according to operator, but in almost all cases these amounts are substantially lower than the
predicted costs.

15. As of January 1, 2018, bonds cannot be released until a well is properly plugged and decommissioned. However, prior
to this, bonds could potentially be released upon completion of a well, prior to it being plugged and decommissioned.
16. The Division’s records imply that 1,168 operators of active or idle wells have zero bond coverage. Together these
companies account for about 3,350 wells.
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Idle well fees and idle well management plans
As of 2018, California increased the fees it charges to operators of wells that have been
idle for more than two years. Idle well fees provide additional revenue that can be used to
fund the costs of plugging orphan wells. Chapter 2, Table 3 shows the current fees are small
compared to the costs of plugging wells. For wells that have been idle less than 15 years, the
fees are $300 per year or less and thus do little to offset plugging costs.17 Fees are higher for
wells idle longer than 15 years, eventually maxing out at $1,500 per year for wells idle for
20 years or more. These higher fees may contribute more meaningfully to revenues.
Using the Division’s Idle Well List, we calculated the fees that would be required for each
well, assuming the operator chose not to develop an Idle Well Management Plan.18 This
calculation implies an upper bound on idle well fees of about $16 million per year. The
actual amount of idle well fees assessed will be smaller, since some operators will develop
Idle Well Management Plans and thus avoid these fees, as explained in Chapter 2. In 2018,
the actual amount of idle well fees that operators chose to pay was just under $4 million.
It is also important to note that idle well fees are only collectible while the well still has a
viable operator. Fees assessed against defunct operators will not be paid. This is potentially
significant because of the increase in idle well fees with years idle. In our calculation,
almost two-thirds of the $16 million in possible idle well fee revenue comes from wells
idle over 20 years. It may prove difficult to collect fees from operators of these very longtime inactive wells. At the time of this study, there were 2,296 idle wells whose operators
had not responded to 2018 idle well letters, or could not be located to send the letter. In
comparison, an advantage of bond requirements is to collect financial security at the outset
of production, so that funds are guaranteed even if the operator is no longer viable.
The new Idle Well Management Plan (IWMP) requirements also have the potential to
reduce the number of wells that may become orphan wells in the future. One additional
benefit of the new regulation is to create an annual mechanism to verify the continued
viability of operators. Failure to pay idle well fees or file an IWMP allows the Division to
immediately identify legally deserted wells, a process that previously may have taken years
of administrative effort. An important priority for future analysis will be to evaluate the
contributions of idle well fees and the new Idle Well Management Plan requirements to
offset orphan well liability and the number of wells at risk of becoming orphan wells. Such
an analysis will have to consider the length of time wells are likely to be kept idle before
being plugged by the operator or orphaned, the State’s success in collecting idle well fees

17. Using the fee schedule from Chapter 2, Table 3, a well kept idle for 14 years before being orphaned would contribute
$2,850 in idle well fees. Compare this to the average plugging cost in Table 7 of this chapter, which is $68,000.
18. The statutory definition is “any well that for a period of 24 consecutive months has not either produced oil or natural
gas, produced water to be used in production stimulation, or been used for enhanced oil recovery, reservoir pressure
management, or injection” (PRC § 3008(d)).
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from operators, and other factors.
Finding 3-8: Idle well fees may offset some of the State’s eventual liability for orphan wells.
A rough calculation suggests that this contribution would be small with the current fee
schedule.
Recommendation 3-5: Leverage the new annual Idle Well Fee/Idle Well Management Plan
requirement to yield a more detailed count of wells without viable operators. Failure to file
the annual idle well fees or an idle well management plan can serve as legal evidence of
desertion.
Do plugging and abandonment requirements reduce option value from potential
future production?
A common challenge in analyzing and regulating idle wells is understanding whether wells
are kept idle because the operator has a reasonable expectation of eventually resuming
production, or is simply deferring plugging and decommissioning costs. If it is the former,
regulations forcing the well to be plugged create additional economic costs in terms of
foregone option value. Plugging the well today increases the cost of resuming production
in the future if prices or technology improve. It is impossible to know any individual
operator’s expectations about future production, but we can use historical data on idle
wells to understand the average likelihood of returning to production after a given interval
with no production. The most sophisticated existing economic research on this question is
Muehlenbachs (2015), which considers idle oil and gas wells in Alberta, Canada. That study
concludes that most long-term idle wells are unlikely to return to production even with large
increases in output prices or improvements in production technology. Given appropriate
data, such a study could be done specifically for California. Appendix B describes a first
pass at this type of analysis for California using the data readily available for this study, and
describes what would be required to study this question in more detail.
Overall summary of potential orphan well costs
Table 8 summarizes the State’s potential liability for orphan oil and gas wells. The “Cost”
column presents the total predicted plugging and abandonment cost for wells in each group,
based on the district-specific average plugging costs discussed earlier in this chapter. The
“Available Bonds” column sums up the total bond funds available for wells in each category.
The “Net Liability” column shows the difference, which is the State’s potential liability for
orphan wells. All dollar values are rounded to the nearest million dollars. For the 2,565
wells we identified as “likely orphan wells”, the aggregate predicted plugging cost is about
$308 million. These wells are concentrated near Los Angeles and Long Beach, where
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plugging costs are systematically high. For comparison, the Division’s annual budget for
orphan well remediation projects has historically been about $1 million per year (though a
recent appropriation increased that amount to $3 million per year for three years). The costs
of the “likely orphan wells” are partially offset by about $10 million in available bond funds
for these wells. That leaves about $298 million of the projected costs of these wells with the
State. The group of “wells at high risk of becoming orphan wells” would add another $230
million in net costs to the State if they were all to become orphan wells, for a total potential
liability of about $528 million across these two groups.
Table 8: Total potential orphan well costs among active and idle wells
Group

Wells

Cost (M)

Likely Orphan Wells

2,565

$308

$10

$298

Wells at High Risk of Becoming
Orphan Wells

2,975

$246

$16

$230

Other Idle and Marginal Wells

69,425

$5,287

$53

$5,234

Higher-Producing Wells

31,722

$3,385

$27

$3,358

106,687

$9,226

$107

$9,120

Total

Available Bonds (M)

Net Liability19 (M)

After these two groups, there are 69,425 remaining idle and marginal wells. In the unlikely
event that 100% of these remaining wells were to become orphan wells, the additional net
liability to the State would be about $5.2 billion. While this scenario is unlikely, the number
of wells in this category means that the State faces large possible costs, particularly in the
event of a prolonged negative shock to the oil and gas industry. Notably, the available bond
coverage in the “other idle and marginal wells” category is lower on a per-well basis than in
the previous two categories. This reflects the fact that many of these wells are operated by
large companies with blanket bonds covering thousands or tens of thousands of wells.
After adding in the 31,722 high-producing wells, the total net cost to the State if it were
to have to plug all active and idle California oil and gas wells would be about $9 billion.
This total cost estimate is interesting not only as an unlikely “worst-case” scenario for state
plugging liability, but also as an estimate of the total plugging and abandonment liability
facing the California industry (regardless of whether it is borne by companies or the State).
Over the longer run, as these wells decrease in production and potentially change hands
between operators, the ultimate share of these wells that are responsibly decommissioned
by their operators will depend on policy decisions as well as market fundamentals.

19. This net liability figure ignores offsetting revenues earned through idle well fees, as discussed in this chapter. Our
analysis suggests these fee revenues are likely small compared to plugging costs, but further study of idle well fee revenues
is required, as we describe.
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This summary calculation omits an additional difficult-to-quantify financial risk posed
by 121,961 wells that have already been plugged (see Table 6). The plugging and
abandonment procedure must provide an effective isolation of the well fluids all along the
well. Wells plugged according to older technologies and regulations may still pose some risk
of contamination. Table 6 shows that 41,390 wells were plugged prior to modern plugging
requirements. The precise risk posed by these older plugged wells is unknown.
Conclusion 3-1: If all of the roughly 5,000 wells that we identify as having the highest
orphaning risk were to become orphan wells, the State’s net costs after subtracting out bond
funds could be about $500 million. The total net difference between plugging costs and
available bonds across all oil and gas wells in the state is about $9.1 billion.
Recommendation 3-6: Study potential changes to blanket bond rules that would increase
the effective per-well bonds for economically marginal wells. The Division should consider
whether securing larger effective per-well bonds while wells are still profitable would avoid
enforcement challenges once wells become idle.
Recommendation 3-7: Use the results of a more detailed investigation beyond the limited
scope of this study to conduct an economic analysis of policy alternatives. The Division
should identify specific policy changes with the greatest promise to manage costs from
existing orphan wells and to efficiently regulate the number of additional orphan wells
going forward.
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Chapter 4

The Policies and Practices of
Plugging and Decommissioning
in Other States and Regions
Regulation overview: California in comparison with other states and regions
Ensuring that state policy adequately manages idle and orphan wells and their potential
costs to the state is difficult to achieve. With an annually increasing inventory of historical
wells—some many decades old—which for one reason or another require some form of
remediation, most states have struggled to ensure they are able to adequately manage their
well populations.
Most states regulate at least four principal aspects of potential or actual well
decommissioning:
1. Financial assurance
2. Idle (or inactive) well status
3. Plugging and restoration
4. Notification, inspection, and approval
California is comparable to many other states in this regard. Like most regions, California’s
regulations have not been entirely sufficient to effectively monitor the scope of the orphan
well problem, nor to ensure adequate financial resources to plug them. However, the State
has been proactive in recent years and taken numerous steps that make its current financial
assurance requirements among the strictest in the nation. Many other states and regions
are in the process of re-evaluating their own orphan well management, and it remains to be
seen whether and to what extent they choose to emulate the approach taken by California.
Finding 4-1: Relative to other states, California has been proactive in enacting some of the
strictest financial assurance requirements in the nation, although the requirements still do
not cover the full costs of plugging orphan wells.
Finding 4-2: Many states and regions have been forced to re-evaluate their regulations and
financial assurance systems for orphan wells in recent years due to challenges in funding
orphan well plugging.
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Financial assurance
In every state, operators have to provide some form of financial assurance for a well at the
time that it is drilled. This assurance is intended to cover or mitigate the eventual costs
of plugging the well and/or environmental impacts caused by the well, in the event the
operator at the time the well is terminated is unable or unwilling to do so. The type and
scope of the assurance has changed considerably over time, with states attempting to ensure
the most effective way to cover the price of decommissioning wells. Some states also express
concern that operators, particularly smaller ones, may be less willing to invest in wells
in states where more costly financial assurances are required (Ho et al., 2016). Broadly
speaking, economic and policy analysis finds that financial assurance requirements improve
operators’ behavior, and the actual amounts required in most jurisdictions may be too low
(Davis, 2015; Ho et al., 2016; Boomhower, in press)
Finding 4-3: Financial assurance requirements across states, such as indemnity bonds and
fees, are broadly found to improve operator behavior.
States accept various types of financial assurance, including surety bonds, letters of credit,
certificates of deposit, cash, escrows or trust accounts, liens, government bonds, or annual
fees. California accepts bonds, certificates of deposit (CDs), or cash (it used to accept escrow
accounts, but no longer does). Operators may choose between individual and blanket bonds
as forms of assurance. Individual bonds cover a single well, while blanket bonds cover a
number of wells. The amount of these bonds varies, but generally, most states do not collect
sufficient financial assurance to cover the entire costs of decommissioning orphan wells
(Louisiana Legislative Auditor, 2014; Ho et al., 2018).
The bond amount required depends upon the characteristics of the well and/or the
operator. In terms of physical well characteristics, California determines individual bond
amounts by well depth, idle status, and location (onshore or offshore). Well depth is the
most common characteristic employed by states to determine bond amount, but not the
only one; a few states also differentiate between the type and location of the wells. Like most
states, California also differentiates between large and small operators, allowing a range of
blanket bonds whose costs depend on an operator’s total number of wells in the state. As
discussed in Chapter 2, blanket bonds in California range from $200,000 to $3,000,000,
depending on the total number of wells operated in the state. California requires a
$1,000,000 blanket bond for one or more offshore wells, and also requires a security to
cover the full cost of plugging and decommissioning an operator’s offshore wells. At present
California’s current requirements for new or newly-transferred wells are at the upper end of
the scale in terms of minimum bonds required. Unlike other states, however, existing wells
in California may be grandfathered in under previous bond requirements if operators have
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not reworked or acquired any wells since the most recent requirements were implemented.1
Additionally, some wells may have had their bonds released upon completion of the well
under old requirements, prior to plugging and decommissioning. This situation contrasts
with a universal bond requirement, as implemented by Texas, where all qualifying operators
would be required to file the new bond amount at the time of the policy’s implementation.
Most states, and the Bureau of Land Management, have a minimum blanket bond amount
set at $25,000. California also requires idle well fees—or an Idle Well Management Plan—
even if an idle well is already covered by a bond.
Finding 4-4: California is now at the upper end of minimum bond amounts currently
required, but existing wells in California may be covered by older bonds or no bond at
all depending on when they were last drilled, reworked, or acquired, and whether the
bond was released prior to plugging. This contrasts with a universal bond requirement, as
implemented by Texas, where all qualifying operators would be required to file the new
bond amount at the time of implementation.
Financial assurance requirements in most states do not fully cover orphan well-related
costs. Wyoming, which has bonding requirements similar to California, spent $11 million
plugging orphan wells between 1997-2014, but only $3 million was covered by bonds put
up as financial assurance by operators (Joyce & Wirfs-Brock, 2015). Another study found
the average and median decommissioning costs exceeded average bond amounts in all 22
states examined (Ho et al., 2016). A separate study of average bond amounts and average
costs of well plugging in 13 states found that two states, Texas and Oklahoma, did have
average bond amounts which exceeded the average cost of orphan well plugging (Ho et al.,
2018). Texas’s introduction of a universal bond requirement in the early 2000s changed
the composition of the industry, re-allocating production to companies less likely to avoid
liability through bankruptcy and improving environmental compliance (Boomhower, in
press).
One of the issues in estimating financial assurance requirements is that well plugging costs
are variable depending not only on the specific location and characteristics of the well,
but also on the price of oil at the time. When oil prices and production are high, there are
higher prices for drilling wells, and consequently more competition for the service providers
contracted to plug orphan wells. One recent study (Ho et al., 2018) found a $1 per barrel
increase in oil price correlated with a 1.6% increase in plugging costs.
California has modified its bonding requirements repeatedly over the past five years
(Wolk, 2013; Williams et al., 2016) and increased potential bonding requirements for
offshore drilling as recently as September 2018 when SB 1147 (Hertzberg) was signed by
the Governor. Some have suggested that an effective way to ensure that states would be

1. PRC § 3204: “An operator who…engages in the drilling, redrilling, deepening, or in any operation permanently
altering the casing, of a well, or who acquires a well, shall file with the supervisor an individual indemnity bond for each
well so drilled, redrilled, deepened, or permanently altered, or acquired.”
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able to cover the cost of orphan wells would be to tie bonding requirements to production
(Andersen et al., 2009); others indicate that bonding requirements should be a minimum
of $250,000 per well (Dutzik et al., 2013). However, these are not approaches states have
opted for (Joyce & Wirfs-Brock, 2015). Instead, they all have specific bond amounts,
generally linked to well depth, starting in some cases as low as $500 per well.
California law does not require a test of financial capability, but where an operator has a
history of violating legal requirements or has outstanding financial liabilities, as of 2018
they may be required to provide a separate life-of-well bond adequate to ensure the full
costs of proper plugging and decommissioning of each well.2
Compared to other states, California has been somewhat proactive in attempting to
modulate its financial assurances to better provide for costs relating to orphan wells.
However, its requirements have been insufficient to cover costs. Along with the Division’s
annual expenditure authority for hazardous or orphan wells and facilities, recently
increased to up to $3 million per fiscal year, the State has relied on two funds supported by
industry fees to plug priority orphan wells annually: the Acute Orphan Well Account and the
continuously appropriated Hazardous and Idle-Deserted Well Abatement Fund (HIDWAF).
At the end of fiscal year 2016-17, the combined total in these funds was just over $1.1
million. In cases where costs of plugging wells are higher than normal, such as for offshore
wells or wells in highly populated areas, the funds are not sufficient to pay the costs. This
lack of funds has occasionally required special appropriations in the State budget.
It should be noted that regions outside the US have adopted different strategies.
The Canadian province of Alberta, which had more than 3,200 orphan wells in 2017,
generally relies on two policy tools to address potential well plugging costs: an orphan well
levy collected from all well operators, and a form of contingent bonding called the Liability
Management Regime (LMR; Dachis et al., 2017). The well levy, which is set as a proportion
of firms’ share of total liabilities, does not differentiate between financially strong and weak
producers, and is not reflective of environmental risk. The LMR system does account for
the financial strength of producers, and uses a three-year netback to calculate the value of
their assets in order to account for fluctuating energy prices, which affect the value of the
well. While Alberta’s system has been adequate to cover costs in the past, a rising number
of operator insolvencies, in combination with lower oil and gas prices, mean the existing
system will not remain sustainable unless modifications are made. Further, Canada is
confronting major legal questions regarding the order of priority for decommissioning
costs in bankruptcy proceedings.
Finding 4-5: In Canada, Alberta collects an orphan well fee from all operators and utilizes
contingent bonding based on the financial strength of the operator to pay for orphan
wells. However, Alberta is facing an increase in insolvencies in combination with lower

2. CCR, Title 14, § 1722.8.

34

Chapter 4

oil and gas prices and hearing major legal questions regarding the order of priority for
decommissioning costs in bankruptcy proceedings.
Idle well management and regulation
When a well’s production drops below a certain threshold the decision to continue
producing will depend upon oil or gas prices. Operators may choose to stop production
on a well that is not performing at an economical rate, keeping it officially active but
maintaining it in an idle state rather than decommissioning it. Most states impose a limit
on the amount of time a well can remain idle, after which the operator has a choice of
restarting production, adopting a status called temporary abandonment (which is also
generally limited), or decommissioning the well altogether. Generally, wells that are idle
or temporarily abandoned come with stipulations that operators take some steps to limit
or mitigate potential environmental impacts. States allow this as an incentive for operators
who may reactivate the wells in the future, as it’s more expensive to reactivate a fully
decommissioned well than one which is simply idle. However, research has shown that the
longer a well is idle, the greater the environmental risks, and that there is a low likelihood of
returning a well to production (Muehlenbachs, 2017).
California in some respects has been more permissive than most states, with no specific limit
on the time a well may remain idle before it must resume production or be decommissioned.
Previously, California had a 300-month limit on a state of temporary abandonment,
which was significantly longer than most states. Most states (19 out of 22 surveyed by Ho
et al. (2016)) imposed a limit of no more than 24 months for idle wells, and (excluding
California) an average maximum of 28 months for temporary abandonment; only six other
states had default time limits as high as 60 months. All of the states but New Mexico, which
regulates the duration of temporarily abandoned well status, allowed for some form of
extension. Outside of the U.S., the provinces of Alberta and Saskatchewan also had no time
limits for suspended wells (Dachis et al., 2017).
Finding 4-6: In contrast to California, many states imposed a limit on the length of time
a well may be idle. However, in practice the impact of these rules tends to be limited by
exemptions and extensions.
California was one of only two states (along with Texas) that didn’t have explicit
notification, approval, and inspection requirements for idle wells. Of the other states
surveyed, only four require simple notification; the remaining 16 require some form of
approval and/or inspection from the state before a well can be declared idle.
Although aspects of California’s idle well regulations may be less stringent than other states,
California has taken steps to try and limit the amount of time operators maintain wells
in this status by increasing the fees required as in AB 2729 (Williams et al., 2016). This
was intended as a financial disincentive to keeping wells idle for longer periods of time,
during which time they may be more likely to have negative environmental impacts. As an
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alternative to fees, operators may file an idle well management plan, which requires the
operator to eliminate a specific percentage of their long-term idle wells each year based on
how many idle wells they have. In addition, AB 2729 also established requirements for idle
well testing, beginning at least two years after a well becomes idle.3 For idle wells that have
been idle for 15 or more years, they will be required to be tested through an engineering
analysis to show that they could potentially return to production. As of September 2018,
the Division has proposed updated testing and management regulations with a deadline for
public comment of September 13, 2018.
Plugging and restoration regulations and procedures
There exists significant variation among state regulations concerning how a well should
be properly decommissioned. There are multiple aspects of well decommissioning that
regulations may cover, including the types of material used, whether a surface casing plug is
required, how or if the casing needs to be removed, and subsurface geography, such as oiland gas-producing strata, water-bearing strata, and so forth. While pertinent regulations in
virtually all states contain some general language about plugging the wells adequately, only
some states offer specific requirements as to what kinds of materials and/or methods need
to be used, and under what circumstances.
California regulations are more specific than most states in many respects, although the
state has gaps in some areas compared to others. Ho et al. (2016) identified 17 regulatory
elements which they used to survey 22 states and the BLM; they found California
regulations to address 13 of these, placing the state in the bottom tier of the survey group.
In terms of the stringency of their regulations overall, California placed ninth and sixteenth
respectively in their quantitative and qualitative assessment of these regulations.
However, where California does have regulations in place, they tend to be more specific
than many other states. For example, California was one of only three states surveyed with
prescriptive requirements for different types of well plugs depending on the location within
the well (bottom, middle, or top). Only Colorado and Ohio had similarly specific regulations
for all three. California also requires permanent marking of decommissioned wells, a
requirement in only half of the states surveyed. Both operators and regulators are required
to report idle wells—a situation shared only by Wyoming and BLM lands. California’s
plugging regulations require plugs to be placed at the surface casing shoe, across oil and gas
bearing strata extending 100 feet above the strata, extending from 50 feet below to 50 feet
above water-bearing strata, and a 50-foot plug at the surface of the wellbore (NPC, 2011).
Notification, approval, and inspection requirements
California policy is similar to most other states with regard to reporting idle wells, the

3. This testing includes fluid level tests and casing pressure tests, with a follow-up schedule dependent upon the psi of the
initial pressure tests.
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plugging of wells, and decommissioning. California requires both regulators and operators
to file reports detailing idle wells. It requires inspection pre- and post-plugging of the
wells, but not post restoration of an abandoned well. In this, it is comparable to most other
states reporting. Of those states which have evaluated their own abandoned well policies,
most have concluded that they have not sufficiently ensured that operators comply with
regulations (Louisiana Legislative Auditor, 2014; Joyce & Wirfs-Brock, 2015). California is
no different in this regard. Outside the US, some Canadian provinces have a more rigorous
and transparent system for ensuring required inspections and compliance. The Alberta
Energy Regulator (AER) requires inspections at each stage and publishes regular reports on
compliance violations and punitive actions taken.4
Most analyses which examine orphan well plugging and decommissioning costs warn
that the price of plugging is likely to continue rising, if for no other reason than that the
strongest single predictor of plugging cost appears to be the depth of the well, and well
depths continue to rise. These rising costs, along with a potential need for older wells to
be remediated in the future, suggests any financial assurance model based on static costs
may require periodic revision. California’s continual revisions to the regulations governing
financial assurances indicate the state is more proactive than most in recognizing and
attempting to manage the issue of orphan well closures. However, like most states, the state
has (until recently) not had an enforcement infrastructure or adequate policy framework
in place to effectively gauge the true scope of its potential and actual orphan well issues.
California is implementing changes, including the recently updated idle wells program and
the establishment of an Office of Enforcement, which should provide both more information
about the scope of the issues and more effectively enforce regulations going forward.
Finding 4-7: As the total number of wells, cost to plug each well, and number of older wells
requiring remediation is likely to increase for the foreseeable future, it is likely that any
financial assurance model based on a static cost level will require periodic revision.
Conclusion 4-1: Historical experience and policy analysis in oil-producing regions throughout
North America demonstrate the urgency and importance of orphan and idle well regulation.
Most studies agree that higher bond requirements for operators will more fully internalize
orphan well liabilities. Laws governing the priority of decommissioning costs are also important
in determining potential costs to governments when operators become insolvent.

4. http://www1.aer.ca/compliancedashboard/enforcement.html
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Significant financial concerns exist about decommissioning inactive wells—that is,
permanently plugging the wells and reclaiming the surrounding well sites. All producing
states and regions face challenges with managing and decommissioning what are known as
orphan wells, those without a responsible owner. Since drilling began in the United States
in the 1850’s, over 2.5 million wells have ceased production. As of 2007 at least 149,000 of
these are known to be orphan wells, though the actual number of orphan wells requiring
potential remediation is almost certainly significantly higher.
Even the most productive well has a certain useful lifetime. Plugging the well properly at
the end of this lifetime can be an expensive procedure whose cost can fluctuate significantly
depending on numerous factors, including the well’s depth, location, and the price of oil.
Wells often pass through the hands of multiple operators through their operational lifetime;
frequently operators controlling wells near the end of their lifetime are smaller companies
more vulnerable to bankruptcy or dissolution, resulting in orphan wells which the state
must then step in and plug itself.
As the overall number of wells has increased, so too has the number of orphan wells, and
concomitantly the various states’ financial burden. In recent years, state legislatures and oil
and gas regulators have increased funding for well cleanup by appropriating more money
and increasing bonding requirements. They also have tried to make it harder for companies
to walk away from their wells, such as by intervening earlier to prod companies to reactivate
or plug wells that are sitting idle.
California, like many states, has devoted increasing effort in recent years to designing a
regulatory framework which seeks to both reduce the number of operators orphaning wells
in the first place and secure financial assurances adequate to pay for plugging the well when
necessary. Currently, California requires well operators to obtain individual or blanket
bonds prior to drilling, reworking, or acquiring a well or wells. The amount of the bond
required depends on the depth of the well, the number of wells owned by the operator, and
the location of the well; bond amounts for most wells range from $25,000 for a single well
to $3,000,000 for a blanket bond covering multiple wells. Offshore wells, which comprise
only 2% of wells in California but are much more expensive to plug, require an additional
bond. The State also collects fees on wells that are kept idle by operators. While the effective
amount of bond funds varies across wells, an analysis of the Division data shows that bond
funds are typically far below likely plugging and remediation costs.
The Division is currently in the process of implementing updates to their idle well fee and
management requirements, including new idle well testing and reporting requirements.
These requirements are intended to improve management of this population of wells
and protect the State and public against both environmental and financial costs. Future
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evaluation efforts will gauge the success of these new regulations. For now, at least, there
remain significant financial concerns about the existing inventory of orphan wells and the
stock of inactive wells that could be orphaned.
While the State currently maintains a comprehensive list of idle (non-producing) wells, the
share of these wells that are orphan wells is unknown. A coarse analysis of data provided by
the Division on 228,648 wells suggests there are 2,565 “likely” orphan wells belonging to
operators with no reported California activity in five years, and an additional 2,975 wells at
high risk of becoming orphaned, which have had no production over the past five years and
are owned by smaller operators with primarily low-producing wells (which other research
suggests are more likely to orphan wells). After subtracting out bond funds associated
with the wells, the potential net liability to the State for wells in these categories is about
$500 million. There are an additional 69,425 idle and marginal wells and 31,722 higherproducing wells. The eventual cost to plug and abandon all existing wells in California is
found to be about $9.1 billion. The share of this long-run cost that will be borne by the State
(as opposed to operators) will depend on policy, market outcomes, and other factors.
It is too soon to tell whether California’s current bond requirements and idle well fee
collection will prove adequate to cover the cost of orphan well plugging in upcoming
years. One of the most significant challenges facing California, along with every other
state, is inadequate data. It is not possible to adequately assess the scope of the problem
when information about the status of idle wells is incomplete and gathered intermittently.
For one thing, existing wells in California may be grandfathered in under previous bond
requirements if operators have not reworked or acquired any wells since the most recent
requirements were implemented. Also, some wells may have had their bonds released upon
well completion, prior to plugging and decommissioning, under old requirements. This
contrasts with the approach taken in other states such as Texas, which has implemented
a universal bond requirement applicable to all wells, and which was one of the few whose
available bond funds have been sufficient to offset the cost of plugging orphan wells in
recent years.
As noted earlier, California’s situation is not unique. Analyses have found that most states
struggle to meet the costs of plugging orphan wells and typically decommission only a
fraction of known orphan wells each year. Like California, the states surveyed have updated
their regulations in recent years but these efforts have generally proven insufficient to meet
expenses so far.
The estimates we provide in this paper are preliminary and based on coarse sorting criteria
using available data. As the Division implements the updated idle well regulations, with
mandatory annual reporting requirements, California will gain a more comprehensive
and accurate list of remaining hazardous and orphan wells, along with a better sense of
responsible operators based on compliance with the updated requirements.
Historical experience and policy analysis in oil-producing regions throughout North
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America demonstrate the urgency and importance of orphan and idle well regulation. Most
studies agree that higher bond requirements for operators will more fully mitigate the
State’s orphan well liabilities. Laws governing the priority of decommissioning costs are also
important in determining potential costs to governments when operators become insolvent.
California’s recent regulatory changes are encouraging. However, it is essential that
California continue to evaluate the status of its potential financial liability in upcoming
years. A more detailed analysis will be necessary once the State’s new idle well reporting
requirements are in place, in order to ascertain the State’s actual and potential liability more
accurately.
The State must also be prepared to accept the fact that, due to the rising number of wells
overall, cost to plug each well, and number of older wells requiring remediation, it is likely
that any financial assurance model based on a static cost level will require periodic revision.
Hopefully, the new information collected and subsequent analyses will help ensure that
the State is in a better position to understand its liability, and that such revisions may be
implemented in a timely manner.
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Glossary
Abandon – to properly plug and/or decommission a well
Blanket bond – a single bond or bond amount to cover one or more wells
Decommission – to remove all of the components of a production facility and restore the
site where it is located
Idle well – a well that has not, for 24 consecutive months, produced oil or natural gas,
produced water to be used in production stimulation, or been used for enhanced oil
recovery, reservoir pressure management, or injection
Indemnity bond – also known as a surety bond, an agreement between three groups, the
principal conducting the work (operator), the obligee to whom money is owed if obligations
are not met (the State), and a surety bond company (surety)
Insolvent – unable to pay one’s debts or when liabilities are greater than assets held
Long-term idle well – a well that has been an idle well for 8 or more years
Marginal well – a well that produces fewer than 10 barrel-of-oil equivalents per day
Orphan well – a well for which there is no known responsible operator or no financially
viable operator capable of plugging and decommissioning the wells
Plug – to properly isolate, using cement and cement plugs and other required materials,
the oil or gas containing components of a well from their surroundings, including from
water reservoirs
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SB 1763
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1977
Ch. 112

Ch. 112

1955

$5,000 / well

Division established

1939
Ch. 93

1915
Ch. 718

Ch. 718

Need bond to plug

$25, 000 / well

$10,000 < 5k ft
$15,000 -$25,000 > 10k ft

Ch. 93

Ch. 1670 Ch. 1670

Ch. 898

1976
Ch. 794
1972
Ch. 898

1990
SB 2693

SB 2693

Ch. 794

$15,000 < 5k ft
$20,000 —
$30,000 > 10k ft

When altering 5 or more wells:
$25,000
(Covers all wells)

When altering 1 or more wells:
$25,000

When altering 1 or more wells:
$250,000

When altering 1 or more wells:
$100,000

1996
Fallback to transfers on or after 1/1/1998
SB 2007

AB 1504
1993
Ch. 1179 AB 1504

SB 2007

1998
SB 1763

$1,000,000

$250,000

Allowed full cost
security for plugging
all offshores

2000
Revised operator liability for reabandonment; expanded supervisor authority
AB 2581

AB 2581

When altering 1 or more wells:
$100,000 if 50 or fewer in state
$250,000 if more than 50 in state
$1,000,000 All wells and idle fees extra

When altering 20 or more wells:
$200,000 ≤ 50 in state + Idle fees/bonds
$400,000 > 50 in state + Idle fees/bonds
$2,000,000 All, covers idle fees/bonds

2013
SB 665

Offshore Bonds
PRC § 3205.1

SB 665

Blanket Bonds
PRC § 3205

2016
AB 2729

$25,000 < 10k ft
$40,000 ≥ 10k ft

Individual
PRC § 3204

AB 2729

Year
Bill
2017
SB 724

Adds
$2,000,000 > 500 and ≤ 10k
$3,000,000 > 10k wells
Repeals $2M all-inclusive bond

SB 724

Bill,
Chapter

$12,000
$18,000
$30,000
Blanket: $120,000
Offshore: $300,000
$30,000
Blanket: $300,000

Blanket:
If prior to 1/1/1999
increased minimum
$30k per yr until
matching

Removes explicit cash
bond language in PRC,
referencs Code of Civil
Procedure bonding
section

Cash Bonds
PRC § 3205(3)(b)

$5,000 bond/well
or $100,000 blanket
or $100/well annually

Less than 10 yrs: $100
10 to under 15 yrs: $250
15 yrs or longer: $500
OR $5,000 escrow per
($500 per year for 10 yrs)
OR $5,000 indemnity per
OR Management Plan
AND Acquired idles need bonds

Fees for idles, even if bonded:
3 to under 8 yrs: $150 each
8 to under 15 yrs: $300 each
15 to under 20 yrs: $750 each
20 or longer: $1,500 each
OR Idle Well Plan
Repealed escrow option

Idle Well Bonds and Fees
PRC § 3206

≤ 20 idle wells: 1 per yr.
21 to 50: 2 per yr.
51-100: 5 per yr.
101-250: 10 per yr.
> 250 wells: 4% per yr.

≤ 250: 4% reduct.*
251 to 1,250: 5% reduct.*
≥ 1,250: 6% reduct.*
*not less than one well/yr

Idle Well Mgmt. Plan
PRC § 3206

Table 9: Select history of bonding requirements in California

Est. testing; 15 years+ tested that could
return to production, not req. until at
least 2 years after idle unless within 1/2
mile to underground drinking water.
Reporting reqs for idle/orphan wells

Idle Testing/Reporting
PRC § 3206.1

Appendix A

Appendix A

Additional Background

A1. Select history of bonding requirements in California

Appendix B

Appendix B

Additional Results
B1. Alternative rules for identifying orphan wells
Our analysis in Chapter 3 proposes a rough screen for categorizing wells according to their
risk of becoming orphan wells. This section explores how the results of that exercise vary if
we change the assumptions used to classify wells.
Figure 8 shows the number of “likely orphan wells” and “wells at high risk of becoming
orphan wells” under a range of assumptions. The 40 markers in this figure represent well
counts under different classification rules. The green circles show how the number of “likely
orphan wells” varies with the minimum required period of inactivity at all of an operator’s
wells. Varying this period between one and ten years has a small effect on the implied count
of likely orphan wells.
The three other marker types explore the number of wells “at high risk of becoming
orphan wells.” Recall that these are currently inactive wells whose operators are active but
potentially vulnerable to insolvency or otherwise at risk of not plugging and abandoning
wells. Each symbol type corresponds to a different rule for identifying potentially vulnerable
operators. The various points for each symbol type show the number of wells that have been
idle for the number of months on the horizontal axis, and whose operators are vulnerable
under the given vulnerability rule. In our main analysis, we define operators as vulnerable if
they have fewer than 1,000 wells and their average production is less than five BOE per well
per day. That rule is shown with the orange triangles. The purple squares and pink crosses
vary the number of wells threshold up and down, while maintaining the five BOE per well
per day threshold.
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Figure 8. Alternative assumptions for orphan well risk assessment. Each marker shows a count
of wells in a given category, using various assumptions about orphan well risk. The marker styles
correspond to four different sets of related assumptions. See text for details.
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B2. Probability of restarting production
A common challenge in analyzing and regulating idle wells is understanding whether wells
are kept idle because the operator has a reasonable expectation of eventually resuming
production, or simply to defer decommissioning costs. If it is the former, plugging the well
creates additional economic costs in terms of foregone option value. Plugging the well today
increases the cost of resuming production in the future if prices or technology improve. It
is impossible to know any individual operator’s expectations about future production, but
we can use historical data on idle wells to understand the average likelihood of returning
to production after a given interval with no production. The most sophisticated existing
economic research on this question is Muehlenbachs (2015), which considers idle oil
and gas wells in Alberta, Canada. That research concludes most long-term idle wells are
unlikely to return to production even with large increases in output prices or improvements
in production technology. Given appropriate data, a similar study could be carried out for
California. This appendix describes a first pass at this type of analysis for California using
the data that were readily available and describes what would be required to study this
question in more detail.
One relatively straightforward statistic to calculate is the share of wells kept idle in the past
that have eventually returned to production. Specifically, conditional on reaching a given
length of time without producing (and without being plugged), what is the probability
that an idle well will eventually return to production? Figure 9 reports the results of such
a calculation. For wells with a given period idle during 1977—2008, the figure shows
the probability that the well resumed production prior to the end of 2017. Intuitively,
the probability of resuming production decreases with the length of time since the well
last produced. After one year idle, there is an almost 50% chance of resuming production
on average. Once a well has been idle for 25 years, that probability falls to about 12%.
This retrospective analysis represents a historical average across all wells and should be
interpreted with caution. There may be substantial heterogeneity in restart probabilities
across different fields, well types and operators. A detailed study of option value associated
with idle wells in California would need to consider these factors. In addition, it would be
important to consider a range of future price and technology projections.
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Figure 9. Historical probability of restarting production after a given idle interval. This figure
shows the probability a well will restart production following a given period idle. To allow at
least 10 years for production to resume, this figure is limited to 1977–2008. Wells that produced
oil or natural gas in at least one month before the end of 2017 are considered to have resumed
production. See text for details.
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B3. Relationship between plugging costs and imputed well depth
Data on well depth were not available for any of the 86 wells with historical plugging costs
(Table 7). As an attempt to impute well depth, the average depth of other wells in the field
containing the well was used as a proxy. Figure 10 shows the relationship between plugging
costs and the imputed depth measure. Instead of indicating no relationship between cost
and well depth, this figure likely serves as evidence that imputed well depth is a poor proxy
for actual well depth.

(c) Average Depth

Figure 10. Relationship between plugging costs and imputed well depth. Data on well depth were
not available for any of the 86 wells with historical plugging costs. This figure likely serves as
evidence that imputing well depth using the average depth of other wells in the field containing the
well is a poor proxy for actual well depth.
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Construction of the Dataset
This section describes how the raw datasets provided by the Division were combined to
create the final analysis dataset.
Monthly production and injection data
The raw monthly production data consist of 43,875,893 monthly observations for 176,823
wells. We drop a small number of observations prior to January 1, 1977, since reporting for
most wells begins in 1977. We also drop observations after December 31, 2017, since the
completeness of the data for 2018 appears to vary across wells. Missing values are reported
for some monthly production observations. We replace these values with zeros if they occur
after the first observed non-zero production for a given well. We drop these observations
if the month is earlier than the first month of non-zero production for the well. There are
also gaps in the production records for some wells. We fill in zero production in any missing
months after the first reported production from each well. We further incorporate data on
monthly injection volumes from the Division’s monthly well injection dataset to identify
wells currently being used for injection.
Well-level characteristics files
The well-level characteristics data include 270,524 records. We exclude 29,783 duplicate
records with identical API numbers and wellbore codes. We further exclude 12,093 wells
with a status of “Cancelled”, which indicates that these wells were permitted but never
actually drilled.
We successfully merge 94% of active and idle wells and 61% of plugged wells to the
production dataset. In our analysis of active and idle wells, for the remaining 6% of wells
that do not appear in the production dataset, we assume that there was no reported
production during the period of the data, and so assign these wells zero production in every
month.1
Plugging cost data
As described in the main text, the Division provided various records of plugging costs for
wells that have been plugged at state expense. By combining these records, we were able to

1. Hand checking of a subsample of the unmerged records with the Division’s online well search tool supports our
assumption that the unmerged records represent very old wells with no recent production.
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identify 86 unique wells where costs were reported at the individual well level and an API
number was included in the record.
Well depth data
The Division provided information on well depth for a subsample of 27,530 wells. We
generate an interpolated depth for as many wells as possible by using these observed depths
to calculate an average depth in field for every oil field where we observe at least one well
depth.
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CCST Study Team
Full curricula vitae for the Study Team members are available upon request. Please contact
California Council on Science and Technology (916) 492-0996.
Study Team Members:
• Judson Boomhower, PhD, University of California, San Diego
Lead Author
• Terence Thorn, JKM Consulting
Steering Committee (Chair)
• Mikel Shybut, PhD, California Council on Science and Technology
Author and Project Manager
• M. Daniel DeCillis, PhD, California Council on Science and Technology
Author
• Sarah E. Brady, PhD, Interim Deputy Director, California Council on Science and
Technology
Project Director
• Amber J. Mace, PhD, Interim Executive Director, California Council on Science and
Technology
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Judson Boomhower, Ph.D.
Lead Author
Assistant Professor, Department of Economics, UC San Diego
Judson Boomhower is an applied microeconomist who studies environmental and energy
economics and policy. His research covers a range of topics and industries including oil
and gas extraction, electricity markets, energy efficiency, and the economics of climate
change. He received a PhD in Agricultural and Resource Economics from the University of
California, Berkeley. He earned his bachelor’s and master’s degrees from Stanford.

Terence Thorn
Steering Committee Chair
President, JKM Energy and Environmental Consulting
Terence (Terry) Thorn is a 43-year veteran of the domestic and international natural gas
industry and has held a wide variety of senior positions beginning his career as Chairman
of Mojave Pipeline Company and President and CEO of Transwestern Pipeline Company. He
has worked as an international project developer throughout the world.
As a Chief Environmental Officer, Terry supported Greenfield projects in 14 countries
to minimize their environmental impact. He wrote and had adopted company wide
Environmental Health and Safety Management Standards and implemented the first
environmental management plan for pipeline and power plant construction. In attendance
at COP 1 and 2, Terry has remained involved in the climate change discussions where he is
focusing on international policies and best practices to control methane emissions.
Residing in Houston, Terry is President of JKM Energy and Environmental Consulting
and specializes in project development and management, environmental risk assessment
and mitigation, business and policy development, and market analysis. He has done
considerable work in the areas of pipeline integrity management systems, management
systems auditing, safety and reliability and the reduction of methane emissions from natural
gas facilities.
He also serves as Senior Advisor to the President of the International Gas Union where he
helps drive the technical, policy and analytical work product for the 13 Committees and
Task Forces with their 1000 members from 91 countries. He also serves on the Advisory
Boards for the North American Standards Board where he co-chaired the gas electric
harmonization task force, and the University of Texas’ Bureau of Economic Geology’s
Center for Energy Economics. Terry is also on the Board of Air Alliance Houston. He served
on the CCST California Council on Science and Technology steering committee for the
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report that provided the state with an up-date and independent technical assessment of the
thirteen natural gas storage fields in California. Currently he is on the CCST team that will
estimate the liability and costs to the state of plugging and abandoning oil and gas wells and
decommissioning their attendant facilities.
Terry has published numerous articles on energy, risk management and corporate
governance and was author of the International Energy Agency’s 2007 North American Gas
Market Review. As advisor to European gas companies and regulators he co-authored The
Natural Gas Transmission Business -a Comparison Between the Interstate US-American and
European Situations, Environmental Issues Surrounding Shale Gas Production, The U.S.
Experience, A Primer. As a participant in the National Petroleum Council Study Prudent
Development: Realizing the Potential of North America’s Abundant Natural Gas and Oil
Resources (September 2011), Terry wrote the section on electric gas harmonization, coauthored the chapter on electric generation, and advised on the residential commercial
chapter. Most recently he has completed market research projects on electricity markets, gas
markets including modeling the US gas markets 2015-2050. Gas Shale Environmental Issues
and Challenges was just published by Curtin University in 2015. His most recent papers are
“The Bridge to Nowhere: Gas in An All Electric World,” “The Paradigms of Reducing Energy
Poverty” and “Making Fossils Fuels Great Again: Initial Observations About Trump’s Energy
Policy.”

Mikel Shybut, Ph.D.
Author and Project Manager
Program Associate, California Council on Science and Technology
Mikel Shybut is a CCST Program Associate. Previously he was a CCST Science and
Technology Policy Fellow appointed to the California State Senate on the Transportation
and Housing Committee, which analyzes legislation covering policy areas from essential
infrastructure needs to autonomous vehicles and affordable housing.
Shybut received his PhD in Plant Biology from UC Berkeley, where he studied the molecular
mechanisms of cassava bacterial blight, a disease of agricultural significance in the tropics.
Shybut completed his BA in Biological Chemistry and in Russian at Grinnell College in Iowa.
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Author
Senior Research Associate, California Council on Science and Technology
M. Daniel DeCillis is Senior Research Associate & Director of Web Operations at the
California Council on Science and Technology, where he has worked since 2001. He has
been principal project writer on studies including the Overview of California State-Funded
R&D, 2004-2007 (2008), Critical Path Analysis of California’s Science and Mathematics
Teacher Preparation System (2007), An Industry Perspective of the Professional Science
Master’s Degree in California (2005), Opportunities for Collaboration in High-tech Research
and Teacher Professional Development (2004), the Critical Path Analysis of California’s
Science and Technology Education System (2002), and The Preparation of Elementary
School Teachers to Teach Science in California (2010); he has also contributed substantially
to CCST projects on nanotechnology, energy, and intellectual property. In addition he
designed and edited the Workforce Investment Board Online Toolkit (2008), a major
component of CCST’s contributions to the California Innovation Corridor project. In 2011,
he edited and reviewed Imagining the Future: Digitally Enhanced Education in California
and components of California’s Energy Future. In 2012, he completed the California Climate
Change Research Database website. He was part of the team that produced the 2014
report Achieving a Sustainable California Water Future through Innovations in Science
and Technology and a co-author on Promoting Engagement of the California Community
Colleges with the Maker Movement (2016) and The Maker Movement and K-12 Education
(2017).
DeCillis has presented CCST’s work on a variety of projects in numerous venues (including
the Legislature and the National Academies) both in California and abroad. Since 2002, he
has served as primary writer and editor for CCST’s Annual Report and newsletter; he is also
responsible for design and management of the CCST website. From 2001- 2004 he served
as the Managing Editor for the Journal of Robotic Systems. Prior to this, he worked as a
paleographer and French instructor; he holds an M.A. and a Ph.D. in Romance Studies from
Duke University and a B.A. with High Honors in French and Latin from Oberlin College.
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Sarah Brady, Ph.D. is the Interim Deputy Director for CCST. In addition to managing largescale commissioned projects requested by the Legislature and state agencies, Sarah leads
outreach efforts to connect CCST’s network of experts with state decision makers.
Prior to joining CCST, Sarah served as Legislative Director in Assemblywoman Susan
Bonilla’s office where she was hired after her placement as a CCST Science and Technology
Policy Fellow in 2014. During her time with Assemblywoman Bonilla, Sarah initiated
policy work to retain women in STEM careers by preventing pregnancy discrimination in
graduate programs. As a result of legislation that she conceptualized and staffed through
the process, the law now requires all California colleges to establish a family leave policy
for their graduate students. Sarah also spearheaded legislation to increase the use of
biomethane, reduce the cost of college textbooks, and improve access to computer science
education. In addition, she conducted bill analysis and provided vote recommendations to
Assemblywoman Bonilla on all bills related to utilities and commerce, energy, water, natural
resources, and environmental toxicity.
Sarah earned Bachelor’s degrees in Chemistry and French from North Central College and a
Doctorate in Chemistry at the University of Oregon researching the degradation of plastics.
She was also a GK-12 Fellow and an NSF-IGERT Fellow where she worked at the Hong Kong
Baptist University. In her free time, Sarah likes to watch the Green Bay Packers, brew beer,
camp, and is the Co-Chair for the CCST Science Fellows Alumni Group.
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to the OPC and executive director of the California Ocean Science Trust, a non-profit whose
mission is to provide objective, high-quality science to decision makers.
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at the state level as a California Sea Grant state fellow at the California Natural Resources
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CCST Study Process
California Council on Science and Technology (CCST) studies are viewed as valuable and
credible because of the organization’s reputation for providing independent, objective,
and nonpartisan advice with high standards of scientiﬁc and technical quality. Checks and
balances are applied at every step in the study process to protect the integrity of the studies
and to maintain public conﬁdence in them.
Study Process Overview—Ensuring Independent, Objective Advice
For 30 years, CCST has been advising California on issues of science and technology by
leveraging exceptional talent and expertise.
CCST enlists the state’s foremost scientists, engineers, health professionals, and other
experts to address the scientiﬁc and technical aspects of society’s most pressing problems.
CCST studies are funded by state agencies, foundations and other private sponsors. CCST
provides independent advice; external sponsors have no control over the conduct of a study
once the statement of task and budget are ﬁnalized. Authors and the Steering Committee
gather information from many sources in public and private meetings, but they carry
out their deliberations in private in order to avoid political, special interest, and sponsor
inﬂuence.
Stage 1: Defining the Study
Before the author(s) and Steering Committee selection process begins, CCST staff, Board
Members, Council Members and other relevant experts work with the study sponsors to
determine the speciﬁc set of questions to be addressed by the study in a formal “statement
of task,” as well as the duration and cost of the study. The statement of task deﬁnes and
bounds the scope of the study, and it serves as the basis for determining the expertise and
the balance of perspectives needed for the study authors, Steering Committee members,
and peer reviewers.
The statement of task, work plan, and budget must be approved by CCST’s Project Director
in consultation with CCST leadership. This review sometimes results in changes to the
proposed task and work plan. On occasion, it results in turning down studies that CCST
believes are inappropriately framed or not within its purview.
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Stage 2: Study Author(s) and Steering Committee (SC) Selection and Approval
Selection of appropriate authors and SC members, individually and collectively, is essential
for the success of a study. All authors and SC members serve as individual experts, not
as representatives of organizations or interest groups. The size of the SC depends on
the size and scope of the study.1 Each expert is expected to contribute to the project on
the basis of his or her own expertise and good judgment. Each provisional SC member
and author complete a COI form and submit current resumes. CCST staff send all of this
information to outside counsel for a thorough COI review and then organize all results and
recommendations from the outside counsel. CCST organizes an in-person meeting for the
provisional SC and lead authors to discuss the balance of the committee and evaluate each
person for any potential COIs based on the outside counsel feedback. Any issues raised in
this discussion are investigated and addressed. CCST sends the list and COI information
of the provisional SC and lead authors, including any recommendations or concerns from
the in-person meeting, to the Oversight Committee (created by the Board and made up of
two CCST Board Members and an outside expert) for final approval. While the lead authors
attend the meeting for the discussion of their own potential COIs they do not contribute
to the discussion of the provisional SC Member’s COIs. Members of a SC and the lead
author(s) are anonymous until this process is completed. The lead author(s) maintain
continued communication with the SC as the study progresses through frequent updates
and background meetings.
Careful steps are taken to convene SCs that meet the following criteria:
An appropriate range of expertise for the task. The SC must include experts with
the speciﬁc expertise and experience needed to address the study’s statement of task.
A major strength of CCST is the ability to bring together recognized experts from
diverse disciplines and backgrounds who might not otherwise collaborate. These
diverse groups are encouraged to conceive new ways of thinking about a problem. The
size of the SC depends on the size and scope of the study.
A balance of perspectives. Having the right expertise is not sufﬁcient for success.
It is also essential to evaluate the overall composition of the SC in terms of different
experiences and perspectives. The goal is to ensure that the relevant points of view
are, in CCST and the Oversight Committee’s judgment, reasonably balanced so that
the SC can carry out its charge objectively and credibly.
Screened for conﬂicts of interest. All provisional SC members are screened in

1. Due to the short duration of this study, the study had only a Steering Committee Chair. Authors drafted findings and
conclusions and the lead author drafted recommendations in coordination and with final approval from the Steering
Committee Chair.
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writing and in a conﬁdential group discussion about possible conﬂicts of interest.
For this purpose, a “conﬂict of interest” means any ﬁnancial or other interest which
conﬂicts with the service of the individual because it could signiﬁcantly impair the
individual’s objectivity or could create an unfair competitive advantage for any person
or organization. The term “conﬂict of interest” means something more than individual
bias. There must be an interest, ordinarily ﬁnancial, that could influence the work of
the SC or that could be directly affected by the work of the SC. Except for those rare
situations in which CCST and the Board appointed Oversight Committee determine
that a conﬂict of interest is unavoidable and promptly and publicly disclose the conﬂict
of interest, no individual can be appointed to serve (or continue to serve) on a SC used
in the development of studies if the individual has a conﬂict of interest that is relevant
to the functions to be performed.
Point of View is different from Conﬂict of Interest. A point of view or bias is not
necessarily a conﬂict of interest. SC members are expected to have points of view, and
CCST attempts to balance these points of view in a way deemed appropriate for the
task. SC members are asked to consider respectfully the viewpoints of other members,
to reﬂect their own views rather than be a representative of any organization, and
to base their scientiﬁc ﬁndings and conclusions on the evidence. Each SC member
has the right to issue a dissenting opinion to the study if he or she disagrees with the
consensus of the other members.
Other considerations. Membership in CCST are taken into account in SC selection.
The inclusion of women, minorities, and young professionals are additional
considerations.
Speciﬁc steps in the SC selection and approval process are as follows:
CCST staff solicit an extensive number of suggestions for potential SC members from a
wide range of sources, then recommend a slate of nominees. Nominees are reviewed, as
a provisional SC, at several levels within CCST. Prior to final approval, the provisional SC
members complete background information and conﬂict-of-interest disclosure forms. The
SC balance and conﬂict-of-interest discussion is held at the ﬁrst SC meeting. Any conﬂicts
of interest or issues of SC balance and expertise are investigated; changes to the SC are
proposed and ﬁnalized. Finally, the provisional SC is presented to the Oversight Committee
for formal approval. SC members continue to be screened for conﬂict of interest throughout
the life of the committee.
CCST uses a similar approach as described above for SC development to identify study
authors who have the appropriate expertise and availability to conduct the work necessary
to complete the study. In addition to the SC, all authors, peer reviewers, and CCST staff are
screened for COI.
Stage 3: Author and Steering Committee Meetings, Information Gathering,
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Deliberations, and Drafting the Study
Authors and the Steering Committee typically gather information through:
1. meetings;
2. submission of information by outside parties;
3. reviews of the scientiﬁc literature; and
4. investigations by the study authors and/or SC members and CCST staff.
In all cases, efforts are made to solicit input from individuals who have been directly
involved in, or who have special knowledge of, the problem under consideration.
For larger reports, lead authors may request additional authors to ensure the appropriate
expertise is included. Every author must be approved by the SC and CCST staff. Some of
the additional authors may become section leads. The lead author reviews and approves
the work of all other chapter authors, including section leads.
During the course of a report, authors’ duties may shift which may change the lead author
or section lead designations. Any such changes must be made in conjunction with CCST
staff and the SC. If the reorganization of author responsibilities or the addition of a new
author raises conflict of interest concerns, they are presented to and resolved by the
Oversight Committee.
The authors shall draft the study and the SC shall draft the Executive Summary which
includes findings, conclusions, and recommendations (FCRs). In some cases, the authors
write the first draft of the FCRs to ensure they are based on the information and analysis
contained in the full report. The draft FCRs are then edited and approved by the SC. The SC
deliberates in meetings closed to the public in order to develop draft FCRs free from outside
inﬂuences. All analyses and drafts of the study remain conﬁdential.
Stage 4: Report Review
As a ﬁnal check on the quality and objectivity of the study, all CCST full commissioned
reports must undergo a rigorous, independent external peer review by experts whose
comments are provided anonymously to the authors and SC members. CCST recruits
independent experts with a range of views and perspectives to review and comment on
the draft report prepared by the authors and the SC. The proposed list of peer reviewers is
approved by the Oversight Committee to ensure all report sections are adequately reviewed.
The review process is structured to ensure that each report addresses its approved study
charge, that the ﬁndings are supported by the scientiﬁc evidence and arguments presented,
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that the exposition and organization are effective, and that the report is impartial and
objective.
The authors and the SC must respond to, but need not agree with, reviewer comments
in a detailed “response to review” that is examined by one or more independent “report
monitor(s)” responsible for ensuring that the report review criteria have been satisﬁed.
After all SC members and appropriate CCST ofﬁcials have signed off on the ﬁnal report, it is
transmitted to the sponsor of the study and the sponsor can release it to the public. Sponsors
are not given an opportunity to suggest changes in reports. All reviewer comments and SC
deliberations remain confidential. The names and afﬁliations of the report reviewers are
made public when the report is released.
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ABSTRACT

California’s leaders have been vocal supporters of the Paris
Agreement, which commits to keeping global warming to well
below 2 degrees Celsius, and striving to limit it to 1.5 degrees
Celsius. Despite this, California presently has no plan to phase
out its oil and gas production in line with Paris-compliant
carbon budgets.

As a wealthy oil producer, California is well positioned to take more
ambitious action to proactively phase out its fossil fuel production
and has a responsibility to do so in order to fulfill its commitment
to climate leadership.

This analysis examines the carbon emissions enabled through
continued permitting of new oil and gas wells. It further quantifies
the impact of a managed phase-out of existing wells, beginning
with a 2,500-foot buffer zone around sensitive areas. Finally, we
discuss the need for an ambitious just transition plan that protects
workers and communities in the shift to a climate-safe economy.

Y

We recommend that the state take the following actions:

Y

Y

Y

Cease issuing permits for new oil and gas extraction wells;
Implement a 2,500-foot health buffer zone around homes,
schools, and hospitals where production must phase out;
Develop a plan for the managed decline of California’s entire
fossil fuel sector to maximize the effectiveness of the state’s
climate policies; and
Develop a transition plan that protects people whose livelihoods
are affected by the economic shift, including raising dedicated
funds via a Just Transition Fee on oil production.

Oil rig operating next to a walk and bike way in the Signal Hill area of Los Angeles. Sarah Craig/Faces of Fracking (CC BY-NC-ND 2.0)

KEY FINDINGS AND
RECOMMENDATIONS
In December 2015, world governments agreed in Paris to limit
global average temperature rise to well below 2 degrees Celsius
above pre-industrial levels, and to strive to limit it to 1.5 degrees
Celsius. Recent analysis has shown that there is no room for the
expansion of fossil fuel production if the world is to achieve the
Paris goals.1
The potential carbon emissions from the oil, gas, and coal in the
world’s currently operating fields and mines would fully exhaust and
exceed carbon budgets consistent with the Paris goals (see Figure
ES 1). Staying within these climate limits will require government
action to manage the decline of fossil fuel production globally.

This report applies that analysis to oil and gas production
and climate leadership in California, a state that has pledged
to be a subnational leader in upholding the Paris goals. Our
recommendations draw on key findings related to:
1. The climate implications of ongoing permitting of new oil
wells in California;
2. The ways that a managed decline of existing wells can
prioritize health and equity; and
3. Elements of a just transition for affected workers and
communities.

Figure ES 1: Carbon Dioxide Emissions from Developed Fossil Fuel Reserves, Compared to Carbon Budgets
for Likely Chance of 2°C and Medium Chance of 1.5°Ca
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ES1 Sources: Rystad Energy, International Energy Agency (IEA), World Energy Council, Intergovernmental Panel on Climate Change (IPCC), Oil Change International analysis2

a

We include projections of land use and cement emissions for context because they are the primary non-energy sources of carbon dioxide emissions.
Cement emissions are the most difficult to reduce given current technological options.
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PERMITTING OF NEW WELLS
In California, a primary way the oil industry is enabling new barrels
of extraction is by drilling new production wells. Under Governor
Jerry Brown’s administration, the California Division of Oil, Gas,
and Geothermal Resources (DOGGR) has issued more than
20,000 permits to oil companies to drill new wells, including both
production and injection wells.3 One of the simplest steps the state
can take to limit fossil fuel production would be to stop issuing
permits for the drilling of new oil and gas wells.

effective way to reduce emissions, whereas continuing to invest
in extraction will make reducing emissions much harder. Climate
leadership thus requires bold and decisive action to reduce both
supply of and demand for fossil fuels.

FINDING:
Y

FINDINGS:
Y

Y

Continued permitting of new oil and gas production wells could
enable 560 million barrels of additional oil production over the
next 12 years (see Figure ES 2).b
This would add more than 360 million metric tons of carbon
dioxide equivalent (CO2e) pollution to the atmosphere over that
same period. New wells drilled from 2019 to 2030 could increase
the total emissions associated with California oil production by
more than 55 percent compared to emissions from existing wells
over that period.

The cumulative oil production avoided by halting new well
permits combined with phasing out wells within 2,500 feet of
sensitive areas could total 660 million barrels from 2019 through
2030. If extracted and burned, this oil would cause a total of
more than 425 million metric tons of carbon pollution over the
same period.

To put this in context, meeting Governor Brown’s goal to reduce
oil use in cars and trucks by 50 percent by 2030 would save about
430 million barrels of oil over the next 12 years, compared to
reference-case projections.6 If California does not limit production,
it could add a greater amount of new oil supply to the market,
undermining the effectiveness of demand-side measures.d

RECOMMENDATION:
RECOMMENDATION:
Y

Y

Cease issuing permits for new oil and gas extraction wells. This
would limit new fossil fuel production in California, as required
by the Paris goals.

INITIATING A MANAGED DECLINE OF
EXISTING WELLS
Public health studies suggest that the greatest exposure to toxic
air pollution occurs within one-half mile (approximately 2,500 feet)
of active oil and gas wells.4 Currently, California has no statewide
policy to limit the proximity of oil and gas wells to homes and other
sensitive areas, putting it in a minority among producing states.5
The state should lead in phasing out existing wells by prioritizing
closure for those wells with the greatest health risks.

FINDINGS:
Y

Y

Nearly 8,500 active oil and gas wells are within 2,500 feet
of homes, schools, and hospitals, and are disproportionately
located in many of the state’s most polluted communities.c
These wells were responsible for 12 percent of statewide oil
production in 2016: Phasing out their production would cause
a significant but manageable additional drop in production
(see Figure ES 3).

By pulling at supply and demand levers together, California can
manage the phase-out of production while reducing oil imports.

JUST TRANSITION
Workers in California’s oil and gas extraction sector, which currently
employs about 14,500 people,7 have already experienced the job
losses of an unmanaged decline in production in recent years,
driven by oil prices and corporate profit margins. A managed and
just transition away from extraction entails providing decent work
and social protection for affected workers and investing in more
equitable and resilient local economies.

FINDINGS:
Y

RECOMMENDATION:
Y

Implement a 2,500-foot health buffer zone around homes,
schools, and hospitals in which production from existing oil and
gas wells is phased out as quickly as possible. This would begin
a proactive managed decline of existing extraction in a way that
prioritizes the health of historically overburdened communities.

THE IMPACT OF A COMPREHENSIVE
APPROACH
The science tells us that climate safety requires rapid
decarbonization within a few decades. Recent studies have shown
that tackling carbon extraction as well as burning is the most
b
c
d

8

Develop a plan for the managed decline of California’s entire
fossil fuel sector as part of the state’s climate initiatives,
including complementary measures to address supply, demand,
and related infrastructure. Such a plan should include ceasing
the expansion of long-lived infrastructure like refineries and
pipelines, setting milestones for reducing oil refining, imports,
and refined products exports, and accelerating the growth of
clean transportation alternatives.

Y

A Just Transition Fee placed on oil production could raise
adequate funds to cover basic social protection costs for
workers before phasing out with the decline of extraction.
A 5 to 10 percent fee on the value of oil production could
generate $3.5 to $6.9 billion in revenue from 2019 through
2030, depending on the fee rate and the price of oil (Figure ES
4). This estimate is based on only the production volumes that
would continue without new wells and as wells within 2,500 feet
of homes, schools, and hospitals are phased out.
At the high end of the above revenue range, the Just Transition
Fee could cover five years of wage replacement and four years
of public college tuition for workers facing job losses through
2030, plus other just transition needs, based on our initial
estimates of these costs.

See Appendix I for a description of the methodology and sources behind our projections of the impact of new well permitting.
See Appendix II for a description of the methodology and sources behind our analysis of active oil and gas wells within 2,500 feet of homes, schools, and hospitals.
These totals are for illustrative purposes and should not be interpreted as additive, given how demand and supply interact. The ultimate global emissions reduction
impact of either policy would depend on the elasticities of supply and demand.
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Figure ES 2: California Oil Production with and without New Well Permits, 2019-2030
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ES2 Sources: Oil Change International analysis, using historical data from DOGGR and DrillingInfo8

Figure ES 3: Projected California Oil Production with and without New Wells and a 2,500’ Health Buffer Zone, 2019-2030
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ES3 Sources: Oil Change International and FracTracker Alliance analysis, using historical data from DOGGR and DrillingInfo9
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RECOMMENDATIONS:
Y

Y

Establish a statewide Just Transition Task Force to develop
and implement a comprehensive and inclusive transition
plan for California. Such a forum should facilitate a process of
democratic social dialogue and planning between employers,
workers, unions, frontline communities and organizations, and
local and state agencies, and give clear leadership and agency
to workers and communities most impacted by the transition.
Establish a Just Transition Fee on oil production that is
exclusively dedicated to funding support for workers and
communities through the transition to clean energy. This source
of revenue would ensure the industry shares in responsibility for
the transition of its workforce.

WHY CALIFORNIA MUST LEAD
Traditional climate policy in California and elsewhere has largely
focused on regulating the point of emissions, or the demand for
fossil fuels, while leaving the supply of fossil fuels to be moderated
by the market. That approach is no longer tenable (if it ever was).
The expansion of fossil fuel extraction leads indirectly to higher
emissions through lower prices, infrastructure lock-in, and perverse
political incentives.
By establishing policies to align its oil production with the Paris
goals, California would set an example of urgently needed global
leadership among wealthy fossil fuel producers, spur significant
reductions in carbon emissions, protect the health of local

communities unfairly harmed by extraction now, and provide a
predictable pathway around which to plan a just and equitable
economic transition.
From the lens of global equity, California is one of the oil producers
with the greatest capacity to reduce its extraction quickly while
minimizing social and economic disruption. While any energy
transition will be challenging and disruptive to the workers and
communities on its front lines, California’s economy as a whole
is diverse and no longer extraction-dependent. As of the third
quarter of 2017, all forms of mining, including oil and gas extraction,
accounted for just under 0.3 percent of California’s gross domestic
product (GDP).11 Of the 15 countries and U.S. states that have
extracted the most oil over the past century, California has the
second-highest GDP per capita, trailing only Norway.12
California has been a first mover in innovative energy policies in the
past. The state created a positive chain reaction four decades ago
when it enacted the nation’s very first energy efficiency standards.13
California spearheaded the nation’s strongest vehicle efficiency
standards, and is now taking the Trump administration to court to
defend them at the federal level.14 It’s time for California to become
a first mover once again, and show the world how to manage a fair
and equitable transition away from oil extraction.
One of the most powerful – and most underutilized – climate
policy levers is also the simplest: stop digging for more fossil fuels.

Figure ES 4: Dedicated Just Transition Revenue that Could Be Generated by a 5-10% Fee on Oil Production, 2019-2030
$900
$800

USD Millions (2017 dollars)

$700
$600
$500
$400
$300
$200
$100
$0
2019
5% Fee

2020

2021

2022

2023

10% Fee

ES4 Sources: Oil Change International analysis, Energy Information Administration10
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I. INTRODUCTION

California has been at the forefront of U.S.
states in acknowledging the urgency of the
global climate crisis and in encouraging
development of clean energy resources.
From the severe drought of recent years to
longer, more damaging wildfire seasons, the
human and economic toll of climate change
is already being felt across California. The
state estimates that drought caused $2.7
billion in agricultural losses in the Central
Valley in 2015 alone, costing more than
20,000 jobs.15 In the absence of strong
action to reduce emissions as quickly as
possible, such impacts will get significantly
worse throughout the 21st century.

2018. He did so with the recognition that
“so far the response is not adequate to the
challenge” and “no nation or state is doing
what they should be doing.”16 The goal is
to “inspire deeper commitments from each
other and from national governments – in
support of the Paris Agreement,”17 the
global accord struck in 2015 with the aim
of averting catastrophic levels of climate
change.

California Governor Jerry Brown has
invited leaders from state, tribal, and local
governments, business, and citizens from
around the world to a Global Climate Action
Summit in San Francisco in September

As we discuss in Section II, fossil fuel
projects already operating or under
construction globally contain more oil,
gas, and coal than the world can afford
to burn under the Paris goals. It is in this

This report examines the implications
of the Paris Agreement, and the climate
limits agreed to within it, for oil production
in California.

context that climate leadership is being
redefined. Climate success will require
that governments stop the expansion of
fossil fuel production, beginning now, and
manage its decline in line with climate limits
over the next several decades. As 500
leaders and civil society organizations from
around the world have affirmed in signing
the Lofoten Declaration, wealthy fossil fuel
producers – including California – have an
urgent responsibility to lead.18
Within California, the oil sector as a whole –
including oil-based transportation, refining,
and oil and gas extraction – is the largest
source of climate pollution, accounting for
around 50 percent of annual greenhouse
gas emissions.19 The state is among the
leading consumers, refiners, and producers
of oil in the United States.20

Santa Rosa, California, in the aftermath of devastating wildfires in the fall of 2017 that killed over 40 people. Press Tree Media, CC BY-NC 2.0

While California has developed an
initial suite of policies to reduce oil
consumption, statewide policies have yet
to meaningfully address oil production or
plan for a managed phase-out of related
infrastructure such as refineries and export
terminals. This gap in addressing fossil fuel
supply and infrastructure undermines the
state’s global climate commitments while
exacerbating the unjust burden of pollution
borne by local communities living in and
around extraction and refining zones, from
Los Angeles to the Central Valley to the
Bay Area.
In Sections III, IV, and V, we examine the
potential impact of steps that California can
take – from ceasing the permitting of new
wells to establishing a health buffer zone
for existing wells around sensitive areas – to
close the supply-side ambition gap in its
suite of climate policies. Such steps would
begin the managed transition off fossil fuel
production that is required by the Paris
Agreement goals.
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As we discuss in Section VI, such steps will
have a profound effect on workers, families,
and communities that depend on the
sector for their livelihoods. To ensure that
the transition off of fossil fuel production
is a just transition, it is vital that the state
provides support and social protection for
people and communities affected by the
shift toward a climate-safe economy. This
shift should entail creating decent work in
new sectors and building a more fair and
resilient economy. We propose one strategy
by which the state can raise significant
dedicated funds for a just transition from
the oil industry itself, which should share the
responsibility for transition of its workforce.
If the world is to succeed in achieving
the Paris goals, it is clear that a managed
phase-out of the entire fossil fuel sector
must occur, beginning now. Policies that
limit and reduce fossil fuel supply must be
implemented alongside policies that tackle
demand and consumption. In recognizing
the need for such a comprehensive

approach, countries such as France,21
Ireland,22 Costa Rica,23 Belize,24 and New
Zealand25 have already begun, or are
working to implement, fossil fuel production
phase-outs.
As California prepares to host leaders
from around the world, the state has a
transformative opportunity to help redefine
what climate leadership means – by
becoming the first major fossil fuel producer
to commit to phase out its oil extraction.

II. THE GLOBAL CARBON
BUDGET: THE PARIS GOALS
REQUIRE A MANAGED DECLINE
OF FOSSIL FUEL PRODUCTION
The Paris Agreement, now officially in
force and ratified by more than 170 nations,
sets a global temperature goal of staying
well below 2 degrees Celsius above preindustrial levels while striving to limit the
increase to 1.5 degrees Celsius. 26 California
is a founding member of global and U.S.
alliances of subnational jurisdictions that
have committed themselves to meeting the
goals of the agreement.27

ENOUGH ALREADY
Basic climate science shows that – all else

equal – total cumulative carbon dioxide
emissions (CO2) over time determine how
much global warming will occur. There is
a set level of total cumulative emissions
that can occur for a given temperature limit.
This is our ‘carbon budget.’ e

The results show that the carbon embedded
in already-developed oil and gas fields and
coal mines – those currently operating or
under-construction around the world –
would fully exhaust and exceed the carbon
budgets the world must stay within to
achieve the Paris Agreement goals.

In our September 2016 report, The Sky’s
Limit: Why the Paris Climate Goals Require
a Managed Decline of Fossil Fuel
Production,28 we analyzed what a Parisaligned carbon budget would mean for
fossil fuel production globally (Figure 1).

Figure 1: Carbon Dioxide Emissions from Developed Fossil Fuel Reserves, Compared to Carbon Budgets
for Likely Chance of 2°C and Medium Chance of 1.5°Cf
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Sources: Rystad Energy, IEA, World Energy Council, IPCC29

e
f

The effect of short-lived greenhouse gases such as methane is factored into the calculation of carbon budgets. The IPCC carbon budgets used in this analysis are calculated
based on assumptions about the future emissions of other greenhouse gases.
We used the carbon budgets, calculated by the Intergovernmental Panel on Climate Change, that would give a likely (66 percent) chance of limiting temperature increases
below 2 degrees Celsius and a medium (50 percent) chance of limiting temperature increases to below 1.5 degrees Celsius – equivalent to the range of the Paris goals. The
carbon budgets used reflect remaining room for emissions at the start of 2017. We compared these budgets to the cumulative CO2 that will be released over time from all coal,
gas, and oil projects currently operating or under-construction around the world. We include projections of land use and cement emissions for context because they are the
primary non-energy sources of carbon dioxide emissions. Cement emissions are the most difficult to reduce given current technological options.
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Figure 2: Logic Tree of Fossil Fuel Supply vs. Emissions Restrictions
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Logically, these findings tell us there are
three possible futures when it comes to
our current climate crisis:
1. Managed Decline: We succeed in
restricting new fossil fuel supply projects
and carefully managing the decline of the
fossil industry over time, while planning
for a just transition for workers and
communities. This path gives us a likely
chance of achieving the goals of the
Paris Agreement and avoiding the worst
impacts of climate change.
2. Unmanaged Decline: We allow further
fossil fuel development to continue, but
eventually manage to limit emissions
within carbon budgets. Meeting the Paris
goals would become much harder and
would lead to a sudden and dramatic
shutdown of fossil fuel production,
stranding assets, damaging economies,
and harming workers and communities
reliant on the energy sector.
3. Climate Catastrophe: We fail to restrict
emissions. New long-lived fossil fuel
infrastructure locks us into a highcarbon future that puts the Paris targets
out of reach. Climate change reaches
dangerous levels, causing compounding,
irreparable harm for people and
ecosystems around the world.
Clearly, the first option is the safest and
most efficient path. By stopping new fossil
fuel developments and beginning a carefully
managed decline of the fossil fuel industry
towards an economy powered by clean
energy, we can achieve the brightest future.
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GREATER AMBITION IS
NEEDED NOW
Even though the Paris Agreement commits
the world to keeping global warming
“well below” 2 degrees Celsius – and an
expert review leading up to the agreement
described 2 degrees Celsius as “a defense
line that needs to be stringently defended”30
– governments are dangerously off track
from meeting this imperative.
The existing pledges put forward by
signatories of the Paris Agreement are
inadequate to meet those goals: They would
put the world on course for warming in the
range of 2.6 to 4 degrees Celsius.31
Scientists have modeled ranges of possible
emission pathways that would lead to
achieving the Paris goals. Those show that
to have a likely (2 in 3) chance of keeping
warming below 2 degrees Celsius, global
emissions must be halved within roughly
the next 20 years. To limit warming to 1.5
degrees Celsius, emissions must be halved
in about 15 years and reach zero by 2050.32
These estimates also rely on unproven
negative emissions technology – if it does
not work out, those cuts will need to be
achieved earlier.

CLIMATE LEADERSHIP
REQUIRES LIMITING FOSSIL
FUEL SUPPLY
Given greater ambition is urgently needed
to stay within the Paris targets, a logical
response from governments would be
to utilize all the tools available to them to
accelerate action. In other policy arenas,
measures to limit the supply of a harmful
substance – like cigarettes or asbestos –
have been widely accepted and utilized as
components of comprehensive policy plans
to limit damaging effects.
However, governments around the world
and in the United States have only just
begun to consider limiting fossil fuel supply
as part of their policy toolkit to tackle
climate change. In practice, this means that
most climate policy measures have primarily
addressed emissions where they come out
of the chimney or tailpipe, seeking to reduce
demand for fossil fuels and increase the
supply of clean alternatives while leaving
the supply of fossil fuels to the market.33
This limited approach is contributing to
the dangerous gap in global ambition on
climate. Fossil fuel extraction leads to
higher emissions through lower prices, the
‘lock-in’ of long-lived infrastructure, and
perverse political and legal incentives:
Y

Y

Infrastructure Lock-In: Given the longlived nature of fossil fuel projects,
approvals and investments made now
risk locking in years or decades worth
of fossil fuel production and emissions
we cannot afford. Once significant
investments have been made, companies
have an incentive to continue production
as long as the current market price
covers their marginal costs.34
Legal Lock-In: In addition to the
economic incentive companies have to
continue operation of a project once it is
built, governments must often overcome
higher legal hurdles to close down a
project once it is operating. Such action
may also get tied up in lawsuits as fossil
fuel companies seek to protect their
investments.35 It is typically easier to
prevent construction of a new project
than it is to shut down an existing
project.
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Undermining Demand-Side Policies
through Price Effects: In a global market,
the price signals sent by reducing supply
or demand in one place will cause some
respective increase in production or
consumption elsewhere, an economic
phenomenon called ‘leakage.’ This
happens to a degree on both sides of
the supply and demand equation. In
neither case is leakage 100 percent.
For every barrel of oil not produced,
and every barrel of oil not consumed,
there are global emissions reductions.36
Pulling at demand and supply levers
simultaneously reduces the leakage
effect on both ends. A recent study by
the Stockholm Environment Institute
concluded that global oil consumption
would drop by 0.2 to 0.6 barrels for each
barrel not produced in California.37

Y

Strengthening Lobbies against Further
Climate Action: The fossil fuel industry
continues to wield significant influence
over politics around the world and in
California (see Box 1). This often has
the effect of reducing the ambition of
demand-side policies and undercutting
industry regulation.38 In order to
successfully address the global climate
crisis, politicians must begin saying “no”
to the fossil fuel sector.

Climate leadership requires managing
the decline of the fossil fuel industry.
Any action that enables the expansion of
fossil fuel production and infrastructure
undercuts efforts to limit emissions. At
this moment, a comprehensive approach
to climate action is urgently needed: This
must include complementary policies to
restrict the supply of and demand for fossil
fuels, combined with policies to rapidly
incentivize the proliferation of clean energy
alternatives.

Kern River oil field in Kern County, California. Antandrus at English Wikipedia (CC BY-SA 3.0)

WHY CALIFORNIA SHOULD
BE A FIRST-MOVER IN
PHASING OUT EXTRACTION
Our Sky’s Limit report shows that to
achieve the goals enshrined in the Paris
Agreement, no new fossil fuel development
can be allowed and a significant portion
of existing projects must be retired before
their reserves are depleted. This raises
important questions about which countries
and regions should act first and fastest,
and what obligations exist for supporting
regions with fewer resources to manage
the transition.
In a forthcoming paper on supply-side
equity from Oil Change International and
the Stockholm Environment Institute,
the authors enumerate five key ethical
principles by which we might aim to
manage these concerns fairly and enable
an equitable and just phase-out of fossil
fuel extraction.39

Briefly, these five principles are:
Y

Y

Y

Curb Extraction at a Pace Consistent
with Climate Protection: The overall
global pace of the managed decline
must be consistent with a precautionary
interpretation of the Paris objectives of
keeping warming well below 2 degrees
Celsius, and aiming to keep warming
below 1.5 degrees Celsius; this implies
sharply curbing future extraction and
developing no new oil and gas fields or
coal mines.
Ensure a Just Transition: This decline
must afford fossil fuel-dependent
workers and their communities a viable,
positive future.
Respect Human Rights and Safeguard
Local Environment: Prioritize for
closure any extraction activities that
violate human rights, especially of
poor, marginalized, ethnic minority,
and indigenous communities, and local
environmental protections.

Y

Y

Transition Fastest Where It Is Least
Disruptive: Phase out extraction fastest
in the countries where it is least socially
and economically disruptive, particularly
in wealthier, less extraction-dependent
countries, including the early closure of
oil and gas fields and coal mines.
Share Transition Costs Fairly: Ensure
that poorer countries whose economies
depend on extraction receive support for
an effective and just transition.

Applying this equity lens, California rises
to the top as a region that should move
first and fastest in sharply curbing future
extraction.
If California were a country, it would rank
as one of the wealthiest, most historically
prolific oil producers. Compared to other
countries and U.S. states, California ranks
15th in terms of cumulative barrels of
oil extracted since 1900.40 Of those 15
jurisdictions, California has the second-

highest gross domestic product (GDP) per
capita, trailing only Norway and just ahead
of Texas and Canada.41
At the same time, California’s economy as a
whole is diverse and no longer extractiondependent. As of the third quarter of 2017,
mining, including oil and gas extraction,
accounted for just under 0.3 percent of
California’s GDP.42
California is one of the oil producers
with the greatest capacity to reduce its
extraction quickly while minimizing social
and economic disruption.
As we discuss further in Section IV,
extraction in California is currently violating
people’s rights, with the health burden
falling disproportionately on already
disadvantaged communities. Oil wells
operating within blocks of neighborhoods
or schools should never have been
permitted in the first place – and should be
prioritized for closure now.

The Murphy oil site in West Adams, Los Angeles, sits as close as 200 feet from homes and playgrounds. Sarah Craig/Faces of Fracking (CC BY-NC-ND 2.0)

III. IN CALIFORNIA, NO
EXPANSION = NO NEW WELLS
As we saw in Section II, staying within safe
climate limits requires a managed decline
of fossil fuel production globally. Any
expansion of the industry digs the world
into a deeper hole, risking either climate
chaos or a far more sudden and disruptive
transition down the road. In California, the
state is enabling new production through
the issuance of permits to drill hundreds to
thousands of additional oil and gas wells
every year.

While communities on the front lines of
the pollution fueled by oil production
have long called for more aggressive
action to curb extraction, California
policymakers have only recently begun
to consider supply-side measures as part
of their policy toolkit. In approving the
state’s updated climate plan in December
2017, the California Air Resources Board
(ARB) resolved “to evaluate and explore
opportunities to achieve significant cuts in
greenhouse gas emissions from all sources,
including supply-side opportunities to
reduce production of energy sources, that
contribute to climate change, air pollution,
and other environmental and health
hazards” (emphasis added).44

Under the Brown administration, the
California Division of Oil, Gas, and
Geothermal Resources (DOGGR) has issued
more than 20,000 new well permits to oil
companies, including for both production
and injection wells, and companies have
drilled close to 14,000 new wells. Permit
approvals hit a three-decade high in 2015,
as oil company applications increased in
response to the spike in oil prices from 2010
to 2014.43

One of the simplest steps the state of
California could take is to stop issuing
permits to drill new oil and gas production
wells.

Figure 3: California Oil Production, 1985-2016
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OVERVIEW OF CALIFORNIA
OIL PRODUCTION
The oil industry has been drilling new wells
in California for over a century. (While
California also produces fossil gas,g most
of it is extracted as a byproduct of oil
production.) Since 1900, only Texas has
extracted more oil than California among
U.S. states.45 The majority of production
– consistently more than 70 percent – is
centered in Kern County in the San Joaquin
Valley, followed by Los Angeles County
(see Figure 3). While California has been
the third-most prolific oil-producing state
for several decades, its overall production
peaked in 1985 and the state has recently
fallen to fourth.h
Oil production in California comes with
steep environmental costs, which are being
exacerbated by the increasing depletion
of the state’s oil fields. The majority of oil
produced in California is heavy oil, which
requires a large amount of energy to
extract and process.47 Much of the state’s
production now depends on energy- and
water-intensive “enhanced oil recovery”
(EOR) techniques, including waterflooding,
steamflooding, and cyclic-steam injection,
to loosen and push oil toward extraction
wells. Hydraulic fracturing, or fracking,
and acidizing is also used to ‘stimulate,’
or enable production from a significant
proportion of wells.
Carbon emissions from the oil extraction
process remained steady in California
from 2000 to 2015, even as overall oil
production fell by 30 percent over that
same period,48 meaning the carbon intensity
of production has increased. As discussed
in Section IV, the toxic air emissions and
other pollution caused by oil wells operating
in neighborhoods is a significant threat to

Source: DOGGR

46

g We use the term fossil gas to mean natural gas produced from fossil fuel sources.
h In 2017, California was the fourth-largest producer of crude oil among U.S. states. In terms of total liquids, including crude, condensate, and natural gas liquids, California fell to
seventh place in 2017, based on data from Rystad Energy UCube, May 2018.
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Oil wells with an active flare in the middle of potato fields in Kern County. © Brooke Anderson

public health. Meanwhile, water use in oil
production has consistently increased since
2000: more water has been required to
produce declining amounts of oil,49 and the
resulting wastewater poses a major disposal
challenge and contamination threat to
groundwater, soil, and aquifers.50

THE CLIMATE IMPACT
OF NO NEW WELLS
To estimate the climate harm of businessas-usual permitting of new oil production
wells in California, we created a production
model to project future production with and
without new permits, based on historical
well data in the state.

A detailed technical explanation of the
methodology is provided in Appendix I.

Results
If new production wells continue to be
drilled, our mid-case scenario projects
that they would enable extraction of about
560 million additional barrels of oil from
2019 through 2030. As Figure 4 illustrates,
the bulk of new drilling would continue
to center in Kern County. In the mid-case
scenario:
Y

Methodology
In modeling future production, we utilized
historical well data from DrillingInfo, an
industry database that contains information
on all oil and gas wells drilled in the state
of California. We analyzed trends in drilling
rate, well productivity, and decline rates
for 17 categories of wells, and extrapolated
these, taking into account alternative oil
price scenarios. The categories were chosen
based on the highest-producing fields and
counties and to account for differences in
well type. The model projected production
with and without new oil wells from 2019
through 2030. We did not model fossil gas
production given its limited significance in
the state.
We provide a mid-case projection based on
historical trends across a range of oil prices,
as well as high- and low-oil price projections.
i
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More than three-quarters of the
production enabled by new wells from
2019 through 2030 is likely to come from
Kern County, with continued drilling in
major legacy fields;
Less than 5 percent of the new
production enabled would be in Los
Angeles County, where community
resistance and the density of urban
land use is likely to constrain significant
expansion;
Counties with smaller but still significant
existing volumes of production, such
as Monterey,i Fresno, Orange, Santa
Barbara, San Luis Obispo, and Ventura
Counties could together see more than
15 percent of the production enabled by
new wells from 2019 through 2030.

Emissions Impact
The 560 million barrels of additional oil
extracted via new wells would produce
just over 360 million metric tons of carbon
dioxide equivalent (CO2e) pollution from
2019 through 2030. Newly drilled wells

would increase the cumulative carbon
pollution associated with California oil
production by more than 55 percent
compared to projected emissions of oil from
existing wells through 2030 (see Figure 5).

Range of Projections
The number of new production wells oil
companies drill is sensitive to oil price. Our
mid-case analysis is based on historical
trends in well counts across high- and
low-price years, and projects a trend into
the future that follows the middle of the
historical range and trajectory. To reflect
sensitivity to price, we also projected
high- and low-oil price scenarios. The
high-case projection is based on historical
trends in well counts across higher-oil price
years such as 2005 to 2008 and 2010 to
2014. The low-case projection is based on
historical trends in well counts across loweroil price years, such as 2000 to 2005, 2009,
and 2015 to 2017.
Figure 6 illustrates that new wells drilled
over the next 12 years could enable
significant levels of additional production in
all cases, ranging from approximately 330
million barrels in the low-case scenario to
780 million barrels in the high-case scenario.
The corresponding carbon emissions
associated with the low- and high-case
scenarios range from 210 million metric tons
CO2e to 500 million metric tons CO2e (see
Table 1).

In Monterey County, local voters passed a ballot measure, Measure Z, in 2016 approving a ban on fracking as well as on the drilling of new oil and gas production wells and wastewater
injection. Despite the support of 56 percent of voters, oil companies sued and the trial court upheld only the ban on fracking. If the grassroots group Protect Monterey County is
successful in its appeal, however, and the ban on drilling new wells is upheld, that measure could prevent more than 35 million barrels of additional oil extraction through 2030.
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Figure 4: California Oil Production with and without New Well Permits, 2019-2030
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Figure 5: Cumulative Carbon Emissions Enabled from
Existing vs. New Oil Wells in California, 2019-2030 (Mid Case)

Figure 6: California Oil Production, 2019-2030, without New Well
Permits and with New Permits in a Range of Price Scenarios
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Table 1: Projected Oil Production and Associated Emissions Enabled by New Oil Wells, 2019-2030
Scenario

Projected cumulative oil
production (Million barrels)

Total emissions
(Million metric tons CO2e)

Low case

326

214

Mid case

563

364

High case

782

504

Source: Oil Change International analysis, Carnegie Oil-Climate Index

Toward a Paris-Aligned Phase-Out
As illustrated in Figure 4, ceasing permits
for new oil wells would lead to a steady
decline in oil production of about 10 percent
per year on average from 2019 to 2030.
Ongoing permitting slows the decline
considerably, to 3 percent per year on
average in the mid-case scenario.j
To put these rates in a climate context, it’s
instructive to consider the rate of decline in
U.S. carbon emissions that would align with
global success in meeting the Paris goals.
Analysis by Climate Action Tracker suggests

that total U.S. emissions should drop to an
upper limit of around 1,600 million metric
tons CO2e by 2030 to be within range of
keeping global temperature rise to 1.5
degrees Celsius.54 That estimate, based on
an assessment of the United States’ fair
share of global emissions reductions, would
require cutting emissions by 75 percent
below 2015 levels by 203055 – or by about 9
percent per year.
California would help model and drive
this increased ambition by cutting its own
oil production by 10 percent per year. As

is discussed further in Section V, such
action would maximize the effectiveness
of California’s existing demand-side goals
to reduce oil use and increase efficiency
and should occur as part of a managed
drawdown of the state’s oil sector as a
whole. California’s existing climate plan
aims to cut carbon emissions by roughly
40 percent below 2015 levels by 203056 –
a lower level of ambition than the above
analysis suggests is needed if the world is
to achieve the Paris Agreement.

Box 1: California Policymakers Must Separate Oil and State
Much like its federal counterpart, California’s capital of
Sacramento is the scene of intense lobbying and advocacy.
Major power players work to exert influence on policymakers
deciding the fate of policy for a state whose economy, if it were
a country, would rank as sixth-largest in the world. And much
like Washington, Sacramento is awash in money from the oil
and gas industry.
Oil companies and industry associations regularly rank as top
spenders on lobbying and political campaigns across the state.
In 2017, while the California legislature negotiated the extension
of the state’s cap-and-trade system, Chevron and the Western
States Petroleum Association (WSPA) ranked first and second in
lobbying expenditures.57 In part because of the massive lobbying
effort by the oil industry, the final legislation was fundamentally
weakened, causing many environmental and environmental
justice groups to oppose the final bill.

j
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According to analysis by Maplight, WSPA and its members have
contributed some $170 million to California political campaigns
since 2001, including $89 million by Chevron and another $40
million by Aera, a natural gas and oil exploration and production
company jointly owned by ExxonMobil and Shell.58
In 2015, as the state legislature considered legislation that would
mandate a 50 percent cut in oil demand by 2030, the oil industry
pumped in record spending to kill the provision. Over a threemonth span alone, oil industry actors spent over $11 million in
lobbying activities and advertisements.59 Despite support from
the Governor and a Democratic supermajority in the legislature,
the oil demand reduction provision was ultimately stripped from
the legislation.
The influence of the industry in California is clear. The ambition
of the state’s climate action is being undercut as the oil and gas
industry pours millions into lobbying to weaken laws, avoid new
regulations, and keep a firm grip on policymaking in the state.

In the low-case scenario, the average decline is projected to be 5 percent annually with new permits. In the high-case scenario, the average annual decline would slow to over 1
percent per year from 2019 to 2030.
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IV. PRIORITIZING EQUITY
IN THE PHASE-OUT OF
EXISTING OIL PRODUCTION:
HEALTH BUFFER ZONE
As shown in Section II, stopping the
expansion of fossil fuel production is a
necessary first step toward staying within
safe climate limits. But policy cannot stop
there. Some currently operating oil, gas,
and coal projects must be closed before
their resources are fully extracted for the
world to stay below 2 degrees Celsius of
temperature rise – and many must be closed
early to stay within 1.5 degrees Celsius.
California has a responsibility to lead the
way, not only as a wealthy oil producer with
the resources to do so, but also to protect
the health and wellbeing of Californian
communities that are being unjustly harmed
by ongoing extraction.
Enacting a statewide buffer zone around
homes, schools, and hospitals – in which
existing oil and gas wells would be phased
out and no new wells could be permitted –
would initiate a proactive managed decline
of existing California oil production in a
way that prioritizes the health of historically
overburdened communities.

EXTRACTION AS
ENVIRONMENTAL INJUSTICE
According to research conducted by NRDC
and the FracTracker Alliance, approximately
5.4 million people in California, or 14 percent
of the state’s population, live within a mile of
one or more oil and gas wells. One-third of
these residents live in areas of the state with
the highest concentrations of environmental
pollution, and nearly 92 percent of
Californians living in these heavily burdened
neighborhoods are people of color.60 In
2016, the city of Los Angeles settled a
lawsuit over its track record of allowing
wells to be drilled closer to homes with
fewer safeguards and to operate for longer
hours in low-income, primarily African
American and Latino neighborhoods,

Homes sit right next to the Jefferson oil site in Los Angeles.
Sarah Craig/Faces of Fracking (CC BY-NC-ND 2.0)

compared to wells in wealthier, whiter
areas.61 In Kern County, 64 percent of
people living in heavily polluted areas and
within a mile of oil and gas wells are Latino.62
Studies have linked proximity to oil and
gas wells to a host of health risks, including
increased risk of asthma and other
respiratory illnesses, premature births and
high-risk pregnancies, and cancer.63 Oil
and gas extraction produces air pollutants,
including volatile organic compounds like
benzene and formaldehyde, particulate
matter, and hydrogen sulfide.64 Other
risks include noise pollution, spills of
toxic chemicals, roadway accidents,
and explosions.

“I don’t think it’s fair that our communities
are suffering through this just because of
our income and our ethnicity. We deserve
to have healthy communities too.” –
Giselle Cabrera, Wilmington resident65
“The concentration of toxic emissions is
highest at the source of pollution, thus
increasing the health risks for residents
living in closest proximity to oil drilling.” –
Letter from over 250 health professionals
to the Los Angeles City Council66
Even though some Californians live less
than 100 feet from an active oil well – in
South Los Angeles, for instance67 – the
state of California has never conducted
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a comprehensive, long-term study of
the health impacts of siting oil and gas
wells so close to homes, schools, and
hospitals.68 For years, Los Angeles residents
have complained of nosebleeds, nausea,
respiratory illness, chronic migraines, and
dizziness – conditions that they believe are
linked to oil wells in their neighborhoods.69
In Kern County, Bakersfield has some of
the worst concentrations of air pollution in
the country70 as toxics and other pollutants
from both agriculture and oil operations
get trapped by the region’s geography
and climate.71
In releasing a recent report on public health
and safety risks of oil and gas wells within
Los Angeles, the director of the County’s
Bureau of Toxicology and Environmental
Assessment conceded, “There may be
situations in and around Los Angeles
where we have operations that simply are
too close to people where no mitigation
measures are going to be protective of
that community.”72

TARGETING WELLS WITH
THE HIGHEST HEALTH RISKS
This analysis examined what the production
impact would be if state regulators enacted
a 2,500-foot buffer zone statewide, phasing
out the operation and permitting of oil and
gas wells within that distance of homes,
schools, and hospitals. This distance
reduces harm and begins to answer the call
of environmental justice groups.
Currently, California has no statewide
policy to limit the proximity of oil wells to
residential areas, putting California in a
minority among oil- and gas-producing
states.73 Some jurisdictions have enacted
their own setback policies, ranging
from 210 feet to 750 feet.74 In 2015, the
California Commission on Science and
Technology (CCST) prepared a wideranging assessment of the risks of hydraulic
fracking in California, finding that the health
impacts were in large part due to oil and
gas production generally and not limited to
fracking activities alone. Based on studies
from outside of California, the report found
that, “[F]rom a public health perspective,
the most significant exposures to toxic air
contaminants … occur within one-half mile
(800 meters [or 2,640 feet]) from active oil
and gas development.” [emphasis added]75

Figure 7: Number of Active Production Wells within 2,500’ of Homes,
Schools, or Hospitals by County
102
Kern
70
Los Angeles
586
201
Orange
Ventura
Santa Barbara
437
Fresno
Monterey
Other (majority gas wells)
3500
1054

2543

Sources: FracTracker Alliance and Oil Change International analysis, DOGGR79

In Los Angeles, community groups led by
the environmental justice coalition Stand
Together Against Neighborhood Drilling
Los Angeles (STAND-L.A.) are calling on
the city government to pass a 2,500-foot
buffer zone law for new and existing wells.76
That distance aligns with the finding of the
CCST report. A recent review of scientific
literature suggests that health exposure
risks are greatest within 2,500 feet, though
risks extend beyond that distance.77,78

2,500-FOOT BUFFER
ZONE: A NECESSARY AND
PREDICTABLE PATH TO
MANAGE DECLINE
We commissioned Kyle Ferrar, an expert
in geospatial and demographic analysis of
Californian oil production at the FracTracker
Alliance, to assess how a statewide 2,500foot buffer zone would affect production,
using well data from DOGGR and a
combination of county and city zoning data,
county parcel data, and building footprint
data (see Appendix II for full methodology).
This analysis shows that a 2,500-foot buffer
zone statewide would take 8,493 active or
newly permitted oil and gas wells out of
production. Together, these wells produced
22.8 million barrels of oil in 2016, or
approximately 12 percent of total California
oil production that year.k From 2010 to 2016,

k 2016 is the last year for which DOGGR had published official statewide production statistics at the time of this analysis.
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wells within the buffer zone produced 10
percent of annual statewide production on
average.
As shown in Figures 7 and 8, the most wells
would be taken offline in Kern County, but
the most significant impact by percentage
of county production levels would be in
Los Angeles and Orange Counties, where a
higher proportion of existing production is
based in densely populated areas:
Y

Y

Y

In Los Angeles County, wells that
would be taken offline by a buffer zone
accounted for nearly 80 percent of all
onshore oil production in 2016, or 9.6
million barrels, and nearly 50 percent of
total onshore and offshore production.
In Orange County, wells that would
be affected by the buffer accounted
for almost 98 percent of the county’s
2016 onshore production, or 2.2
million barrels, and two-thirds of total
production.
In Kern County, wells that would be
affected by the buffer accounted for
close to 5 percent of 2016 production, or
6.1 million barrels.

A 2,500-foot buffer zone would
significantly limit onshore production from
oil fields that have long plagued residents
with pollution. In Los Angeles County, over
90 percent of production would be taken
offline at the Inglewood, Long Beach, and
Beverly Hills fields, as well as at smaller
fields situated in densely populated sections
of South Los Angeles. Onshore oil wells in
the Wilmington field, where parts of the
surrounding neighborhood are among
the top 5 percent of communities with the
highest pollution exposure in the state,81
would also be significantly curtailed. In

Orange County, the Huntington Beach
and Brea-Olinda fields would see the most
significant cutbacks.
Related analysis has shown that more than
850,000 Californians currently live within
2,500 feet of an active oil or gas well,
including over half a million residents in
Los Angeles County alone.82
The affected communities are
disproportionately among the most
severely polluted in California. Overlaying
the location of oil and gas wells within

Million barrels of oil

Figure 8: Volumes of 2016 Oil Production within 2,500’ of Homes,
Schools, or Hospitals by County
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the 2,500-foot buffer zone with
CalEnviroScreen 3.0, a state tool that tracks
California communities most affected by
multiple sources of pollution, shows that
63 percent of the wells are located in
Census tracts that rank in the top 25th
percentile for pollution burden (see Figure
9). This is the case for 71 percent of the
wells in Los Angeles County and 70 percent
of the wells in Kern County. By contrast,
only 2 percent of the wells are in areas
that rank in the lowest 25th percentile for
pollution burden.

Figure 9: Wells within 2,500’ of Homes, Schools, or Hospitals by
Pollution Burden Level of Their Location
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Sources: FracTracker Alliance and Oil Change International analysis, CalEnviroScreen 3.083

Map: Population Density of Census Tracts within 2,500 Feet of Active Oil and Gas Wells in Los Angeles and Kern Counties
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Source: FracTracker Alliance
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V. THE COMBINED IMPACT OF
MANAGED DECLINE POLICIES
By ceasing to allow the drilling of new oil
and gas wells and beginning a managed
phase-out of existing wells, California
would set an example of urgently needed
global leadership among wealthy fossil
fuel producers, spur significant reductions
in carbon emissions, protect the health of
communities unfairly harmed by current
extraction, and provide a predictable
pathway around which to plan an economic
transition (as we discuss in greater depth in
Section VI).

As shown in Figure 10, phasing out oil wells
within the buffer zone would lead to a
significant but manageable additional drop
in statewide production when coupled with
the ban on new well permits. Significant
proportions of production would be taken
offline in several dozen fields that are
clustered closest to homes and thereby
pose the biggest immediate threat.
To avoid further harm, wells within the
buffer zone should be phased out as rapidly
as possible.

Figure 10 illustrates a scenario in which
production from wells within the 2,500-foot
zone are phased out over the course of
five years.l
In this scenario, the cumulative oil
production avoided by a permit ban
combined with a 2,500-foot buffer could
total 660 million barrels from 2019 through
2030.m If extracted and burned, this oil
would cause a total of more than 425 million
metric tons of carbon pollution.

Figure 10: Projected California Oil Production with and without New Wells and a 2,500’ Health Buffer Zone, 2019-2030
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l

While the phase-out should occur as quickly as possible, this analysis provides a basic illustration of what a five-year phase-out period could look like. We do not attempt
to model a phase-out based on priority health criteria. A phase-out could begin with wells that are closest to homes, are located within communities facing the most severe
pollution burden, or otherwise pose the greatest risk to community health.
m This projection is based on the mid-case scenario for new wells presented in Section III.
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To put these totals in context, meeting
Governor Brown’s goal to reduce oil use
in cars and trucks by 50 percent by 2030
would save about 430 million barrels of oil
over the next 12 years, compared to ARB’s
reference-case projections.84 Ongoing
state permitting of new wells and ongoing
production from wells in the buffer zone
could add a greater amount of new oil
supply to the market, undermining the
effectiveness of demand-side measures
(as discussed further in this section).n

A MANDATE TO PREVENT
HARM
The state has clear regulatory authority
both to stop issuing permits for new
wells and to institute a health and safety
buffer zone.
Each new oil and gas well requires an
approval from the Division of Oil, Gas,
and Geothermal Resources. To inform
decisions, DOGGR is required to fully
analyze the harms and risks of proposed
actions under the California Environmental
Quality Act (CEQA). Each well approval
is a discretionary action in which DOGGR
must take into account the protection of
health, safety, welfare, and the environment
before deciding whether or not to issue a
permit. While DOGGR currently approves
hundreds of permits for new oil and gas
wells annually without a CEQA assessment,
proper consideration of the damages from
these new wells would result in denial of the
permit applications.
Agencies including the Air Resources Board
and DOGGR also have clear authority
to prohibit wells near where people live,
work, and go to school to protect public
health. The Air Resources Board previously
promulgated a similar setback prohibiting
the operation of certain diesel engines
near schools.86

The Governor could accomplish the
regulatory actions recommended in this
report through the following steps:
Y

Y

Direct DOGGR to comply with all
environmental and health protection
requirements and deny permits based
on their unacceptable harms to human
health and the climate;
Order that agencies, including the Air
Resources Board and DOGGR, create a
plan for phasing out existing oil and gas
production within 2,500 feet of homes,
schools, and hospitals. Existing wells
within this health and safety zone should
be shut down as quickly as possible.

These actions are within executive authority
and would not require new legislation.

MANAGING THE DECLINE
OF OIL EXTRACTION,
INFRASTRUCTURE, AND
CONSUMPTION TOGETHER
While this report focuses on oil production,
a managed decline should involve planning
for the transition of California’s entire fossil
fuel sector, including oil production, refining,
exports, and oil-based transportation
infrastructure. When climate safety requires
rapid decarbonization within a few decades,
climate leadership requires bold and
decisive action to reduce both supply and
demand for fossil fuels.
While California uses a lot of oil –
significantly more than it currently produceso
– the state has relatively well developed
existing policies to tackle oil demand and is
working to increase their ambition. In 2015,
Governor Brown committed to put the state
on a path to reduce oil use in cars and trucks
by 50 percent by 2030 as one of his key
climate policy ‘pillars.’87 In January of 2018,
Governor Brown increased the state’s goal
for zero-emission vehicles to five million
on the road by 2030 – after use of zeroemission vehicles grew by 1,300 percent
over the previous six years.88

Pairing aggressive action to reduce oil
demand with a managed decline of oil
production and related infrastructure –
also known as cutting with ‘both arms of
the scissors’ – will increase and reinforce
the effectiveness of the state’s climate
protection policies. But failing to act on one
end can limit the effectiveness of action
on the other, given how each part of the oil
market chain is linked.89
For example, meeting the state’s goals to
reduce oil consumption in transportation
would cause some decrease in global
oil prices, in turn encouraging greater
consumption in other states or countries.
However, simultaneously reducing
California’s production of oil would have the
opposite price effect and encourage less
consumption, thus reinforcing the benefits
of demand-side measures.90
Similarly, if California succeeds in rapidly
reducing its oil use and production, it will
also need to refine less oil. It follows that
the state should also stop permitting the
expansion of new refining and other fossil
fuel infrastructure, which could enable
greater production in other regions by
increasing fuel exports from the state’s
refineries, as discussed in Box 2.
By establishing complementary oil supply
and demand transition measures, California
can show global leadership while reducing
its own oil imports over the long-term. If
the state meets its goal of cutting oil use in
vehicles by 50 percent by 2030 and enacts
the policies described in this report to limit
production, California can significantly
reduce its imports of oil by 2030 as well.p
In this way, aggressive action on oil use and
production can couple with a reduction
in imports of crude from places like the
Amazon of Ecuador and Canada’s tar sands
where extraction is violating indigenous
rights and destroying critically important
forest ecosystems.

n These totals are for illustrative purposes and should not be interpreted as additive, given how demand and supply interact. The ultimate global emissions reduction impact of either
policy would depend on the elasticities of supply and demand, as discussed in Erickson and Lazarus, “How limiting oil production could help California meet its climate goals” (see
endnote 37).
o In 2015, oil consumption in California totaled approximately 650 million barrels. Gasoline and diesel accounted for about 70 percent of consumption. Jet fuel accounted for about 17
percent, with other forms of fuel accounting for the rest. See U.S. Energy Information Administration, “Total End-Use Energy Consumption Estimates, 1960-2015, California,” State
Profile and Energy Estimates.
p For example, in 2015, gasoline and diesel consumption in California was nearly 450 million barrels in total. Production was just over 200 million barrels. That’s a gap of about 250
million barrels. If California achieves Governor Brown’s goal of reducing oil use in cars and trucks by 50 percent below 2015 levels by 2030, gasoline and diesel consumption would
drop to around 224 million barrels in 2030. If California undertakes the managed decline of oil production described in this report, production would drop to around 40 million barrels
in 2030 – significantly reducing the level of imports (assuming other oil uses such as jet fuel for aviation remain flat or decline). Aggressive action on oil use and production can
achieve a reduction in imports.
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Box 2: Saying ‘No’ to the Expansion of Fossil Fuel Infrastructure
In responding to the Trump administration’s push for new oil
drilling off of California’s coast, Lieutenant Governor Gavin
Newsom and the California State Lands Commission rightly
asserted that “the fossil fuel era is ending.”91 This era must end
within a few decades if the world is to prevent catastrophic
climate change, and it must end most rapidly in places like
California. It follows that the state must stop permitting the
construction of any new long-lived fossil fuel infrastructure in
California, from oil refineries to coal export terminals to new
piers for oil tankers.
New fossil fuel infrastructure has a lock-in effect in driving
future production: It requires significant upfront investment and
provides a financial incentive to continue using the associated
infrastructure for decades into the future. A managed decline of
oil production should coincide with planning for the transition of
California’s entire fossil fuel sector.
As analysis from Communities for a Better Environment warns,
increased production from California’s refineries is already fueling
exports. Allowing California to become the “gas station of the
Pacific Rim” – i.e., exporting more and more refined oil products
as in-state demand decreases – would harm both the climate
and the health of communities surrounding refineries, which
already face an unfair burden of toxic pollution.92 It could also
enable expanded fossil fuel production in places like Canada’s tar
sands, the Bakken shale fields of North Dakota, or the Ecuadorian
Amazon by providing these production zones with greater
market access.
Communities across California, especially communities of color,
have long been leading the fight to stop expansion of new fossil
fuel infrastructure. Environmental justice groups in Richmond
confronted Chevron for nearly a decade to challenge a major
expansion of its refinery intended to process more and dirtier
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Fire at the Chevron refinery in Richmond, CA, in August 2012.
Greg Kunit (CC BY-NC-SA 2.0)

crude oil.93 When a local developer proposed exporting coal
through Oakland, community groups campaigned for a city
ban on the handling or storage of coal.94 Residents of Kern
County recently won a court challenge against local approval
of a massive refinery and rail expansion project that would have
enabled the unloading of over 200 tanker train cars per day.95
In the Bay Area, residents are fighting Phillips 66’s plan to expand
its refinery, which could increase the volume of tar sands oil
shipped across the San Francisco Bay by up to 35 times.96
In many cases, state and local environmental reviews of these
projects have been challenged for failing to adequately account
for their cumulative health and climate burden.97
Permitting any project that allows the footprint of the fossil
fuel industry to expand is incompatible with climate leadership,
given that a managed decline of the entire sector is imperative.
Politicians must begin saying “no” to fossil fuel companies, period.

VI. A JUST TRANSITION MUST
BE EQUALLY AMBITIOUS
As discussed in previous sections, phasing
out fossil fuel production in the state is
necessary both for climate limits and
the health of people on the front lines of
extraction. However, this decline will affect
workers, families, and communities that
depend on the sector for their livelihoods.
It is vital that the state prioritize working
with affected communities to develop an
ambitious just transition98 strategy that
supports and invests in their vision of a
brighter future.
The International Trade Union
Confederation (ITUC) has summarized that
a just transition must involve “providing
decent work and social protection for

those whose livelihoods, incomes and
employment are affected by the need to
adapt to climate change and by the need
to reduce emissions to levels that avert
dangerous climate change.”100, 101 Key
elements of a just transition plan as laid
out by the ITUC include: social dialogue
between stakeholders, job training and
skills development, social protection, and
economic diversification with investments in
low-emission and job-rich sectors.
Engaging affected workers and
communities as partners in transition
planning and dedicating financial support
to state and local transition needs is not
only an ethical imperative, but will also

help reduce fear and political resistance
to the significant economic shifts that
come with the phase-out of production.102
Recent research shows union members are
more inclined to support environmental
action than the general population in
the United States.103 Decent work and a
healthier environment should – and can – go
hand-in-hand if the state commits to the
deep investment required to make it so.
Transformation is not only about phasing
out polluting sectors, it must also mean
new jobs, new industries, new skills, new
investment, and the opportunity to create a
more equitable and resilient economy.

Wind turbines in the San Gorgonio Pass. Eric Allix Rogers (CC BY-NC-ND 2.0)

“[T]he fossil fuel era is ending, and California is not
interested in the boom-or-bust oil economy.” Lieutenant Governor Gavin Newsom and the State Lands Commission99

Figure 11: Share of California GDP by Industry Sector, 3rd Quarter of 2017
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HOW MANY WORKERS?
The fossil fuel industry has played a role
in California’s economy for over a century.
While oil production was a primary driver
of growth in the early twentieth century,
mining, including oil and gas extraction,
today accounts for less than one-third of
one percent (0.3 percent) of California’s
economy by percentage of GDP (see
Figure 11).104,105
In 2012, about 22,800 people were
employed in oil and gas extraction.
The most recent jobs census from the
Department of Labor shows that number
has dropped to fewer than 14,500 as of the
third quarter of 2017, representing less than
one-tenth of one percent (0.1 percent) of
private sector workers in California.107, q
While the number of workers in extraction
is relatively small statewide, employment is
more concentrated in certain regions. More
than two-thirds of California’s oil and gas
extraction workforce work in Kern County
and Los Angeles County. In Kern County,
about 7,300 people work in extraction,
making up 3 percent of the private
workforce. In Los Angeles County, where a

2,500-foot public health buffer would have
the greatest impact on production, fewer
than 2,000 people are employed in oil and
gas extraction, representing well under one
percent of county private employment.108

MOVING FROM UNMANAGED
TO MANAGED DECLINE
The decline of oil production will profoundly
affect those whose livelihoods and families
depend on it, and its impact cannot be
reduced simply to numbers of jobs.

Active government support for a just
transition is critical to protect people
and communities, many of whom have
experienced the boom-and-bust oil
economy for decades. A primary goal of
a just transition must be to minimize the
negative consequences and maximize
the benefits of an energy shift for those
living and working at the front lines of the
fossil fuel industry, who have shouldered a
heavy burden for the energy system that
Californians rely on.

In recent years, workers in Kern County in
particular have experienced the job shocks
of an unmanaged decline in production
– one driven by oil prices and the profit
margins of companies, and lacking a plan
for social support.109 Employment in oil
and gas extraction in Kern County shrunk
by nearly 40 percent between 2014 and
2017 as a result of industry restructuring
and efforts to cut operating costs.110
These are challenging shocks for local
communities and governments to absorb,
particularly given that Kern County already
has unemployment and poverty rates well
above the state average.111

q Beyond direct extraction jobs, oil and gas pipeline construction and refining together employ around 22,000 Californians. Data from the third quarter of 2017 show around 10,400
people employed in oil and gas pipeline construction and a little over 11,000 people employed in petroleum refining.
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Box 3: Developing Clean Energy Jobs in the San Joaquin Valley
In 2014, California passed AB 2672, requiring the California
Public Utilities Commission (CPUC) to assess various options to
increase access to affordable energy in the San Joaquin Valley.
The first phase of that assessment identified 170 communities
in the San Joaquin Valley lacking adequate access to safe and
reliable energy. These communities rely instead on expensive,
hazardous, and polluting energy sources such as monthly
allotments of propane. The second phase established a team that
includes the Center on Race, Poverty & the Environment (CRPE),
Leadership Counsel for Justice and Accountability, and SelfHelp Enterprises to facilitate the development of pilot projects
– including renewable resource solutions such as community
solar – to increase affordable energy access with an eye towards
replicability in the region and statewide.
CRPE’s goal in this work is to make the transition to affordable
energy a just one by ensuring that low-income communities
of color are not left behind as the state moves to achieve its
renewable goals, and by assisting in the development of a new
energy economy with transferable, cleaner jobs in the San
Joaquin Valley. Taking advantage of opportunities to further a

ESTABLISHING A JUST
TRANSITION TASK FORCE
A crucial first step California can take
to focus energy and resources on a just
transition is to convene a comprehensive
and inclusive statewide planning process.
To achieve this, we recommend the
establishment of a Just Transition Task
Force – as has been done in Scotland112 and
in Canada, 113, r for example – to facilitate the
process of social dialogue and planning
between employers, workers, unions,
frontline communities and organizations,
and local and state agencies. 114 This type
of dialogue has been identified as a core
element of effective just transition planning
by the ITUC and in case studies of transition
experiences in other regions. The state has a
central role to play in convening it.
Such a forum should serve several
purposes. Programs to diversify the
economies and tax base of oil-dependent
communities, and to ensure social
protection for those exposed to job losses,
should be rolled out before the oil and gas

r

just transition of the energy labor force in the Valley is critical,
given CRPE’s efforts to reduce regional oil and gas extraction
operations. The deployment of new energy resources will require
a robust workforce in both the construction of energy resources
and in making improvements necessary for many homes to be
able to use new energy technologies.
A California Energy Commission study analyzing barriers to lowincome customer access to renewable energy found that local
hire practices can increase local participation in, and therefore
the cost-effectiveness and affordability of, renewable energy
solutions like community solar. Establishing local hire provisions
at each stage of implementation of new energy solutions
would help pave the way for a sustainable community-driven
energy economy. The practices and policy provisions modeled
in these pilots will inform the CPUC program and help shape
future projects in other rural – and even urban – disadvantaged
communities.
Contributed by Roger Lin, Center on Race, Poverty & the
Environment

sector significantly declines. To get this
sequencing right, clear and specific plans
need to be developed and put in place. A
Just Transition Task Force should help state
and local policymakers, as well as impacted
communities, workers, and labor unions,
identify the needs of different regions of the
state and better anticipate possible negative
and positive consequences of policy
proposals. Some of this information could
be obtained by expanding the mandate
of existing climate research programs in
the state to prioritize just transition. By
facilitating an open and democratic process
of dialogue, a statewide planning body
should help reconcile differing visions,
concerns, and conflicts from the outset, and
help create the political space for reform.115

work. To address this democratic deficit,
community organizations from the San
Joaquin Valley (see Box 3) to the Bay Area
(see Box 4) are already at the forefront
of developing grassroots-led visions of
what a just transition to a clean energy
economy could look like locally and how
it can and should address systemic racial
and economic injustices. A state-convened
forum should have a goal of fostering,
supporting, funding, and learning from
such community-led efforts, rather than
superseding them.

It is important to note that, historically,
workers and communities on the front
lines of the fossil fuel industry have
often been left out of decision-making
processes affecting land use, the siting
of polluting infrastructure, and their
health and safety where they live and

We note that the announced Just Transition Task Force in Canada is expected to focus largely on coal. It will be important for long-term success that such task forces take all fossil
fuels into consideration and plan for a managed decline and just transition of the entire sector in line with the Paris goals.
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Rooftop solar installation at the Port of Los Angeles. Office of Mayor Eric Garcetti (CC BY-NC-ND 2.0)

ESTIMATING THE PRICE TAG
There is much that can be done through
administrative, regulatory, and policy
measures. However, a just transition will
require a meaningful deployment of
resources. We can make an initial estimate
for two elements that are significant
and are reasonably quantifiable: social
protection and retraining for workers. We
do not include investment in economic
diversification and clean infrastructure (a
significant portion of which may be made
commercially). Nor do we estimate the
costs of remediation of polluted sites, which
will depend on specific circumstances.

Social protection
Transition assistance should include full
wage replacement, health benefits, and
pension contributions, particularly for
workers close to retirement. A Washington
state ballot initiative to establish a carbon
tax and just transition program can serve
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as an example. The initiative proposes to
provide at least these benefits to every
worker within five years of retirement, and
to younger workers matching each year of
service for up to five years. For those that
have been in the industry longer, the state
would cover wage insurance for up to five
years for re-employed workers.116

event that none of those workers found
new jobs within five years.117 The costs
would not be evenly distributed – the need
for transition assistance would likely be
most significant over the first five years of
the drilling phase-out, as there are more
jobs in developing new production than in
maintaining existing production.

We can project a rough estimate of the
cost of wage replacement for workers in
California’s oil and gas extraction sector
based on available data on the current
distribution of jobs and their annual average
salaries. If the drilling of new wells ceases
starting in 2019, the cumulative cost of
covering one year of full wage replacement
for all workers facing job losses through
2030 could be $850 million. Offering
each affected worker up to five years of
wage replacement, as put forward in the
Washington state initiative, would cost a
maximum of $4.3 billion, in the unlikely

Retraining

A JUST TRANSITION MUST BE EQUALLY AMBITIOUS

Investment in workforce training should
target regions with a high share of the labor
force affected by a managed decline in oil
and gas production.118 Skills development
should build on existing certified union
apprenticeship programs and other existing
organized labor infrastructure.
For example, the International Brotherhood
of Electrical Workers Local 11 and the
LA Chapter of the National Electrical
Contractors Association run a state-ofthe-art Net Zero Plus Electrical Training

Institute in Los Angeles. Their mission is
to train the “next generation” of energy
specialists with the skills to increase energy
efficiency and independence, contribute to
grid balance, and meet sustainability goals.
Three- to five-year apprenticeship programs
involve on-the-job training and 240 hours
of instruction, with courses ranging from
$75 to $1,500.119 In Kern County, community
members and workers are calling for the
restoration of funding for vocational training
in local high schools and investment in job
training programs and higher education
opportunities in California’s Central Valley.120
In Washington’s clean energy transition
proposal, the state would pay for up to
two years of retraining costs, including
community or technical college tuition.121
The Labor Network for Sustainability calls
for funding up to four years of education
and training for people who lose their jobs
because of a climate-friendly transition.122

In California, covering tuition costs for all
workers facing job losses over the first 12
years of the transition period could range
from a total of $120 million to $470 million,
depending on whether workers seek to
attend two years of community college or
four years at an in-state public university.123

Initial Estimates
Ultimately, the cost of the transition away
from oil and gas production in California will
depend on the scope, elements, and local
conditions in which any program will be
implemented, and the speed of investment
and re-employment in new renewable
energy and emerging sustainability sectors.
Further research is needed to fully quantify
the level of investment needed for a holistic
and robust transition plan.

However, we present these initial estimates
to help inform that discussion. They suggest
an annual price tag – given the managed
decline policies we have proposed in this
report – of up to $40 million per year for
retraining and of $70 million per year for
each year of replacement wages offered
for social protection.s These costs are
not insignificant, but they are orders of
magnitude smaller than the costs of climate
change to the state. A recent UC Berkeley
study estimates that every 1 degree Celsius
of warming would result in a loss of $26
billion to California’s GDP.124
In the following section, we present a
proposal for how just transition funds could
be raised from the oil industry itself, which
after all should rightly share responsibility
for transition of its workforce.

The terms of social protection policies
should be determined through negotiation
with California’s labor representatives.

s This is based on the average annual cost per year over 12 years of providing up to four years of public college tuition (i.e., the cumulative total of $470 million divided by 12 years)
and the average annual cost per year over 12 years of providing one year of wage replacement to all workers (i.e., the cumulative total of $850 million divided by 12 years).
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Box 4: Organizing for a Community-Based Just Transition in Richmond, California
Richmond is a story of organizing, vision, and inspiration. A city
with a population of about 80 percent people of color that has
faced a legacy of environmental racism, blight, and economic
divestment in the shadows of the 2,900-acre Chevron refinery
has also become a proving ground for post-carbon organizing.
Here, Communities for a Better Environment, the Asian Pacific
Environmental Network, and Urban Tilth are co-anchoring a just
transition, away from an extractive and exploitative economy to a
local and living economy that supports the well-being of families,
empowers people, cleans the environment, and creates safe and
healthy neighborhoods. Community groups are building upon the
concept of “Our Power” – frontline community power to create a
regenerative, non-extractive economy with energy democracy,
food and land security, health and improved air quality, local
ownership, and inclusive democratic governance.
Specifically, the co-anchor community organizations launched a
community-based Just Transition strategy in 2015 and formally
established the Richmond Our Power Coalition in 2017. In line with
the Our Power concept, the Coalition is determined to revitalize
the city by investing in community innovation and governance
while fostering local resiliency and connections within the broader

RAISING DEDICATED FUNDS
FOR CALIFORNIA’S JUST
TRANSITION
As discussed above, implementing a just
transition will require significant dedicated
funds. In this section we propose an
innovative source of financing: a Just
Transition Fee that companies would pay
based on the value of their oil production.
The fee could raise millions of dollars per
year to fund transition needs before phasing
out with the decline of extraction.

Why Implement a Just
Transition Fee?
In California, the fossil fuel industry is not
subject to an oil and gas production or
severance tax. California is the only major
oil- and gas-producing state in the United
States besides Pennsylvania – and one of
the only major oil-producing jurisdictions in
the world – without a similar measure.125 Oil
companies in Norway, for example, pay a 78
percent production tax.126
This lack of a severance tax is a de facto
subsidy to oil and gas production in
California. Adding a Just Transition Fee
would not only increase revenue but would
also reduce financial incentives for the
expansion of fossil fuel production and thus
help reduce emissions.127,128
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community. Some examples are the recent launch of one Coalition
partner, Cooperation Richmond – which provides technical
and financial assistance for cooperative development – and a
forthcoming public lands policy that ensures community
benefits from local development. Other Coalition partners
include Alliance of Californians for Community Empowerment,
Idle No More SF Bay, Rich City Rides, and Safe Return Project.
The Coalition also prioritizes leadership development programs
to continue growing the political consciousness and leadership
of community residents, the creation of councils that ensure
community control over public resources, and support for
citywide policy campaigns. As one key step, Coalition members
are working to win a citywide energy policy for the expansion of
equitable renewable energy access that brings jobs, sustainable
development, transparency, community benefits, and energy
democracy to Richmond’s residents. The campaign for City
Council adoption of this innovative and strategic local energy
transition policy is set to launch in the summer of 2018 as of
this writing.
Contributed by José López, Communities for a Better Environment

A Just Transition Fee Could Raise
Millions per Year
Estimating the dedicated revenue California
could raise via a Just Transition Fee
depends on the rate of the fee, the volume
of oil subject to the fee, and the market
value of that oil at the point of production.
Oil companies pay production taxes on
the gross value of the oil extracted, i.e., the
number of barrels multiplied by the price
of each barrel.
On the low end of ambition, California
could apply a rate on par with top U.S. oil
producers Texas129 and North Dakota,130
which have 4.6 and 5 percent production
taxes respectively. A higher rate, of 10
percent, would mirror previous proposals
in California to establish a production tax.
Such a rate would still be lower than federal
royalty rates, and less than the $10 per
barrel fee proposed in 2016 by President
Obama to fund infrastructure projects.131
Figure 12 shows the range of revenue that
could be generated by a 5 to 10 percent
Just Transition Fee – if enacted with the
other managed decline policies proposed
in this report and based on the Energy
Information Administration’s (EIA) oil price
forecast.132 We assess only the revenue that

A JUST TRANSITION MUST BE EQUALLY AMBITIOUS

would be raised without new production
wells and as wells within 2,500 feet
of homes, schools, and hospitals are
phased out.
Total revenue generated over the next
12 years could be $3.5 billion to $6.9
billion. This would provide a significant
injection of dedicated resources, which
would potentially be sufficient to fund an
ambitious set of just transition policies.
It is for Californian labor representatives
to negotiate the shape of a just transition.
Indeed, a social dialogue must be at the
heart of a just transition. However, by way
of illustration:
Y

Y

On the low end, this revenue could cover
up to four years of full wage replacement
for workers based on the estimates in
the previous section.
On the high end, this revenue would
cover full wage replacement for five
years plus four years of college tuition,
while providing over $2 billion in
additional resources to dedicate toward
other just transition needs.

The most significant funds would be
front-loaded – raised over the first five
years before production declines more

Figure 12: Dedicated Just Transition Revenue that Could Be Generated via a 5-10% Fee on Oil Production, 2019-2030
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significantly – which would correspond
with the need for upfront investment and
support for impacted communities and
workers. The fee itself would be expected
to have some downward pressure on
underlying oil production (though additional
analysis would be required to assess the
extent).t Its purpose would be exclusively
linked to funding the transition away from
oil and gas production and would therefore
avoid creating a perverse link between oil
revenue and the broader state budget.

t

BUILDING TOGETHER
The success of the transition off fossil
fuel production will depend on deep
collaboration between government,
workers, local residents, labor unions,
and climate justice and environmental
advocates. It will also depend on solidarity
between the environmental and labor
movements. By working meaningfully
together, these movements can disrupt the
misleading “jobs versus the environment”
trope and move policies forward at the
local, state, and national levels that benefit
climate-friendly job growth.

While the decline of the fossil fuel sector
will take years, now is the time for the
environmental movement to show solidarity
with workers and advocate for policies to
ensure that new investments and clean
energy industries provide ‘high-road’
jobs with family-sustaining wages, good
benefits, and job security. To do this,
environmental groups should take a more
proactive approach to championing workers
issues such as fair wages, health and safety
standards, and the right to organize in
emerging clean energy sectors.

Rystad Energy projections from May 2018 suggest that 87 percent of California crude oil production from 2019 through 2030 will break even at oil prices of $60 per barrel or less.
If prices remain at or above current levels (the EIA projects that West Coast oil prices will be significantly higher than $60 per barrel from 2020 onwards), a 5 to 10 percent tax on
the value of production may not have significant additional downward pressure on production from already-developed fields.
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CONCLUSION

Global climate leadership is being redefined.
There is a growing recognition that you
cannot be a climate leader if you continue to
enable new fossil fuel production, which is
inconsistent with climate limits. If no major
producers step up to stop the expansion of
extraction and begin phasing out existing
fields and mines, the Paris goals will become
increasingly difficult to achieve. Wealthy
fossil fuel producers have a responsibility
to lead, and this must include planning for
a just and equitable managed decline of
existing production.
Governor Brown has committed both
himself and the state of California to
lead. As we have presented in this report,
addressing fossil fuel production in the state
is essential to fulfilling that promise.

By taking action to end permitting for new
oil and gas wells, phasing out fossil fuel
production within 2,500 feet of sensitive
areas, and ensuring a just transition with
support for affected workers, communities,
and local budgets, California would become
the first major oil and gas producer to begin
the necessary managed decline of oil and
gas. And with aggressive action to limit both
supply and demand, this could be achieved
with a long-term decline in oil imports.
It would be a win for impacted communities,
a win for the state, and a win for the climate.

fossil fuel producer to take these steps
(joining smaller producers such as New
Zealand, Costa Rica, Ireland, Belize, and
France). These actions have the potential to
change the global conversation and push
other wealthy fossil fuel producers like
Norway and Canada to follow suit with the
ambition required for a climate-safe future.
As Governor Brown himself put it:
“Let’s lead the whole world to realize this
is not your normal political challenge. This
is much bigger. This is life itself. It requires
courage and imagination.”

Saying no to new wells and initiating a
managed decline of existing production
would set an international precedent.
California would become the first major

Californians march in Oakland in February of 2015 to demand that Governor Brown ban fracking. © Kelly Johnson

APPENDIX I: METHODOLOGY FOR
ESTIMATING THE PRODUCTION IMPACT
OF MANAGED DECLINE POLICIES

In modeling future production, we utilized
historical well data from DrillingInfo, an
industry database that contains information
on all oil and gas wells drilled in the state
of California. We consulted with earth
scientist David Hughes for both data
research and advice.
In California, future oil production will be
determined by the rate of production
from existing wells and, if permits were
to continue, the rate of production from
each new well that starts producing in a
given year.

Categories of Wells
The data were sorted into 17 categories
of wells by field and/or county and well
type to isolate the largest producers and
reflect distinctive geologies and well
characteristics (see Table A1). Each of the
top six fields in Kern County, which are
among the seven most productive fields in
California, were analyzed separately. These
six fields alone accounted for 58 percent
of California oil production in 2016. Los
Angeles, Fresno, and Monterey Counties
were analyzed separately, as they contain

the next most productive oil fields in the
state. The remaining fields in Kern County
were analyzed as a single category, as were
all other fields outside of Kern, Los Angeles,
Fresno, and Monterey Counties. In 2016,
Kern, Los Angeles, Fresno, and Monterey
Counties accounted for over 91 percent of
oil production statewide; 72 percent came
from Kern County alone.134
Wells were categorized by type as either
conventional or cyclic steam wells, which
enabled further categorization of the

Table A1: Categories of Wells Analyzed
The production from new wells depends
on three primary factors:

Field

Well Type

Kern

Midway-Sunset

Conventional

Kern

Midway-Sunset

Cyclic Steam

Kern

Kern River

All (primarily Cyclic Steam)

Kern

Belridge South

Conventional

A typical Californian oil well hits its monthly
production peak within the first year,
declines initially at a faster rate over several
years post-peak, and then settles into a
slower long-term decline rate. The rates
of new wells added, their production, and
decline depend on a variety of factors,
including: oil price and the economics
of production, production technology,
the geology of fields and reservoirs, and
remaining reserves within a given field.

Kern

Belridge South

Cyclic Steam

Kern

Cymric

All (primarily Cyclic Steam)

Kern

Lost Hills

Conventional

Kern

Lost Hills

Cyclic Steam

Kern

Elk Hills

Conventional

Kern

All other fields

Conventional

Kern

All other fields

Cyclic Steam

To estimate production scenarios into the
future, this analysis used a dataset
of all California oil wells drilled from 1977
to present sourced from DrillingInfo, a
U.S.-based industry database. The wells
were grouped into 17 categories (outlined
below) to analyze historical trends for
the three key data points summarized
above and to extrapolate those trends
into the future, estimating mid-, low-,
and high-case scenarios.

Los Angeles

All fields (including Wilmington,
Inglewood, and Long Beach)

All (primarily Conventional)

Fresno

All fields (primarily Coalinga)

Conventional

Fresno

All fields (primarily Coalinga)

Cyclic Steam

Monterey

All fields (primarily San Ardo)

All (primarily Cyclic Steam)

All other counties

--

Conventional

All other counties

--

Cyclic Steam

1. How many wells start producing
annually;
2. The productivity of those wells; and
3. The rate at which production from
those wells declines into the future.

County
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data to account for differences in the
production and decline profiles of these
well types. In this case, conventional means
a well used to pump oil out of the ground
without steam injection. Cyclic steam wells
involve alternating injections of steam
and withdrawals of oil, a technique that
helps enable production of heavier oil.
In some fields or counties, production is
overwhelmingly dominated by one type of
well – for example, Los Angeles County and
the Elk Hills field in Kern County have few
to no cyclic steam wells, while newer wells
in the Kern River field are primarily all cyclic
steam wells. Where one well type dominates
production, areas were not further divided
into categories by well type. In fields or
counties where production is significantly
split between use of conventional and cyclic
steam wells, the data was further divided
into categories by well type.

Trends in New Wells Added
by Year
To explore trends, we analyzed the well
categories by vintage year: the year a
well began producing oil. Historical data
on well counts for vintage years 2000 to
2017 were used to extrapolate trends into
the future for each category. This range of
years helped capture trends across low- and
high-oil-price years. Of the three main data
points extrapolated in our model, drill rates
of new wells are the most sensitive to
oil price
For each category analyzed, the number
of wells added per vintage year was
graphed in Excel. High-, mid-, and lowcase trendlines were then extrapolated
into the future by visual inspection. The
high-case projection is based on historical
trends in well counts across higher-oil-price
years such as 2005 to 2008 and 2010 to
2014. The low-case projection is based
on historical trends in well counts across
lower-oil-price years, such as 2000 to
2005, 2009, and 2015 to 2017. The mid-case
line projected a trend into the future that
followed the middle of the historical range
and trajectory of well counts.

In some cases, such as the Elk Hills field in
Kern County, historical well counts showed
high sensitivity to oil price (peaking at
269 in 2014 and plummeting to 15 in 2015).
The trendlines follow a wide high- to
low-range accordingly. In the case of Los
Angeles, conservative trendlines were
drawn, given constraints placed on new
drilling by population density and growing
community resistance to new drilling. In
cases where the historical data on well
counts showed an overall upward trend,
including for Belridge South cyclic steam
wells, Lost Hills cyclic steam wells, and
Fresno and Monterey County wells, the
high-case trendline stays below the peak
in historical well counts reached in the
high-price years of 2010 to 2014. Given
the overall depletion of the state’s fields,
and the U.S. oil industry’s current focus on
exploiting shale resources in the Permian
Basin of Texas and New Mexico, we assume
that California well counts will not again
reach those historical peaks.

Trends in Well Productivity
In most of California’s major oil fields, the
productivity of new wells drilled has been
on a downward trend for several decades,
which reflects the age and increasing
depletion of the fields. For instance, in
the Midway-Sunset field, still the state’s
top overall producer, 1985-vintage wells
produced, on average, 84 barrels of oil per
day during their peak month of production.
For 2000-vintage wells in Midway-Sunset,
peak-month production was down to 64
barrels per day. For 2015-vintage wells, it
had declined further to 40 barrels per day.
Historical data on the average first 12
months of production per well were used
to extrapolate well productivity trends
into the future for each category. Since
most categories of wells peak during their
first year of production, this provided a
consistent baseline from which annual
decline rates were then applied (as
discussed in the next section). For a few
outlying cases, such as Lost Hills - Cyclic
Steam, Kern - All other fields - Cyclic Steam,

and All Other Counties - Cyclic Steam,
average production for both the first 12
and second 12 months of production was
extrapolated, due to the fact that wells
in these categories took longer to reach
peak production.
Historical production data for vintage
years 2000 to 2016u were graphed (a full
12 months of production data was not
yet available for 2017 vintage year wells).
Trendlines were again drawn by visual
inspection to project average annual
production into the future. In almost all
cases, historical trends indicated a gradual
downward trend in productivity. The “all
other counties” well categories were an
exception, as was the Fresno conventional
well category.
We did not project high or low cases for
productivity. Productivity was assumed
to be largely a function of time and
technology, rather than of oil price.
Historical trends over time would reflect
historical changes in drilling technology,
but our trendlines are not sensitive to
future technological developments. Future
analyses could seek to capture more
nuanced trends in productivity by further
dividing wells into categories by geologic
reservoir and/or by the direction of drilling
(horizontal, vertical or directional).

Estimating Rates of Decline
Well decline rates per category were
estimated based on historical data on
average decline rates. First, the year-onyear rates of decline were graphed to
assess overall trends in rates of decline
at different well ages. For example, this
analysis showed that wells in the Belridge
South conventional well category decline
at the fastest rate between months 12 and
24, decline at about half of that initial rate
at every 12-month interval from months 24
to 60, and then settle into a slower, longterm decline rate of just over 5 percent per
12-month interval. In this way, appropriate
intervals across which to average initial,
short, and long-term decline rates were
assessed for each category of wells.

u The Kern River field was an exception. In this case, the first 12 months’ production was extrapolated based on data from 2007 through 2016. This is due to the fact that a significant
spike upward in productivity from prior years was not expected to continue into the future, particularly given more recent years showed a slightly downward trend.
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Once appropriate intervals were assessed,
average exponential rates of decline within
those intervals were calculated. (For
example, production from Belridge South
conventional wells declined approximately
13 percent on average at each 12-month
interval between months 24 and 60,
and this was used as the short-term
decline rate.)
We assumed that decline rates do not
change with vintage.
The average decline rates of production
were calculated based on the average
production of all wells operating in a given
month. Those decline rates, therefore, do
not account for the additional decline in
production caused by wells dropping out
of operation over time. To account for this
in our model, we additionally estimated
the rate at which wells are turned off over
the lifespan of a vintage class. As with the
production decline rate estimates, these
rates were derived from averaged historical
data. The number of wells operating at each
12-month interval was graphed to assess
whether there were significant changes in
the rate at which wells went offline over
time or vintage year grouping. In about a
quarter of the categories, there was little
change in the rate of well decline. In those
cases, a single average exponential rate of
decline was calculated over the 10 years
of available data. In the rest of the cases,
where the rate appeared to shift over time,
an initial and long-term well decline rate was
calculated.

Constructing the Model
To arrive at the projection of future
production with and without new wells,
these primary data points – counts of new
wells added per year, their average first
12 months’ production, and their nearand long-term rates of decline – were
extrapolated and then combined for each
category. For existing wells, projections of
future production were based on applying
the same decline rates described above to
historical well count and production data.
Our model projected future production
from 2018 through 2030. The findings of
this report, however, are based on totaling
potential future production and associated
emissions from new wells from 2019
through 2030. This is due to the fact that
wells that begin operation in 2018 could
have been permitted anytime in the last
year or two, prior to the time of this analysis.
Adjustment from Vintage-Year Baseline
Almost all of the historical well production
data used in this analysis was based off the
vintage year of the wells. This differs from
calendar year production data: For instance,
a vintage year 2017 well could have begun
producing in December 2017 and, therefore,
its first 12 months of production would span
from December 2017 through November
2018. In this same way, production volumes
projected for vintage year 2030 wells could
include volumes that will not be extracted
until sometime in 2031. To adjust for this,
and avoid an overestimate, the cumulative
production and emissions totals referenced

in the findings of this report exclude half
of projected 2030 production.
Forward Projection of Production from
Wells within a 2,500-foot Buffer Zone
To estimate the cumulative impact of
ceasing permits and enacting a 2,500-foot
buffer zone, the projected future production
of wells within the buffer zone had to be
integrated into the model.
Wells identified as operating within
the buffer zone were divided into the
model’s existing categories based on their
classification in DOGGR’s database in terms
of field and/or county, well type, and first
year of production, as provided by Kyle
Ferrar of the FracTracker Alliance.
Wells that began producing in 2015 and
earlier were integrated into the model
based on historical DOGGR data on their
aggregate 2016 production. Because of
data limitations, wells that began producing
in 2016 or 2017 were integrated into the
model based on DOGGR data on the count
of new wells added in the buffer zone
in the respective year, multiplied by the
model’s value for average first 12 months’
production in the respective vintage year.
The same decline rates were then applied
to project these wells’ production into the
future.
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Table A2: Selected Model Projections by Field and/or County (Mid Case)

Field or County Category

2020 Production

2025 Production

2030 Production

Thousand barrels

Cumulative 2019
through 2030
Production
Million barrels

Belridge South - New Wells

3,800

7,400

8,000

73

Belridge South - Existing Wells

13,800

6,500

3,200

95

Cymric - New

3,600

7,700

8,200

75

Cymric - Existing

8,100

2,000

530

42

Elk Hills - New

1,700

3,700

4,100

36

Elk Hills - Existing

6,100

2,900

1,400

42

Kern River - New

2,900

6,700

8,600

67

Kern River - Existing*

17,700

10,700

6,600

143

Lost Hills - New

1,200

3,800

5,400

38

Lost Hills - Existing

7,600

4,100

2,200

56

Midway-Sunset - New

3,000

7,300

9,300

72

Midway-Sunset - Existing*

17,500

9,800

5,500

134

Other Kern fields - New

3,200

7,900

10,400

79

Other Kern fields - Existing*

17,100

10,500

7,000

140

Los Angeles - New

1,100

2,500

3,200

25

14,700

9,300

5,800

122

940

2,400

3,500

24

Fresno - Existing*

5,500

4,200

3,200

52

Monterey - New

1,300

3,700

5,000

36

Monterey - Existing*

5,800

2,800

1,400

41

All other counties - New

1,300

3,600

5,600

37

All other counties - Existing*

13,100

10,100

7,900

126

Los Angeles - Existing*
Fresno - New

Million barrels
New Wells Total

24

57

71

563

Existing Wells Totala

127

73

45

994

Existing Wells within 2,500’ Buffer Zone

16

10

7

134b

Totalc

151

129

115

1,556

* Denotes that some production from
existing wells includes wells within 2,500’
of homes, schools, and hospitals.
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Notes:
a. These totals include production from
wells within 2,500 feet from homes,
schools, and hospitals.
b. If wells within 2,500 feet of homes,
schools and hospitals are phased

out over a five-year period, the total
production avoided would be less –
103 million barrels as projected in
this scenario.
c. Some totals may not sum precisely
due to rounding.
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Testing and Benchmarking
the Model
Once the model was run, projections were
compared to historical data from DOGGR
and to future projections available from
Rystad Energy, an independent oil and
gas consultancy, and the EIA. To assess
the decline rates applied in the model,
the model’s projection for 2016 and 2017
production was compared to historical
totals for those years. The model’s
production projections for both years were
1 percent lower than the actual totals. The
model’s cumulative projection of 2019 to
2030 production in the mid-case scenario
was compared to base case projections
of state production over those same years
available from Rystad Energy, as of April
2018, and from the EIA’s 2018 Annual
Energy Outlook.135 We excluded federal
offshore production, which is not included
in our model. The mid-case output of the
model (1,556 million barrels) was 3 percent

higher than Rystad’s projection (1,517 million
barrels) and 14 percent higher than the EIA’s
projection (1,367 million barrels).

Emissions Factors for
CO2 Estimates
The Carnegie Oil-Climate Index, which
provides a global database comparing
the climate impact of oils through the
supply chain, conducted an analysis of
154 California oil fields in 2017.136 The
analysis provides an estimate of the total
greenhouse gas emissions (expressed as
CO2 equivalents) associated with each
barrel of oil produced from each field, from
extraction to refining to combustion. These
emissions factors were used to estimate the
total carbon emissions associated with the
production projections in this report.

For model categories that combine
multiple fields, such as Los Angeles County,
weighted emissions factors were calculated.
This was done using DOGGR data on 2016
production volumes from the significant
fields within the given county or group of
counties. The emissions factor for each field
was multiplied by its 2016 production, and
this total was then divided by the aggregate
production of the fields to arrive at the
weighted emissions factor for the given
category of wells.
A limitation of this approach is that emissions
factors were available by field but not by
well type. Thus, carbon emissions estimates
do not account for differences in emissions
between conventional versus cyclic steam
wells within given fields or counties.

For the Kern County fields modeled
individually, the emissions factors were
taken directly from Carnegie estimates.

Table A3: Emissions Factors Used for Calculating Total CO2e Emissions of California Oil Production
Field or County Category

Emissions Factor (metric ton CO2e/barrel)

Belridge South

0.69

Cymric

0.60

Kern River

0.65

Midway-Sunset

0.76

Elk Hills

0.51

Lost Hills

0.54

Fresno County

0.69

Monterey County

0.76

Los Angeles County

0.59

Other Kern fields

0.65

All other counties

0.56
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APPENDIX II: METHODOLOGY FOR
IDENTIFYING WELLS WITHIN 2,500
FEET OF SENSITIVE AREAS

Kyle Ferrar of the FracTracker Alliance
conducted a geospatial analysis for Oil
Change International to identify oil and gas
wells in California that would be affected by
a 2,500-foot setback or buffer from homes,
schools, and hospitals.
The setback analysis was conducted
using ESRI ArcGIS Pro software, version
2.1.2. Using GIS techniques, 2,500-foot
buffers were generated from building
structures identified as places of residence,
schools, and medical centers. To create a
shapefile of building structures multiple
GIS datasets were merged and the
boundaries of structures traced.137,138,139
A combination of county and city zoning
data, county parcel data, and building
footprint data was used to trace boundaries
around residences. Existing footprint data
was vetted using zoning codes. Quality
control to eliminate structures that were
not occupied residences was conducted
manually and with the assistance of countyand city-level zoning data. In areas where
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building footprint data was not readily
available, boundaries were identified by
screening satellite imagery in areas zoned
for residential use. Areas located within
2,500 feet of well-heads were prioritized for
screening satellite imagery in areas zoned
for residential use and additional building
footprints were generated. A 2,500-foot
buffer was then added around these
boundaries.

assumption that “plugged,” “buried,” or
“idle” wells that are not producing (or at
least not reporting production figures
to DOGGR) do not purvey as much of a
risk of air emissions. The main route of
transport for pollutants to the surrounding
communities is via air emissions from
“producing” oil and gas wells. Well
production data was also downloaded from
DOGGR.141

The 2,500-foot buffer was utilized to select
active oil and gas production wells located
within 2,500 feet of homes, schools, and
hospitals. Active and permitted oil and
gas wells within the setback zone were
identified. The shapefile of active California
oil and gas wells was generated by limiting
the California DOGGR “All Wells” dataset
to just the wells with a status identified as
“active” or “new,” and well type as “oil and
gas” and “dry gas.”140 This limitation on the
dataset was justified to remain conservative
to the most viable modes of exposure to
contaminants from well sites, under the

Using GIS, the locations of wells found
to be within 2,500 feet of a residence,
school or hospital were also overlaid onto
the California Office of Environmental
Health Hazard Assessment’s (OEHHA)
CalEnviroScreen 3.0 California Communities
Environmental Health Screening Tool.142
Well counts within the CalEnviroScreen
census tracts were summed, and the results
were exported. They provide a breakdown
of the environmental justice rankings for
the communities most impacted by current
oil and gas extraction (those living within
2,500 feet of oil and gas wells).
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Summary

California has taken important initiatives to reduce
greenhouse gas emissions, often leading the nation in
efforts to decrease the use of oil and other fossil fuels.
Less obvious, but also important, is California’s role as
an oil producer. Although the state is a net oil importer,
in-state crude oil production is enough to fill about onethird of the state’s refinery capacity.1 How much of a
contribution to climate protection can California make
by limiting its oil output? And what will be the impacts
on the state economy—both of oil cutbacks, and of
alternative energy that replaces oil?

output, and the offsetting job gains from alternative
energy investments that could begin to replace oil use. It
also estimates the value of reduced carbon emissions
resulting from California’s oil cutbacks.
California currently produces about 0.5 percent of world
crude oil output, or about 5 percent of U.S. output. The
state’s peak year for oil production was 1985. Since then
it has been gradually declining, both in absolute terms
and as a share of national or global output. Seven
counties in southern California account for 99 percent of
the state’s oil production: above all is Kern County, with
71 percent of the state total, followed by Los Angeles

This report calculates the job losses from reducing oil

Image 1: Oil well pumping next to residential units in Signal Hill in Long Beach (David McNew/News/Getty Images).
1

California crude oil was 31 percent of the total crude input to the state’s refineries in 2017, down from almost 38 percent in 2014. California
Energy Commission, “Oil Supply Sources to California Refineries,” http://www.energy.ca.gov/almanac/petroleum_data/statistics/
crude_oil_receipts.html.
1

County with 11 percent, and smaller amounts from
Monterey, Fresno, Ventura, Orange, and Santa Barbara
Counties. Oil production and refining represents less
than 1 percent of state GDP, and less than 0.2 percent of
employment. Even in Kern County, the oil industry
accounts for less than 2 percent of employment.

30,000

Average annual FTE

25,000

To evaluate the impacts of cutting back oil production,
we compare two scenarios. A baseline scenario—
referred to as business-as-usual or BAU—assumes
continuation of current trends, including the gradual
decline in California oil production, and no new policies.
In contrast, a policy scenario assumes that no new
drilling will be permitted, and that oil production within
2500 feet of homes, schools, and hospitals will be
phased out. This results in a much more rapid reduction
in oil output. The policy scenario also assumes new
construction of solar power, sufficient to replace the oil
cutbacks, and use of the increased solar energy to fuel
electric vehicles.

20,000
Respending jobs
Solar jobs

15,000

Refining jobs
Drilling jobs
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Figure 1. Average annual employment changes for BAU
and policy cases, state-wide, 2019–2030

1,500 jobs per year, Los Angeles County has a smaller
net gain, and the other five top oil-producing counties,
as a group, gain about 3,000 jobs per year.

As shown in Figure 1, the state as a whole gains about
5,000 full-time equivalent (FTE) jobs per year from the
policy scenario. A loss of just over 11,000 jobs per year in
oil drilling, production, and refining (including indirect
and induced jobs created by the oil industry) is balanced
by a nearly identical number of new jobs due to
increased investment in solar power. In addition,
consumers spend their substantial savings from reduced
fuel costs as they convert from gasoline to electric
vehicles. This creates an average of almost 5,000 jobs
per year. Kern County gains an average of more than

Oil cutbacks bring substantial environmental benefits in
addition to job benefits. By 2030, the oil cutbacks result
in a reduction of greenhouse gas emissions of 9.7 to 48.4
million metric tons per year. The broad range of
estimates reflects uncertainty about how much of
California’s oil cutbacks will be replaced by increased
output from other oil producers. Using conventional
valuation of emission savings (the Obama
administration’s estimates of the social cost of carbon),
the greenhouse gas emission reduction in 2030 alone
would be worth more than $500 million at the low end,
and more than $2.8 billion at the high end.

A loss of just over 11,000
oil-related jobs, combining
drilling, extraction, and
refining, is offset by a
nearly identical number of
solar industry jobs, plus
almost 5,000 jobs due to
respending of consumer
fuel savings.

The environmental benefits of cutting back oil
production extend beyond the greenhouse gas
reductions. Oil exploration, production, and refining
result in numerous local environmental impacts,
including production of large volumes of wastewater,
many air pollutants, and harmful effects on land use. In
addition, the large-scale conversion from gasoline to
electric vehicles envisioned in the policy scenario
reduces tailpipe emissions, an important source of
pollution in many urban areas.
2

Oil production: California, the nation,
and the world
California oil production reached a peak in 1985, the last year of high world oil prices following the 1970s oil crises.
From that year’s peak of 1.08 million barrels per day, it has declined almost steadily to 0.48 million barrels per day in
2017, less than half the peak level. Production has declined, on average, by 2.5 percent per year since 1985.
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Figure 2. California oil production, 1981–2017
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World production, meanwhile, has been gradually increasing. It rose from almost 80 million barrels per day in 2001 to
almost 100 million barrels per day in 2017. As a result, California’s share of world production has drifted downward
from nearly 1 percent in 2001 to about 0.5 percent today. As an oil producer, California is now roughly comparable to
Argentina, the world’s 28th highest-producing country.2
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Figure 3. California share of world oil production, 2001–2017
2

U.S. Energy Information Administration, “International Energy Statistics: Production of Crude Oil including Lease Condensate.” Accessed July
25, 2018.
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U.S. oil production started declining after 1985, in step with California, until the fracking boom began in 2009.
Fracking has led to a rapid increase in U.S., but not California, production in recent years.
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Figure 4. California share of U.S. oil production, 1981–2017

Image 2: Urban oilfield adjacent to homes in the Windsor Hills area of Los Angeles (AP Photo/Reed Saxon).

4

County lines
California oil production is concentrated in seven counties in the southern half of the state. As of 2017, 71 percent of
state production came from Kern County, and 11 percent from Los Angeles County. The seven counties highlighted on
the map account for 99 percent of state production

7 counties have 99 % of California oil production

Orange County

Figure 5. Map of California detailing counties that collectively contribute 99 percent of state oil production

Data Source: California Division of Oil, Gas, & Geothermal Resources. Well search data. https://secure.conservation.ca.gov/WellSearch. Accessed
June 11, 2018.
Note: Oil production data includes offshore production in California waters. The California State Lands Commission put a moratorium on new oil and
gas leases after a 1969 oil spill in federal waters off Santa Barbara County, and in 1994, the California legislature prohibited new oil and gas leases
off California's coast. There are a number of leases that pre-date the moratorium, and offshore production is substantial in Los Angeles and Orange
counties. (California State Lands Commission. Oil and Gas. Available at http://www.slc.ca.gov/Info/Oil_Gas.html.)
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Oil jobs in California
The oil industry is only a small part of the California
economy. In 2016, the state’s $2.6 trillion economy
included $17 billion in oil refining, $6 billion in oil and gas
extraction, and $1 billion in support activities for the oil
industry—a total of only 0.9 percent of state GDP.3 In
that year, oil extraction, drilling and refining accounted
for less than 21,000 of the state’s 14,288,000 jobs, or
less than 0.2 percent of total employment. Similarly, Los
Angeles County had less than 6,000 oil jobs, out of its
total of 3,782,000 jobs, again less than 0.2 percent. Even
Kern County, by far the most oil-dependent county, had
less than 4,900 oil jobs out of a total of 252,000, or less
than 2.0 percent.4

Even Kern
County, by far the
most oildependent
county, had less
than 4,900 oil
jobs out of a total
of 252,000.

0.2%
California jobs in
the oil industry

3

Bureau of Economic Analysis, Annual Gross Domestic Product (GDP) by State. Available at https://www.bea.gov/regional/downloadzip.cfm.

4

State of California Employment Development Department. Quarterly Census of Employment and Wages. Accessed June 29, 2018. Available
at: www.labormarketinfo.edd.ca.gov/qcew/CEW-Select.asp.
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Baseline and policy scenarios
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Figure 6. Projected California oil production, business-as-usual case, 2019–2030
Source: Oil Change International analysis.

Baseline scenario:
Continuing slow decline in oil
output

In this analysis, we estimate the employment impacts of
reducing oil drilling, production, and refining, while at
the same time ramping up renewable solar photovoltaic
supply to meet current demand for miles travelled with
electric vehicles. A baseline scenario projects the
expected oil output and resulting employment in the
absence of new policies. A separate policy scenario
makes comparable projections, assuming two important
policies to reduce California oil output, and enough solar
power to replace the oil reductions. The difference
between the two scenarios represents the expected
effect of the policy changes.

5

California oil production has been gradually declining
since 1985. Even in the absence of new policies designed
to lower output, it seems likely that the decline would
continue. Detailed research by Oil Change International
(OCI) confirms this in a recent study projecting California
production trends through 2030.5 For 17 categories of
wells, the OCI study projects the number of new wells

Trout 2018. “The Sky’s Limit California: Why the Paris Climate Goals Demand that California Lead in a Managed Decline of Oil Extraction,” Oil
Change International. Available at http://priceofoil.org/2018/05/22/skys-limit-california-oil-production-paris-climate-goals/.
7

and the rate of decline in production from old and new
wells, based on extrapolations from historical California
well data.6 In general, oil wells reach their peak output
soon after drilling, followed by gradual decline over the
rest of their lifetimes. The OCI study integrates research
by Kyle Ferrar at FracTracker Alliance. Ferrar used GIS
analysis to identify existing oil wells that are within 2500
feet of residences, schools, or hospitals (referred to as
“2500’ Buffer Wells” below).
Based on OCI’s mid-case projections,7 the state’s oil
production is likely to decline from 157 million barrels in
2019 to 116 million barrels in 2030, even without any
new policies. This would represent an average annual
decrease of 2.7 percent, or a cumulative reduction of 26
percent from 2019 through 2030.
Image 3: Oil rig operating in the Culver City neighborhood
of Los Angeles (David McNew/News/Getty Images). Over
the last fifteen years, urban residents have seen previously
unprofitable wells reopen in their neighborhoods, prompting
concerns about noise, smells, and possible environmental
hazards.

Policy scenario: Less oil, more
solar power
Two widely discussed policy proposals would reduce
future oil production: banning new production wells, for
instance by refusing to issue any new drilling permits;
and phasing out oil production within 2500 feet of
homes, schools and hospitals. Production from new oil
wells, the large blue area in Figure 6, is of increasing
importance over time. New oil wells are projected to
account for half of the state’s baseline production by
2027. Production from existing oil wells that are within
the 2500-foot buffer zone, the orange area in the graph,
is a smaller but still important category linked to
significant public health impacts.

We address employment impacts of these scenarios
using IMPLAN, the best known and most widely used
model of employment impacts. Specifically, we analyze
the jobs gained and lost, relative to the baseline
scenario, from five policy-related changes:

If production from both new wells and 2500-foot buffer
wells was eliminated,8 the remaining output from
California oil wells – “other legacy wells,” the black area
in Figure 6 – would fall by more than 10 percent per year.
This would bring a cumulative reduction of 70 percent
from 2019 to 2030.

1.
2.
3.

an end to drilling new oil wells9

4.

the replacement of oil cutbacks with new solar PV to
fuel electric vehicles, powering the same number of
vehicle-miles that the oil cutbacks could have
supported

5.

consumer savings from the lowered cost of fuel,
when switching to electric vehicles

a phaseout of wells with the 2500-foot buffer zone
a cutback in southern California refinery output,
equal to the reduction in California oil output

6

Thanks to Kelly Trout for sharing her detailed results with us.

7

OCI’s mid-case is midway between projections based on high oil prices and those based on low oil prices.

8

This assumes an immediate end to production in the 2500-foot buffer zone. OCI also explores a scenario with a 5-year phase-out of buffer
zone production.

9

We assume an end to all new drilling. This may overstate the impacts of the policy scenario, since some drilling is for underground injection
control (UIC) wells, not new production. UIC wells may be for enhanced oil recovery at existing wells, or for disposal of wastewater. For 2012
– 2017, DOGGR data show that UIC wells accounted for an average of 27 percent of drilling permits in California (personal communication,
Kelly Trout).
8

IMPLAN, like other similar models,
calculates three categories of
employment resulting from any
change in spending:

•

Direct employment: direct
employment, such as jobs in oil
extraction created when more
oil is produced

•

Indirect employment: such as
jobs in industries that supply
services, materials, and
equipment to oil producers

•

Induced employment: the
jobs created throughout the
economy by consumer
spending that results from
increases in direct and indirect
employment
Image 4: Electric vehicle plugged into a charging station in a parking lot in Los
Angeles (AP Photo/Richard Vogel).

In most of the following discussion, we combine direct, indirect, and induced jobs resulting from a policy change.To
elaborate on the five categories listed above, we assume that:

1.

Direct jobs in drilling are proportional to the number
of wells drilled.10

2.

Direct jobs in oil extraction are proportional to the
quantity of oil produced.

3.

All California oil production goes to southern
California refineries and is not replaced by out-ofstate or foreign crude oil when California production
is reduced.11

4.

All the oil cutbacks (the difference between baseline
and policy oil output) would have been used to make
gasoline. More precisely speaking (since refineries
always produce a mix of gasoline and other
products), we assume a reduction in gasoline output
equivalent to the reduction in the state’s crude oil
output.

5.

The cost to consumers of new electric vehicles, net
of federal and state incentives, is equal to the cost of
comparable new conventional vehicles.12

10

IMPLAN’s 2016 data set implies a very high number of workers in oil and gas drilling. For our calculations, we have recalibrated the model’s
assumed labor-intensity of the drilling industry so that it matches the actual level of employment in oil drilling in California in 2016, as
reported in the state employment census (State of California Employment Development Department. Quarterly Census of Employment and
Wages).

11

Combining separate calculation of the impacts of cutbacks in both oil production and refinery activity would involve double-counting. Refinery
activity has large indirect impacts on petroleum production (extraction). So, if the targeted level of extraction cutbacks has already been
included, the indirect effects of refinery cutbacks will double-count losses in extraction jobs. To avoid this problem, we have removed
IMPLAN’s indirect impacts of refinery activity on oil extraction; other indirect impacts remain unchanged. We have also cut the induced
employment impacts from refineries, in proportion to the reduction in direct plus indirect refinery jobs.

12

We also ignore gas stations, gasoline transportation, and related employment, assuming that cutbacks in these sectors are offset by
equivalent increases in employment in electric utilities and vehicle charging infrastructure.

9

Shutting down oil wells creates another category of
employment, in remediation of the closed well sites. We
have omitted calculation of employment in oilfield
remediation, an important but temporary source of jobs
when cutting back on oil production.13

State vs. county employment
Each scenario and employment calculation can be
carried out at two geographical levels.

•

•

Image 5: Installing solar PV on roof (Big Stock).

A statewide estimate includes jobs throughout
California, regardless of where oil production
changes and where jobs are created within the
state.

reductions in fuel for light-duty vehicles (cars and light
trucks). Then it is easy to find the amount of solar power
needed to support the same amount of transportation in
electric vehicles. The national average fuel economy of
cars and light trucks on the road in 2017 was 23.5 mpg.15
Since there are 42 gallons in a barrel of oil, one barrel
supports an average of 987 vehicle-miles of travel. The
average efficiency of the best-selling electric vehicles in
the United States today is about 30 kwh per 100 miles.16
Thus 296 kwh of electricity would be needed for 987
vehicle-miles of travel, the same amount produced by a
barrel of oil.

County-level estimates include only the in-county
job changes, such as job losses in Kern County due
to reduced production in that county.

The county-level calculation omits changes in crosscounty jobs, such as decreases in Los Angeles
employment due to oil production cutbacks in Kern
County (or vice versa), which are included in the
statewide calculation. The county-level calculation also
omits indirect and induced employment outside the
seven major oil-producing counties.14
Our employment calculations include estimates for the
state and for the seven top-producing counties.

The policy scenario for California oil reduction—no new
wells and no production in the 2500-foot buffer zone—
would save 78.1 million barrels of oil in 2030 (see Figure
11 on page 17). The electric-vehicle equivalent,
multiplying 296 kwh per barrel by the number of barrels,
is 23,100 GWh in 2030. To reach this target, California
would need a cumulative 8.8 GW of new solar capacity

How much PV is needed?
Oil is primarily used for transportation. Suppose that all
the California oil cutbacks in the policy scenario were

13

Remediation activities would make a relatively small contribution to employment in the policy scenario. Some observers have estimated that remediation
may produce almost as much employment as operation of a well - for one year after closure. In their analysis of the economic impacts of restricting oil and
gas extraction in the city of Los Angeles, David Rigby and Michael Shin estimate that there would be direct employment losses of 269 full time equivalent
workers associated with implementing a 2500’ setback ordinance, while remediation activities at the affected sites could result in single-year direct
employment gains of 215, for a net loss of 54 in the year that remediation occurs. Their analysis finds that annual total job losses (direct, indirect, and induced
employment) associated with the policy would be 535, while remediation activities could result in single year total employment increases of 356 jobs, for a net
job loss of 179 during the year that sites are remediated. (Rigby, David and Michael Shin 2017. “The Oil and Gas Extraction Sector in the City of Los Angeles.”)

14

To avoid spurious calculations involving Bay Area refineries, we constrain the refinery calculations to the seven oil-producing counties (i.e. to Los Angeles and
Kern Counties, the only two oil-producing counties that have refineries). We also assume that the increased adoption of electric vehicles, and related fuel
savings, is restricted to the seven counties, distributed in proportion to population.

15

U.S. Energy Information Administration, Annual Energy Outlook 2018, Light-Duty Vehicle Miles per Gallon by Technology Type, Table 41.

16

U.S Department of Energy, “All-Electric Vehicles.” https://www.fueleconomy.gov/feg/evtech.shtml.
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 O&M expenses, $21/kW-yr in 2017, are likely

by 2030 if relying exclusively on utility-scale solar power,
or 13.2 GW of new capacity by 2030 if relying on
distributed solar.17

to decline to $7/kW-yr by 2030.
•

 Capital investment is expected to fall from

For comparison, California had a total of 21.1 GW of
installed solar capacity at the end of 2017.18 Replacing
the oil cutbacks with the equivalent amount of electric
vehicle fuel would require a cumulative 42 percent
increase in current PV capacity by 2030 with utility-scale
solar, or a 63 percent increase with distributed solar.

$1,915/kW in 2017 to $945/kW in 2030.
 O&M costs, $13/kW-yr in 2017, may fall to

$10/kW-yr in 2030.
As a result of plummeting solar costs over the forecast
period, the cumulative cost of installing the additional
solar power is less than the costs of drilling new wells in
the BAU scenario. With drilling costs of $1.88 million per
well,22 the total cost for new wells in the BAU scenario is
$36 million. In comparison, the cumulative cost for the
equivalent solar capacity is $27 million for distributed
solar, or $12 million for utility-scale solar.

Assuming solar capacity is installed at a steady rate from
2019 through 2030, the policy scenario would require
adding 730 MW of utility scale solar or 1100 MW of
distributed solar each year.19 In our calculations, these
projected solar investments are distributed by county in
proportion to each county’s loss of oil production under
the policy scenario.

IMPLAN provides a single-year snapshot of the
economy, in this case for 2016. It does not incorporate
changes over time in productivity. Rapid decreases in
solar power costs imply rapidly rising productivity: the
same amount of solar capacity is being produced by
fewer workers over time. Something similar is
happening in the oil industry, although at a slower pace:
from 1987 to 2017, productivity per worker rose by 2.5
percent per year in oil and gas extraction, and by 2.3
percent per year in refineries.23 Our future projections
assume the continuation of these trends, so that slightly
fewer workers are needed each year to produce the
same amount of oil.

Costs and productivity
The jobs produced through increased solar installations
depend on capital expenditure and operations and
maintenance (O&M) costs for solar power. The wellknown, dramatic declines in the cost of solar power will
continue to reduce investment requirements, and
therefore jobs as well, through 2030, according to the
National Renewable Energy Laboratory (NREL):

•

For utility scale solar:21

For distributed solar power:20

Another issue involves changes in consumer costs over
time. The transition from gasoline to electricity saves

 Capital expenditures, $2,660/kW in 2017, are

projected to drop to $1,620/kW by 2030.
17

This calculation assumes that capacity factors (defined as actual output, divided by theoretical output if producing at maximum capacity in
every hour of every day) for solar photovoltaic panels in southern California are 30 percent for utility-scale installations and 20 percent for
distributed (individual rooftop) systems. (See Pat Knight et. al., 2018. Clean Energy for Los Angeles, Synapse Energy Economics, Inc.).

18

Solar Energy Industries Association, 2018. Top 10 Solar States 2017. Available at https://www.seia.org/sites/default/files/2018-03/
SEIA_Top10_Solar_States_2017.pdf.

19

This schedule does not match the projected oil cutbacks on a year-by-year basis. However, it reaches 100 percent replacement of oil
cutbacks by 2030.

20

National Renewable Energy Laboratory, 2018. Cost Reduction Roadmap for Residential Solar. The forecasts used are based on the less
aggressive pathway representing a conservative estimate based on technologies and business practice shifts within the new construction
market. Costs are presented in 2017 dollars. Available at https://www.nrel.gov/docs/fy18osti/70748.pdf.

21

National Renewable Energy Laboratory, 2017. Annual Technology Baseline Cost and Performance Summary. Available at https://
atb.nrel.gov/electricity/2017/summary.html. The forecast is the ATB Mid Scenario and based on current market conditions.

22

This is the ratio of IMPLAN total drilling costs to the number of new wells drilled in 2016.

23

Bureau of Labor Statistics, 2018. “Productivity and Costs by Industry: Manufacturing and Mining Industries – 2017.” Available at: https://
www.bls.gov/news.release/pdf/prin.pdf. We assume that the rate of productivity increase in oil extraction applies to drilling as well.
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money for drivers due to the lower fuel cost of charging
electric vehicles. These savings result in additional
consumer spending that would cause a further increase
in jobs.

2030: 2.15 percent per year for electricity, and 2.3
percent per year for gasoline (both in constant dollars,
corrected for inflation).24
The result is a substantial gap: by 2030, gasoline
spending of $970 million is replaced by electricity
spending of $390 million, leaving $580 million for
additional consumer spending in that year alone.

The difference between the amount spent on gasoline
vs. electricity to drive the same number of vehicle-miles
in a year is based on forecasts of gasoline and electricity
prices. Starting from recent California prices, both are
projected to increase at similar average rates through

California’s Energy Future

Options

Capital Costs

Business-As-Usual

Impacts

$36
million

•

Higher costs

•

Higher emissions

•

Negative health impacts

$12–27
million

•

Lower costs

•

More jobs

•

Progress on climate goals

Distributed and/or UtilityScale Solar

(A solar solution could contain a blend of distributed and utility-scale solar)

24

Electricity price escalation is based on an E3 report, Investigating a Higher Renewables Portfolio Standard in California (2014). Gasoline price
escalation is a national average projected by U.S. EIA’s Annual Energy Outlook 2018.
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Figure 8. Average annual employment changes for BAU
and policy cases, Kern County, 2019–2030

Figure 7. Average annual employment changes for
BAU and policy cases, state-wide, 2019–2030

At the statewide level, the policy scenario creates an
annual average of about 5,000 more full-time equivalent
(FTE) jobs than the baseline scenario.25 A loss of just
over 11,000 oil-related jobs—combining drilling,
extraction, and refining—is offset by a nearly identical
increase in the number of solar industry jobs, plus
almost 5,000 jobs due to respending of consumer fuel
savings.
25

Solar jobs

6,000

0

Policy

California

Oil

Respending jobs

2,000

0

Average annual
FTEs

8,000

We also examine the results by county. The combined
results for the seven oil-producing counties are close but
not identical to the state totals. In a statewide analysis, a
fraction of the indirect and induced jobs created by oil or
solar power spending are located outside the sevencounty area.

All figures in this section are annual averages over the 12-year forecast period, 2019–2030. For results in job-years, multiply by 12. All job
figures in this section combine direct, indirect, and induced jobs from the specified activities.
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Figure 9. Average annual employment changes for BAU
and policy cases, Los Angeles County, 2019–2030

Figure 10. Average annual employment changes for
BAU and policy cases, five counties, 2019–2030

Kern County, the center of California oil production,
gains an annual average of more than 1,500 jobs under
the policy scenario. Although the county is hit by oil
production cutbacks in the policy scenario and loses a
fraction of its small refining industry, new solar
investments are allocated in proportion to oil cutbacks.
These investments provide more jobs than the county
loses in oil.

cuts) are not enough to balance the oil production and
refinery job losses. However, jobs created by respending
of consumer fuel savings (allocated in proportion to
population) leave Los Angeles with a small employment
gain.
The other five oil-producing counties (Monterey, Fresno,
Ventura, Orange, and Santa Barbara) are collectively
winners, gaining an annual average of 3,000 jobs. Here,
new solar jobs far outweigh losses in drilling and
production; these counties have no refineries, and thus
do not lose refining jobs. Jobs created by respending of
fuel savings account for about half of their gains.

Los Angeles County has a small net gain in jobs,
averaging about 250 per year. Los Angeles contains
almost all of southern California’s refineries, where the
policy scenario leads to significant job cutbacks. New
jobs in solar power (allocated in proportion to oil output

14

These results are encouraging, but they do not mean
that everyone in the state wins from oil cutback policies.
Although total energy-related jobs increase under the
policy scenario, some workers in the oil industry will be
displaced. A “just transition” for oil workers, including
income support, retraining opportunities, and
retirement with dignity for older workers, is a vitally
important part of policies that cut back on oil
production.26

Kern County, the center of
California oil production,
gains an annual average
of more than 1,500 jobs
under the policy scenario.

Image 6: Oil crew in Coyote fields, California. The New York Public Library Digital Collections, 1860 - 1920 (Wikimedia
Commons).

26

See the 2018 Oil Change International report, among many others. From a broader perspective, the workers displaced by oil cutbacks are a
small proportion of the huge number of workers who lose jobs every year. Everyone deserves better employment insurance and retraining
opportunities, regardless of the reasons for their job losses, along the lines provided in many European countries.
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Benefits of emission reduction

Greenhouse gas reductions
Proposals to cut back California oil production have
arisen, in part, from the effort to reduce greenhouse gas
emissions and meet climate targets. Reductions in oil
output, on the scale envisioned under the policy
scenario, will avoid millions of tons of carbon dioxide
(CO2) emissions each year. Using the most common
approach to valuation of these emissions, the
environmental benefits are worth hundreds of millions
of dollars per year, reaching $0.6 billion to $2.8 billion
per year by 2030.
We explore three scenarios for CO2 reductions. Our
policy scenario, assuming complete replacement of oil
cutbacks with renewable energy, leads to the greatest
reduction. Alternatively, if oil cutbacks are not replaced
by clean energy, how much would be replaced by oil
production increases in the rest of the world? Our
second and third scenarios are based on different
answers to that question.

Image 7: Trust (Lauren Lulu Taylor/Unsplash).

extraction of oil, resulting in average lifecycle emissions
of around 620 kg per barrel.28

The calculation of avoided CO2 emissions rests on two
numerical results from research by Peter Erickson and
Michael Lazarus at the Stockholm Environment
Institute.27 First, they examine the lifecycle CO2
emissions per barrel of oil. Combustion of a barrel of oil
yields 400 kg of CO2. For many oil producers, including
Saudi Arabia, lifecycle emissions are around 500 kg per
barrel, including extraction, transportation, and refining
as well as combustion emissions. California, however,
relies on energy- and emissions-intensive methods of

Second, they estimate the global reduction in oil
production that results when one producer, such as
California, cuts back on its output—and does not replace
it with other energy sources. The consensus is that other
producers would replace some but not all of the
reduction in output. Several analysts have estimated
that the global reduction in oil consumption would be
between 20 percent and 60 percent of a unilateral cut
in—or conversely, the rest of the world would replace 40
to 80 percent of California’s cutbacks.29

27

Erickson and Lazarus, 2018. “How limiting oil production could help California meet its climate goals.” Available at https://www.sei.org/
publications/limiting-oil-production-california/.

28

Personal communication from Peter Erickson, June 2018.

29

For citations to this literature, see Erickson and Lazarus 2018. The world oil market is an oligopoly, where unpredictable strategic decisions by
leading producers such as Saudi Arabia, Russia, and the United States may be more important than price elasticity-driven calculations by
smaller producers. Still, there are few analysts who predict 100 percent replacement of California’s cutbacks.
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We therefore consider high and low emission-reduction scenarios:

•

•

The high emission-reduction case assumes that
other producers replace 50 percent of California’s
cutbacks, and the replacement oil has lifecycle CO2
emissions of 500 kg per barrel—e.g., the emissions
expected if the replacement oil comes from Saudi
Arabia.30

Gross effects of oil
reduction: if replaced
exclusively by
renewable energy

The low emission-reduction case assumes that other
producers replace 80 percent of California’s
cutbacks, with replacement oil emissions of 620 kg
per barrel, equal to the California average.31

2020

2025

2030

Assumed California oil reduction, million bbl

39.8

66.9

78.1

Avoided CO2 emissions, million metric tons

24.7

41.5

48.4

Social cost of carbon (SCC), 2017 $ / ton

$49

$54

$59

$1,210

$2,241

$2,856

Replacement production, million bbl

19.9

33.45

39.05

CO2 from replacement production, million metric tons

10.0

16.7

19.5

Net CO2 reduction, million metric tons

14.8

24.8

28.9

SCC value of net reduction, million 2017 $

$723

$1,338

$1,704

Replacement production, million bbl

31.8

53.5

62.5

19.7

33.2

38.7

5.0

8.3

9.7

$243

$449

$570

SCC value of gross reduction, million 2017 $
High emissionreduction case: 50%
replacement, 500 kg
CO2 per barrel

Low emission-reduction CO2 from replacement production, million metric tons
case: 80% replacement,
Net CO2 reduction, million metric tons
620 kg CO2 per barrel
SCC value of net reduction, million 2017 $

Figure 11. Projected annual value of avoided CO2 emissions under three replacement cases, 2020, 2025, and
2030

The reduction in California oil production projected
under the policy scenario is roughly 40 million barrels in
2020, rising to 78 million barrels in 2030. The result is a
gross reduction in CO2 emissions of roughly 25 million
tons in 2020, rising to 48 million tons by 2030. (See the
top two lines of Figure 11.) The rest of the world replaces
either (a) none of the cutbacks, in our solar-intensive
policy scenario, (b) 50 percent of the California
cutbacks, with oil having lower lifecycle emissions (high
emission-reduction case) or (c) 80 percent of the

California cutbacks, with oil having lifecycle emissions
equal to in-state production (low emission-reduction
case).
The net annual CO2 reduction would be 48.4 million
tons by 2030 in the policy scenario (last column of table),
or 28.9 million tons in the high-reduction scenario, or 9.7
million tons in the low-reduction scenario. Reduction in
refinery emissions would lead to a moderate additional
increase, perhaps 0.7 – 3.7 million tons by 2030.32

30

Some analysts refer to 50 percent replacement as the “central estimate,” apparently based on Erickson and Lazarus (2018) and the research
cited there. This estimate is close to their maximum-reduction case of 40 percent replacement of California oil cutbacks.

31

This alternative assumes that the world oil industry could rapidly replace most of California’s cutbacks. Even worse cases can be imagined. If
80 percent of California’s oil cutbacks were replaced with Canadian oil sands production, with lifecycle emissions of about 725 kg per barrel
(Erickson and Lazarus 2018), the net benefits would be roughly one-third of the low emission-reduction case benefits shown in the table.

32

Average U.S. refinery emissions are 7.8g CO2 per MJ of gasoline, higher than for other major refinery products (Amgad Elgowainy et al.,
2014, “Energy Efficiency and Greenhouse Gas Emission Intensity of Petroleum Products at U.S. Refineries”, Environmental Science &
Technology 48, 7612-7624). At 6,120 MJ per barrel of oil, this implies 3.73 tons of CO2 from the 2030 gross reduction of 78.1 million barrels,
assuming it was all gasoline. The numbers in the text are based on net global reduction of 20 percent to 100 percent of the gross reduction.
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The “social cost of carbon” and
the value of greenhouse gas
reductions
What is the value of the net emission reductions from
California cutbacks? There is a lengthy debate about the socalled social cost of carbon (SCC), the dollar value per ton of
avoided emissions. The best-known SCC estimates are those
created by the Obama administration’s Interagency Working
Group (IWG). The most widely cited, among their four variants
on the SCC, rises steadily from $49 in 2020 to $59 in 2030
(when converted to 2017 dollars).33
These numbers are far from being uncontroversial, and the
true values of avoided climate damages could be much higher.
An in-depth 2017 review by the National Academy of Sciences
had scathing criticisms of the IWG methodology,
recommending countless changes. Academic critiques have
continued to appear since the first IWG estimates were
published in 2010.34 The IWG averaged results from three
simple models, each of which simplistically extrapolates
climate damages to temperatures outside our historical
experience. The models include little or no recognition of the
problem of tipping points and irreversible risks, one of the
crucial dimensions of the climate crisis. They also ignore the
problem of pricing “priceless” values (see sidebar). Extremely
high values, many times greater than the IWG estimates, are
not a certainty. But they also cannot be ruled out with much
confidence. Nonetheless, there are no other estimates that are
nearly as widely used at this point. Therefore the IWG values
are used, despite their limitations, in Figure 11.

Are
climate damages
priceless?
Some damages caused by climate
change, such as declines in crop
yields due to droughts and heat
waves, or loss of coastal property to
sea-level rise and storm surges,
have meaningful monetary values.
Other damages, of at least equal
importance, do not have price tags
attached. What is the value of
avoidable human deaths, of the
extinction of an endangered
species, of the loss of unique natural
environments?
As the philosopher Immanuel Kant
said long ago, some things have a
price while others have a dignity.
The all-too-common process of
fabricating prices for priceless
values dishonors the dignity of
human life and the natural world.
Since climate damages will include
many priceless values, monetary
measures such as the IWG’s SCC
estimates will inevitably fail to
capture the full meaning of climate
change.35

The bottom line for each case in Figure 11 applies the federal
SCC to the net emission savings from the California oil

33

These are the estimates with a 3 percent discount rate and median climate sensitivity (sometimes misleadingly called the “central
estimate”), from the IWG’s final (August 2016) SCC update. The values were published in 2007 dollars; they have been inflated to 2017
dollars using the Consumer Price Index.

34

Among many others, see: National Academy of Sciences, Engineering and Medicine, 2017. Valuing Climate Damages: Updating Estimation of
the Social Cost of Carbon Dioxide. Washington DC: National Academies Press, https://doi.org/10.17226/24651; Robert S. Pindyck, 2013.
“Climate Change Policy: What Do the Models Tell Us?” Journal of Economic Literature 51, September 2013, 860-872 [the author’s answer to
the title question: “Very little”]; Frank Ackerman and Elizabeth A. Stanton (2012), “Climate Risks and Carbon Prices: Revising the Social Cost
of Carbon”, Economics e-journal 6; Martin L. Weitzman (2014), “Fat Tails and the Social Cost of Carbon,” American Economic Review 104, 544
-546.

35

See: Frank Ackerman and Lisa Heinzerling, 2004, Priceless: On Knowing the Price of Everything and the Value of Nothing (New York: The New
Press); and Frank Ackerman, 2017, Worst-Case Economics: Extreme Events in Climate and Finance (London: Anthem Press).
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cutbacks. By 2030, the SCC value of the reduced
emissions is $570 million in the low emission-reduction
case, and $1.7 billion in the high emission-reduction
case. In the policy scenario, where the oil cutbacks are
replaced exclusively by solar power, the (gross) emission
reduction is worth more than $2.8 billion by 2030.
In short, the oil cutbacks implied by our policy scenario,
blocking new oil wells and stopping oil production within
the 2500-foot buffer zone, would cause net annual CO2
emission reductions worth hundreds of millions, if not
billions, of dollars in 2030, using a straightforward
application of the Obama-era federal SCC. And the
value of the avoided emissions would only grow after
2030—both because the SCC rises over time, and
because the net reduction in oil production due to the
policy scenario would continue to expand.

Image 8. 2001 fire at Tosco refinery in Carson, CA (AP Photo/
Nick Ut).

disruptors.36 Oil production cutbacks avoid numerous
health impacts caused by chemical contamination
within waterways and the soil. In addition to the
contamination of water in the drilling phase, refineries
also use large volumes of water for production and
cooling and the resulting effluents enter the waterways,
impacting humans, fish, and other wildlife.37

Local environmental benefits
A cutback in oil production, and especially in new oil
drilling, could reduce the multiple negative
environmental impacts of exploration, drilling,
extraction, transportation, and refining of oil. The
benefits of reducing oil production include a decrease in
contamination of soil, air, and water (and thereby a
reduction in health hazards to humans and wildlife),
reduction in safety risks for those working and living
near oil fields and a decrease in the impacts from
undesirable changes in land use such as erosion,
deforestation, and wildlife habitat disruption.

The process of exploration, drilling, and extraction
results in significant local air contamination which leads
to numerous human health hazards. This air
contamination is a result of emissions from powering
drilling equipment and machinery, well-pad
construction, hydrocarbons escaping from wells, and the
flaring of natural gas.38 The toxins emitted through the
oil production process include particulate matter,
volatile organic compounds, and hazardous air
pollutants including benzene, toluene, ethylbenzene,
and xylenes. These air toxins result in numerous health
related impacts: asthma, heart disease, low birth
weight, and, in some cases, cancer (some of the air
toxins are known to be human carcinogens).39

The largest waste stream associated with the oil and gas
industry is the quantity and quality of wastewater
produced through the process of extraction. Drilling
practices during exploration and extraction involve a
combination of chemicals that are injected into wells
which are eventually discharged back into the
environment. These chemicals are known to include
carcinogens, reproductive toxins, and endocrine
36

Liberty Hill Foundation, 2015. “Drilling Down: Community Consequences of Expanded Oil Development in Los Angeles.” Available at https://
www.libertyhill.org/sites/libertyhillfoundation/files/Drilling%20Down%20Report_1.pdf.

37

Epstein, P.R. and Selber, J., 2002. Oil a Life Cycle Analysis of Its Health and Environmental Impacts. The Center for Health and the Global
Environment Harvard Medical School.

38

Caswell M.F., 1993. “Balancing Energy and the Environment.” In: Gilbert R.J. (eds) The Environment of Oil. Studies in Industrial Organization,
vol 17. Springer, Dordrecht.

39

Liberty Hill Foundation, 2015.
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Oil production also leads to harmful changes in land use.
Transportation of oil to refineries and then to gas
stations and locations of consumption requires
construction of pipelines, roads, and platforms.
Additionally, oil exploration involves movement of
heavy equipment, often requiring clearing of land for
roads and platforms.40 Other land-use impacts from
exploration, extraction, and drilling processes include
construction of oil wells, creation of waste pits for solid
waste disposal, and inland oil spills. The entire oil
production process results in significant surface
disturbances, deforestation, erosion, and harm to
wildlife through habitat disruption and interference with
the migratory patterns of bird and animals.41

the exposure to chemicals, gases, and noise also create
significant safety and health risks. The Bureau of Labor
Statistics reports 1,485 fatalities nationwide between
2003 and 2016 associated with oil and gas extraction
industry alone—an average of more than 100 per year.42
A large-scale switch from gasoline to electric vehicles, as
envisioned in our policy scenario, would lead to a
reduction in tailpipe emissions—a major source of health
hazards. In 2013, transportation contributed more than
half of all emissions of carbon monoxide and nitrogen
oxides, and almost a quarter of hydrocarbon emissions;
air toxics emitted from cars and trucks account for an
estimated half of all cancers caused by air pollution.43
In short, the damages associated with oil production
extend well beyond oil’s lifecycle greenhouse gas
emissions. There is no simple way to monetize these
damages, comparable to the SCC. Nonetheless, it is
important to remember these additional environmental
benefits from reducing oil production.

Cutback in the production of oil would also help in the
avoidance of the safety risks to oil industry workers and
those living near the oil fields. The ever-present risk of
explosions and fires can lead to injuries and fatalities
during exploration, extraction, and refining. The
handling of heavy pipes and other equipment as well as

40

Epstein PR, Selber J. 2002. Oil: A Life Cycle Analysis of Its Health and Environmental Impacts. Boston: Center Health Glob. Environ., Harv.
Med. Sch.

41

U.S. EPA and Sector Strategies 2008. An Assessment of Environmental Implications of Oil and Gas Production, Sept. 2008 Working Draft.
Available at https://archive.epa.gov/sectors/web/pdf/oil-gas-report.pdf.

42

Bureau of Labor Statistics, 2016, “Census of Fatal Occupational Injuries Charts, 1992-2016.” Available at https://www.bls.gov/iif/oshwc/cfoi/
cfch0015.pdf.

43

Union of Concerned Scientists, 2014, “Vehicles, Air Pollution, and Human Health.” Available at https://www.ucsusa.org/clean-vehicles/
vehicles-air-pollution-and-human-health.
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Summary

California has taken important initiatives to reduce
greenhouse gas emissions, often leading the nation in
efforts to decrease the use of oil and other fossil fuels.
Less obvious, but also important, is California’s role as
an oil producer. Although the state is a net oil importer,
in-state crude oil production is enough to fill about onethird of the state’s refinery capacity.1 How much of a
contribution to climate protection can California make
by limiting its oil output? And what will be the impacts
on the state economy—both of oil cutbacks, and of
alternative energy that replaces oil?

output, and the offsetting job gains from alternative
energy investments that could begin to replace oil use. It
also estimates the value of reduced carbon emissions
resulting from California’s oil cutbacks.
California currently produces about 0.5 percent of world
crude oil output, or about 5 percent of U.S. output. The
state’s peak year for oil production was 1985. Since then
it has been gradually declining, both in absolute terms
and as a share of national or global output. Seven
counties in southern California account for 99 percent of
the state’s oil production: above all is Kern County, with
71 percent of the state total, followed by Los Angeles

This report calculates the job losses from reducing oil

Image 1: Oil well pumping next to residential units in Signal Hill in Long Beach (David McNew/News/Getty Images).
1

California crude oil was 31 percent of the total crude input to the state’s refineries in 2017, down from almost 38 percent in 2014. California
Energy Commission, “Oil Supply Sources to California Refineries,” http://www.energy.ca.gov/almanac/petroleum_data/statistics/
crude_oil_receipts.html.
1

County with 11 percent, and smaller amounts from
Monterey, Fresno, Ventura, Orange, and Santa Barbara
Counties. Oil production and refining represents less
than 1 percent of state GDP, and less than 0.2 percent of
employment. Even in Kern County, the oil industry
accounts for less than 2 percent of employment.

30,000

Average annual FTE

25,000

To evaluate the impacts of cutting back oil production,
we compare two scenarios. A baseline scenario—
referred to as business-as-usual or BAU—assumes
continuation of current trends, including the gradual
decline in California oil production, and no new policies.
In contrast, a policy scenario assumes that no new
drilling will be permitted, and that oil production within
2500 feet of homes, schools, and hospitals will be
phased out. This results in a much more rapid reduction
in oil output. The policy scenario also assumes new
construction of solar power, sufficient to replace the oil
cutbacks, and use of the increased solar energy to fuel
electric vehicles.
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Figure 1. Average annual employment changes for BAU
and policy cases, state-wide, 2019–2030

1,500 jobs per year, Los Angeles County has a smaller
net gain, and the other five top oil-producing counties,
as a group, gain about 3,000 jobs per year.

As shown in Figure 1, the state as a whole gains about
5,000 full-time equivalent (FTE) jobs per year from the
policy scenario. A loss of just over 11,000 jobs per year in
oil drilling, production, and refining (including indirect
and induced jobs created by the oil industry) is balanced
by a nearly identical number of new jobs due to
increased investment in solar power. In addition,
consumers spend their substantial savings from reduced
fuel costs as they convert from gasoline to electric
vehicles. This creates an average of almost 5,000 jobs
per year. Kern County gains an average of more than

Oil cutbacks bring substantial environmental benefits in
addition to job benefits. By 2030, the oil cutbacks result
in a reduction of greenhouse gas emissions of 9.7 to 48.4
million metric tons per year. The broad range of
estimates reflects uncertainty about how much of
California’s oil cutbacks will be replaced by increased
output from other oil producers. Using conventional
valuation of emission savings (the Obama
administration’s estimates of the social cost of carbon),
the greenhouse gas emission reduction in 2030 alone
would be worth more than $500 million at the low end,
and more than $2.8 billion at the high end.

A loss of just over 11,000
oil-related jobs, combining
drilling, extraction, and
refining, is offset by a
nearly identical number of
solar industry jobs, plus
almost 5,000 jobs due to
respending of consumer
fuel savings.

The environmental benefits of cutting back oil
production extend beyond the greenhouse gas
reductions. Oil exploration, production, and refining
result in numerous local environmental impacts,
including production of large volumes of wastewater,
many air pollutants, and harmful effects on land use. In
addition, the large-scale conversion from gasoline to
electric vehicles envisioned in the policy scenario
reduces tailpipe emissions, an important source of
pollution in many urban areas.
2

Oil production: California, the nation,
and the world
California oil production reached a peak in 1985, the last year of high world oil prices following the 1970s oil crises.
From that year’s peak of 1.08 million barrels per day, it has declined almost steadily to 0.48 million barrels per day in
2017, less than half the peak level. Production has declined, on average, by 2.5 percent per year since 1985.
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Figure 2. California oil production, 1981–2017
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World production, meanwhile, has been gradually increasing. It rose from almost 80 million barrels per day in 2001 to
almost 100 million barrels per day in 2017. As a result, California’s share of world production has drifted downward
from nearly 1 percent in 2001 to about 0.5 percent today. As an oil producer, California is now roughly comparable to
Argentina, the world’s 28th highest-producing country.2

2017

CA Share Of World Production

Figure 3. California share of world oil production, 2001–2017
2

U.S. Energy Information Administration, “International Energy Statistics: Production of Crude Oil including Lease Condensate.” Accessed July
25, 2018.
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U.S. oil production started declining after 1985, in step with California, until the fracking boom began in 2009.
Fracking has led to a rapid increase in U.S., but not California, production in recent years.
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Figure 4. California share of U.S. oil production, 1981–2017

Image 2: Urban oilfield adjacent to homes in the Windsor Hills area of Los Angeles (AP Photo/Reed Saxon).

4

County lines
California oil production is concentrated in seven counties in the southern half of the state. As of 2017, 71 percent of
state production came from Kern County, and 11 percent from Los Angeles County. The seven counties highlighted on
the map account for 99 percent of state production

7 counties have 99 % of California oil production

Orange County

Figure 5. Map of California detailing counties that collectively contribute 99 percent of state oil production

Data Source: California Division of Oil, Gas, & Geothermal Resources. Well search data. https://secure.conservation.ca.gov/WellSearch. Accessed
June 11, 2018.
Note: Oil production data includes offshore production in California waters. The California State Lands Commission put a moratorium on new oil and
gas leases after a 1969 oil spill in federal waters off Santa Barbara County, and in 1994, the California legislature prohibited new oil and gas leases
off California's coast. There are a number of leases that pre-date the moratorium, and offshore production is substantial in Los Angeles and Orange
counties. (California State Lands Commission. Oil and Gas. Available at http://www.slc.ca.gov/Info/Oil_Gas.html.)
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Oil jobs in California
The oil industry is only a small part of the California
economy. In 2016, the state’s $2.6 trillion economy
included $17 billion in oil refining, $6 billion in oil and gas
extraction, and $1 billion in support activities for the oil
industry—a total of only 0.9 percent of state GDP.3 In
that year, oil extraction, drilling and refining accounted
for less than 21,000 of the state’s 14,288,000 jobs, or
less than 0.2 percent of total employment. Similarly, Los
Angeles County had less than 6,000 oil jobs, out of its
total of 3,782,000 jobs, again less than 0.2 percent. Even
Kern County, by far the most oil-dependent county, had
less than 4,900 oil jobs out of a total of 252,000, or less
than 2.0 percent.4

Even Kern
County, by far the
most oildependent
county, had less
than 4,900 oil
jobs out of a total
of 252,000.

0.2%
California jobs in
the oil industry

3

Bureau of Economic Analysis, Annual Gross Domestic Product (GDP) by State. Available at https://www.bea.gov/regional/downloadzip.cfm.

4

State of California Employment Development Department. Quarterly Census of Employment and Wages. Accessed June 29, 2018. Available
at: www.labormarketinfo.edd.ca.gov/qcew/CEW-Select.asp.
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Baseline and policy scenarios
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Figure 6. Projected California oil production, business-as-usual case, 2019–2030
Source: Oil Change International analysis.

Baseline scenario:
Continuing slow decline in oil
output

In this analysis, we estimate the employment impacts of
reducing oil drilling, production, and refining, while at
the same time ramping up renewable solar photovoltaic
supply to meet current demand for miles travelled with
electric vehicles. A baseline scenario projects the
expected oil output and resulting employment in the
absence of new policies. A separate policy scenario
makes comparable projections, assuming two important
policies to reduce California oil output, and enough solar
power to replace the oil reductions. The difference
between the two scenarios represents the expected
effect of the policy changes.

5

California oil production has been gradually declining
since 1985. Even in the absence of new policies designed
to lower output, it seems likely that the decline would
continue. Detailed research by Oil Change International
(OCI) confirms this in a recent study projecting California
production trends through 2030.5 For 17 categories of
wells, the OCI study projects the number of new wells

Trout 2018. “The Sky’s Limit California: Why the Paris Climate Goals Demand that California Lead in a Managed Decline of Oil Extraction,” Oil
Change International. Available at http://priceofoil.org/2018/05/22/skys-limit-california-oil-production-paris-climate-goals/.
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and the rate of decline in production from old and new
wells, based on extrapolations from historical California
well data.6 In general, oil wells reach their peak output
soon after drilling, followed by gradual decline over the
rest of their lifetimes. The OCI study integrates research
by Kyle Ferrar at FracTracker Alliance. Ferrar used GIS
analysis to identify existing oil wells that are within 2500
feet of residences, schools, or hospitals (referred to as
“2500’ Buffer Wells” below).
Based on OCI’s mid-case projections,7 the state’s oil
production is likely to decline from 157 million barrels in
2019 to 116 million barrels in 2030, even without any
new policies. This would represent an average annual
decrease of 2.7 percent, or a cumulative reduction of 26
percent from 2019 through 2030.
Image 3: Oil rig operating in the Culver City neighborhood
of Los Angeles (David McNew/News/Getty Images). Over
the last fifteen years, urban residents have seen previously
unprofitable wells reopen in their neighborhoods, prompting
concerns about noise, smells, and possible environmental
hazards.

Policy scenario: Less oil, more
solar power
Two widely discussed policy proposals would reduce
future oil production: banning new production wells, for
instance by refusing to issue any new drilling permits;
and phasing out oil production within 2500 feet of
homes, schools and hospitals. Production from new oil
wells, the large blue area in Figure 6, is of increasing
importance over time. New oil wells are projected to
account for half of the state’s baseline production by
2027. Production from existing oil wells that are within
the 2500-foot buffer zone, the orange area in the graph,
is a smaller but still important category linked to
significant public health impacts.

We address employment impacts of these scenarios
using IMPLAN, the best known and most widely used
model of employment impacts. Specifically, we analyze
the jobs gained and lost, relative to the baseline
scenario, from five policy-related changes:

If production from both new wells and 2500-foot buffer
wells was eliminated,8 the remaining output from
California oil wells – “other legacy wells,” the black area
in Figure 6 – would fall by more than 10 percent per year.
This would bring a cumulative reduction of 70 percent
from 2019 to 2030.

1.
2.
3.

an end to drilling new oil wells9

4.

the replacement of oil cutbacks with new solar PV to
fuel electric vehicles, powering the same number of
vehicle-miles that the oil cutbacks could have
supported

5.

consumer savings from the lowered cost of fuel,
when switching to electric vehicles

a phaseout of wells with the 2500-foot buffer zone
a cutback in southern California refinery output,
equal to the reduction in California oil output

6

Thanks to Kelly Trout for sharing her detailed results with us.

7

OCI’s mid-case is midway between projections based on high oil prices and those based on low oil prices.

8

This assumes an immediate end to production in the 2500-foot buffer zone. OCI also explores a scenario with a 5-year phase-out of buffer
zone production.

9

We assume an end to all new drilling. This may overstate the impacts of the policy scenario, since some drilling is for underground injection
control (UIC) wells, not new production. UIC wells may be for enhanced oil recovery at existing wells, or for disposal of wastewater. For 2012
– 2017, DOGGR data show that UIC wells accounted for an average of 27 percent of drilling permits in California (personal communication,
Kelly Trout).
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IMPLAN, like other similar models,
calculates three categories of
employment resulting from any
change in spending:

•

Direct employment: direct
employment, such as jobs in oil
extraction created when more
oil is produced

•

Indirect employment: such as
jobs in industries that supply
services, materials, and
equipment to oil producers

•

Induced employment: the
jobs created throughout the
economy by consumer
spending that results from
increases in direct and indirect
employment
Image 4: Electric vehicle plugged into a charging station in a parking lot in Los
Angeles (AP Photo/Richard Vogel).

In most of the following discussion, we combine direct, indirect, and induced jobs resulting from a policy change.To
elaborate on the five categories listed above, we assume that:

1.

Direct jobs in drilling are proportional to the number
of wells drilled.10

2.

Direct jobs in oil extraction are proportional to the
quantity of oil produced.

3.

All California oil production goes to southern
California refineries and is not replaced by out-ofstate or foreign crude oil when California production
is reduced.11

4.

All the oil cutbacks (the difference between baseline
and policy oil output) would have been used to make
gasoline. More precisely speaking (since refineries
always produce a mix of gasoline and other
products), we assume a reduction in gasoline output
equivalent to the reduction in the state’s crude oil
output.

5.

The cost to consumers of new electric vehicles, net
of federal and state incentives, is equal to the cost of
comparable new conventional vehicles.12

10

IMPLAN’s 2016 data set implies a very high number of workers in oil and gas drilling. For our calculations, we have recalibrated the model’s
assumed labor-intensity of the drilling industry so that it matches the actual level of employment in oil drilling in California in 2016, as
reported in the state employment census (State of California Employment Development Department. Quarterly Census of Employment and
Wages).

11

Combining separate calculation of the impacts of cutbacks in both oil production and refinery activity would involve double-counting. Refinery
activity has large indirect impacts on petroleum production (extraction). So, if the targeted level of extraction cutbacks has already been
included, the indirect effects of refinery cutbacks will double-count losses in extraction jobs. To avoid this problem, we have removed
IMPLAN’s indirect impacts of refinery activity on oil extraction; other indirect impacts remain unchanged. We have also cut the induced
employment impacts from refineries, in proportion to the reduction in direct plus indirect refinery jobs.

12

We also ignore gas stations, gasoline transportation, and related employment, assuming that cutbacks in these sectors are offset by
equivalent increases in employment in electric utilities and vehicle charging infrastructure.

9

Shutting down oil wells creates another category of
employment, in remediation of the closed well sites. We
have omitted calculation of employment in oilfield
remediation, an important but temporary source of jobs
when cutting back on oil production.13

State vs. county employment
Each scenario and employment calculation can be
carried out at two geographical levels.

•

•

Image 5: Installing solar PV on roof (Big Stock).

A statewide estimate includes jobs throughout
California, regardless of where oil production
changes and where jobs are created within the
state.

reductions in fuel for light-duty vehicles (cars and light
trucks). Then it is easy to find the amount of solar power
needed to support the same amount of transportation in
electric vehicles. The national average fuel economy of
cars and light trucks on the road in 2017 was 23.5 mpg.15
Since there are 42 gallons in a barrel of oil, one barrel
supports an average of 987 vehicle-miles of travel. The
average efficiency of the best-selling electric vehicles in
the United States today is about 30 kwh per 100 miles.16
Thus 296 kwh of electricity would be needed for 987
vehicle-miles of travel, the same amount produced by a
barrel of oil.

County-level estimates include only the in-county
job changes, such as job losses in Kern County due
to reduced production in that county.

The county-level calculation omits changes in crosscounty jobs, such as decreases in Los Angeles
employment due to oil production cutbacks in Kern
County (or vice versa), which are included in the
statewide calculation. The county-level calculation also
omits indirect and induced employment outside the
seven major oil-producing counties.14
Our employment calculations include estimates for the
state and for the seven top-producing counties.

The policy scenario for California oil reduction—no new
wells and no production in the 2500-foot buffer zone—
would save 78.1 million barrels of oil in 2030 (see Figure
11 on page 17). The electric-vehicle equivalent,
multiplying 296 kwh per barrel by the number of barrels,
is 23,100 GWh in 2030. To reach this target, California
would need a cumulative 8.8 GW of new solar capacity

How much PV is needed?
Oil is primarily used for transportation. Suppose that all
the California oil cutbacks in the policy scenario were

13

Remediation activities would make a relatively small contribution to employment in the policy scenario. Some observers have estimated that remediation
may produce almost as much employment as operation of a well - for one year after closure. In their analysis of the economic impacts of restricting oil and
gas extraction in the city of Los Angeles, David Rigby and Michael Shin estimate that there would be direct employment losses of 269 full time equivalent
workers associated with implementing a 2500’ setback ordinance, while remediation activities at the affected sites could result in single-year direct
employment gains of 215, for a net loss of 54 in the year that remediation occurs. Their analysis finds that annual total job losses (direct, indirect, and induced
employment) associated with the policy would be 535, while remediation activities could result in single year total employment increases of 356 jobs, for a net
job loss of 179 during the year that sites are remediated. (Rigby, David and Michael Shin 2017. “The Oil and Gas Extraction Sector in the City of Los Angeles.”)

14

To avoid spurious calculations involving Bay Area refineries, we constrain the refinery calculations to the seven oil-producing counties (i.e. to Los Angeles and
Kern Counties, the only two oil-producing counties that have refineries). We also assume that the increased adoption of electric vehicles, and related fuel
savings, is restricted to the seven counties, distributed in proportion to population.

15

U.S. Energy Information Administration, Annual Energy Outlook 2018, Light-Duty Vehicle Miles per Gallon by Technology Type, Table 41.

16

U.S Department of Energy, “All-Electric Vehicles.” https://www.fueleconomy.gov/feg/evtech.shtml.
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 O&M expenses, $21/kW-yr in 2017, are likely

by 2030 if relying exclusively on utility-scale solar power,
or 13.2 GW of new capacity by 2030 if relying on
distributed solar.17

to decline to $7/kW-yr by 2030.
•

 Capital investment is expected to fall from

For comparison, California had a total of 21.1 GW of
installed solar capacity at the end of 2017.18 Replacing
the oil cutbacks with the equivalent amount of electric
vehicle fuel would require a cumulative 42 percent
increase in current PV capacity by 2030 with utility-scale
solar, or a 63 percent increase with distributed solar.

$1,915/kW in 2017 to $945/kW in 2030.
 O&M costs, $13/kW-yr in 2017, may fall to

$10/kW-yr in 2030.
As a result of plummeting solar costs over the forecast
period, the cumulative cost of installing the additional
solar power is less than the costs of drilling new wells in
the BAU scenario. With drilling costs of $1.88 million per
well,22 the total cost for new wells in the BAU scenario is
$36 million. In comparison, the cumulative cost for the
equivalent solar capacity is $27 million for distributed
solar, or $12 million for utility-scale solar.

Assuming solar capacity is installed at a steady rate from
2019 through 2030, the policy scenario would require
adding 730 MW of utility scale solar or 1100 MW of
distributed solar each year.19 In our calculations, these
projected solar investments are distributed by county in
proportion to each county’s loss of oil production under
the policy scenario.

IMPLAN provides a single-year snapshot of the
economy, in this case for 2016. It does not incorporate
changes over time in productivity. Rapid decreases in
solar power costs imply rapidly rising productivity: the
same amount of solar capacity is being produced by
fewer workers over time. Something similar is
happening in the oil industry, although at a slower pace:
from 1987 to 2017, productivity per worker rose by 2.5
percent per year in oil and gas extraction, and by 2.3
percent per year in refineries.23 Our future projections
assume the continuation of these trends, so that slightly
fewer workers are needed each year to produce the
same amount of oil.

Costs and productivity
The jobs produced through increased solar installations
depend on capital expenditure and operations and
maintenance (O&M) costs for solar power. The wellknown, dramatic declines in the cost of solar power will
continue to reduce investment requirements, and
therefore jobs as well, through 2030, according to the
National Renewable Energy Laboratory (NREL):

•

For utility scale solar:21

For distributed solar power:20

Another issue involves changes in consumer costs over
time. The transition from gasoline to electricity saves

 Capital expenditures, $2,660/kW in 2017, are

projected to drop to $1,620/kW by 2030.
17

This calculation assumes that capacity factors (defined as actual output, divided by theoretical output if producing at maximum capacity in
every hour of every day) for solar photovoltaic panels in southern California are 30 percent for utility-scale installations and 20 percent for
distributed (individual rooftop) systems. (See Pat Knight et. al., 2018. Clean Energy for Los Angeles, Synapse Energy Economics, Inc.).

18

Solar Energy Industries Association, 2018. Top 10 Solar States 2017. Available at https://www.seia.org/sites/default/files/2018-03/
SEIA_Top10_Solar_States_2017.pdf.

19

This schedule does not match the projected oil cutbacks on a year-by-year basis. However, it reaches 100 percent replacement of oil
cutbacks by 2030.

20

National Renewable Energy Laboratory, 2018. Cost Reduction Roadmap for Residential Solar. The forecasts used are based on the less
aggressive pathway representing a conservative estimate based on technologies and business practice shifts within the new construction
market. Costs are presented in 2017 dollars. Available at https://www.nrel.gov/docs/fy18osti/70748.pdf.

21

National Renewable Energy Laboratory, 2017. Annual Technology Baseline Cost and Performance Summary. Available at https://
atb.nrel.gov/electricity/2017/summary.html. The forecast is the ATB Mid Scenario and based on current market conditions.

22

This is the ratio of IMPLAN total drilling costs to the number of new wells drilled in 2016.

23

Bureau of Labor Statistics, 2018. “Productivity and Costs by Industry: Manufacturing and Mining Industries – 2017.” Available at: https://
www.bls.gov/news.release/pdf/prin.pdf. We assume that the rate of productivity increase in oil extraction applies to drilling as well.
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money for drivers due to the lower fuel cost of charging
electric vehicles. These savings result in additional
consumer spending that would cause a further increase
in jobs.

2030: 2.15 percent per year for electricity, and 2.3
percent per year for gasoline (both in constant dollars,
corrected for inflation).24
The result is a substantial gap: by 2030, gasoline
spending of $970 million is replaced by electricity
spending of $390 million, leaving $580 million for
additional consumer spending in that year alone.

The difference between the amount spent on gasoline
vs. electricity to drive the same number of vehicle-miles
in a year is based on forecasts of gasoline and electricity
prices. Starting from recent California prices, both are
projected to increase at similar average rates through

California’s Energy Future

Options

Capital Costs

Business-As-Usual

Impacts

$36
million

•

Higher costs

•

Higher emissions

•

Negative health impacts

$12–27
million

•

Lower costs

•

More jobs

•

Progress on climate goals

Distributed and/or UtilityScale Solar

(A solar solution could contain a blend of distributed and utility-scale solar)

24

Electricity price escalation is based on an E3 report, Investigating a Higher Renewables Portfolio Standard in California (2014). Gasoline price
escalation is a national average projected by U.S. EIA’s Annual Energy Outlook 2018.
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Figure 8. Average annual employment changes for BAU
and policy cases, Kern County, 2019–2030

Figure 7. Average annual employment changes for
BAU and policy cases, state-wide, 2019–2030

At the statewide level, the policy scenario creates an
annual average of about 5,000 more full-time equivalent
(FTE) jobs than the baseline scenario.25 A loss of just
over 11,000 oil-related jobs—combining drilling,
extraction, and refining—is offset by a nearly identical
increase in the number of solar industry jobs, plus
almost 5,000 jobs due to respending of consumer fuel
savings.
25

Solar jobs

6,000

0

Policy

California

Oil

Respending jobs

2,000

0

Average annual
FTEs

8,000

We also examine the results by county. The combined
results for the seven oil-producing counties are close but
not identical to the state totals. In a statewide analysis, a
fraction of the indirect and induced jobs created by oil or
solar power spending are located outside the sevencounty area.

All figures in this section are annual averages over the 12-year forecast period, 2019–2030. For results in job-years, multiply by 12. All job
figures in this section combine direct, indirect, and induced jobs from the specified activities.
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Figure 9. Average annual employment changes for BAU
and policy cases, Los Angeles County, 2019–2030

Figure 10. Average annual employment changes for
BAU and policy cases, five counties, 2019–2030

Kern County, the center of California oil production,
gains an annual average of more than 1,500 jobs under
the policy scenario. Although the county is hit by oil
production cutbacks in the policy scenario and loses a
fraction of its small refining industry, new solar
investments are allocated in proportion to oil cutbacks.
These investments provide more jobs than the county
loses in oil.

cuts) are not enough to balance the oil production and
refinery job losses. However, jobs created by respending
of consumer fuel savings (allocated in proportion to
population) leave Los Angeles with a small employment
gain.
The other five oil-producing counties (Monterey, Fresno,
Ventura, Orange, and Santa Barbara) are collectively
winners, gaining an annual average of 3,000 jobs. Here,
new solar jobs far outweigh losses in drilling and
production; these counties have no refineries, and thus
do not lose refining jobs. Jobs created by respending of
fuel savings account for about half of their gains.

Los Angeles County has a small net gain in jobs,
averaging about 250 per year. Los Angeles contains
almost all of southern California’s refineries, where the
policy scenario leads to significant job cutbacks. New
jobs in solar power (allocated in proportion to oil output

14

These results are encouraging, but they do not mean
that everyone in the state wins from oil cutback policies.
Although total energy-related jobs increase under the
policy scenario, some workers in the oil industry will be
displaced. A “just transition” for oil workers, including
income support, retraining opportunities, and
retirement with dignity for older workers, is a vitally
important part of policies that cut back on oil
production.26

Kern County, the center of
California oil production,
gains an annual average
of more than 1,500 jobs
under the policy scenario.

Image 6: Oil crew in Coyote fields, California. The New York Public Library Digital Collections, 1860 - 1920 (Wikimedia
Commons).

26

See the 2018 Oil Change International report, among many others. From a broader perspective, the workers displaced by oil cutbacks are a
small proportion of the huge number of workers who lose jobs every year. Everyone deserves better employment insurance and retraining
opportunities, regardless of the reasons for their job losses, along the lines provided in many European countries.
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Benefits of emission reduction

Greenhouse gas reductions
Proposals to cut back California oil production have
arisen, in part, from the effort to reduce greenhouse gas
emissions and meet climate targets. Reductions in oil
output, on the scale envisioned under the policy
scenario, will avoid millions of tons of carbon dioxide
(CO2) emissions each year. Using the most common
approach to valuation of these emissions, the
environmental benefits are worth hundreds of millions
of dollars per year, reaching $0.6 billion to $2.8 billion
per year by 2030.
We explore three scenarios for CO2 reductions. Our
policy scenario, assuming complete replacement of oil
cutbacks with renewable energy, leads to the greatest
reduction. Alternatively, if oil cutbacks are not replaced
by clean energy, how much would be replaced by oil
production increases in the rest of the world? Our
second and third scenarios are based on different
answers to that question.

Image 7: Trust (Lauren Lulu Taylor/Unsplash).

extraction of oil, resulting in average lifecycle emissions
of around 620 kg per barrel.28

The calculation of avoided CO2 emissions rests on two
numerical results from research by Peter Erickson and
Michael Lazarus at the Stockholm Environment
Institute.27 First, they examine the lifecycle CO2
emissions per barrel of oil. Combustion of a barrel of oil
yields 400 kg of CO2. For many oil producers, including
Saudi Arabia, lifecycle emissions are around 500 kg per
barrel, including extraction, transportation, and refining
as well as combustion emissions. California, however,
relies on energy- and emissions-intensive methods of

Second, they estimate the global reduction in oil
production that results when one producer, such as
California, cuts back on its output—and does not replace
it with other energy sources. The consensus is that other
producers would replace some but not all of the
reduction in output. Several analysts have estimated
that the global reduction in oil consumption would be
between 20 percent and 60 percent of a unilateral cut
in—or conversely, the rest of the world would replace 40
to 80 percent of California’s cutbacks.29

27

Erickson and Lazarus, 2018. “How limiting oil production could help California meet its climate goals.” Available at https://www.sei.org/
publications/limiting-oil-production-california/.

28

Personal communication from Peter Erickson, June 2018.

29

For citations to this literature, see Erickson and Lazarus 2018. The world oil market is an oligopoly, where unpredictable strategic decisions by
leading producers such as Saudi Arabia, Russia, and the United States may be more important than price elasticity-driven calculations by
smaller producers. Still, there are few analysts who predict 100 percent replacement of California’s cutbacks.
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We therefore consider high and low emission-reduction scenarios:

•

•

The high emission-reduction case assumes that
other producers replace 50 percent of California’s
cutbacks, and the replacement oil has lifecycle CO2
emissions of 500 kg per barrel—e.g., the emissions
expected if the replacement oil comes from Saudi
Arabia.30

Gross effects of oil
reduction: if replaced
exclusively by
renewable energy

The low emission-reduction case assumes that other
producers replace 80 percent of California’s
cutbacks, with replacement oil emissions of 620 kg
per barrel, equal to the California average.31

2020

2025

2030

Assumed California oil reduction, million bbl

39.8

66.9

78.1

Avoided CO2 emissions, million metric tons

24.7

41.5

48.4

Social cost of carbon (SCC), 2017 $ / ton

$49

$54

$59

$1,210

$2,241

$2,856

Replacement production, million bbl

19.9

33.45

39.05

CO2 from replacement production, million metric tons

10.0

16.7

19.5

Net CO2 reduction, million metric tons

14.8

24.8

28.9

SCC value of net reduction, million 2017 $

$723

$1,338

$1,704

Replacement production, million bbl

31.8

53.5

62.5

19.7

33.2

38.7

5.0

8.3

9.7

$243

$449

$570

SCC value of gross reduction, million 2017 $
High emissionreduction case: 50%
replacement, 500 kg
CO2 per barrel

Low emission-reduction CO2 from replacement production, million metric tons
case: 80% replacement,
Net CO2 reduction, million metric tons
620 kg CO2 per barrel
SCC value of net reduction, million 2017 $

Figure 11. Projected annual value of avoided CO2 emissions under three replacement cases, 2020, 2025, and
2030

The reduction in California oil production projected
under the policy scenario is roughly 40 million barrels in
2020, rising to 78 million barrels in 2030. The result is a
gross reduction in CO2 emissions of roughly 25 million
tons in 2020, rising to 48 million tons by 2030. (See the
top two lines of Figure 11.) The rest of the world replaces
either (a) none of the cutbacks, in our solar-intensive
policy scenario, (b) 50 percent of the California
cutbacks, with oil having lower lifecycle emissions (high
emission-reduction case) or (c) 80 percent of the

California cutbacks, with oil having lifecycle emissions
equal to in-state production (low emission-reduction
case).
The net annual CO2 reduction would be 48.4 million
tons by 2030 in the policy scenario (last column of table),
or 28.9 million tons in the high-reduction scenario, or 9.7
million tons in the low-reduction scenario. Reduction in
refinery emissions would lead to a moderate additional
increase, perhaps 0.7 – 3.7 million tons by 2030.32

30

Some analysts refer to 50 percent replacement as the “central estimate,” apparently based on Erickson and Lazarus (2018) and the research
cited there. This estimate is close to their maximum-reduction case of 40 percent replacement of California oil cutbacks.

31

This alternative assumes that the world oil industry could rapidly replace most of California’s cutbacks. Even worse cases can be imagined. If
80 percent of California’s oil cutbacks were replaced with Canadian oil sands production, with lifecycle emissions of about 725 kg per barrel
(Erickson and Lazarus 2018), the net benefits would be roughly one-third of the low emission-reduction case benefits shown in the table.

32

Average U.S. refinery emissions are 7.8g CO2 per MJ of gasoline, higher than for other major refinery products (Amgad Elgowainy et al.,
2014, “Energy Efficiency and Greenhouse Gas Emission Intensity of Petroleum Products at U.S. Refineries”, Environmental Science &
Technology 48, 7612-7624). At 6,120 MJ per barrel of oil, this implies 3.73 tons of CO2 from the 2030 gross reduction of 78.1 million barrels,
assuming it was all gasoline. The numbers in the text are based on net global reduction of 20 percent to 100 percent of the gross reduction.
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The “social cost of carbon” and
the value of greenhouse gas
reductions
What is the value of the net emission reductions from
California cutbacks? There is a lengthy debate about the socalled social cost of carbon (SCC), the dollar value per ton of
avoided emissions. The best-known SCC estimates are those
created by the Obama administration’s Interagency Working
Group (IWG). The most widely cited, among their four variants
on the SCC, rises steadily from $49 in 2020 to $59 in 2030
(when converted to 2017 dollars).33
These numbers are far from being uncontroversial, and the
true values of avoided climate damages could be much higher.
An in-depth 2017 review by the National Academy of Sciences
had scathing criticisms of the IWG methodology,
recommending countless changes. Academic critiques have
continued to appear since the first IWG estimates were
published in 2010.34 The IWG averaged results from three
simple models, each of which simplistically extrapolates
climate damages to temperatures outside our historical
experience. The models include little or no recognition of the
problem of tipping points and irreversible risks, one of the
crucial dimensions of the climate crisis. They also ignore the
problem of pricing “priceless” values (see sidebar). Extremely
high values, many times greater than the IWG estimates, are
not a certainty. But they also cannot be ruled out with much
confidence. Nonetheless, there are no other estimates that are
nearly as widely used at this point. Therefore the IWG values
are used, despite their limitations, in Figure 11.

Are
climate damages
priceless?
Some damages caused by climate
change, such as declines in crop
yields due to droughts and heat
waves, or loss of coastal property to
sea-level rise and storm surges,
have meaningful monetary values.
Other damages, of at least equal
importance, do not have price tags
attached. What is the value of
avoidable human deaths, of the
extinction of an endangered
species, of the loss of unique natural
environments?
As the philosopher Immanuel Kant
said long ago, some things have a
price while others have a dignity.
The all-too-common process of
fabricating prices for priceless
values dishonors the dignity of
human life and the natural world.
Since climate damages will include
many priceless values, monetary
measures such as the IWG’s SCC
estimates will inevitably fail to
capture the full meaning of climate
change.35

The bottom line for each case in Figure 11 applies the federal
SCC to the net emission savings from the California oil

33

These are the estimates with a 3 percent discount rate and median climate sensitivity (sometimes misleadingly called the “central
estimate”), from the IWG’s final (August 2016) SCC update. The values were published in 2007 dollars; they have been inflated to 2017
dollars using the Consumer Price Index.

34

Among many others, see: National Academy of Sciences, Engineering and Medicine, 2017. Valuing Climate Damages: Updating Estimation of
the Social Cost of Carbon Dioxide. Washington DC: National Academies Press, https://doi.org/10.17226/24651; Robert S. Pindyck, 2013.
“Climate Change Policy: What Do the Models Tell Us?” Journal of Economic Literature 51, September 2013, 860-872 [the author’s answer to
the title question: “Very little”]; Frank Ackerman and Elizabeth A. Stanton (2012), “Climate Risks and Carbon Prices: Revising the Social Cost
of Carbon”, Economics e-journal 6; Martin L. Weitzman (2014), “Fat Tails and the Social Cost of Carbon,” American Economic Review 104, 544
-546.

35

See: Frank Ackerman and Lisa Heinzerling, 2004, Priceless: On Knowing the Price of Everything and the Value of Nothing (New York: The New
Press); and Frank Ackerman, 2017, Worst-Case Economics: Extreme Events in Climate and Finance (London: Anthem Press).
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cutbacks. By 2030, the SCC value of the reduced
emissions is $570 million in the low emission-reduction
case, and $1.7 billion in the high emission-reduction
case. In the policy scenario, where the oil cutbacks are
replaced exclusively by solar power, the (gross) emission
reduction is worth more than $2.8 billion by 2030.
In short, the oil cutbacks implied by our policy scenario,
blocking new oil wells and stopping oil production within
the 2500-foot buffer zone, would cause net annual CO2
emission reductions worth hundreds of millions, if not
billions, of dollars in 2030, using a straightforward
application of the Obama-era federal SCC. And the
value of the avoided emissions would only grow after
2030—both because the SCC rises over time, and
because the net reduction in oil production due to the
policy scenario would continue to expand.

Image 8. 2001 fire at Tosco refinery in Carson, CA (AP Photo/
Nick Ut).

disruptors.36 Oil production cutbacks avoid numerous
health impacts caused by chemical contamination
within waterways and the soil. In addition to the
contamination of water in the drilling phase, refineries
also use large volumes of water for production and
cooling and the resulting effluents enter the waterways,
impacting humans, fish, and other wildlife.37

Local environmental benefits
A cutback in oil production, and especially in new oil
drilling, could reduce the multiple negative
environmental impacts of exploration, drilling,
extraction, transportation, and refining of oil. The
benefits of reducing oil production include a decrease in
contamination of soil, air, and water (and thereby a
reduction in health hazards to humans and wildlife),
reduction in safety risks for those working and living
near oil fields and a decrease in the impacts from
undesirable changes in land use such as erosion,
deforestation, and wildlife habitat disruption.

The process of exploration, drilling, and extraction
results in significant local air contamination which leads
to numerous human health hazards. This air
contamination is a result of emissions from powering
drilling equipment and machinery, well-pad
construction, hydrocarbons escaping from wells, and the
flaring of natural gas.38 The toxins emitted through the
oil production process include particulate matter,
volatile organic compounds, and hazardous air
pollutants including benzene, toluene, ethylbenzene,
and xylenes. These air toxins result in numerous health
related impacts: asthma, heart disease, low birth
weight, and, in some cases, cancer (some of the air
toxins are known to be human carcinogens).39

The largest waste stream associated with the oil and gas
industry is the quantity and quality of wastewater
produced through the process of extraction. Drilling
practices during exploration and extraction involve a
combination of chemicals that are injected into wells
which are eventually discharged back into the
environment. These chemicals are known to include
carcinogens, reproductive toxins, and endocrine
36

Liberty Hill Foundation, 2015. “Drilling Down: Community Consequences of Expanded Oil Development in Los Angeles.” Available at https://
www.libertyhill.org/sites/libertyhillfoundation/files/Drilling%20Down%20Report_1.pdf.

37

Epstein, P.R. and Selber, J., 2002. Oil a Life Cycle Analysis of Its Health and Environmental Impacts. The Center for Health and the Global
Environment Harvard Medical School.

38

Caswell M.F., 1993. “Balancing Energy and the Environment.” In: Gilbert R.J. (eds) The Environment of Oil. Studies in Industrial Organization,
vol 17. Springer, Dordrecht.

39

Liberty Hill Foundation, 2015.
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Oil production also leads to harmful changes in land use.
Transportation of oil to refineries and then to gas
stations and locations of consumption requires
construction of pipelines, roads, and platforms.
Additionally, oil exploration involves movement of
heavy equipment, often requiring clearing of land for
roads and platforms.40 Other land-use impacts from
exploration, extraction, and drilling processes include
construction of oil wells, creation of waste pits for solid
waste disposal, and inland oil spills. The entire oil
production process results in significant surface
disturbances, deforestation, erosion, and harm to
wildlife through habitat disruption and interference with
the migratory patterns of bird and animals.41

the exposure to chemicals, gases, and noise also create
significant safety and health risks. The Bureau of Labor
Statistics reports 1,485 fatalities nationwide between
2003 and 2016 associated with oil and gas extraction
industry alone—an average of more than 100 per year.42
A large-scale switch from gasoline to electric vehicles, as
envisioned in our policy scenario, would lead to a
reduction in tailpipe emissions—a major source of health
hazards. In 2013, transportation contributed more than
half of all emissions of carbon monoxide and nitrogen
oxides, and almost a quarter of hydrocarbon emissions;
air toxics emitted from cars and trucks account for an
estimated half of all cancers caused by air pollution.43
In short, the damages associated with oil production
extend well beyond oil’s lifecycle greenhouse gas
emissions. There is no simple way to monetize these
damages, comparable to the SCC. Nonetheless, it is
important to remember these additional environmental
benefits from reducing oil production.

Cutback in the production of oil would also help in the
avoidance of the safety risks to oil industry workers and
those living near the oil fields. The ever-present risk of
explosions and fires can lead to injuries and fatalities
during exploration, extraction, and refining. The
handling of heavy pipes and other equipment as well as

40

Epstein PR, Selber J. 2002. Oil: A Life Cycle Analysis of Its Health and Environmental Impacts. Boston: Center Health Glob. Environ., Harv.
Med. Sch.

41

U.S. EPA and Sector Strategies 2008. An Assessment of Environmental Implications of Oil and Gas Production, Sept. 2008 Working Draft.
Available at https://archive.epa.gov/sectors/web/pdf/oil-gas-report.pdf.

42

Bureau of Labor Statistics, 2016, “Census of Fatal Occupational Injuries Charts, 1992-2016.” Available at https://www.bls.gov/iif/oshwc/cfoi/
cfch0015.pdf.

43

Union of Concerned Scientists, 2014, “Vehicles, Air Pollution, and Human Health.” Available at https://www.ucsusa.org/clean-vehicles/
vehicles-air-pollution-and-human-health.
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Global carbon emissions have reached unsustainable levels, and transforming the energy sector by increasing
eﬃciency and use of renewables is one of the primary strategies to reduce emissions. Policy makers need to
understand both the environmental and economic impacts of ﬁscal and regulatory policies regarding the energy
sector. Transitioning to lower-carbon energy will entail a contraction of the fossil fuel sector, along with a loss of
jobs. An important question is whether clean energy will create more jobs than will be lost in fossil fuels. This
article presents a method of using Input-Output (I-O) tables to create “synthetic” industries – namely clean
energy industries that do not currently exist in I-O tables. This approach allows researchers to evaluate public
and private spending in clean energy and compare it to the eﬀects of spending on fossil fuels. Here we focus on
employment impacts in the short-to-medium term, and leave aside the long-term comparison of operations and
maintenance employment. We ﬁnd that on average, 2.65 full-time-equivalent (FTE) jobs are created from $1
million spending in fossil fuels, while that same amount of spending would create 7.49 or 7.72 FTE jobs in
renewables or energy eﬃciency. Thus each $1 million shifted from brown to green energy will create a net
increase of 5 jobs.
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1. Introduction
Employment in the clean energy sector, or so-called “Green Jobs,”
has become an important issue politically as an avenue to reduce
unemployment while growing the economy on a sustainable path.
Carbon emissions have reached an unsustainable level, and the global
energy system must be transformed in order to limit global climate
change to a 2 degree Celcius rise above pre-industrial levels by 2100
(Bruckner et al., 2014). Many studies have evaluated the relationship
between economic growth, energy use, and emissions (Bloch et al.,
2015; Chen et al., 2016; Narayan et al., 2016). There is debate both
among economists and environmentalists as to whether economic
growth is necessary and what level is sustainable. “Green Growth” is
sometimes seen as a way for standards of living to rise while carbon
emissions fall (e.g. Pollin et al., 2014).
National governments have long used both ﬁscal policy and
regulation in the energy sector. Fiscal policy has included tax preferences, direct public spending, loan guarantees and other ﬁnancing
mechanisms, investments in research and development, and many
other forms of ﬁnancial support and incentives. In simultaneously
addressing questions of job creation, emissions reduction, and energy
use, it is important to understand the economic eﬀects of energy policy
and public spending within the energy sector. Particularly when the

policy goal is to reduce unemployment, it is useful to compare the
employment eﬀects of clean energy as opposed to fossil fuels. For a
given level of public spending, how many jobs would be supported by
renewable energy (RE) and energy eﬃciency (EE) industries compared
to fossil fuel (FF) industries? What would be the net eﬀect on
employment if spending shifts from fossil fuels to clean energy?
There is a small but growing body of literature examining the
economic beneﬁts of a clean energy transition, including those of job
creation (Pollin et al., 2014; Lehr et al., 2012). While the peer-reviewed
literature is still limited and the impacts on employment are sometimes
noted as being disputed (Lambert and Silva, 2012), a number of
researchers using input-output modeling have found positive employment impacts resulting from the growth of renewable energy
industries (Malik et al., 2014; Markaki et al., 2013; Tourkolias and
Mirasgedis, 2011) Input-output models are often used for these studies
because they have the advantage of being transparent, having few
assumptions built in, are easily replicable, and are built from current or
recent data from national accounts.
One current drawback of using I-O models to study clean energy
impacts is that renewable energy industries and energy eﬃciency
industries are not explicitly identiﬁed as industrial categories in
national accounts. While industries such as oil extraction, natural gas
distribution, and petroleum reﬁning exist in most national accounting
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and indirect (supply-chain) jobs, and the multipliers are the same
regardless of whether the source of demand is public or private
spending. It is important to note that these employment eﬀects are
relevant for the short-to-medium term, in which an expansion of clean
energy involves signiﬁcant increases in manufacturing and installation
of renewable and eﬃciency technologies. Here we leave aside the longrun comparison of operations and maintenance employment in the
energy sector. Overall, I ﬁnd that the expansion of clean energy creates
three jobs for each job lost in the fossil fuel sector, and for each $1
million shift from fossil fuels to clean energy, an average of ﬁve
additional jobs are created.

systems, industries such as wind, solar, or home weatherization do not.
Thus we cannot readily compare the employment impacts of demand
for fossil fuel to demand for clean energy, making policy assessment
diﬃcult. Some researchers have overcome this obstacle by disaggregating and re-aggregating the industries in the I-O tables in order to
separate green from traditional activities, or by adding a new set of
industries to the existing tables (Malik et al., 2014; Garrett-Peltier,
2011).
A re-aggregation approach is useful for analyzing mature industries
and has been used to study “satellite accounts” such as the Health Care
Satellite Account and the Travel and Tourism Satellite Accounts of the
U.S. Bureau of Economic Analysis (U.S. BEA). The main drawback to
such an approach is the collection or availability of data suﬃcient for
detailed disaggregation, a problem that is particularly concerning with
nascent industries such as clean energy. This re-aggregation approach
is generally time-consuming, requiring detailed survey data as well as
compilation and re-balancing of the input-output tables.
This article presents an alternative approach for analyzing the
employment impacts of renewable energy and energy eﬃciency industries. I use an input-output model, but rather than re-aggregating
the tables to separate green from non-green activities, I treat clean
energy spending as a demand shock. That is, I treat additional
spending as investments in the industry, and simulate the eﬀects of
expanding the clean energy sector by creating vectors of demand that
include the manufacturing, construction, and service industries that
comprise the clean energy sector. As shorthand, I refer to this as the
“synthetic industry” approach.
In essence, what the “synthetic industry” approach does is use
existing data in the national accounts, in existing I-O tables. While
“wind” or “solar” are not identiﬁed as industries as such, the activities
and materials making up the wind and solar industries are already
implicitly captured in existing I-O tables. In the synthetic industry
approach, we use existing data from national accounts and create a
proxy, a vector of demand for the package of goods and services making
up each synthetic industry.
The advantages of the “synthetic industry” approach are twofold:
First, the data requirements are fewer than those necessary for reaggregation; and second, this method could be used as a complementary modeling technique to re-aggregation, where this “synthetic
industry” approach is used to assess the initial impacts of investments
in creating or expanding an industry, and then the re-aggregation
technique is used to model ongoing operations and maintenance of an
established industry.
In this article I perform synthetic industry analysis for renewable
energy industries such as wind, solar, and bioenergy, as well as for
energy eﬃciency industries including building weatherization, mass
transit and freight rail, and electrical grid upgrades. I build from the
methods ﬁrst presented in Garrett-Peltier (2011) but update with the
most recent data available, which are the 71-industry “Summary”
tables for 2013 from the U.S. BEA. In addition, I generate new cost
vectors for various renewable and eﬃciency industries and compare the
results with those using previously-established cost structures. I then
present a method of analyzing the sensitivity of the results to the choice
of speciﬁcation.
I present the methodology for simulating demand for RE and EE
industries, then use existing literature and survey data to form vectors
of demand. I estimate employment multipliers for 9 clean energy
industries and 2 fossil fuel industries. I then present a simple policy
example estimating the overall impact of shifting $1 billion in fossil
fuel subsidies into investments in renewable energy or energy eﬃciency. I provide the weights used in composing all of these 11 energy
industries to allow replication by other researchers.
I ﬁnd that on average, renewable energy creates 7.49 full-timeequivalent (FTE) jobs per $1 million spending, energy eﬃciency creates
7.72 FTE jobs per $1 million spending, and fossil fuels create 2.65 FTE
jobs per $1 million spending. These job numbers include both direct

2. Data and methods
2.1. Brief background on input-output analysis
Input-output (I-O) analysis is useful in estimating the impact of
changes in demand for the output of an industry or group of industries.
I-O tables provide a “snapshot” of the economy. In any given year, they
show the inputs used by each industry, the outputs produced by each
industry, and the relationship between industry output and ﬁnal
demand among various users.
I-O tables are constructed from surveys of businesses as well as
from administrative records and are generally available at various
levels of detail ranging from sector (~12 industries) to detailed or
benchmark tables (~400–500 industries). In the U.S., benchmark
tables are produced by the U.S. BEA every 5 years, include approximately 500 industries, and are updated annually to produce sector and
summary level tables. I-O tables provide a useful framework for policy
and business analysis (Horowitz and Planting, 2009). A detailed
description of the basic I-O framework is readily available in publications such as Miller and Blair (2009).
The U.S. BEA's I-O tables include a “make” table (the commodities
produced by each industry), a “use” table (the use of commodities by
intermediate and ﬁnal users), a “direct requirements” table which is an
algebraic manipulation of the make and use tables showing the amount
of a commodity required by an industry to produce a dollar of the
industry's output, and a “total requirements” table which is also known
as the “Leontief Inverse Matrix,” described below.
The I-O model allows us to estimate economy-wide impacts of
investments in a range of RE and EE technologies, and thus has useful
macroeconomic implications. Further, it also allows us to evaluate the
eﬀects on speciﬁc sectors and industries, which is useful for industrial
policy as well as employment, training, and readjustment policies.
The input-output model I will use here to study the EERE (Energy
Eﬃciency and Renewable Energy) industry is based on the U.S. BEA
2013 annual tables at the 71 industry (“summary”) level. The BEA
“Total Requirements” table shows how an increase in demand for a
particular industry's product will lead to increased output in that
industry and all related industries. For example, an increase in demand
for farm products would increase farm output and would also increase
output in other industries that provide inputs to the farm industry,
such as fertilizer and farm machinery manufacturing. The total
requirements table will be an n×n matrix where n is the number of
industries. Once we obtain this table, we can post-multiply it by a
vector of ﬁnal demand (Y) to estimate the eﬀects on output (X). Thus
our basic equation to estimate a change in output resulting from a
change in ﬁnal demand is:

ΔX = (I − A)−1ΔY
Where (I-A)-1 is the Leontief inverse matrix or “Total Requirements”
table.
Using the above impact equation, we can see how changes in
alternative types of ﬁnal demand (personal consumption, private
investment, federal government expenditures, or exports) aﬀect output.
We can also isolate a change in ﬁnal demand for one industry or a
440
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demand, we calculate a bill of goods, or demand vector, that is
essentially a weighted average of various industries that exist within
the I-O tables. To estimate the weights and industries involved, we
could use survey data, expert interviews, ﬁnancial data from energy
industries or ﬁrms, or various other sources. Ideally we would
implement a survey on a large enough scale that it is representative
of the geography and industries in our I-O tables. But since this type of
survey can be time-consuming and costly, we can instead rely on survey
data that has already been collected.
For example, in generating the demand vector for the wind energy
industry, I rely on data from a survey conducted by the European Wind
Energy Association (EWEA, 2004), as previously presented in GarrettPeltier (2011). The EWEA administered a survey of various European
ﬁrms in the wind energy industry, eliciting data on the components and
costs of wind turbine production. The EWEA publication shows that for
wind turbine manufacturing, the various components and their shares
of total costs are as follows:

group of industries (for instance, increased procurement of solar panels
by the federal government) to estimate the economy-wide impacts of
such a demand shock.

2.2. Creating vectors of demand to model renewable energy and
energy eﬃciency
In comparing the eﬀects of spending on clean energy versus
spending on fossil fuels, we are interested in the total change in output,
ΔX, that results from an increase in demand, ΔY. In established
industries, such as coal mining, we can simply use the Leontief inverse
matrix to obtain the output eﬀects from an increase in demand. But to
estimate the impacts from a change in demand for a group of
industries, we need to form our vector of demand, ΔY, where we
allocate shares across the various industries. Below we present a
method for doing this for clean energy.
I-O tables in the U.S. are based on the North American Industrial
Classiﬁcation System (NAICS), which currently does not identify any
renewable energy or energy eﬃciency industries. The only energyrelated industries identiﬁed in the BEA I-O tables are oil/gas extraction, coal mining, support services for these extraction activities, power
generation and distribution, and various petroleum- or coal-based
manufacturing activities. Renewable energy industries such as wind,
solar, bioenergy, geothermal, and so on, are not explicitly identiﬁed.
Energy eﬃciency industries such as building weatherization, “Smart
Grid”,1 energy-eﬃcient appliances, and so on are also not explicitly
identiﬁed. Nonetheless, the activities of these industries are captured
implicitly in the input-output accounts. For example, the manufacture
of hardware and electrical equipment used for solar panels are
categorized respectively in the hardware and electrical equipment
industries. If we can thus identify the various components and their
weights that make up the energy eﬃciency and renewable energy
(EERE) industries, we can study the impact of increased demand for
EERE products and services. The methodology for what I am calling
the synthetic industry approach is presented in Miller and Blair (2009)
as one of two I-O methods to assess the impacts of a new industry.
The synthetic industry approach may serve as a complementary or
alternative strategy to gathering survey data and explicitly identifying
EERE industries in order to augment or re-aggregate existing I-O
tables, or what I will call the “integrated approach”. The integrated
approach presented in Garrett-Peltier (2011) models both forward and
backward linkages between various industries, with the EERE industry
as both a consumer and producer of goods and services. This approach
is what Miller and Blair (2009) refer to as “complete inclusion in the
technical coeﬃcients matrix.” In the synthetic approach presented
here, however, I simulate an exogenous increase in ﬁnal demand for
the goods and services used in the EERE industry. This method
requires data for the inputs into EERE production without requiring
knowledge of the structure or magnitude of demand for output from
EERE industries. As noted by Tourkolias and Mirasgedis (2011), in
most countries the size of the renewable energy industry is still small
and the data on inputs still limited and variable.
The exogenous demand for clean energy products could be the
result of direct public spending, such as a government agency
purchasing solar photovoltaic panels for its buildings, or it could be
private spending by businesses or households, perhaps incentivized by
government tax or regulatory policy. In order to simulate this increased

37% machinery
26% construction
12% fabricated metal products
12% plastic products
7% scientiﬁc/technical services
3% mechanical power transmission equipment
3% electronic connector equipment
In order to generate a vector of demand for wind energy, we map
this survey data into the industrial categories of our I-O table, which
may be more or less aggregated than the survey data itself. The
industries and weights for the wind industry, as well as other energy
industries, are shown in Table 1.
Similarly, to construct vectors of demand for building weatherization, I rely on survey data from the U.S. Department of Energy. For
home weatherization, I use data on home energy consumption from the
U.S. Department of Energy's Residential Energy Consumption Survey
(U.S. DOE, 2013). I attribute 30 percent of the total spending on home
weatherization to the construction industry, then allocate the remaining 70 percent to materials and technologies based on their shares in
home energy consumption, which is 41.5% space heating, 34.6%
appliances, electronics and lighting, 17.7% water heating, and 6.2%
air conditioners, as shown in Table 4.
To create a synthetic industry representing commercial retroﬁts, I
refer to a 2012 U.S. Department of Energy report on the Energy Service
Company (ESCO) industry (Larsen et al., 2012). In particular, Figure 6
of this report shows a variety of energy eﬃciency measures installed by
ESCO companies, according to a database of ESCO projects maintained
by the Lawrence Berkeley National Laboratory. I select the ﬁve most
implemented projects: lighting; controls; distribution/ventilation; boilers; and water conservation. I develop a new vector of demand for
commercial retroﬁts that is composed of 30 percent construction
(installation), with 70 percent of costs evenly distributed across the
ﬁve technologies and measures just listed. The resulting industry
shares are included in Table 4.
In Tables 1 and 2 I present vectors of demand that were previously
constructed (Garrett-Peltier 2011; Pollin et al., 2015), and in Tables 3
and 4 I present vectors of demand that I have newly constructed from
secondary data. In some cases, those data were drawn from extensive
surveys or databases of projects (such as the database of thousands of
ESCO projects maintained by the Lawrence Berkeley National
Laboratory), and in other cases the data result from a combination of
sources, such as business journals, industry associations, and tenders
(e.g. IRENA (2012a) and IRENA (2012b)). In all cases, I used the costs
and components identiﬁed by these various agencies and organizations,
assigned I-O industry categories to the components, and assigned
weights as presented in Tables 3 and 4.

1
“Smart Grid” is a term used to describe a modernized electricity transmission
infrastructure which relies on information-technology to increase reliability and reduce
demand of the electrical grid system. The Smart-Grid is more interactive and distributed
than the current electrical grid in that it allows end-users to interface with power use
through ‘Smart Meters’ and allows for more de-centralized power production (such as
wind and solar) to be distributed to users. For more information, see for example
publications by the U.S. Dept. of Energy's Oﬃce of Electricity & Energy Reliability,
accessible here: http://www.oe.energy.gov/smartgrid.htm.
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Table 1
Weights in Garrett-Peltier 2011.
I-O Industry (from 71-industry table)

Synthetic EERE Industry

Farm products (unprocessed)
Forestry, ﬁshing and related
Oil and Gas extraction
Coal Mining
Support activities for extraction and mining
Natural gas distribution
Construction
Petroleum and Coal Products
Chemical products
Plastics and rubber products
Fabricated metal products
Machinery
Computer and electronic products
Electrical equipment, appliances, and components
Rail transportation
Transit and ground passenger transportation
Pipeline transportation
Miscellaneous professional, scientiﬁc and technical services
sum of weights

Fossil Fuels

Weatherization

Mass Transit & Freight Rail

Smart Grid

Wind

Solar

Biomass

–
–

–
–

–
–

–
–

–
–

0.250
0.250

Oil & Gas

Coal

0.300
0.040
0.100
1.000

0.450

0.250

0.260

0.300

0.250

–
–
–
–
–
–
–
–

–
–
–
–
–
–
0.100
0.450

–
–
–
0.250
0.250
0.250
–
–

–
0.120
0.120
0.370
0.030
0.030
–
–

–
–
0.175
–
0.175
0.175
–
–

0.125
–
–
–
–
–
–
–

–
1.000

–
1.000

–
1.000

0.070
1.000

0.175
1.000

0.125
1.000

0.530

0.440
0.080

0.480

0.030
1.000

1.000

Oil and
Gas

Coal

Table 2
Weights in Pollin et al. 2015.
Wind

Farms
Forestry, ﬁshing, and related activities
Oil and gas extraction
Mining, except oil and gas
Support activities for mining
Construction
Fabricated metal products
Machinery
Computer and electronic products
Electrical equipment, appliances, and components
Petroleum and coal products
Chemical products
Plastics and rubber products
Pipeline transportation
Miscellaneous professional, scientiﬁc, and
technical services
Sum of weights

Solar

Bioenergy

Geothermal

Hydro
(small)

Weatherization

Industrial EE

Smart Grid

0.250
0.250
0.500
0.500
0.260
0.120
0.370
0.030
0.030

0.300
0.175
0.175
0.175

0.250

0.150
0.450
0.100

0.180
0.180
0.070

1.000

0.200

0.250

0.500

0.250
0.250
0.250

0.140

0.250

0.500

0.125
0.120
0.250
0.070

0.175

0.125

0.300

0.430

1.000

1.000

1.000

1.000

1.000

0.300
1.000

1.000

1.000

1.000

1.000

Table 3
Composition of RE industries using alternative cost structures.

Support activities for mining
Construction
Nonmetallic mineral products
Fabricated metal products
Machinery
Computer and electronic products
Electrical equipment, appliances,
and components
Truck transportation
Insurance carriers and related
activities
Miscellaneous professional,
scientiﬁc, and technical services
Management of companies and
enterprises
Sum of weights

Wind – Tegen
et at. (2013)

Wind - IRENA
(2012b)

Wind (onshore) B
& V (2012)

Solar PV (central) –
B & V (2012)

Solar - IRENA
(2012a)

Solar -BNEF SEA 2013

Geothermal – B & V
2012

0.200
0.030
0.160
0.370

0.276
0.160
0.160

0.255

0.125
0.050
0.210

0.290

0.390
0.250

0.340

0.095
0.120
0.410

0.200

0.140

0.150

0.314

0.340

0.330

0.385
0.122

0.250

0.080

0.090

0.040

0.020

0.109

0.210

0.070

0.025

0.025

0.050

0.070

1.000

1.000

1.000

1.000

0.030
0.030
0.020
0.010
1.000

1.000
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2.4. Employment Multipliers: Understanding their use and the
assumptions contained in the I-O model

Table 4
Composition of Residential and Commercial Energy Efficiency from DOE cost sources.

Support activities for mining
Construction
Nonmetallic mineral products
Fabricated metal products
Machinery
Computer and electronic products
Electrical equipment, appliances,
and components

Home weatherization

Commercial
Retrofits

0.300

0.300

0.414
0.286

We can trace the causes of diﬀerences in employment multipliers to
three main reasons: labor intensity; domestic content; and compensation of workers. Labor intensity is captured by the employment/output
ratio. In comparison to industries that are capital-intensive, laborintensive industries will employ a greater number of FTE workers for
the same level of output. Secondly, an industry with a higher share of
domestically-produced inputs will have a higher employment multiplier. Higher domestic content implies that more output, and therefore
more employment, is created within the domestic economy, rather than
being imported or outsourced and creating output and employment in
foreign economies. Thirdly, all else equal an industry will have a higher
employment multiplier if average compensation is lower. For example,
if $1 million in ﬁnal demand generates $600,000 in total compensation
(and the remainder in other inputs), and average compensation is
$30,000, then 20 FTE workers will be employed. However, if the
$600,000 is paid out to workers earning on average $60,000, then only
10 FTE workers will be employed. Thus in general, industries with
higher labor intensity, higher domestic content, and/or lower compensation, will have higher employment multipliers.

0.140
0.140
0.140
0.140

Truck transportation
Insurance carriers and related
activities
Miscellaneous professional,
scientiﬁc, and technical
services
Management of companies and
enterprises
Sum of weights

0.140

1.000

1.000

2.4.1. Assumptions embodied in the input-output model
Miller and Blair (2009) note that the two main assumptions in
input-output tables are those of ﬁxed technical coeﬃcients and ﬁxed
input proportions. Fixed technical coeﬃcients means that the interindustry ﬂows from industry i to industry j depend entirely on the
output of industry j. In other words, if the output of industry j doubles,
its input from industry i will also double. Fixed proportions implies
that industry j will use the same mix of inputs from all industries even
as demand increases for industry j's output. That is, the production
function, which is a Leontief minimization function, is homogenous.
Rather than a classical production function which assumes diminishing
marginal returns, the Leontief production function assumes constant
returns to scale. The returns are ﬁxed by technology, and technology is
assumed to remain constant as output grows. The BEA refers to these
two assumptions as the principles of homogeneity and proportionality.
We must keep these assumptions in mind when conducting any
impact analysis with the I-O tables. First, this suggests that I-O tables
are best suited to studying the current state of the economy and making
short-term projections and we should therefore exercise caution when
using I-O models to conduct long-range forecasts. In the long-term, we
would expect technological change to occur, which would change the
production function and therefore the factor proportions. Furthermore,
the assumption of constant returns to scale is relevant only for
relatively small changes in levels of output. If an industry increases
output by, say, 5 or 10 percent, we might be able to assume constant
returns to scale. But a doubling of the size of the industry, such as we
might expect to occur with renewable energy, will no doubt lead to
changes in the returns to scale alongside changes in technology. Thus,
we should exercise caution in using input-output models for long-range
forecasting purposes.
Furthermore, because the data underlying the I-O tables are an
“economic snapshot,” the resulting I-O tables themselves are static.
Thus, we must be aware of not only homogeneity and proportionality,
but also of ﬁxed prices. If, over time, input prices change, then we
would expect industries to substitute cheaper inputs for the more
expensive inputs.
The limitations of the input-output model lie in these three
assumptions (homogeneity, proportionality, and ﬁxed prices) which
are of course made for simpliﬁcation as we know that no industry
operates in this type of environment. Its strength, however, lies in the
simplicity of the model and the relatively limited number of assumptions in comparison to more complex general equilibrium models
which typically rely on a far greater number of assumptions.

2.3. Generating the Employment Requirements Table
To study the eﬀects on employment, rather than simply output, we
must convert our Leontief Inverse Matrix into an Employment
Requirements (ER) Table. This table is used to estimate the number
of jobs throughout the economy that are needed, both directly and
indirectly, to deliver $1 million of ﬁnal demand for a speciﬁc product or
service. In order to create the employment requirements table, we ﬁrst
need to obtain employment/output ratios for each industry in the
model. Here we use gross output by industry as well as full-timeequivalent (FTE) employment by industry from the BEA tables (US.
Bureau of Economic Analysis 2015a, 2015b). We use 2013 data for
both FTE employment and Gross Output.
To create the employment requirements table, ER, we take the
diagonal matrix of employment/output ratios, e, and post-multiply it
by the Leontief inverse matrix as follows:

ER = e(I − A)−1
Where (I-A) – 1 is the Leontief inverse table and e is the diagonal
matrix, both of which have the dimension 71×71.
The employment requirements table shows us both the number of
jobs directly created and indirectly created, as a result of demand for a
particular industry's product. For example, if demand for coal mining is
$1 million, we can immediately see both the number of coal mining
industry jobs (direct jobs) supported by this demand, as well as the
number of jobs supported in other industries such as trucking and
mining equipment manufacturing which supply inputs to the coal
mining industry (indirect jobs). While the Leontief inverse matrix
yields output requirements and an output multiplier, the employment
requirements table yields employment requirements and an employment multiplier. Each industry will have a unique multiplier.
We can use this framework to see how an increase in spending in
any industry will generate jobs. The basic impact equations are:
ΔX = (I-A)-1ΔY (to measure change in output); and
ΔX = ERΔY (to measure change in employment).
The employment multipliers from this static model include both
direct and indirect employment resulting from a given type of demand.
The direct employment eﬀects are found along the diagonal of the ER
matrix. The indirect eﬀects for a given industry are the sum of all of the
values in a column of the ER matrix, minus the direct value along the
diagonal.
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2.5. Estimating employment multipliers for energy eﬃciency and
renewable energy

Table 5
Employment multipliers for renewable energy.

In this article, I estimate the employment multipliers of EERE
industries using the vectors of demand described above and presented
here in Tables 1–4. For this analysis I use the most recent available I-O
data in the U.S., the 2013 Summary level I-O tables from the U.S. BEA,
which include 71 industries. I use the Industry-by-Industry Total
Requirements Table, and then to calculate employment-output ratios
and create the employment requirements table, I use 2013 data from
the U.S. BEA for full-time-equivalent (FTE) employment and gross
output by industry (U.S. BEA 2015a, 2015b).
I start by replicating the demand vectors presented in GarrettPeltier (2011), presented here in Table 1. Next, I replicate various
energy demand vectors using the industries and weights presented in
Pollin et al. (2015) as presented in Table 2. I also generate new vectors
of demand for RE industries using cost data from the International
Renewable Energy Agency (International Renewable Energy Agency
2012a, 2012b), the National Renewable Energy Laboratory (Black and
Veatch, 2012; Tegen, et al., 2013) and from Bloomberg New Energy
Finance (2013). I create two new energy eﬃciency demand vectors –
one for home weatherization based on the U.S. Department of Energy's
Residential Energy Consumption Survey (U.S. DOE 2013), and one for
commercial building retroﬁts based on an extensive database maintained by the Lawrence Berkeley National Laboratory (Larsen et al.
2012). I perform the same synthetic industry analysis with these
various cost data in order to compare my results with those generated
from previous cost assumptions. The alternative weighting assumptions are presented in Tables 3 and 4.

Wind (a)
Wind (b)
Wind (c)
Wind (d)
Wind (onshore) (e)
Average wind
Solar (a)
Solar (b)
Solar PV (central) (e)
Solar (f)
Solar (g)
Average solar
Bioenergy (a)
Bioenergy (b)
Average bioenergy
Geothermal (b)
Hydro (b)
Average across renewable
technologies
Weatherization (a)
Weatherization (b)
Home weatherization (h)
Commercial retroﬁts (i)
Average home
weatherization &
commercial retroﬁts
Industrial EE (b)
Smart Grid (a)
Smart Grid (b)
Average smart grid
Mass Transit & Freight
Rail (a)
Average across energy
eﬃciency industries
Oil and Gas (a)
Oil and Gas (b)
Average oil and gas
Coal (a)
Coal (b)
Average coal
Average fossil fuels
Average diﬀerence
renewable energy - fossil
fuels
Average diﬀerence
energy eﬃciency fossil fuels

3. Results and discussion
3.1. Employment multipliers
The employment multipliers for RE (wind, solar, bioenergy, hydro,
and geothermal), EE (building weatherization, freight rail & transit,
industrial EE, and Smart Grid), as well as for FF (oil & gas and coal)
are presented in Table 5. It is important to note that the multipliers for
RE and EE relate speciﬁcally to the expansion of these industries, and
thus are composed primarily of manufacturing and construction
industries as well as related goods and services. The multipliers do
not represent operations and maintenance employment in RE or EE
and thus should not be used for comparisons of clean energy and fossil
fuel employment in the long run.
We ﬁnd that on average, $1 million of demand for RE generates
7.49 FTE jobs (4.50 direct plus 2.99 indirect). That same level of
demand generates 7.72 FTE jobs in EE (4.59 direct, 3.13 indirect).
These averages are nearly three times the level of job creation in FF,
which averages a total of 2.65 FTE jobs per $1 million demand (0.94
direct, 1.71 indirect). Below, as well as in Table 5, we present the
estimates for individual industries that make up these averages.

Direct FTE
Jobs per $1
million

Indirect FTE
Jobs per $1
million

Total FTE
Jobs per $1
million

3.91
3.91
3.88
4.29
4.30
4.06
4.37
4.31
4.16
4.01
4.46
4.26
5.22
5.22
5.22
4.67
4.55
4.50

3.53
3.53
3.61
3.28
3.37
3.46
2.83
2.94
3.44
2.55
3.12
2.98
2.44
2.44
2.44
2.73
2.98
2.99

7.45
7.45
7.48
7.57
7.67
7.52
7.20
7.25
7.60
6.56
7.58
7.24
7.65
7.65
7.65
7.40
7.53
7.49

5.14
5.14
3.71
4.22
4.55

3.06
3.06
3.71
3.04
3.22

8.21
8.21
7.41
7.26
7.77

3.98
3.66
3.66
3.66
6.16

3.43
3.10
3.10
3.10
2.77

7.41
6.76
6.76
6.76
8.93

4.59

3.13

7.72

0.70
0.71
0.70
1.28
1.08
1.18
0.94
+3.56

1.51
1.48
1.49
1.90
1.94
1.92
1.71
+1.28

2.20
2.19
2.20
3.17
3.02
3.10
2.65
+4.84

+3.65

+1.42

+5.07

(a) Garrett-Peltier, 2011; (b) Pollin et al., 2015; (c) Tegen et al., 2013; (d) IRENA, 2012b;
(e) Black & Veatch, 2012; (f) IRENA, 2012a; (g) BNEF-SEA, 2013; (h) DOE, 2013; (i)
Larsen et al. 2012

rather narrow, ranging from a total of 6.56 to 7.60 FTE jobs per $1
million demand, for an average of 7.24 FTE jobs for each $1 million
spent in the solar industry. Of these, 4.26 are direct jobs and 2.98 are
indirect.

3.2. Wind
Wind industry multipliers were calculated using ﬁve alternative cost
structures, as presented in Tables 1–3. Despite diﬀerences in the
weights and industries used, the estimates are all fairly similar. On
average a $1 million increase in demand for the wind industry
generates a total of 7.52 FTE jobs (4.06 direct plus 3.46 indirect).
Since the I-O model is linear, this is equivalent to a $1 billion increase
in demand resulting in 7520 FTE jobs.

3.4. Bioenergy, geothermal, and hydropower
Bioenergy estimates result from two sources with the same cost
structure. The bioenergy employment multiplier averages 7.65 FTE
jobs per $1 million demand, with 5.22 direct and 2.44 indirect.
Geothermal had only one source for its cost structure, and from it we
estimate that 7.40 total FTE jobs are created per $1 million demand
(4.67 direct, 2.73 indirect). Hydropower employment totals 7.53 FTE
jobs per $1 million demand, with 4.55 of those being direct and 2.98
indirect.

3.3. Solar
The solar industry estimates result from ﬁve diﬀerent sets of cost
assumptions. Here again the range of the employment multipliers is
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employment multipliers in EERE will likely fall closer to, or even
possibly below, those of ongoing fossil fuel operations.
The limitations of I-O analysis aside, it is nonetheless a useful
method for quantifying and comparing clean energy to fossil fuels, or in
comparing any two industries, since we are making the comparison at
the same point in time for both. In this case, using 2013 data we have
found that EE and RE industries support nearly three times as many
jobs per given amount of spending as do FF industries. While the level
of the individual multipliers may change slightly over time, the relative
size of the EERE and FF multipliers is telling.

3.5. Building weatherization
Table 5 presents estimates for home weatherization based on three
diﬀerent sources, as well as commercial building retroﬁts drawn from
one source. Averaging home weatherization and commercial retroﬁts,
we ﬁnd the total employment generated by $1 million in demand to be
7.77 FTE jobs (4.55 direct plus 3.22 indirect)
3.6. Industrial EE, smart grid, mass transit & rail
For each $1 million spent in energy eﬃciency, Industrial EE
supports 7.41 FTE jobs (3.98 direct, 3.43 indirect); Smart Grid, or
electrical grid upgrades along with energy conserving end-use technology, supports 6.76 FTE jobs (3.66 direct, 3.10 indirect); and Mass
Transit & Freight Rail creates 8.93 total FTE jobs (6.16 direct, 2.77
indirect).

3.9.2. Sensitivity of EERE multipliers to input structure
The multipliers for both the wind and the solar industries vary
minimally using four diﬀerent cost structures from ﬁve diﬀerent
studies. This might imply that the results are relatively robust to the
choice of demand vector speciﬁcation. One other method to address the
sensitivity of the results to the choice of speciﬁcation would be to look
at the underlying multipliers. The EERE employment multipliers
generated using the synthetic industry approach are essentially
weighted averages of the industries comprising each synthetic EERE
industry. Therefore, we could look at the multipliers of the included
industries – those in fabricated metal, construction, electrical equipment, and so on – and see what the range of these underlying
multipliers is. This range would show what the minimum multiplier
would be if our synthetic industry were comprised of 100% of its least
labor-intensive comprising industry, versus the maximum if it were
composed of 100% of the most labor-intensive underlying industry.
So, for example, in some formulations of the wind industry vector,
“computer and electronic equipment,” is included, and this has a total
employment multiplier of 4.74 jobs per $1 million demand, which is
the lowest of all the industries that comprise the synthetic wind
industry. Construction, with a total multiplier of 8.21, has the highest
multiplier of the underlying industries comprising the wind industry.
Thus the total employment multiplier in the wind industry could be no
lower than 4.74 jobs per $1 million demand and no higher than 8.21
using any set of weights for the included industries we could specify.
The median multiplier for industries comprising the wind industry is
7.24. The minimum, median, and maximum values for the underlying
industries comprising the EERE industries are presented in Table 6.
Looking at the results for all the EERE multipliers presented in
Table 5, we see that most are fairly close to the median value of the
underlying multipliers presented in Table 6. In fact, most of the
included industries are manufactured goods with fairly similar multipliers in the I-O tables. Therefore, changing the speciﬁcation of the
demand vector by changing the weights of the underlying industries
will ultimately have very little eﬀect on the size of the EERE multiplier.
Thus the results we obtained here, using multiple studies and various
cost structures, all come out to be consistent and comparable.
3.2.3 A simple policy simulation: Shifting $1 billion in public
spending from fossil fuels to clean energy

3.7. Oil and gas
The extraction and production of oil and gas products is one of the
most capital-intensive sectors of the economy. As expected, the
employment multipliers are much lower than for RE or EE. $1 million
demand for oil and gas production results in 2.20 FTE jobs on average
(0.70 direct plus 1.49 indirect).
3.8. Coal
Likewise, coal extraction and processing is a heavily capitalintensive industry. For each $1 million demand for coal industry
production, 3.10 FTE jobs are supported (1.18 direct plus 1.92
indirect).
3.9. Discussion
3.9.1. Interpreting employment multipliers
As discussed above, the I-O model is a static, linear model with
ﬁxed prices and ﬁxed input and output proportions. I-O tables are
useful for comparative static analysis, which is best suited for shorter
time periods when we would not expect prices or production functions
to change much in response to an increase in demand. Since the I-O
model is a snapshot of the current state of the economy, comparative
static analysis here means estimating the eﬀects of a change in demand
given that current state, and comparing those eﬀects to a diﬀerent
change in demand given that same state. In this article we compare a
$1 million change in demand for EE, RE, or FF industries, given the
state of the U.S. economy in 2013. The employment multipliers we
estimate are a function of the prices and production functions at that
time. We would expect the multipliers to change over time, as the
prices of inputs change and as labor productivity increases, particularly
in the younger clean energy industries.
The I-O analysis presented here focuses only on employment, and
does not address the broader welfare implications of a transition to a
low-carbon economy, including the eﬀects on personal or national
income, on consumption, or other advantages or disadvantages of a
transition to clean energy. Larger macro models such as CGE or
econometric models could incorporate some of these eﬀects.
Here we also note that the multipliers estimated above do not
include ongoing operations and maintenance of clean energy. These
multipliers would likely be quite diﬀerent, and we would need to
estimate separate demand vectors from data not presented here. In this
article, we focus instead on the shorter-term employment eﬀects of
scaling back fossil fuel production while increasing clean energy
production. Since clean energy is a relatively young industry with a
lot of potential for expansion, employment in the short-to-medium
term will entail a lot of manufacturing and installation of EERE
technologies. As the clean energy infrastructure becomes more mature,

Table 6
Range of incorporated multipliers across all studies - Lowest and highest values
incorporated within each energy industry multiplier.

Wind
Solar
Bioenergy
Geothermal
Hydro
Home Weatherization
Commercial Retroﬁts
MT & FR
Industrial EE
Smart Grid

445

MIN

MEDIAN

MAX

4.74
4.74
3.82
5.43
6.90
5.14
4.74
4.89
7.20
4.74

7.24
7.24
7.24
7.14
7.24
8.21
7.22
8.21
7.24
7.05

8.21
8.21
12.08
8.21
8.21
8.21
8.21
10.56
8.21
8.21
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Table 7
Policy simulation – shifting $1 billion from FF to EERE.

Scenario A: Reduce FF tax preferences by $1 billion,
increase EE spending by that amount
Scenario B: Reduce FF tax preferences by $1 billion,
increase RE spending by that amount

Reduction in FF employment (direct
plus indirect)

Increase in EERE employment (direct
plus indirect)

Net increase in employment from
$1B shift

2650 FTE jobs

7720 FTE jobs

5070 FTE jobs

2650 FTE jobs

7490 FTE jobs

4840 FTE jobs

3.9.2.1. Shifting $1 billion from FF to EE. In ﬁscal year 2015, the U.S.
federal government gave $3.7 billion in tax preferences to fossil fuel
industries (CBO, 2015). Imagine shifting $1 billion of these tax
preferences for fossil fuels into energy eﬃciency programs, such as
home weatherization. While it is possible that reducing fossil fuel
subsidies would only reduce industry proﬁts without aﬀecting output
and employment, we can make the assumption here that output and
employment decline in response to a $1 billion decrease, and similarly
that EE expands in response to a $1 billion increase in demand. In this
scenario, employment in the fossil fuel industries would fall by a total
of total of 2650 jobs (940 direct plus 1710 indirect), while employment
in EE industries would increase by a total of 7720 jobs (4590, direct
plus 3130 indirect), for a net increase in employment of 5070 total jobs
economy-wide.

economy wide (0.94 jobs directly in those industries, and 1.71 jobs
indirectly created through their supply chains). In comparison, $1
million in RE supports 7.49 FTE jobs (4.50 direct plus 2.99 indirect)
while that same amount in EE supports 7.72 FTE jobs (4.59 direct plus
3.13 indirect). Thus a $1 million shift from fossil fuels to clean energy
generates a net increase of about ﬁve jobs. We present a simple policy
scenario in which government subsidies for fossil fuels are reduced by
$1 billion and that funding is invested in procurement of RE or
increasing EE. This $1 billion shift from fossil fuels to clean energy
results in a net increase of about 5000 FTE jobs.
A de-carbonization of the energy sector through reduced reliance on
fossil fuels, increased energy eﬃciency, and increased use of renewables can be spurred by both ﬁscal and regulatory policy. Emissions
reductions have become an ever-more pressing goal, and it is of
paramount importance that we understand the economic impacts of
public spending and other public policies concerning the energy sector.
In particular, policy makers need and want to know whether investments in EE and RE will generate more employment opportunities
than continuing to use energy from fossil fuels. There will certainly be
job losses in fossil fuel industries as that sector contracts, but can more
jobs be created than lost if we shift to more eﬃcient use of energy and
to using lower carbon energy? This is an important question that this
paper has attempted to answer.
There are of course other methods to estimate employment in green
versus brown industries. Extensive surveys of energy ﬁrms, or use of
dynamic models such as computable general equilibrium models (e.g.
AlShehabi 2013), are two other approaches. But these are generally
time-consuming and often cumbersome methods. By using the synthetic industry approach presented here, we can avoid lengthy datacollection or model building exercises. By relying on survey and other
data previously collected, we can create proxies for new industries such
as wind, solar, home weatherization, and so on. This method allows
users to more quickly assess the employment impacts of a change in
energy policy, using national or regional I-O tables from any country,
along with the demand vectors presented in this article.

3.9.2.2. Shifting $1 billion from FF to RE. Similarly, if we were to shift
$1 billion out of fossil fuel subsidies and into public spending for RE,
for example through procurement of renewable energy for government
buildings, we can estimate the net employment eﬀect. In this case,
employment in the fossil fuel industries would fall by a total of 2650
jobs (940 direct plus 1710 indirect) while employment in RE and
related industries would increase by 7490 jobs (4500 direct plus 2990
indirect), for a net increase in employment of 4840 total jobs economywide. Table 7 shows the results of both of these policy exercises.

4. Conclusion
In this article I have presented a method to estimate employment
multipliers for industries that are not explicitly identiﬁed in inputoutput tables, termed “synthetic industries.” Speciﬁcally, I have
estimated employment multipliers for clean energy industries including wind, solar, bioenergy, geothermal, hydropower, building weatherization, mass transit & freight rail, industrial EE, and Smart Grid.
These clean energy industries are not identiﬁed as such in national
accounts or in input-output tables, yet the various materials and
services of which these EERE industries are composed do already exist
in the tables. By creating “synthetic industries” we enable policy
evaluation of green versus brown industries, or more precisely, we
are able to estimate the number of jobs created by public or private
spending for clean energy in comparison to spending the same amount
on oil, gas, or coal production.
In order to estimate these employment multipliers, I used data on
the cost structure of each clean energy industry to generate a vector of
demand for the output of that industry. Using survey data, databases,
and other sources of data collected by various agencies and organizations, I assigned weights to the various industries in the I-O tables that
represent the component costs of the clean energy industries. I also recreated the vectors from Garrett-Peltier (2011) and Pollin et al. (2015)
in order to provide a comparison with the new estimates provided in
this article and to update these earlier ﬁndings with newer data.
We found that EE and RE industries generate nearly three times as
many jobs as FF industries, for the same level of spending. Each $1
million spent on oil, gas, and coal supports an average of 2.65 FTE jobs
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FOREWORD

From Evidence to Action: California Oil & Gas Extraction
This brief compiles the public health evidence, climate science and economic data behind
the Last Chance Alliance’s policy recommendations on California oil and gas extraction. The
combined weight of this evidence strongly supports that it is both necessary and achievable
for Governor Gavin Newsom to move California beyond fossil fuels to a future that is safe and
healthy for every Californian.
About Last Chance Alliance
Last Chance Alliance fights for California’s future. A coalition of climate activists, environmental justice organizations, and
frontline community leaders, the Alliance is the first cohort of advocates pushing for a phase-out of fossil fuel extraction
in California.
This briefing highlights our three core policy recommendations:

STOP permitting new
fossil fuel projects;

4

DROP current oil extraction
by announcing a managed
phase out of existing fossil fuel
production through a just and
equitable transition; and

ROLL OUT a 2,500-foot
health and safety buffer zone
protecting homes, schools,
and other sensitive sites.

Foreword

The slide deck printed on pages six to eleven features the
stories of several Californians living on the frontlines of
fossil fuel extraction and illustrates the urgency of our
recommended actions.
The remainder of this compilation offers highlights of
relevant public health, climate, and economic literature
relating to oil and gas in California, and our pathway to a
fossil-free future:

I. Oil Extraction Has Created a Public Health and
Environmental Justice Crisis in California
A deep body of evidence demonstrates that chemicals
used in oil and gas drilling, such as the carcinogen benzene,
pose health threats to virtually all systems of the body.
Californians living near oil and gas wells report suffering from
symptoms such as nosebleeds, headaches, and worsened
asthma. Research has shown people living near drilling sites
have a higher risk for developing many diseases and health
conditions, including cancer and asthma (pages 12-13).

III. Oil and Gas Extraction Threatens California’s
Water Supplies
Oil production threatens California’s precious water supplies.
Numerous studies have documented contamination in
groundwater and in water supply wells in multiple locations
(page 18).
California has violated the federal Safe Drinking Water Act
for many years by allowing thousands of illegal and unsafe
injection wells to dump toxic oil waste directly into protected
underground drinking water supplies, contaminating those
aquifers (page 18). California is also the only major oilproducing state that allows the oil industry to dump its
wastewater in unlined pits (page 18).

IV. A Just Transition Away from Oil and Gas Extraction
Will Benefit Our Economy

The health risks are greatest within a half mile of an active oil
or gas well. An independent scientific panel that conducted
a landmark statewide study of oil and gas in California
recommended that a health and safety buffer be instituted
to protect public health (pages 12-13).

Oil production in California is in long-term decline and
represents less than 1 percent of state GDP, and less than
0.2 percent of employment (pages 20-21). Oil and gas jobs
in Kern County declined by nearly 40 percent between
2014 and 2017 as the result of industry restructuring
and cost cutting, and workers received no social support
(pages 20-21).

Oil and gas wells in California are disproportionately situated
in low income and communities of color already unfairly
overburdened with pollution (pages 12-13).

Society can do better through an orderly and equitable
phase-down of fossil fuel extraction to ensure a just transition
for impacted workers and communities (page 21).

II. Avoiding Climate Catastrophe Requires a
Managed Decline of California Oil Extraction

V. A Summary of Regulatory Failures at DOGGR

There is simply no room in our “carbon budget” for new fossil
fuel extraction if the world is to keep global temperatures
below 1.5º C and in line with Paris climate goals (pages
15-17).
To meet its climate goals, California must reduce both its
production and consumption of fossil fuels. We unpack how
a policy decision to stop issuing permits for new oil wells in
California would substantially reduce greenhouse emissions
while also improving environmental justice and health in
communities across the state (pages 15-17).

Foreword

In Part V we summarize the systemic failure by California’s
Division of Oil, Gas, and Geothermal Resources (DOGGR) to
enforce existing regulations (pages 22-24). While even full
enforcement of regulation would not keep Californians safe
from the inherently dirty and dangerous oil and gas industry,
DOGGR’s practice of protecting oil companies instead of
public health and the environment has left Californians with
a shocking lack of even the most basic protections.
For example, in the first 3 months of 2019, DOGGR issued
more than 1,860 permits, including permits for new drilling,
deepening and reworking wells, waste disposal, EOR, and
other oilfield permits, and an additional 90 permits to conduct
well stimulation without preparing an environmental impact
report under the California Environmental Quality Act—our
flagship environmental protection and community right-toknow law—for any of them.
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ME E T T H E A LLI AN C E

Meet some of the Californians living on the frontlines of
fossil fuel extraction and climate change in California

Isabella Zizi is 24year old resident of
Richmond, CA and a
member of the
Northern Cheyenne,
Arikara and Muskogee
Creek Nations.

ISABELLA
ZIZI

She has lived near the
Chevron oil refinery
her entire life.

In 2012, Isabella’s family and community were exposed to a
mass explosion at the Chevron refinery in Richmond,
CA, which caused 15,000 residents to be hospitalized for
respiratory illnesses, nausea and headaches.
Since that day, Isabella has been tirelessly organizing in her
community.
Isabella organized a series of Refinery Healing Walks with
Idle No More SF Bay from April 2014 until July 2017.
Individuals walked in prayer and contemplation for clean
air and a just transition to a safe and sustainable energy
for future generations.
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Meet the Alliance

NALLELI
COBO

Nalleli Cobo is a seventeen year old resident of Los Angeles who has been
fighting toxic oil wells in her South LA community since she was nine.

In 2010, at nine years old, Nalleli had constant
nosebleeds and headaches, developed asthma and was
hospitalized for heart palpitations.
Located just two blocks from her school was the infamous
AllenCo oil drilling site, one of thousands of urban oil
drilling sites located across Los Angeles. Most are located
in low-income, Hispanic neighborhoods.
Since age nine, Nalleli has been working with her
community to fight the AllenCo oil well and establish a
2,500-foot health and safety buffer in Los Angeles.

Meet the Alliance
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ANDREW
KROWNE
Andrew Krowne is from Northridge, CA.
His family was displaced by the Aliso Canyon gas blowout in 2015-2016.

Andrew is a father of five and Treasurer of the Porter
Ranch Neighborhood Council.
The Krowne family was displaced for over 5 months
during the Aliso Canyon gas blowout—the largest-ever
uncontrolled leak of natural gas in U.S. history
Fed up with the lack of government action to stop
the leaks that plagued his community, Andrew
developed the Environmental Health Tracker (EHT),
which allows users to track health symptoms caused
by point-source polluters or large man-made or natural
disasters.
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Meet the Alliance

ANABEL
MARQUEZ

Anabel Marquez is a mother
and grandmother from
Shafter, CA. A community
leader in the Central Valley,
Anabel is an active member
of The Center on Race,
Poverty & the Environment,
and co-director of the local
community garden.

Anabel Marquez and her family are residents of the City of
Shafter in Kern County, the epicenter of California’s fossil
fuel industry and home to some of the worst air quality in
the country.
“Everyday the oil pumps are getting closer and
closer to my community, to our schools, churches
and homes. The oil industry has invaded us.”
She is most concerned about the hundreds of trucks that
drive through her community each week, bringing in toxic
chemicals used to treat oil wells next door.

Meet the Alliance
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These Californians pay the price
for California’s dirty oil industry
California drills vast
quantities of the world’s
most community-harming
and climate-polluting oil.

Our state extracts 200
million barrels per year and
Governor Jerry Brown
permitted over 20,000 oil
wells while in office.

In response to this existential
threat, 800 organizations across
California are calling for true
climate action.
California must:
1. Commit to no new permits for oil or gas
drilling, fossil fuel infrastructure, or
petrochemical projects, onshore & offshore.
2. Phase out oil & gas production with a fair
and equitable transition that protects
workers, communities, and economies,
starting in places suffering most from the
impacts of dirty fuel extraction and
infrastructure.
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Meet the Alliance

Since the Global Climate
Action Summit, our
climate crisis – and the
lack of federal leadership
– has become even more
painfully clear in
California.

“This is in every shape or form
California’s moment.”
GOVERNOR GAVIN NEWSOM

It’s time for California to demonstrate
true climate leadership.
We are running out of chances. Moving beyond oil
and gas—both demand and production—is not only
possible, but is necessary to protect the future of
our economy, our communities and our climate.

Meet the Alliance
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SECTION I

Oil Extraction Has Created a Public Health and Environmental Justice Crisis
California’s oil and gas production releases pollutants to the air, water, and soil that endanger
surrounding communities.1 Harmful pollutants include known cancer-causing chemicals like
benzene, formaldehyde, and cadmium;2 ozone-forming chemicals like nitrogen oxides, volatile
organic compounds, and methane;3 and particulate matter including diesel exhaust and silica
dust that cause lung and heart problems.4
Californians living near active oil and gas wells report
suffering from symptoms such as nosebleeds, headaches,
and worsened asthma.5 Research has found that people
living near drilling sites have a higher risk for developing
cancer6 increased asthma attacks,7 higher hospitalization
rates,8 and more upper respiratory problems and rashes.9
Among pregnant women, living closer to drilling sites is
associated with a higher risk of having babies with birth
defects,10 premature births and high-risk pregnancies,11 and
low- birthweight babies.12
The California Council on Science and Technology’s statewide
scientific study, conducted pursuant to SB 4 (2013), found
that the most significant exposures to toxic air contaminants
such as benzene occur with a half mile from active oil and
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gas development, and recommended that public health and
safety buffers be instituted around all oil and gas wells to
protect against the grave health risks from these exposures.13
Multiple studies provide support for this recommendation,
demonstrating that carcinogenic and toxic air contaminants
travel two miles or more from the point of production, and
that harms and risks increase with proximity to production
sites.14
The health harms from oil production are particularly alarming
because millions of Californians are exposed to air pollution
from drilling, with environmental justice communities hit the
hardest. Drilling in California occurs disproportionally in
low-income communities and communities of color already
suffering from some of the worst air quality in the nation.15

Oil Extraction Has Created a Public Health and Environmental Justice Crisis

More than 5.4 million Californians live within a mile of at least
one oil and gas well. A third of these residents (1.8 million)
live in areas already heavily burdened by environmental
pollution, and of these, nearly 92 percent are people of color.16
Many of California’s oilfields operate in densely populated
areas.17 Approximately 8,500 active oil and gas wells are
within 2,500 feet of homes, schools, and hospitals, and
impact many of the state’s most polluted communities.18
In neighborhoods such as South Los Angeles, wells are
located near childcare centers, schools, urban parks and
playgrounds, and senior residential and healthcare facilities,
many composed of vulnerable populations.19

Oil production has created a public health crisis in our state.
Yet between 2011 and April, 2018, the Brown Administration
approved permits for more than 21,000 new oil and gas
wells, of which 77 percent were in low-income communities
or majority communities of color.20 Californians shouldn’t
have to wait longer for protections from dangerous drilling.

The two largest oil-producing regions in California—the
San Joaquin and South Coast air basins—are notorious for
having some of the worst ozone and particulate pollution
in the nation that threatens the health of local residents.

Oil Extraction Has Created a Public Health and Environmental Justice Crisis
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3 Id. at p. 186.
4 Id. at pp. 46, 187.
5 Id. at pp. 417-420; Shamasunder, Bhavna et al., Community-based health and exposure study around urban oil developments in
South Los Angeles, 15 International Journal of Environmental Research and Public Health 1 (2018).
6 McKenzie, Lisa M. et al., Ambient nonmethane hydrocarbon levels along Colorado’s Northern Front Range: Acute and chronic
health risks, 52 Environmental Science and Technology 4514 (2018).
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(2016).
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SECTION II

Avoiding Climate Catastrophe Requires a Managed Decline of California Oil
and Gas Extraction
Limiting global warming to 1.5 degrees Celsius (°C)—in line with the Paris Agreement and the
powerful science presented by the Intergovernmental Panel on Climate Change —will require
a rapid transformation of our energy system from fossil fuels to renewable alternatives, such
that global carbon pollution is cut nearly in half by 2030 and zeros out by 2050.1 From the
standpoint of global equity and capacity to lead, California should phase out its oil and gas
extraction and overall carbon emissions significantly faster than those global benchmarks. By
managing a rapid decline of its oil and gas production, California will show the global leadership
required to meet the Paris Agreement goals and protect the health of its residents on the front
lines of fossil fuel pollution. To show global leadership on climate and to protect the health of
its residents, California can and must manage a rapid decline of its oil and gas production.
Too Much Already: Existing Oil and Gas Fields and
Coal Mines Exceed 1.5°C
Globally, there is already enough oil, gas, and coal in alreadydeveloped fields and mines – places where the infrastructure
is built and the capital is sunk – to push the world well above
1.5°C and to exhaust the “carbon budget” for 2°C (Figure 1).2
Figure 1: CO2 from Developed Fossil Fuel Reserves vs.
Carbon Budgets within Range of the Paris Goals (Jan. 2018)



This means that meeting global goals will require:
»» No new fossil fuel development: Permitting new oil fields
and wells in California adds to the oversupply of fossil fuels
already in the industry pipeline, as shown in Figure 1.
»» A managed phase-out of existing extraction projects:
Wealthy, diverse, and resilient economies such as California’s
must lead in phasing out existing oil and gas fields – to begin
lowering the “developed reserves” bar in Figure 1 below
the 1.5°C threshold.

Sources: Oil Change International analysis based on data from Rystad Energy, International Energy Agency (IEA), Word Energy Council, and IPCC.
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How California Can Lead Towards a Managed Decline
»» Stop digging a deeper hole: By ceasing to issue permits for
new oil and gas extraction wells, California would stop enabling
the expansion of fossil fuel production and the associated
pollution.
»» Prioritize community health and environmental justice
in a managed decline: The state should prioritize for
closure existing wells that pose the greatest health risks
to communities by phasing out wells within 2,500 feet of
homes, schools, and hospitals. Public health studies suggest
that the greatest exposure to toxic air pollution occurs
within one-half mile (approximately 2,500 feet) of active
oil and gas wells.
Figure 2 illustrates the oil production that would be avoided
from these two policy steps:3
1. No New Wells: If the California Division of Oil, Gas, and
Geothermal Resources (DOGGR) were to stop issuing
permits for new oil wells, California oil production would
decline by 10% per year on average from 2019 to 2030.
This would be a steady, predictable decline that the state
and communities could plan for, supporting a just transition
for affected workers.

Schools, and Hospitals: A 2,500 foot buffer zone around
homes, schools, and hospitals would affect approximately
8,500 active oil and gas wells in California. These wells
accounted for about 12% of state production in 2016.
Phasing out existing wells within this zone would lead to a
significant, but manageable additional drop in production (i.e.,
the gray bar in Figure 2), while maximizing health benefits.
»» More than 850,000 Californians currently live within
2,500 feet of an active oil or gas well, including over half a
million residents in Los Angeles County alone.4
»» The affected communities are disproportionately among
the most severely polluted in California.
»» “[F]rom a public health perspective, the most significant
exposures to toxic air contaminants … occur within one-half
mile (800 meters [or 2,640 feet]) from active oil and gas
development,” according to a 2015 report by the California
Council on Science and Technology.5
Together, these two steps could keep an estimated 660
million barrels of oil in the ground. If extracted and burned,
that oil could cause 425 million metric tons of carbon
pollution.
Figure 2: Projected California Oil Production with and
without New Wells and a 2,500’ Health Buffer Zone, 2019-2030



2.

Phase Out Existing Wells within 2,500 feet of Homes,

Sources: Oil Change International and FracTracker Alliance analysis, using historical data from DOGGR and DrillingInfo.
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No Increase in Oil Imports

Additional Climate Benefits

Implementing these policies would not result in an increase in
oil imports to California, because the decline in production is
approximately equal to the projected decline in consumption
from measures already on the books.6 Going forward, as
California adopts further measures to reduce its oil use and
meet its climate targets, it can reduce its oil production and
its oil imports in tandem.

Analysis using basic economic principles of supply and
demand demonstrates that for every barrel of oil not
produced in California, global oil consumption will drop
by about half a barrel.7 And because California produces
some of the most carbon intensive oil in the world—threequarters of oil produced in California is as climate damaging
as oil from the tar sands of Alberta, Canada—reining in the
state’s oil production would yield even greater than average
climate benefits.8

NOTES
1 IPCC, “Summary for Policymakers,” In: Global warming of 1.5°C. An IPCC Special Report, [V. Masson-Delmotte et al. (eds.)], World
Meteorological Organization, 2018, p. 14, https://www.ipcc.ch/site/assets/uploads/sites/2/2018/07/SR15_SPM_High_Res.pdf. Note: CO2
emissions from fossil fuels will likely need to decline faster than overall CO2.
2 For sources and methodology, see: Kelly Trout and Lorne Stockman, Drilling Towards Disaster: Why U.S. Oil and Gas Expansion
Is Incompatible with Climate Limits, Oil Change International, January 2019, Section I, http://priceofoil.org/2019/01/16/report-drillingtowards-disaster/.
3 This section was compiled by Oil Change International, and unless indicated otherwise, all of the data in this section is from: Kelly
Trout et al., Why the Paris Climate Goals Demand that California Lead in a Managed Decline of Oil Extraction, Oil Change International,
May 2018, http://priceofoil.org/2018/05/22/skys-limit-california-oil-production-paris-climate-goals/. (Attached as Exhibit C).
4 Kyle Ferrar, “Can Californians Escape Oil and Gas Pollution?,” FracTracker Alliance, April 11, 2018, https://www.fractracker.
org/2018/04/ca-escape-oil-and-gas-pollution/.
5 California Council on Science and Technology (CCST), “An Independent Scientific Assessment of Well Stimulation in California: An
Examination of Hydraulic Fracturing and Acid Stimulations in the Oil and Gas Industry – Summary Report, “July 2015, p. 63, http://ccst.us/
publications/2015/2015SB4summary.pdf.
6 Erickson, Peter et al., Limiting fossil fue production as the next big step in climate policy, Nature Climate Change (2018), available
at https://www.nature.com/articles/s41558-018-0337-0 (attached as Exhibit F); See also Trout et al. 2018 at 25 (Exhibit C).
7 Erickson, Peter & Michael Lazarus, How limiting oil production would help California meet its climate goals, Stockholm Environment
Institute (2018) at 3, available at https://www.sei.org/publications/limiting-oil-production-california/ (attached as Exhibit G).
8 Center for Biological Diversity, Oil Stain: How Dirty Crude Undermines California’s Climate Progress (2017), available at https://
bit.ly/2Cn0ZEW.
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SECTION III

Oil and Gas Extraction Threatens California’s Water Supplies
Oil and gas production poses a substantial threat to California’s surface water and groundwater.
Dangerous chemicals used in the production process and those found in oil and gas wastewater—
such as benzene and other carcinogens1—can reach water supplies2 through numerous pathways: via
natural fractures, new pathways created by drilling and production activity, and through older wells.3
California oil and gas activity is particularly dangerous given
that many extreme production techniques like fracking occur
at shallow depths closer to groundwater.4
Numerous studies have documented contamination in
groundwater and in water supply wells. In April 2019, the
State Water Resources Control Board found “multiple lines
of geochemical evidence” showing oil field fluids had migrated
to water supply wells in Kern County.5 This confirmed
earlier studies finding “ample evidence of groundwater
contamination.”6
California’s oil fields produce a tremendous amount of
wastewater, roughly 15-20 barrels for every barrel of oil.
The wastewater is laced with benzene and other harmful
chemicals.7 The primary method for disposing of this toxic
wastewater is via disposal wells. The state’s 1,800 disposal
wells inject wastewater into aquifers, some of which have
high quality water protected under the federal Safe Drinking
Water Act.
California has violated the Safe Drinking Water Act for
many years by allowing thousands of illegal and unsafe
injection wells to dump toxic oil waste directly into protected
underground drinking water supplies, contaminating those
aquifers.8 DOGGR continues to allow hundreds of illegal
injection wells to continue operating throughout the state.
California is the only major oil-producing state that allows
the oil industry to dump its wastewater in unlined pits.
Unsurprisingly, this has led to numerous instances of
groundwater contamination.9,10 For example, waste disposal
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at the McKittrick unlined pits facility near Buttonwillow has
caused extensive groundwater contamination; the pollution
has migrated at least 2.2 miles and has mixed with multiple
groundwater sources connected to water supply wells
along the way.11 Other groundwater studies have found
contamination likely caused by unlined pits.12 Unfortunately,
state and regional boards have not shown a willingness to
take meaningful steps toward halting this harmful practice.
Wastewater can also harm surface waters. One study found
575 spills of oil industry wastewater over a five-year period;
nearly 18 percent of these incidents impacted waterways.13
California allows oil field wastewater to be used for crop
irrigation without adequately testing whether this affects
the toxicity of crops and soil, or harms worker and public
health. Because the oil industry refuses to fully disclose the
chemicals used during production, it is impossible to ensure
that harmful chemicals have been removed.
In California, water-intensive extraction techniques like
fracking mostly occur in precisely areas where water is most
scarce.14 In Kern County, for example, the County estimates
that the oil industry will consume 11,760 acre-feet (3.83
billion gallons) of high quality groundwater per year, enough
to supply 23,500 homes.15 And unlike residential use, water
used by the oil industry is mixed with hundreds of types of
chemicals, making reuse difficult or impossible.
Given the importance of water resources, allowing oil and
gas activity to continue to degrade and contaminate our
water is detrimental to Californians.
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NOTES
1 Stringfellow W.T., et al. Comparison of chemical-use between hydraulic fracturing, acidizing, and routine oil and gas development,
PLoS ONE (2017):e0175344. https://doi.org/10.1371/journal.pone.0175344
2 California Council on Science and Technology, An Independent Scientific Assessment of Well Stimulation in California (CCST) Vol. II
(July 2015), p. 107, available at https://ccst.us/reports/an-independent-scientific-assessment-of-well-stimulation-in-california-volume-2/
3 Id., pp. 108-109.
4 Id., p. 118 (“The shallow depths of fracturing raise concern about the possibility that out-of-zone fractures may directly intercept
protected groundwater resources.”).
5 State Water Resources Control Board, 2018 Annual Performance Report: Model Criteria for Groundwater Monitoring in Areas
of Oil and Gas Well Stimulation (April 5, 2019), p. 36.
6 CCST, Vol. II at p. 112.
7 DOGGR, Benzene in Water Produced from Kern County Oil Fields Containing Fresh Water (1993).
8 State Water Resources Control Board Chief Deputy Jonathan Bishop admitted during a hearing before the Senate Natural Resources
and Water Committee and Environmental Quality Committee that “[a]ny injection into the [protected aquifers] has contaminated those aquifers.”
(March 10, 2015 Joint Hearing)
9 Central Valley Regional Water Quality Control Board, Staff Report re McKittrick 1 and 1-3 Facility (2018), pp.17-18, available at:
https://www.waterboards.ca.gov/centralvalley/board_decisions/tentative_orders/mckittrick/7_mck113_stfrpt.pdf
10 State Water Resources Control Board (2019), p. 36.
11 Central Valley Regional Water Quality Control Board, Staff Report re McKittrick 1 and 1-3 Facility (2018), pp. 17-18.
12 State Water Resources Control Board (2019), p. 36.
13 CCST, Vol. II (2015), p. 127.
14 Freyman, Monika, Hydraulic Fracturing & Water Stress: Water Demand by the Numbers, Ceres (2014) p. 59 (finding 98 percent
of fracking occurs in areas of high or extreme water stress).
15 Kern County, Oil and Gas Ordinance Environmental Impact Report (July 2015), 4.17-21. The State Water Resources Control
Board estimates that 1 acre-foot is enough to supply two average households for one year (State Water Resources Control Board, SB 1281
Water Report Summary, First Quarter 2015, p. 4).
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SECTION IV

A Just Transition away from Oil and Gas Extraction will Benefit our Economy
The enormous political power wielded by the oil industry in California is disproportionate to
its contribution to employment or gross domestic product (GDP). Oil production in California
is in long-term decline (Figure 1). Oil production and refining represents less than 1 percent
of state GDP, and less than 0.2 percent of employment (Figures 2 and 3).


Figure 1: California Oil Production, 1981-2017. Source: Ackerman, Frank et al. (2018) at 3. (Exhibit D).



Figure 2: Share of California GDP by Industry Sector, 3rd Quarter of 2017. Source: Trout et al. (2018) at 21. (Exhibit C).
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Figure 3: Share of California Jobs in the Oil Industry.

issued and that ongoing oil production within 2,500 feet
of homes, schools, and hospitals would be phased out.3
The policy scenario also assumed new construction of solar
power, sufficient to replace the oil cutbacks, and use of the
increased solar energy to fuel electric vehicles.
As shown below, the state as a whole would gain about
5,000 full-time equivalent (FTE) jobs per year from the
policy scenario.
Figure 4: Average Annual Employment Changes for BAU
and Policy Cases, State-wide, 2019-2030.



Source: Ackerman, Frank et al. (2018) at 6. (Exhibit D).
In recent years, workers in Kern County in particular have
been thrown out of work by oil companies seeking to
maximize their profits, and these workers have not received
the benefit of a just transition plan for social support. Jobs in
the oil and gas sector in Kern County declined by nearly 40
percent between 2014 and 2017 as the result of industry
restructuring and efforts to cut operating costs.1 These job
losses had nothing to do with environmental regulation or
a clean energy transition: to the contrary, the oil industry
benefited financially from a lack of regulatory enforcement
during this time period that was devastating to our air, water,
health and climate.
Study after study and recent experience have shown that
we can do better. Investing in a just transition to a clean
energy economy will benefit workers and our economy. For
example, one major national study has shown that every
million dollars shifted from fossil fuels to renewable energy
will yield a net increase of about 5 jobs.2
California-specific research yields similar results. One recent
study compared two scenarios: business-as-usual which
assumed the continued gradual decline in California oil
production, and no new policies, against a policy scenario
that assumed that no permits for new oil wells would be

Source: Ackerman, Frank et al. (2018) at 2. (Exhibit D).
Analysis of instituting a 2,500 foot health and safety buffer
zone in the City of Los Angeles similarly found that such an
ordinance would lead not only to healthier communities,
but also to economic benefits and increased job creation.4
This study reviews multiple case studies demonstrating the
enormous benefits of instituting the health and safety buffer.

NOTES
1 Trout, Kelly et al. The Sky’s Limit California: Why the Paris Climate Goals Demand That California Lead in a Managed Decline of
Oil Extraction. Oil Change International (2018) at p. 28. (Attached as Exhibit C).
2 Garrett-Peltier, Heidi. Green versus brown: Comparing the employment impacts of energy efficiency, renewable energy, and fossil
fuels using an input output model, 61 Economic Modeling (2017).
3 Ackerman, Frank et al., Synapse Energy Economics, Inc., Can Clean Energy Replace California Oil Production? Petroleum cutbacks
and the California economy. (2018)(Attached as Exhibit D).
4 Liberty Hill Foundation, Transitioning to a Greener Los Angeles, The Potential for Repurposing Oil and Gas Drilling Sites (2018)
(Attached as Exhibit E). See also, Liberty Hill Foundation, Drilling Down: The Community Consequences of Expanded Oil Development in
Los Angeles (2015).
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SECTION V

Division of Oil, Gas and Geothermal Resources: Summary of Regulatory
Failures
Background: The Division of Oil, Gas and Geothermal Resources (DOGGR) oversees oil and gas
extraction in California. DOGGR has a statutory duty to “prevent, as far as possible, damage to
life, health, property, and natural resources;…and damage to underground and surface waters
suitable for irrigation or domestic purposes...”1 DOGGR has ignored this mandate, instead
prioritizing its secondary function, to supervise drilling and encourage “wise development” of oil
and gas resources.”2 Misunderstanding its mandate, DOGGR has failed to enforce fundamental
environmental and public health laws. DOGGR’s most notorious regulatory failures fall in six
major categories described below.
Failure to Implement the Recommendations of the
Statewide Scientific Study Required by SB4
In 2013, California’s legislature passed Senate Bill No. 4
to address the lack of information about and regulation
regarding well stimulation techniques, particularly hydraulic
fracturing. The statute mandated the preparation of an
independent scientific study to evaluate the hazards and risks
that well stimulation poses to the environment and public
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health. The statewide study, coordinated by the California
Council on Science and Technology (“CCST Study”), made
five key recommendations: (1) institute a setback to protect
public health from all oil and gas wells (not just stimulated
wells); (2) prohibit shallow fracking that occurs close to
groundwater sources unless and until significant protocols
are put in place and it can be proven safe; (3) ban the use
of wastewater from oil and gas extraction to irrigate crops,
as current testing and treatment of produced water cannot

Division of Oil, Gas and Geothermal Resources: Summary of Regulatory Failures

detect and remove many stimulation chemicals; (4) phase
out the disposal of toxic fracking wastewater into open,
unlined pits, which has already been achieved in every major
oil-producing state except California; and (5) prevent the use
of chemicals with unknown or environmentally hazardous
profiles in the oil production process.3 None of these
recommendations has been adopted by DOGGR or by other
agencies with jurisdiction in these areas. Fully implementing
the recommendations of the CCST Study would not eliminate
the harms and risks of oil and gas extraction in California, but
the failure to take even these steps leaves an egregious lack
of the most basic protections for our air, water, and health.

California UIC Program
In 2011, the United States Environmental Protection Agency
audited DOGGR’s Underground Injection Control (UIC)
program, under which the state has the responsibility to
regulate oil and gas injection wells. The audit exposed
egregious and widespread violations of the federal Safe
Drinking Water Act (SDWA).4 Chief among the program’s
serious deficiencies is DOGGR’s well-established, but illegal
practice of allowing oil and gas wastewater injections into
underground sources of drinking water—aquifers protected
under the SDWA.
In 2015, DOGGR released a self-audit that documented
systemic breakdowns in its UIC program. It found, among
other deficiencies, failure to require Area of Review
evaluations to ensure that injection sites are isolated from
other sources of groundwater prior to issuing well permits;
failure to conduct required annual reviews of permitted
wells; missing or non-existent quality control data; and—
based on only a small sample of wells—hundreds of wells that
failed to meet structural integrity standards, were potential
sources of pollution, or required remediation.5
Nonetheless, DOGGR has allowed—and continues to allow—
hundreds of oil and gas wells to inject toxic-laden wastewater
into protected aquifers. DOGGR refused to immediately
shut down these illegal wells, continued to issue new permits
to inject into supposedly protected aquifers, and continues to
sanction illegal injections even beyond the agency’s original
self-imposed deadline of February 15, 2017.6 Instead of
safeguarding the state’s groundwater, DOGGR is attempting
to “exempt” these aquifers from federal SDWA protections,
sacrificing California’s scarce water resources to the oil
industry.7 DOGGR should immediately stop submitting
applications to the Trump EPA to remove protection from
protected California water supplies and should withdraw
currently pending applications.

Extreme Extraction
Much of the oil remaining in California oilfields is heavy and
viscous, and can only be extracted through dangerous and

energy-intensive enhanced oil recovery (EOR) techniques
such as steam flooding and cyclic steam injection, which
heat and thin the oil to lower its viscosity and move it to
the surface. Extensive use of these energy-intensive EOR
techniques to extract heavy oil makes three quarters of
California’s oil production more climate-damaging than
Canadian tar sands crude.8
EOR techniques are not only energy intensive but dangerous.
For instance, until recently, steam injection above the fracture
gradient (injecting steam at high pressure to break up the
underlying geologic formation) was illegal in California, yet
oil producers “routinely exceed the fracture gradient of the
formation.”9 DOGGR has admitted that injection activity,
in particular cyclic steam injection, “presents new public
health and safety risks, especially in fields with older wells.”10
These risks include the creation of sudden and dangerous
sinkholes, subsurface oil and chemical seepage, eruptions
of boiling oil and rock—as high as 100 feet into the air,
and even death.11 Despite the hazardous nature of cyclic
steam injections, in February 2019, DOGGR eliminated
the prohibition against EOR injections above the fracture
gradient.

Environmental Review
Despite the known environmental impacts of oil and gas
activities and DOGGR’s mandate to regulate oil and gas wells
so as to prevent damage to life, health, property, and natural
resources, DOGGR conducts almost no environmental
review under CEQA on its discretionary decisions to issue
production, injection, or other permits. As a result, DOGGR
has not undertaken any analysis of the direct, indirect and
cumulative impacts on our climate, air and water of allowing
thousands of oil and gas wells to be drilled. In the first 3
months of 2019, DOGGR issued more than 1,860 permits,
including permits for new drilling, deepening and reworking
wells, waste disposal, EOR, and other oilfield permits, and
an additional 90 permits to conduct well stimulation,
yet DOGGR has not prepared an environmental impact
report for any of them.12 Instead, DOGGR now claims that
permits for new oil wells within existing oil fields are exempt
from review, or relies on Kern County’s Programmatic
Environmental Impact Report which purported to analyze
all the environmental impacts of oil and gas production
thirty years into the future. The many legal deficiencies of
that PEIR are currently being litigated.

Aliso Canyon and Gas Storage
In October 2015, SS25, a natural gas storage well in the Aliso
Canyon gas storage field near the area of Porter Ranch in Los
Angeles, began leaking. By the time the leak was plugged four
months later, it had emitted methane equal to the emissions
of over half a million passenger cars driven for a year, as well
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as dangerous levels of benzene and other pollutants. The
emissions required the relocation of thousands of nearby
residents and school children. SS25, which was drilled in the
1950s and later repurposed for gas storage, did not have a
working downhole safety valve—the safety valve had never
been replaced since being removed in 1979.13 Its age is one
reason why, at certain depths, it had only one layer of pipe
between the gas and surrounding rock.
These characteristics are not unique to SS25, however. In
Aliso Canyon, many wells were constructed in the early
1950s, and many wells at the Playa del Rey gas storage
facility date back to the 1930s. These wells were not built
to last as long as they have and they do not meet modern
requirements for construction and integrity. And knowledge
about leaking natural gas infrastructure is nothing new. In
1990, for instance, the Los Angeles Times ran an article
decrying the leaks and odors from the Playa del Rey facility.14
A review by the Center for Biological Diversity of the well
records for the gas storage wells at the Playa del Rey gas
storage field reveals that DOGGR officials have routinely
waived their right to witness pressure, blowout prevention,
and other tests. In addition, in instances when SoCalGas
failed to perform required pressure tests or inform DOGGR
it had converted wells from storage to production wells,
DOGGR merely gave the company significantly more
time to comply while allowing the wells to continue to
operate, and in some cases granted the conversion permits
retroactively.15 Regulations—no matter how strong—are
virtually meaningless if DOGGR fails in its duty as regulator
to enforce them.
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Environmental Justice
In California, approximately 5.4 million people in California,
or 14 percent of the state’s population, live within a mile of
one or more oil and gas wells. One-third of these residents
live in areas of the state with the highest concentrations of
environmental pollution, and nearly 92 percent of Californians
living in these heavily burdened neighborhoods are people
of color.16 Because of its refusal to undertake environmental
review, DOGGR provides minimal (e.g., publication in a
regional newspaper) or no notice to surrounding communities
for most oil and gas permits.17 DOGGR does not hold public
hearings for any permits. Indeed, DOGGR has failed to
incorporate environmental justice into any of its rulemaking,
enforcement, or permitting decisions. For example, in
response to a request to include environmental justice policy
considerations—such as robust and meaningful notice and
comment opportunities—in its injection wells regulations,
DOGGR responded: “The Division does not see a need to
codify this policy within the proposed regulations.”18 Further,
despite numerous studies showing adverse health impacts to
communities living near oil and gas development, DOGGR
has not taken meaningful action to limit well operations and
activities near homes and schools.

Division of Oil, Gas and Geothermal Resources: Summary of Regulatory Failures

NOTES
1 Pub. Resources Code, § 3106(a).
2 Id., § 3106(b), (d).
3 See Excerpts from California Council on Science and Technology, An Independent Scientific Assessment of Well Stimulation in
California: Volume II: Potential Environmental Impacts of Hydraulic Fracturing and Acid Stimulation (2015), available at: https://ccst.us/
reports/well-stimu- lation-in-california/publications/. (Attached as Exhibit A).
4 Horsley Witten Group, Inc., California Class II Underground Injection Control Program Review (2011), available at: http://www.
conservation. ca.gov/dog/Documents/DOGGR%20USEPA%20consultant%27s%20report%20on%20CA%20underground%20injection%20
program.pdf.
5 California Division of Oil, Gas and Geothermal Resources, Underground Injection Control Program Report on Permitting and
Program As- sessment, Reporting Period of Calendar Years 2011-2014 (2015), available at: ftp://ftp.consrv.ca.gov/pub/oil/Publications/
SB%20855%20 Report%2010-08-2015.pdf.
6 Compilation of Correspondence Regarding Illegal Injection Wells available upon request.
7 Letter from Kenneth A. Harris Jr., State Oil and Gas Supervisor, California Division of Oil, Gas and Geothermal Resources, et al. to
David Albright, United States Environmental Protection Agency—Region IX (Oct. 26, 2018), available at: https://www.conservation.ca.gov/
dog/general_informa- tion/Documents/EPA-AE-Compliance-Update-2018.10.26.pdf.
8 Center for Biological Diversity, Oil Stain: How Dirty Crude Undercuts California’s Climate Progress (2017), available at: https://
www.biological- diversity.org/programs/climate_law_institute/energy_and_global_warming/pdfs/Oil_Stain.pdf.
9 California State Legislature, Oversight hearing of the Senate Natural Resources and Water Committee and Environmental Quality
Committee: Ensuring Groundwater Protection: Is the Underground Injection Control Program Working? (Mar. 10, 2015) at p. 12, available
at: https://sntr. senate.ca.gov/sites/sntr.senate.ca.gov/files/3_10_14_uic_background.pdf.
10 Mishak, Michael J., Oil worker’s death renews debate on safety of extraction method, Los Angeles Times (Apr. 14, 2012), available
at: https:// www.latimes.com/local/la-xpm-2012-apr-14-la-me-oil-death-20120412-story.html.
11 Ibid.
12 See California Division of Oil, Gas and Geothermal Resources, CEQA Projects, available at: https://www.conservation.ca.gov/
dog/CEQA/Pag- es/CEQANotices.aspx; California Division of Oil, Gas and Geothermal Resources, 2019 Weekly Summaries, available at:
ftp://ftp.consrv.ca.gov/ pub/oil/weekly_summary/2019/; and California Division of Oil, Gas and Geothermal Resources, Well Stimulation
Treatment Permits, available at: https://secure.conservation.ca.gov/WSTPermit. In 2013, Senate Bill No. 4 required DOGGR to conduct a
statewide Environmental Impact Report for well stimulation in the state, but DOGGR has not conducted any environmental review on the
individual permits issued for new well stimulation projects.
13 Torres, Zahira, and Frank Shyong, Leaking Gas Well in Porter Ranch Area Lacked a Working Safety Valve, Los AngeLes Times (Jan.
3, 2016), available at: http://www.latimes.com/local/california/la-me-0104-gas-leak-20160104-story.html.
14 Rabin, Jeffrey, Big Stink Over Gas Storage: Playa del Rey: When natural gas was first injected underground, the only neighbors
were birds. Now residents complain of leaks and odors, Los Angeles Times (Aug. 5, 1990), available at: http://articles.latimes.com/199008-05/news/we- 133_1_underground-natural-gas-storage.
15 For further description of the lack of oversight of gas storage wells, see Sharon McNary, Like Porter Ranch, Neighborhoods in
Playa del Rey, Montebello Sit Near Aging Gas Wells, Southern California Public Radio (Feb. 24, 2016), available at: https://www.scpr.org/
news/2016/02/24/57876/like-porter-ranch-playa-del-rey-montebello-and-oth/.
16 Trout, Kelly et al., Oil Change International, The Sky’s Limit California: Why the Paris Climate Goals Demand that California Lead
in a Managed Decline of Oil Extraction (2018) at p. 21, available at: http://priceofoil.org/content/uploads/2018/05/Skys_Limit_California_
Oil_Production_ R2.pdf.
17 In Senate Bill No. 4, the Legislature added notice requirements for well stimulation permits. WST permits must be posted on
DOGGR’s website and require neighbor notification, albeit in both cases after a well stimulation permit has been issued. See Cal. Code
Regs., tit. 14, § 1783.2; Pub. Resources Code, § 3160(d)(5).
18 California Division of Oil, Gas and Geothermal Resources, Updated Underground Injection Control Regulations: Response to Public
Comments (2019) at p. 7, available at: https://www.conservation.ca.gov/dog/Documents/UIC%20regulations/Public%20Comment%20
Summaries%20 and%20Responses%20(October%2029%20-%20November%2014,%202018).pdf.

Division of Oil, Gas and Geothermal Resources: Summary of Regulatory Failures

25

9/16/2020

Hottest August seared into California record books - Los Angeles Times

ADVERTISEMENT

CALIFORNIA

A sizzling summer: Hottest August on record in California
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The thermometer at Calvary Church in Woodland Hills registers 116 degrees Fahrenheit. (Al Seib / Los Angeles Times)
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In the midst of the state’s most destructive wildfire season, California has garnered
another dubious distinction: the hottest August on record in California, according to a
report from UCLA climate scientist Daniel Swain.
A ferocious heat wave midway through the month — during which parts of Los Angeles
County soared well above 100 degrees — helped push limits not seen since a deadly
seven-day stretch in July 2006. In Death Valley, a blistering 130 degrees on Aug. 16 was
thought to be the highest temperature on Earth in nearly a century.
The overall record for the hottest month in California was July 2018, although the
highest spikes in August 2020 were higher than the highest spikes back then, Swain
said.
“And the spikes we had just this past weekend in September were even higher than the
spikes in August,” he said.
ADVERTISING

https://www.latimes.com/california/story/2020-09-10/a-sizzling-record-august-was-hottest-month-on-record-in-california

2/10

9/16/2020

Hottest August seared into California record books - Los Angeles Times

“The warmth that you’re seeing here is consistent with what you’d expect to see in a
climate that’s trending that direction in general, all over the world,” he said.
The outlook for September is similarly harsh, said Lauren Gaches, spokesperson for
NOAA’s National Center for Environmental Prediction, who confirmed there is “at least
a 50% chance” of September temperatures in California coming in higher than normal.
The month already saw a scorching start with a Labor Day weekend heat wave that
shattered records in Los Angeles. On Sept. 6, Woodland Hills soared to 121 degrees —
the hottest official temperature on record in L.A. County, according to the National
Weather Service. Amid the intense heat, dozens of wildfires are burning across the
West.
What’s more, the six warmest years on record have all occurred in the past six years,
according to NOAA. Concerns about “climate chaos” are only likely to climb as well.
“As the years roll on, you’ll be more inclined to see more of this in the future,” Vose said.
“That’s probably what you would expect.”
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California wasn’t the only state to reach new heights in August: Nevada, Arizona, Utah,
Colorado and New Mexico also saw their own hottest Augusts on record, Swain’s report
said.

Daniel Swain
@Weather_West

Probably not a surprise to anyone who just lived through it,
but August 2020 was the warmest August on record in
California--as well as Nevada, Arizona, Utah, Colorado, and
New Mexico! In California, the long-term late summer
warming trend is quite clear. #NVwx #AZwx #CAwx #COwx

8:27 AM · Sep 10, 2020
641

436 people are Tweeting about this

“You weren’t alone — not that that makes you feel any better,” Russell Vose, a scientist
at the National Oceanic and Atmospheric Administration, said of the findings across the
western U.S. Vose said the records go back as far as 1895.
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In the midst of the state’s most destructive wildfire season, California has garnered
another dubious distinction: the hottest August on record in California, according to a
report from UCLA climate scientist Daniel Swain.
A ferocious heat wave midway through the month — during which parts of Los Angeles
County soared well above 100 degrees — helped push limits not seen since a deadly
seven-day stretch in July 2006. In Death Valley, a blistering 130 degrees on Aug. 16
was thought to be the highest temperature on Earth in nearly a century.
The overall record for the hottest month in California was July 2018, although the
highest spikes in August 2020 were higher than the highest spikes back then, Swain
said.
“And the spikes we had just this past weekend in September were even higher than the
spikes in August,” he said.
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The outlook for September is similarly harsh, said Lauren Gaches, spokesperson for
NOAA’s National Center for Environmental Prediction, who confirmed there is “at
least a 50% chance” of September temperatures in California coming in higher than
normal.
The month already saw a scorching start with a Labor Day weekend heat wave that
shattered records in Los Angeles. On Sept. 6, Woodland Hills soared to 121 degrees —
the hottest official temperature on record in L.A. County, according to the National
Weather Service. Amid the intense heat, dozens of wildfires are burning across the
West.
What’s more, the six warmest years on record have all occurred in the past six years,
according to NOAA. Concerns about “climate chaos” are only likely to climb as well.
“As the years roll on, you’ll be more inclined to see more of this in the future,” Vose
said. “That’s probably what you would expect.”
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California wasn’t the only state to reach new heights in August: Nevada, Arizona, Utah,
Colorado and New Mexico also saw their own hottest Augusts on record, Swain’s
report said.
LOG IN

Daniel Swain
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Probably not a surprise to anyone who just lived through it,
but August 2020 was the warmest August on record in
California--as well as Nevada, Arizona, Utah, Colorado, and
New Mexico! In California, the long-term late summer
warming trend is quite clear. #NVwx #AZwx #CAwx #COwx

8:27 AM · Sep 10, 2020
539

372 people are Tweeting about this

“You weren’t alone — not that that makes you feel any better,” Russell Vose, a scientist
at the National Oceanic and Atmospheric Administration, said of the findings across
the western U.S. Vose said the records go back as far as 1895.
“The warmth that you’re seeing here is consistent with what you’d expect to see in a
climate that’s trending that direction in general, all over the world,” he said.
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Fast-Moving California Wildﬁres Boosted by Climate Change
Nearly two dozen large blazes have burnt more than 1 million acres of the state
By Anne C. Mulkern, E&E News on August 24, 2020
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Embers blow oﬀ a burned tree after the LNU Lightning Complex Fire burned through the area on August 18, 2020 in Napa,
California. Credit: Justin Sullivan Getty Images

Firefighters
A D V E R T I Sbattled
E M E N T nearly two dozen wildfires in California yesterday after a week of
raging blazes blackened more than 1 million acres across the state.
The fast-moving fires, which are seen by many scientists as a sign of climate change,
have killed five people, destroyed more than 1,000 structures and forced thousands to
flee. More than 238,000 people either evacuated or were ready to go as more
thunderstorms threatened to light new fires yesterday afternoon, according to officials.
Still-active fires are affecting at least 23 counties in Northern California, stretching from
Butte to Fresno. Two of the blazes rank among the largest in state history.
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The LNU Lightning Complex Fire, a group of fires centered in Napa and Sonoma
counties, has grown into the second-largest blaze ever seen in California. The SCU
Lightning Complex Fire, a cluster of blazes in Santa Clara, Alameda and nearby
counties, is the third-largest.
Altogether, the fires have burned an area the size of Rhode Island.
"The scope [of the damage] is absolutely astonishing," said Daniel Swain, a climate
scientist at UCLA. It's "hard to impress on people just how vast the acreage burned is,
especially considering there were no strong offshore winds" to drive the spread.
President Trump on Saturday issued a major disaster declaration to fulfill a request by
Gov. Gavin Newsom (D) to bolster the state's emergency resources. Meanwhile, the
National Weather Service issued a red flag warning for more thunderstorms and
lightning through today.
The racing flames show how climate change is affecting the nation's most populous
state, experts said. Hotter temperatures, less dependable precipitation and snowpack
that melts sooner lead to drier soil and parched vegetation. Climate change also affects
how much moisture is in the air, Swain said.
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"It's actually drying out the air during these extreme heat events," which zaps plants of
additional moisture, Swain said. That left much of the state a tinderbox when hundreds
of lightning strikes scorched the countryside last week.
"This is really a testament to how dry the vegetation is, in terms of how quickly these
fires spread when they were ignited by lightning," he said.
The amount of land burned last week is more than the total burned in all of 2018, and
more than double the amount burned in 2017, according to data released by the
California Department of Forestry and Fire Protection (Cal Fire).
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The fires on Saturday burned part of the oldest state park in California, Big Basin
Redwoods State Park in Santa Cruz County. Flames damaged historic buildings, the
campground and "all of the infrastructure," said Christine McMorrow, a spokeswoman
with Cal Fire. It wasn't known whether redwood trees were engulfed.
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The blazes threaten to outpace the state's ability to respond. Nearly all of Cal Fire's
crews are in the field, with some working 72-hour shifts. Oregon, Washington, Nevada,
New Mexico, Texas and other states sent firefighters, equipment or both. Officials said
more than 13,000 fire personnel were on the scene.
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"We have more people, but it's not enough," Newsom said at a Friday news conference.
"We have more air support, but it's not enough."

REPEAT FIRE TRAUMA

Fires erupted beginning Aug. 15 when more than 1,200 lightning strikes hit the baking
landscape within 72 hours.
Those came "the exact week that we were experiencing some of the hottest temperatures
ever recorded in human history, 130-degree temperatures in the southern part of the
state," Newsom said. It was "maybe the hottest modern recorded temperature in the
history of the world," he said.
He was referring to the temperature of 130 degrees Fahrenheit on Aug. 16 in Death
Valley, a high not reached on Earth in 89 years. The highest temperature ever recorded
on the planet is 134 Fahrenheit. It was reached in 1913 in Death Valley. Its accuracy is
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disputed by some observers because there was a lack of modern technology
(Climatewire, Aug. 18).
Altogether, more than 12,000 lightning strikes hit California last week, igniting over 600
fires. Firefighters knocked down smaller ones, but others merged into major "complex"
fires.

ADVERTISEMENT

The week was filled with horror stories and heroic efforts. Volunteers helped evacuate
senior citizens from a Vacaville retirement home in the middle of the night as a fire
raced toward the facility. Others helped rescue "dozens and dozens of individuals with
intellectual disabilities" in Santa Clara, Newsom said.
Hundreds saw their homes destroyed.
"Tuesday night when I went to bed, I had a beautiful home on a beautiful ranch," Hank
Hanson, 81, of Vacaville, told the Associated Press. "By Wednesday night, I have nothing
but a bunch of ashes."
State Assemblywoman Cecilia Aguiar-Curry, who represents the Napa wine region, said
at a news conference Friday that she has "half a dozen really good friends who don't
have a home right now."
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The American Red Cross, wary of the coronavirus pandemic, put some survivors in hotel
rooms so they could be separated from other evacuees, said Jim Burns, a Red Cross
spokesman. Others went to evacuation shelters where protocols were in place to keep
people spaced out. The Red Cross was also talking to colleges to see whether dorm
rooms were available.

ADVERTISEMENT

The fires swept across heavily populated cities that have endured major fires in recent
years. Susan Gorin, a Sonoma County supervisor, lost her home in the 2017 Tubbs Fire,
a blaze that killed 22 people. She built a new house in the same location; on Friday, she
found ashes on her patio from a nearby firestorm.
"It just seems so terrifyingly familiar," Gorin said as she traveled to Lake Tahoe to
escape the smoke and mayhem. "This is now the third major fire in four years. We are
battle-weary."

CLIMATE CONNECTION SCRUTINIZED

Swain with UCLA and other scientists earlier this year published a study that said
climate change has doubled the number of extreme-risk days for California wildfires.
It said temperatures statewide rose 1.8 degrees Fahrenheit since 1980, while
precipitation dropped 30%. That doubled the number of autumn days that offer extreme
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conditions for the ignition of wildfires (Climatewire, April 3).
The heat is expected to get worse with time. Climate models estimate that average state
temperatures will climb 3 degrees Fahrenheit by 2050 unless the world makes sharp
cuts in greenhouse gas emissions, said Michael Wehner, a senior scientist at Lawrence
Berkeley National Laboratory.
Even with emissions cuts, average temperatures would rise 2 degrees by midcentury, he
said.
Jon Keeley, a senior scientist at the U.S. Geological Survey Western Ecological Research
Center, argued that the study from Swain and others failed to show that hotter
temperatures are driving wildfires.
"Show us data that shows that level of temperature increase is actually associated with
increased fire activity," Keeley said. "They don't show that."
Keeley added, "We ought to be much more concerned with ignition sources than a 1- to
2-degree change in temperature."
A big contributor to large California fires is that the state has focused on extinguishing
blazes for about a century rather than allowing for controlled burns, he said. That has
caused dead vegetation to accumulate.
Trump has accused California of failing to "sweep" its forests, which he has linked to
fires in the state.
Keeley said that "we don't sweep forests here in the U.S., but what we do is prescription
burning. ... It's potentially the same thing. It's modifying the fuels prior to a fire."
Swain, the UCLA climate scientist, said global warming is affecting how big fires get and
how fast they move.
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"What happens when they start burning, what is the character of those fires, and is it
changing?" Swain asked. "The answer is yes."
Reprinted from Climatewire with permission from E&E News. E&E provides daily
coverage of essential energy and environmental news at www.eenews.net.

ABOUT THE AUTHOR(S)

Anne C. Mulkern
Recent Articles
Los Angeles Accelerates Eﬀorts to Electrify Its Infamous Traﬃc
Blackouts Have Triggered an Energy Storage Boom in California
Climate Change Has Doubled Riskiest Fire Days in California

E&E News
Recent Articles
Hurricane Sally Rumbles Onshore with Echoes of Harvey
A New Arctic Is Emerging, Thanks to Climate Change
A Rebuilt Paradise Nervously Watches Wildﬁre on the Horizon

https://www.scientificamerican.com/article/fast-moving-california-wildfires-boosted-by-climate-change/

9/12

9/16/2020

Fast-Moving California Wildfires Boosted by Climate Change - Scientific American

READ THIS NEXT

P U B L I C H E A LT H

COVID-19 and Smoke Inhalation Symptoms are Hard to Tell Apart
2 hours ago — Mark Kreidler and Kaiser Health News

N AT U R A L D I SAST E R S

Hurricane Sally Rumbles Onshore with Echoes of Harvey
4 hours ago — Daniel Cusick and E&E News

ENVIRONMENT

What Ancient Mass Extinctions Tell Us about the Future
5 hours ago — Peter Brannen

S PAC E

Life on Venus? Breakthrough Initiatives Funds Study of Possible Biosignature
6 hours ago — Mike Wall and SPACE.com

POLICY & ETHICS

Anonymous Peer Review: Truth or Trolling?
7 hours ago — Susana Carvalho | Opinion

P U B L I C H E A LT H

Population Density Does Not Doom Cities to Pandemic Dangers
7 hours ago — Jeremy Hsu

NEWSLETTER

Get smart. Sign up for our email newsletter.
Sign Up

https://www.scientificamerican.com/article/fast-moving-california-wildfires-boosted-by-climate-change/

10/12

9/16/2020

Fast-Moving California Wildfires Boosted by Climate Change - Scientific American

Support Science Journalism
Subscribe Now!

FOLLOW US

SCIENTIFIC AMERICAN ARABIC

اﻟﻌﺮﺑﯿﺔ

Return & Refund Policy

FAQs

About

Contact Us

Press Room

Site Map

Advertise

Privacy Policy

SA Custom Media

California Consumer Privacy Statement

Terms of Use

Use of cookies/Do not sell my data
International Editions

Scientiﬁc American is part of Springer Nature, which owns or has commercial relations with thousands of scientiﬁc publications (many
of them can be found at www.springernature.com/us). Scientiﬁc American maintains a strict policy of editorial independence in
reporting developments in science to our readers.

© 202 0 SCIENT IFIC AM E RICAN, A DIV ISI ON O F S PRI NGER NA TURE AMERI CA, IN C.

ALL RIG HT S RESERVED.

https://www.scientificamerican.com/article/fast-moving-california-wildfires-boosted-by-climate-change/

11/12

9/16/2020

Fast-Moving California Wildfires Boosted by Climate Change - Scientific American

https://www.scientificamerican.com/article/fast-moving-california-wildfires-boosted-by-climate-change/

12/12

9/12/2020

Fast-Moving California Wildfires Boosted by Climate Change - Scientific American

C LI MAT E

Fast-Moving California Wildﬁres Boosted by
Climate Change
Nearly two dozen large blazes have burnt more than 1 million acres of the state
By Anne C. Mulkern, E&E News on August 24, 2020

Embers blow oﬀ a burned tree after the LNU Lightning Complex Fire burned through the area on August
18, 2020 in Napa, California. Credit: Justin Sullivan Getty Images

Firefighters battled nearly two dozen wildfires in California yesterday
after a week of raging blazes blackened more than 1 million acres across
the state.
The fast-moving fires, which are seen by many scientists as a sign of
climate change, have killed five people, destroyed more than 1,000
structures and forced thousands to flee. More than 238,000 people either
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a tinderbox when hundreds of lightning strikes scorched the countryside
last week.
"This is really a testament to how dry the vegetation is, in terms of how
quickly these fires spread when they were ignited by lightning," he said.
The amount of land burned last week is more than the total burned in all
of 2018, and more than double the amount burned in 2017, according to
data released by the California Department of Forestry and Fire
Protection (Cal Fire).
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The fires on Saturday burned part of the oldest state park in California,
Big Basin Redwoods State Park in Santa Cruz County. Flames damaged
historic buildings, the campground and "all of the infrastructure," said
Christine McMorrow, a spokeswoman with Cal Fire. It wasn't known
whether redwood trees were engulfed.
The blazes threaten to outpace the state's ability to respond. Nearly all of
Cal Fire's crews are in the field, with some working 72-hour shifts.
Oregon, Washington, Nevada, New Mexico, Texas and other states sent
firefighters, equipment or both. Officials said more than 13,000 fire
personnel were on the scene.
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"We have more people, but it's not enough," Newsom said at a Friday
news conference. "We have more air support, but it's not enough."

REPEAT FIRE TRAUMA

Fires erupted beginning Aug. 15 when more than 1,200 lightning strikes
hit the baking landscape within 72 hours.
Those came "the exact week that we were experiencing some of the hottest
temperatures ever recorded in human history, 130-degree temperatures
in the southern part of the state," Newsom said. It was "maybe the hottest
modern recorded temperature in the history of the world," he said.
He was referring to the temperature of 130 degrees Fahrenheit on Aug. 16
in Death Valley, a high not reached on Earth in 89 years. The highest
temperature ever recorded on the planet is 134 Fahrenheit. It was reached
in 1913 in Death Valley. Its accuracy is disputed by some observers
because there was a lack of modern technology (Climatewire, Aug. 18).
Altogether, more than 12,000 lightning strikes hit California last week,
igniting over 600 fires. Firefighters knocked down smaller ones, but
others merged into major "complex" fires.
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The week was filled with horror stories and heroic efforts. Volunteers
helped evacuate senior citizens from a Vacaville retirement home in the
middle of the night as a fire raced toward the facility. Others helped
rescue "dozens and dozens of individuals with intellectual disabilities" in
Santa Clara, Newsom said.
Hundreds saw their homes destroyed.
"Tuesday night when I went to bed, I had a beautiful home on a beautiful
ranch," Hank Hanson, 81, of Vacaville, told the Associated Press. "By
Wednesday night, I have nothing but a bunch of ashes."
State Assemblywoman Cecilia Aguiar-Curry, who represents the Napa
wine region, said at a news conference Friday that she has "half a dozen
really good friends who don't have a home right now."
The American Red Cross, wary of the coronavirus pandemic, put some
survivors in hotel rooms so they could be separated from other evacuees,
said Jim Burns, a Red Cross spokesman. Others went to evacuation
shelters where protocols were in place to keep people spaced out. The Red
Cross was also talking to colleges to see whether dorm rooms were
available.

ADVERTISEMENT

The fires swept across heavily populated cities that have endured major
fires in recent years. Susan Gorin, a Sonoma County supervisor, lost her
home in the 2017 Tubbs Fire, a blaze that killed 22 people. She built a new
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house in the same location; on Friday, she found ashes on her patio from
a nearby firestorm.
"It just seems so terrifyingly familiar," Gorin said as she traveled to Lake
Tahoe to escape the smoke and mayhem. "This is now the third major fire
in four years. We are battle-weary."

CLIMATE CONNECTION SCRUTINIZED

Swain with UCLA and other scientists earlier this year published a study
that said climate change has doubled the number of extreme-risk days for
California wildfires.
It said temperatures statewide rose 1.8 degrees Fahrenheit since 1980,
while precipitation dropped 30%. That doubled the number of autumn
days that offer extreme conditions for the ignition of wildfires
(Climatewire, April 3).
The heat is expected to get worse with time. Climate models estimate that
average state temperatures will climb 3 degrees Fahrenheit by 2050
unless the world makes sharp cuts in greenhouse gas emissions, said
Michael Wehner, a senior scientist at Lawrence Berkeley National
Laboratory.
Even with emissions cuts, average temperatures would rise 2 degrees by
midcentury, he said.
Jon Keeley, a senior scientist at the U.S. Geological Survey Western
Ecological Research Center, argued that the study from Swain and others
https://www.scientificamerican.com/article/fast-moving-california-wildfires-boosted-by-climate-change/?print=true
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failed to show that hotter temperatures are driving wildfires.
"Show us data that shows that level of temperature increase is actually
associated with increased fire activity," Keeley said. "They don't show
that."
Keeley added, "We ought to be much more concerned with ignition
sources than a 1- to 2-degree change in temperature."
A big contributor to large California fires is that the state has focused on
extinguishing blazes for about a century rather than allowing for
controlled burns, he said. That has caused dead vegetation to accumulate.
Trump has accused California of failing to "sweep" its forests, which he
has linked to fires in the state.
Keeley said that "we don't sweep forests here in the U.S., but what we do
is prescription burning. ... It's potentially the same thing. It's modifying
the fuels prior to a fire."
Swain, the UCLA climate scientist, said global warming is affecting how
big fires get and how fast they move.
"What happens when they start burning, what is the character of those
fires, and is it changing?" Swain asked. "The answer is yes."
Reprinted from Climatewire with permission from E&E News. E&E
provides daily coverage of essential energy and environmental news at
www.eenews.net.
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Table 1
The most common background diseases evident in over 20% of the cases.
Disease

% of patients

Hypertension
Diabetes
Ischemic heart diseases
Atrial ﬁbrillation
Chronic renal failure

73.8
33.9
30.1
22.0
20.2

been 209,839 conﬁrmed cases and 8788 deaths reported globally. Early
studies concluded that the risk factors associated with the development
of the disease are older age (Wu et al., 2020), history of smoking (Liu
et al., 2020), hypertension and heart disease (Chen et al., 2020). The Ital
ian institute of health (Istituto Superiore di Sanità) reported background
diseases of 481 patients in Italy who passed away due to COVID 19
infection. Table 1 shows the information about the most common back
ground diseases which are evident in over 20% of the cases. Further
more, recent studies suggest that the cause of death of many COVID
19 patients was related to cytokine storm syndrome (Guo et al., 2020;
Mehta et al., 2020). This syndrome, also known as hypercytokinemia
is an uncontrolled release of proinﬂammatory cytokines (Tisoncik
et al., 2012) and it is a severe reaction of the immune system, leading
to a chain of destructive processes in the body that can end in death.
Many studies have shown that the incidence of these diseases can
also be caused by a long exposure to air pollution, especially nitrogen di
oxide (NO2), a toxic component. NO2 enters the atmosphere as a result
of anthropogenic activity (mostly fossil fuel combustion from vehicles
and power plants) and natural processes (lightning and soil processes).
Elevated exposure to NO2 has been associated with hypertension (Saeha
et al., 2020), heart and cardiovascular diseases (Gan et al., 2012; Mann
Jennifer et al., 2002; Arden et al., 2004), increased rate of hospitalization
(Mann Jennifer et al., 2002), chronic obstructive pulmonary disease
(COPD) (De et al., 1993; Euler et al., 1988), signiﬁcant deﬁcits in growth
of lung function in children (Avol et al., 2001; James Gauderman et al.,
2000), poor lung function in adults or lung injury (Bowatte et al.,
2017; Rubenfeld et al., 2005) and diabetes (Saeha et al., 2020). In addi
tion to these, other studies have focused on the immune system's re
sponse to NO2 exposure. Blomberg et al., 1999, found that exposure to

NO2 causes an inﬂammatory response in the airways and Devalia et al.,
1993, showed that these exposures may induce the synthesis of proin
ﬂammatory cytokines from airway epithelial cells which consequently
play an important role in the etiology (cause) of airway disease. More
over, the epithelial cells in the lung may be uniquely susceptible to
death when exposed to NO2 (Persinger et al., 2002).
High NO2 concentration is signiﬁcantly associated with respiratory
mortality (Beelen et al., 2008; Chen et al., 2007; Hoek et al., 2013) and
is also responsible for generating some harmful secondary pollutants
such as nitric acid (HNO3) and ozone (O3) (Khoder, 2002). As a result,
the WHO has stated that the health risks may potentially occur due to
the presence of NO2 or its secondary products (World Health
Organization, 2003). Accordingly, the WHO understands the health is
sues arising from NO2 and suggests that the world population should
be protected from exposure to this pollutant.
The objective of this work is to assess the contribution of a long term
exposure to NO2 on coronavirus fatality. This is achieved by combining
three databases: the tropospheric concentration of NO2, the atmo
spheric condition as expressed by the vertical airﬂow, and the number
of fatality cases. The data is processed at the administrative level for
each country to obtain high spatial resolution.

2. Materials and methods
2.1. Fatality database
The data concerning the number of fatality cases was collected from
each country on a regional/administrative level. The use of this method
is intended to highlight the spatial variation of the epidemic which ex
ists not only between different countries, but more importantly within
each country. Moreover, if high mortality rates are observed in two re
mote regions in two different countries, we need to identify their com
mon factor which may explain mortality. For that, data was collected
from 66 administrative regions in Italy, Spain, France and Germany. In
formation about fatalities was taken from the Ministry of Health (Italy),
Ministry of Health, Social Services and Equality (Spain), The National
Agency of Public Health (France) and the Robert Koch Institute and
the State Health Ofﬁces (Germany).

Fig. 1. The tropospheric NO2 distribution.
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2.2. The NO2 spatial distribution

2.3. The atmospheric condition

For the NO 2 concentration in the troposphere (from surface up
to ~10 km), the Sentinel 5 Precursor space borne satellite (spatial
resolution of 5.5 km) was used which is operated and managed
by the European Commission under the “Copernicus” program
(Fig. 1). The satellite operates in a sun synchronous orbit at
824 km and an orbital cycle of 16 days. The satellite carries a TRO
POspheric Monitoring Instrument (TROPOMI) which provides a
(near )global coverage of air pollution caused by NO 2 and other
pollutants such as O 3 , SO 2 , CO, CH 4 , CH 2 O and aerosols (Veefkind
et al., 2012).
For this study, long term exposure was deﬁned as a two
month period (January February 2020) prior to the outbreak of
COVID 19 in Europe. The spatial data was collected using the
Google Earth Engine API (Gorelick et al., 2017). The global cover
age of tropospheric NO2 for this time period was extracted using
832 different images followed by calculating the mean concen
tration for each administrative region. Subsequently, only the
maximum concentration value was used due to differences in
the size of the regions.

Due to the thickness of the troposphere, the value which represents
the NO2 concentration is not enough. There is also a need to understand
the vertical airﬂow during the same period of the event. For that purpose,
the vertical airﬂows at 850 mb (~1.5 km above sea level) was used as it
deﬁnes the atmospheric capability to disperse the gas (Fig. 2). This data
was provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA
(http://www.esrl.noaa.gov/psd/). Downwards airﬂows are given by posi
tive values of omega (in Pa/s), while upwards airﬂow by negative values
of omega. In regions where positive omega is observed, the atmospheric
will force the NO2 to stay close to the surface which leads the population
to be exposed to the risk factor. In contrast, in regions with negative
omega, the atmospheric conditions will disperse the gas further away
and to higher altitudes. In these regions, the population is less exposed
to the air pollution and to its associated health risks.
3. Results
Mapping the tropospheric NO2 over Europe reveals a major ‘hotspot’
of high concentration in the northern part of Italy. The ‘hotspot’ is

Fig. 2. The vertical airﬂow (omega) at 850 mb (~1500 m above sea level).
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Fig. 3. NO2 vs. the absolute number of death cases.

observed in the Po valley which extends from the slopes of the western
Alps to the coastal plains of the Adriatic Sea. Out of the top ﬁve regions
where high fatality was observed, four of them were in northern Italy
(Fig. 3): Lombardia, (2168 cases), Emilia Romanga (531), Piemonte
(175 cases) and Veneto (115 cases). The other region was in the admin
istrative region ‘Community of Madrid’ (Comunidad de Madrid), Spain
(498 cases) which, like the Po valley, is also surrounded by mountain
ranges.
As shown in Fig. 4, 78% of all fatalities due to coronavirus in these se
lected countries occurred in those regions. The concentrations of NO2
were high and ranged between 177.1 and 293.7 μmol/m2, accompanied
by downwards airﬂows (positive omega ranged between 0.04 and
0.07 Pa/s).
There were 4443 fatalities in these countries due to COVID 19 by
March 19, 2020. 83% of all fatalities (3701 cases) occurred in regions
where the maximum NO2 concentration was above 100 μmol/m2,
15.5% (691 cases) occurred in regions where the maximum NO2 con
centration was between 50 and 100 μmol/m2, and only 1.5% of all fatal
ities (51 cases) occurred in regions where the maximum NO2
concentration was below 50 μmol/m2.

initial inﬂammatory condition is related to the response of the immune
system to the coronavirus. Hence, poisoning our environment means

4. Discussion and conclusion
In this study, the concentrations of the tropospheric NO2 which were
extracted from the Sentinel 5P satellite were used in order to explain
the spatial variation of fatality cases in 66 administrative regions in
four European countries. The Sentinel 5P data shows two main NO2
hotspots over Europe: Northern Italy and Madrid metropolitan area.
According to these results, high NO2 concentration accompanied by
downwards airﬂows cause of NO2 buildup close to the surface. This to
pographic structure combined with atmospheric conditions of inversion
(positive omega) prevent the dispersion of air pollutants, which can
cause a high incidence of respiratory problems and inﬂammation in
the local population. This chronic exposure could be an important con
tributor to the high COVID 19 fatality rates observed in these regions. As
earlier studies have shown that exposure to NO2 causes inﬂammatory in
the lungs, it is now necessary to examine whether the presence of an

Fig. 4. The mean death cases and the percentage of deaths in each NO2 concentration
range.
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poisoning our own body and when it experiences a chronic respiratory
stress, its ability to defend itself from infections is limited.
According to these results, more studies should be conducted which
focus on additional factors such as age and presence of pre existing and
background diseases along with the impact of pre exposure to NO2 and
hypercytokinemia in order to verify their impact on fatalities due to the
COVID 19 pandemic.
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ABSTRACT
In December 2019, a novel disease, coronavirus disease 19 (COVID-19), emerged in Wuhan,
People's Republic of China. COVID-19 is caused by a novel coronavirus (SARS-CoV-2)
thought to have jumped species from another mammal to humans. This virus has caused a
rapidly spreading global pandemic. To date, thousands of cases of COVID-19 have been
reported in England, and over 18,000 patients have died. While there has been progress in
managing this disease, it is not clear which factors, in addition to age, affect the severity and
mortality of COVID-19. A recent analysis of COVID-19 in Italy identified links between air
pollution and death rates. Here, we explored potential links between three major air pollutants
related to fossil fuels and SARS-CoV-2 mortality in England. We compared current, SARSCoV-2 cases and deaths recorded in public databases to region-level air pollution data
monitored at over 120 sites across England. We found that the levels of some markers of poor
air quality, nitrogen oxides and ozone, were associated with COVID-19 mortality in different
English regions, after adjusting for population density. We conclude that the levels of some
air pollutants are linked to COVID-19 cases and morbidity. We consider that our study
provides a useful framework to guide health policies in countries affected by this pandemic.
Keywords: SARS-CoV-2; COVID-19; Air pollution; Nitrogen oxides, Ozone, mortality.
Abbreviations: SARS, severe acute respiratory syndrome
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INTRODUCTION
In December 2019, a high number of pneumonia cases of unknown aetiology were detected
in Wuhan, China. A molecular analysis of samples from affected patients revealed that their
symptoms were caused by an infection by a novel coronavirus, later named severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the pathogenic agent of coronavirus
disease 19 (COVID-19) 1. Coronaviruses are enveloped, non-segmented positive-sense RNA
viruses belonging to the family Coronaviridae and classified within the Nidovirales order 2.
In a previous coronavirus outbreak, another coronavirus was found to induce SARS, leading
to a wide spectrum of clinical manifestations, including respiratory failure and death 2. While
the initial symptoms of COVID-19 include fever with or without respiratory syndrome, a
crescendo of pulmonary abnormalities can develop later in patients 3. Recent studies have
shown that most patients present with only mild illness, but approximately 25% of hospitaladmitted cases require intensive care because of viral pneumonia with respiratory
complications 4.
While abundant research into the pathogenesis of COVID-19 suggests that this disease likely
stems from an excessive inflammatory response 5, the exact predisposing factors contributing
to increased clinical severity and death in patients remain unclear. Moreover, the risks
associated with COVID-19 are unknown. Previous studies suggested that individuals over the
age of 60 or with underlying health conditions, including cardiovascular disease, diabetes,
chronic respiratory disease and cancer, are at highest risk of severe disease and death 6.
Curiously, long-term exposure to air pollutants has been shown to be a risk factor mediating
the pathogenesis of these health conditions 7. In fact, prolonged exposure to common road
transport pollutants, including nitrogen oxides and ground-level ozone, a by-product of
chemical reactions between nitrogen oxides and volatile organic compounds, can
significantly exacerbate cardiovascular morbidity, airway oxidative stress and asthma 8. Such
pollutants can also cause a persistent inflammatory response and increase the risk of infection
by viruses that target the respiratory tract 9,10. We therefore addressed whether infectivity and
mortality rates of COVID-19 in England are linked to air pollution.
This hypothesis is supported by observations that the geographical patterns of COVID-19
transmission and mortality among countries, and even among regions of the same country,
closely align with local levels of air pollutants 10. For example, increased contagiousness and
COVID-19-related mortality in northern Italian regions, including Lombardia, Veneto and
Emilia Romagna, have been correlated with high levels of air pollutants in these regions 10.
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These findings suggest that individuals exposed to chronic high levels of air pollutants may
have increased susceptibility to SARS-CoV-2 infection because of compromised immune
system defence responses.
Here, we explored the relationship between air pollution and SARS-CoV-2 mortality in
England and showed an association of airborne toxins released by fossil fuels with
susceptibility to viral infection by SARS-CoV-2 and COVID-19 mortality in England.
RESULTS
We analysed cumulative counts of COVID-19 cases and deaths against the annual average
concentrations of three major air pollutants recorded between 2018 and 2019, when no
COVID-19 cases were reported. Our study used publicly available data (Table 1) from seven
regions in England, where a minimum of 2,000 SARS-CoV-2 infections and 200 deaths were
reported from February 1 to April 8, 2020, approximately two weeks after the UK was placed
into lockdown.
The spatial pattern of COVID-19 deaths appeared to mimic the geographical distribution of
COVID-19-related cases, with the largest numbers of COVID-19 deaths occurring in London
and in the Midlands (Figure 2). Previous studies suggest that those two areas present the
highest annual average concentration (μg/m3) of nitrogen oxides 11. In addition, ground-level
ozone concentrations have been previously shown to vary significantly with latitude and
altitude, depending on concentration of ozone in the free troposphere, long-range transport
and its precursor emissions 12. Therefore, we sought to determine if spatial variations in
nitrogen dioxide, nitrogen oxide as well as ground-level ozone concentrations in England are
associated with increased COVID-19 infection and mortality. To this end, we constructed
three generalised linear models to estimate the association between each air pollutant with the
cumulative number of both COVID-19 cases and deaths in England.
To assess the association between the number of COVID-19 related cases and the spatial
variation of the three air pollutants, we initially built an ordinary least square (OLS)
regression model (Table 2, column 1). We added population density, a confounding factor, as
an independent variable to this model to account for differences in the number of inhabitants
across regions. After the OLS model was fitted to the data, the analysis demonstrated a large
residual standard error, indicating poor accuracy of the model. Therefore, we next fitted a
Poisson (Table 2, column 2) and a negative binomial regression model (Table 2, column 3),
which are known to be more appropriate for count data. The negative binomial model arose
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as a more parsimonious model, supported by its higher log likelihood and a lower Akaike
Information Criterion (AIC)13. We, therefore, used the negative binomial model for further
analysis. This model showed that population density is a significant predictor of COVID-19
cases (p-value < 0.01) as well as levels of nitrogen oxide dioxide (p-value < 0.01). This
shows that levels of nitrogen oxides increase the accuracy of the model, indicating that they
act as significant predictors of COVID-19 cases. We next applied a similar workflow for the
number of COVID-19 deaths (Table 3). The negative binomial regression remains the
optimal model, and shows that ozone, nitrogen oxide and nitrogen dioxide are significantly
associated with COVID-19 deaths, together with population density.
Taken together, the negative binomial models of both COVID-19 cases and deaths (third
column of Tables 2 and 3) show that nitrogen dioxide, nitrogen oxide and ozone are
significant predictors of COVID-19 related death, after accounting for population density.
This provides the first evidence that SARS-CoV-2 cases and deaths are associated with the
levels of pollutants in England.

METHODS
Data sources
The number of SARS-CoV-2 infection cases in England were obtained from Public Health
England (PHE) and analysed according to the following statistical regions: London,
Midlands, north-west, north-east and Yorkshire, south-east, east and south-west of England.
Regional-level data on the cumulative number of SARS-CoV-2-related deaths in England
was retrieved from the National Health System (NHS). This source includes the most
comprehensive region-specific records of COVID-19 deaths in England. The daily deaths
summary included deaths of patients who died in hospitals in England and had tested positive
for SARS-CoV-2 at the time of death. While this online repository is updated on a daily
basis, it is important to note that figures are subject to change due to post-mortem diagnosis
confirmation. Furthermore, data do not include deaths outside the hospital and therefore serve
as an approximation of the total number of deaths in England. All deaths are recorded as the
date of death rather than the day in which the death was announced. The total numbers of
COVID-19 deaths for each region were collected up to the 8th of April 2020 (Table 1).
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Air pollution data between 2018 and 2019 were obtained from the European Environmental
Agency (EEA). This agency maintains one of the largest online repositories of current,
quality-controlled environmental information in Europe. For the present study, we collected
annual aggregated air quality (AQ) values determined by the EEA based on direct
observations obtained from over 120 monitoring stations across England. Stations located
near airports (i.e., Luton) or near/within national reserves were excluded from the analysis, as
measured observations were sparse and inconsistent with their respective surroundings.
Because of limited data availability, we also restricted our analysis to individual pollution
indices for three major air pollutants, namely, nitrogen dioxide, nitrogen oxide and ozone,
across the prespecified regions (Figure 2). Nitrogen dioxide, nitrogen oxide and ozone AQ
values are expressed in µg/m3 and represent the annual average of daily measurements for
each air polluting substance from 2018 to 2019 in each specified region. The identification of
each monitoring station was matched to each available city by accessing the Department for
Environment, Food and Rural Affairs (DEFRA) website (Figure 1). This website contains a
resource called DEFRA’s Air Quality Spatial Object Register, which allows users to view
and retrieve information on the air quality-related spatial and non-spatial data objects from
the UK's Air Quality e-Reporting data holdings. The annual average of daily measurements
for each pollutant in each monitoring area was analysed to determine the influence of toxic
exposure on the number of SARS-CoV-2 cases and deaths across England (Figure 1).
Regional heatmaps
Heatmap legends were generated using GraphPad Prism 8 (www.graphpad.com), and regions
are labelled with the mapped colour values.
Statistical analysis
We fitted and compared three types of generalised linear models to our data using COVID-19
deaths and cases as the outcome and nitrogen oxide, nitrogen dioxide and ozone as the
exposures of interest, adding the corresponding population density values as a confounding
variable. Population density (person/km2) data corresponds to subnational mid-year
population estimates of the resident population in England for the year 2018 and excludes
visitors or short-term immigrants (< 12 months). First, we fitted a simple OLS model, which
makes basic assumptions and guides further analyses. Poisson regression models are
generally preferred for modelling count data, but the Poisson distribution is restricted as it
does not account for over dispersed data 14. Negative binomial models have higher flexibility,
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offering narrower confidence intervals if the conditional distribution of the outcome variable
is over-dispersed. The fitting goodness of each regression model was determined by the loglikelihood and AIC statistics. The models were built using the MASS package
(www.stats.ox.ac.uk/pub/MASS4/) in R. The model comparison tables were generated using
the Stargazer package15.The analysis workflow is available in GitHub
(https://m1gus.github.io/AirPollutionCOVID19/).

DISCUSSION
In this study, we identified an association between air pollution and SARS-CoV-2 lethality in
England, expanding previous evidence linking high mortality rates in Europe with increased
toxic exposure to air pollutants 10,16. In addition, a new study showed an association between
fine particulate matter levels and COVID-19-related deaths in the US by demonstrating that 1
µg/m3 increase in this particulate matter led to a 15% increase in COVID-19 death rates 7.
Notably, these findings are in line with studies conducted during the previous SARS
outbreak, where long-term exposure to air pollutants had a detrimental effect on the
prognosis of SARS patients in China 17.
Previous studies have shown that the estimated model used to predict the probability of an
event greatly affects analysis outcomes in epidemiological studies 14. Therefore, three distinct
analysis methods were employed in this study to select the most appropriate, to examine the
links between air pollution and COVID-19 in England.
Among the thmodels employed, the negative binomial model emerged as the most
appropriate based on likelihood test statistics. This model shows that nitrogen oxides and
ozone have a significant effect on the cumulative number of COVID-19 deaths, and nitrogen
oxides have a significant effect on the cumulative number of COVID-19 cases, independently
of population density.
These models do not account for other confounders such as age, which other studies have
shown to be important 6. Furthermore, we built models by aggregating all variables into
seven regions, losing granularity. Based on the above, we did not consider appropriate to
calculate mortality rate ratios or suggest that an increase of 1 µg/m3 in air pollutants will
increase the number of cases or death. Therefore, we will use additional data to improve these
models and their parameter estimates. Nonetheless, our results show that the levels of
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nitrogen oxides have an effect on COVID-19 related cases and death while ozone only has an
effect on COVID-19 deaths.
Nitrogen oxides gases result from a chemical reaction between nitrogen and oxygen during
the combustion of fossil fuels and therefore represent a significant source of air pollution in
areas with high traffic 18. Previous studies have shown that exposure to nitrogen dioxide is
associated with a significant decrease in pulmonary function and promotes an inflammatory
response in the airway 19 20 21. In fact, a recent study showed that intensive care unit (ICU)
ventilation duration was associated with preadmission exposure to nitrogen dioxide 22.
Furthermore, Faustini and colleagues 23 reported that a 10 µg/m3 increase in the annual
concentration of nitrogen dioxide was associated with 13% and 2% increases in
cardiovascular and respiratory mortality, respectively. As respiratory and cardiovascular
diseases represent potential risk factors for increased COVID-19 mortality, our results are in
line with the hypothesis that long-term exposure to nitrogen dioxide is linked with an
increased risk of COVID-19-related mortality.
Five-year aggregated nitrogen oxide level data from both industrialised and rural areas in
England indicated that the progression of respiratory syncytial virus (RSV) was directly
linked to seasonal variations in nitrogen oxide levels 24. While the mechanisms by which
environmental nitrogen oxide aggravates the clinical severity of RSV remain unclear, it has
been noted that when inhaled, this gas depresses endogenous production of nitrogen oxide
(Hobson and Everard, 2008). Since endogenous nitrogen oxide is known to inhibit RSV
replication in the lungs, it has been proposed that exogenous, inhaled nitrogen oxide may
trigger RSV replication by repressing the production of endogenous nitrogen oxide 25.
Although a similar mechanism of replication has not been shown for SARS-CoV-2, it is
tempting to speculate a possible association between nitrogen oxide levels and SARS-CoV-2
lethality. Moreover, nitrogen oxide is a free radical and can be oxidized to nitrogen dioxide,
which acts as a pulmonary irritant 26.
Ozone is a secondary by-product of traffic-related air pollution and is generated through
sunlight-driven reactions between motor-vehicle emissions and volatile organic compounds
27

. Generally, high ozone levels have been associated with reduced lung function and

increased incidence of respiratory symptoms 28. We found the lowest levels of ozone in
highly urbanised regions, such London and the Midlands. Given the highly reactive nature of
ozone, decreased levels in these regions may indicate increased conversion of ozone to
secondary gaseous species, a phenomenon previously reported for areas with heavy traffic 12.
Moreover, ozone can readily react with other gaseous species and particulates in the
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environment, resulting in the formation of respiratory irritants, such as terpene derivatives 29.
Further research is necessary to determine the exact identity of these pollutants and their
effect on COVID-19 severity and progression.
Our results, combined with those from the recent reports from northern Italy 10 Europe 16 and
the USA 7, suggest that poor AQ increases the lethality of COVID-19. Future detailed studies
may further elucidate these observations by addressing potential confounders, including
socioeconomic status, comorbidities, age, race, and differences between regional health
regulations and their ICU capacities. Nonetheless, our study highlights the importance of
continuous implementation of existing air pollution regulations for the protection of human
health, both in relation to the COVID-19 pandemic and beyond.
FIGURES & FIGURE LEGENDS

Figure 1. Analysis workflow.
This flowchart summarizes how raw data was extrapolated, processed and analysed. Population
density data (person/km2) was derived from ONS and used to account for region-specific
differences in population size across England; COVID-19 cases and deaths data were obtained
from PHE and NHS, respectively; Air pollution data from each monitoring station was
manually curated using DEFRA’s Air Quality Spatial Object Register and aggregated into
statistical regions. ONS, Office for National Statistics; PHE, Public Health England; NHS,
National Health Service; EEA, European Environmental Agency.
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Figure 2. Regional heatmaps of COVID-19 and pollutants.
Regional English heatmaps of reported deaths and diagnosed COVID-19 cases through April
8, 2020 (top row), as well as air quality (AQ) values for the indicated pollutants (bottom row).
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TABLES & TABLE LEGENDS
Table 1. Summary of data sources.
Data type

Source

Download date

Public Health England
COVID-19 Cases

COVID-19 Deaths

Nitrogen dioxide,
nitrogen oxide and
ozone concentrations

Population data

(https://coronavirus.
data.gov.uk/#region)

National Health
System
(https://www.england.
nhs.uk/statistics/statisti
cal-%20workareas/covid-19-dailydeaths/)
European
Environmental Agency
(https://www.eea.euro
pa.eu/data-andmaps/data/aqereportin
g-8)

Office for National
Statistics
(https://www.ons.gov.
uk)

April 9, 2020

Measuring units
Lab-confirmed cases
per region up to and
including April 8,
2020

April 9, 2020

Cumulative death
counts up to and until
April 8, 2020

April 7, 2020

AQ values (μg/m3)

April 17, 2020

Region-level
population density in
England (person/km2)
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Table 2. Effect of air pollutants on COVID-19 cases in England.

Each column of the table corresponds to a different type of regression model as indicated at
the top. The raw estimate values of each model are listed with their 95% confidence intervals
in parentheses. The p-values are indicated using the number of asterisks beside the estimates.
OLS, ordinary least square; Average_Pop_densitykm2, average population density per square
kilometer; NO.levels, nitrogen oxide levels; NO2.levels, nitrogen dioxide levels; O3.levels,
ozone levels; Akaike Inf. Crit., Akaike’s Information Criteria; Residual Std. Error, Residual
standard error.
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Table 3. Effect of air pollutants on COVID-19 deaths in England.

This table can be interpreted using the same guidance given for Table 2.
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This paper investigates the correlation between the high level of Severe Acute Respiratory Syndrome
CoronaVirus 2 (SARS-CoV-2) lethality and the atmospheric pollution in Northern Italy. Indeed, Lombardy
and Emilia Romagna are Italian regions with both the highest level of virus lethality in the world and one
of Europe’s most polluted area. Based on this correlation, this paper analyzes the possible link between
pollution and the development of acute respiratory distress syndrome and eventually death. We provide
evidence that people living in an area with high levels of pollutant are more prone to develop chronic
respiratory conditions and suitable to any infective agent. Moreover, a prolonged exposure to air
pollution leads to a chronic inﬂammatory stimulus, even in young and healthy subjects. We conclude
that the high level of pollution in Northern Italy should be considered an additional co-factor of the high
level of lethality recorded in that area.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV2) (Lu et al., 2020) is the pathogenic agent of Covid-19, a disease
ﬁrst reported in a small cluster in Wuhan, Hubei Province, China, in
December 2019, and subsequently spread all over the world. Due to
its high contagiousness and aggressive course, it has been declared
by World Health Organization (WHO) a Public Health Emergency of
International Concern (A public health emergency, 2019). The
course of the disease is often mild, undistinguishable from a common ﬂu, but in a considerable number of cases may require hospitalization, eventually leading to an acute respiratory distress
syndrome (ARDS) and death.
Due to the high variability of political and sanitary decisions
taken by the different Governments, data about incidence, lethality
and mortality are notably different among countries and even
among regions of the same country. Starting from the end of
February 2020, contagious has rapidly spread in Italy, particularly
in the North (Lombardy, Veneto and Emilia-Romagna), apparently
sparing central and southern regions. After a delay of a few days,
Covid-19 is now widely diffuse in many other European countries,

*
This paper has been recommended for acceptance by Dr. Payam Dadvand.
* Corresponding author.
E-mail address: dac@envs.au.dk (D. Caro).

https://doi.org/10.1016/j.envpol.2020.114465
0269-7491/© 2020 Elsevier Ltd. All rights reserved.

particularly Spain and Germany, nevertheless with evident international dissimilarities which cannot be explained only by different
health policies and systems. In particular, since the virus began to
spread in Italy, Lombardy and Emilia Romagna recorded a substantial high level of lethality if compared with other countries but
also than other Italian regions. Despite the difﬁculty in assessing
the reasons of such differences in the middle of this enormous
health emergency, researchers all around the world have linked
this unexpected surplus of lethality in North Italy with two main
co-factors i) the different way to report the number of deaths and
infects among countries; ii) the old age of Italian population. Few or
no hypothesis have identiﬁed the atmospheric pollution as potential and additional co-factor of lethality. Although a study conducted by Sima (http://www.simaonlus.it/w, 2020) has showed
that pollution has played a key role in the propagation of SARSCoV-2 there is no evidence about if pollution may have had an
impact on communities exposed to toxic air in terms of worsening
of initial health status in order to be considered an additional cofactor of SARS-CoV-2 lethality.
According to data from Italian Civil Protection on March 21st,
2020, lethality in Lombardy and Emilia Romagna was about 12%
whereas in the rest of Italy was about 4.5% (Protezione Civile
Italian). A team of researchers at the Royal Netherlands Meteorological Institute by using data from the Ozone Monitoring Instrument on NASA’s Aura satellite, revealed that Northern Italy is one of

2
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Europe’s most polluted areas in terms of smog and air pollution also
due to its climatic and geographic conditions, which cause the
stagnation of pollutants (Earth Observatory. A, 1590). The European
Environment Agency (EEA) has recently introduced an aggregated
index named as Air Quality Index (AQI), index reﬂecting the potential impact of air quality on health, driven by the pollutants in
geographical regions. It is calculated hourly for more than two
thousand air quality monitoring stations across Europe, using upto-date data reported by EEA member countries (European Air
Quality Inde). The AQI is based on concentration values for up to
ﬁve key pollutants, including: PM10, PM2.5, O3, SO2 and NO2. According to the AQI the area covering Lombardia and Emilia Romagna results to be the most polluted area in Italy (and one of the
most polluted in Europe) (Indice di qualit
a dell’ar). Qin et al., 2020
Based on this direct and evident correlation between high level
of lethality and atmospheric pollution, the overreaching question
addressed from this paper is: are communities living in polluted
area such as Lombardy and Emilia Romagna more predisposed to
die of Covid-19 due to their health status?

2. Analysis
As previously mentioned, the physio pathological event leading
to intensive care unit (ICU) and to death is an ARDS, a dramatic
event whose treatment is usually only supportive, requiring mechanical ventilation. Regardless of the etiology (Aisiku et al., 2016),
a hyper-activation of immune innate system is thought to have a
paramount role in this condition: inﬂammatory cytokines and
chemokines, such as tumor necrosis factor (TNF) a, interleukin (IL)
1b, IL-6, IL-8, IL-17 and IL-18, as well as several growth factors, are
overexpressed in ARDS, triggering apoptotic cascade and epithelialmesenchymal transition (Gouda et al., 2018). Moreover, their high
serum and bronchoalveolar lavage level seem related to a poorer
prognosis (Butt et al., 2016). These ﬁndings, although not validated
and not available in the common clinical practice, make them
suitable as potential biomarkers and targets for the therapy.
Similar evidences have been reported in patients affected by
severe viral pneumoniae such as SARS (Wong et al., 2004) and
MERS (Min et al., 2016) and an immune dysregulation is thought to
be responsible of a worse outcome in patients affected by Covid-19.
Recently published papers have found an imbalance in T cells, as
well as high serum levels of IL-6, IL-1 and TNFa (Qin et al., 2020), in
the subjects requiring hospitalization and admitted to ICU: this
suggests an intriguing role of the most recent immunosuppressive
drugs in the treatment of Covid-19 (Stebbing et al., 2020). This
being said, we must remind that an overexpression of the abovementioned cytokines occurs in many other conditions in addition to
viral pneumonia and ARDS.
Air pollution represents one of the most well-known causes of
prolonged inﬂammation, eventually leading to an innate immune
system hyper-activation. In a small cohort of mice exposed for three
months to particulate matter 2.5 mm in diameter (PM2.5), IL-4,
TNF-a and transforming growth factor (TGF)-b1 were signiﬁcantly
increased in both serum and lung parenchyma, as well as leucocytes and macrophages (Yang et al., 2019). Obviously, a high systemic inﬂammation impairs heart function too, as witnessed in
another cohort of mice exposed to PM2.5 and PM10 (Radan et al.,
2019). All these ﬁndings have been extensively conﬁrmed in
humans too: both PM2.5 and PM10 lead to systemic inﬂammation
with an overexpression of PDGF, VEGF, TNFa, IL-1 and IL-6 even in
healthy, non-smoker and young subjects (Pope et al., 2016), directly
related to the length of the exposure to the pollutant (Tsai et al.,
2019).
Similarly, an exaggerated inﬂammatory status is found in

airways too: an outdated paper (Ishii et al., 2004) found that
alveolar macrophages (AM), exposed in vitro to PM10, signiﬁcantly
increased the levels of IL-1b, IL-6, IL-8 and TNF-a, thus underlining
the prominent role of AM in cleaning particulates and activating
immune response. Such evidences are remarked by a more recent
paper, which investigated the effects of Milan city (Lombardy, Italy)
winter PM2.5 and summer PM10: as expected, human bronchial cells
evidenced an in vitro elevated production of both IL-6 and IL-8
(Longhin et al., 2018). Also, a high correlation between nitrogen
dioxide (NO2) and particulate in inducing IL-6 hyperexpression was
found (Perret et al., 2017), being both responsible of an inﬂammatory status even in a pediatric population (Gruzieva et al., 2017).
Among the other more common pollutants, ozone (O3) and
sulfur dioxide (SO2) have also a prominent role in inducing systemic and respiratory system inﬂammation, particularly via IL-8
(Kurai et al., 2018), IL-17 (Che et al., 2016) and TNF-a (Cho et al.,
2007), both in vitro and in vivo (Knorst et al., 1996). All these
modiﬁcations are well known to contribute to atherogenesis,
chronic respiratory diseases and cardiovascular events, the latter
strictly correlated with IL-6 serum levels (Aromolaran et al., 2018).
Nevertheless, aside of “classical” pollution-related conditions,
several recent studies have pointed out a possible correlation between poor air quality and development and worsening of chronic
inﬂammatory disease, such as systemic lupus erythematous (Alves
et al., 2018; Gulati and Brunner, 2018) and rheumatoid arthritis
(Sigaux et al., 2019).
3. Conclusions
In conclusion, it is well known that pollution impairs the ﬁrst
line of defense of upper airways, namely cilia (Cao et al., 2020), thus
a subject living in an area with high levels of pollutant is more
prone to develop chronic respiratory conditions and suitable to any
infective agent. Moreover, as we previously pointed out, a prolonged exposure to air pollution leads to a chronic inﬂammatory
stimulus, even in young and healthy subjects.
This, in our opinion, may partly explain a higher prevalence and
lethality of a novel, very contagious, viral agent such as SARS-CoV2, among a population living in areas with a higher level of air
pollution, particularly if we consider the relatively high average age
of this population. Among elderly living in such a region and
affected by other comorbidities, the cilia and upper airways defenses could have been weakened both by age and chronic exposure to air pollution, which, in turn, could facilitate virus invasion
by allowing virus reaching lower airways. Subsequently, a dysregulated, weak immune system, triggered by chronic air pollution
exposure may lead to ARDS and eventually death, particularly in
case of severe respiratory and cardiovascular comorbidities.
Moreover, since the prolonged exposure to atmospheric pollution
could induce persistent modiﬁcations of the immune system (Tsai
et al., 2019), short-term changes in the air quality may not be sufﬁcient to break this vicious circle. This might be supported by the
persistent high fatality rate, despite the dramatical reduction of air
pollution levels in Lombardy since the start of the outbreak. Obviously, our considerations must not let us neglect other critical
factors responsible for the high contagiousness and fatality of this
rapidly spreading disease. Important factors such as the age
structure of the affected population, the wide differences among
Italian regional health systems, capacity of the intensive care units
in the region, and the prevention policies taken by the Government
have had a paramount role in the spreading of SARS-CoV-2, presumably more than the air pollution itself. At the same time, our
paper evaluated fatality rate only in two Italian regions: given the
pandemic dimension of Covid-19, it will be interesting to evaluate
if, similarly, a higher lethality will be also recorded in the most
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polluted regions worldwide.
Finally, experimental and epidemiological studies are urgently
needed to evaluate the role of the atmospheric pollution in certain
populations: the assessment of bronchial and serological levels of
inﬂammatory cytokines represents the cornerstone for a deeper
comprehension of the mechanisms leading to a poorer prognosis.
Fundings
This research did not receive any speciﬁc grant from funding
agencies in the public, commercial, or not-for-proﬁt sectors.
Declaration of competing interest
We have no conﬂict of interests for the paper titled: can atmospheric pollution be considered a co-factor in extremely high level
of SARS-CoV-2 lethality in Northern Italy?
References
A public health emergency of international concern over the global outbreak of
novel coronavirus declared by WHO. Available at: https://www.who.int/dg/
speeches/detail/whodirector-general-s-statement-on-ihr-emergencycommittee-on-novel-coronavirus-(2019-ncov.
Aisiku, I.P., Yamal, J.M., Doshi, P., et al., 2016. Plasma cytokines IL-6, IL-8, and IL-10
are associated with the development of acute respiratory distress syndrome in
patients with severe traumatic brain injury. Crit. Care. 20, 288. Published 2016
Sep. 15.
Alves, A.G.F., de Azevedo Giacomin, M.F., Braga, A.L.F., et al., 2018. Inﬂuence of air
pollution on airway inﬂammation and disease activity in childhood-systemic
lupus erythematosus. Clin. Rheumatol. 37 (3), 683e690.
Aromolaran, A.S., Srivastava, U., Alí, A., et al., 2018. Interleukin-6 inhibition of hERG
underlies risk for acquired long QT in cardiac and systemic inﬂammation. PloS
One 13 (12), e0208321. Published 2018 Dec 6.
Butt, Y., Kurdowska, A., Allen, T.C., 2016. Acute lung injury: a clinical and molecular
review. Arch. Pathol. Lab Med. 140 (4), 345e350.
Cao, Y., Chen, M., Dong, D., Xie, S., Liu, M., 2020. Environmental pollutants damage
airway epithelial cell cilia: implications for the prevention of obstructive lung
diseases. Thorac Cancer 11 (3), 505e510.
Che, L., Jin, Y., Zhang, C., et al., 2016. Ozone-induced IL-17A and neutrophilic airway
inﬂammation is orchestrated by the caspase-1-IL-1 cascade. Sci. Rep. 6, 18680.
Published 2016 Jan 7.
Cho, H.Y., Morgan, D.L., Bauer, A.K., Kleeberger, S.R., 2007. Signal transduction
pathways of tumor necrosis factor–mediated lung injury induced by ozone in
mice. Am. J. Respir. Crit. Care Med. 175 (8), 829e839.
NASA Earth Observatory. Available at: https://earthobservatory.nasa.gov/images/
15900/smog-in-northern-italy.
European air quality index. Available at: https://airindex.eea.europa.eu/#.
Gouda, M.M., Shaikh, S.B., Bhandary, Y.P., 2018. Inﬂammatory and ﬁbrinolytic system in acute respiratory distress syndrome. Lung 196 (5), 609e616.
Gruzieva, O., Merid, S.K., Gref, A., et al., 2017. Exposure to trafﬁc-related air pollution

3

and serum inﬂammatory cytokines in children. Environ. Health Perspect. 125
(6), 067007. Published 2017 Jun 16.
Gulati, G., Brunner, H.I., 2018. Environmental triggers in systemic lupus erythematosus. Semin. Arthritis Rheum. 47 (5), 710e717.
http://www.simaonlus.it/wpsima/wp-content/uploads/2020/03/COVID19_PositionPaper_Relazione-circa-l%E2%80%99effetto-dell%E2%80%99inquinamento-daparticolato-atmosferico-e-la-diffusione-di-virus-nella-popolazione.pdf.
 dell’aria. Map available at: https://waqi.info/it/.
Indice di qualita
Ishii, H., Fujii, T., Hogg, J.C., et al., 2004. Contribution of IL-1 beta and TNF-alpha to
the initiation of the peripheral lung response to atmospheric particulates
(PM10). Am. J. Physiol. Lung Cell Mol. Physiol. 287 (1), L176eL183.
Knorst, M.M., Kienast, K., Müller-Quernheim, J., Ferlinz, R., 1996. Effect of sulfur
dioxide on cytokine production of human alveolar macrophages in vitro. Arch.
Environ. Health 51 (2), 150e156.
Kurai, J., Onuma, K., Sano, H., Okada, F., Watanabe, M., 2018. Ozone augments
interleukin-8 production induced by ambient particulate matter. Genes Environ. 40, 14. Published 2018 Jul 18.
Longhin, E., Holme, J.A., Gualtieri, M., Camatini, M., Øvrevik, J., 2018. Milan winter
ﬁne particulate matter (wPM2.5) induces IL-6 and IL-8 synthesis in human
bronchial BEAS-2B cells, but speciﬁcally impairs IL-8 release. Toxicol. In Vitro
52, 365e373.
Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H., Wang, W., Song, H., Huang, B., Zhu, N.,
et al., 2020. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor binding. Lancet 395 (10224),
565e574.
Min, C.K., Cheon, S., Ha, N.Y., et al., 2016. Comparative and kinetic analysis of viral
shedding and immunological responses in MERS patients representing a broad
spectrum of disease severity. Sci. Rep. 6, 25359.
Perret, J.L., Bowatte, G., Lodge, C.J., et al., 2017. The dose-response association between nitrogen dioxide exposure and serum interleukin-6 concentrations. Int. J.
Mol. Sci. 18 (5), 1015. Published 2017 May 8.
Pope 3rd, C.A., Bhatnagar, A., McCracken, J.P., Abplanalp, W., Conklin, D.J., O’Toole, T.,
2016. Exposure to ﬁne particulate air pollution is associated with endothelial
injury and systemic inﬂammation. Circ. Res. 119 (11), 1204e1214.
Protezione Civile Italiana. Map available at: http://opendatadpc.maps.arcgis.com/
apps/opsdashboard/index.html#/b0c68bce2cce478eaac82fe38d4138b1.
Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., Tao, Y., Xie, C., Ma, K., Shang, K., Wang, W.,
Tian, S.D., 2020. Dysregulation of immune response in patients with COVID19in Wuhan, China. Clin. Infect. Dis. https://doi.org/10.1093/cid/ciaa248.
Accepted In press.
Radan, M., Dianat, M., Badavi, M., Mard, S.A., Bayati, V., Goudarzi, G., 2019. Gallic
acid protects particulate matter (PM10) triggers cardiac oxidative stress and
inﬂammation causing heart adverse events in rats. Environ. Sci. Pollut. Res. Int.
26 (18), 18200e18207.
, E., Semerano, L., Boissier, M.C., 2019. Air pollution as a
Sigaux, J., Biton, J., Andre
determinant of rheumatoid arthritis. Joint Bone Spine 86 (1), 37e42.
Stebbing, J., Phelan, A., Grifﬁn, I., et al., 2020. COVID-19: combining antiviral and
anti-inﬂammatory treatments [published online ahead of print, 2020 Feb 27].
Lancet Infect. Dis. S1473e3099 (20), 30132e30138.
Tsai, D.H., Riediker, M., Berchet, A., et al., 2019. Effects of short- and long-term
exposures to particulate matter on inﬂammatory marker levels in the general
population. Environ. Sci. Pollut. Res. Int. 26 (19), 19697e19704.
Wong, C.K., Lam, C.W., Wu, A.K., et al., 2004. Plasma inﬂammatory cytokines and
chemokines in severe acute respiratory syndrome. Clin. Exp. Immunol. 136 (1),
95e103.
Yang, J., Chen, Y., Yu, Z., Ding, H., Ma, Z., 2019. The inﬂuence of PM2.5 on lung injury
and cytokines in mice. Exp. Ther. Med. 18 (4), 2503e2511.

medRxiv preprint doi: https://doi.org/10.1101/2020.04.21.20073700.this version posted April 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Risk of COVID-19 is associated with long-term exposure to air pollution
Huaiyu Tian1*, Yonghong Liu1†, Hongbin Song2†, Chieh-Hsi Wu3, Bingying Li1, Moritz U.G.
Kraemer4, 5, 6, Pai Zheng7, Xing Yan1, Guang Jia7, Yuxin Zheng8*, Nils Chr. Stenseth9*,
Christopher Dye4,10*
1

State Key Laboratory of Remote Sensing Science, College of Global Change and Earth System

Science, Beijing Normal University, Beijing, China.
2
Center for Disease Control and Prevention of Chinese People’s Liberation Army, Beijing, China.
3
Department of Mathematical Sciences, University of Southampton, Southampton, UK.
4
5
6

Department of Zoology, University of Oxford, Oxford, UK.
Harvard Medical School, Harvard University, Boston, MA, USA.
Boston Children’s Hospital, Boston, MA, USA.

7

Department of Occupational and Environmental Health Sciences, School of Public Health,
Peking University, China.
8

School of Public Health, Qingdao University, Qingdao, Shandong, China.

9

Centre for Ecological and Evolutionary Synthesis (CEES), Department of Biosciences,
University of Oslo, Oslo, Norway.
10

Oxford Martin School, University of Oxford, Oxford, UK.

†These authors contributed equally to this work.
*Corresponding author. Email: tianhuaiyu@gmail.com (H.T.); christopher.dye@zoo.ox.ac.uk
(C.D.); n.c.stenseth@mn.uio.no (N.C.S.); yx_zheng@139.com (Y.Z.)
Introductory paragraph (150 words)
High risk of severe disease of COVID-19 has been associated with patients with chronic
obstructive pulmonary disease, cardiovascular disease or hypertension1, and long-term exposure to
PM2.5 has been associated with COVID-19 mortality 2. We collate individual level data of
confirmed COVID-19 cases during the first wave of the epidemic in mainland China by March 6,
2020. We pair these data with a mobile phone dataset, covering human movements from Wuhan
before the travel ban and inner-city movements during the time of emergency response from 324
cities in China. Adjusting for socio-economic factors, an increase of 10 μg/m3 in NO2 or PM2.5 was
found to be associated with a 22.41% (95%CI: 7.28%-39.89%) or 15.35% (95%CI:
5.60%-25.98%) increase in the number of COVID-19 cases, and a 19.20% (95%CI:
4.03%-36.59%) or 9.61% (95%CI: 0.12%-20.01%) increase in severe infection, respectively. Our
results highlight the importance of air quality improvements to health benefits.
Maintext
The ongoing novel coronavirus (COVID-19) has rapidly spread across the world 3-5. As more
countries report local transmission of COVID-19, the country-based strategies are shifting from
containment to delay and mitigation, aiming at flattening the epidemic curve and lower its peak..
As the virus (SARS-CoV-2) will induce respiratory stress, individuals with compromised
respiratory system are expected to be more vulnerable to infection 6 and patients with pre-existing
conditions are more vulnerable to severe disease. Meta-analysis reveals chronic obstructive
1
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pulmonary disease (COPD), cardiovascular disease (CVD) and hypertension to be associated with
severe COVID-19 infection and ICU admission 1.
Long-term average exposure to air pollution was known to impact on lower lung function and
associated with increased COPD prevalence, cardiovascular disease and hypertension 7-9. However,
whether the vulnerability to lung diseases can impact COVID-19 risk have not yet been examined.
Understanding on the modulation of air pollution exposure on COVID-19 infection and severity
warrant investigation is required. This can help improving the future modeling and disease burden
calculations in the globe.
In order to prevent further dissemination of COVID-19, Wuhan prohibited all transport in and out
of the city on 23 January 2020. In the following days, cities across mainland China activated the
highest level emergency response and contained the outbreaks outside Wuhan. The reinforced
measures implemented by China during the COVID-19 outbreak have greatly curbed air pollution.
A significant reduction in pollution level was observed across cities China. Data on cities
(excluding Wuhan City) is well suited to this task because it exhibits widely distributed
COVID-19 cases, high historic air quality heterogeneity, and has been surveyed comprehensively
under consistent criteria and data standards across the country.
We used a well-tested research data platform that gathers nationwide human mobility, census data,
air pollution data, smoking data from a nationwide survey, and socio-economic data 10. The
records we used consisted of reported COVID-19 cases for 324 cities (except Wuhan City) in
mainland China between 31 December 2019 to 6 March 2020 (no newly reported locally acquired
infections), mobile data of recorded movements (data provided by Tencent and Baidu
location-based services, and telecommunications operators in China), census data (population,
population density, and percent of the population older than 65-year old), smoking prevalence and
second-hand smoking prevalence in non-smokers, gross domestic product (GDP) per capita,
climate condition (temperature and rainfall), and six major air pollutant concentrations in terms of
PM2.5, PM10, SO2, CO, NO2, and O3. Here we present an analysis and quantification of the
relationship between long-term exposure to air pollution and COVID-19 risk.
Between 31 December 2019 and 6 March 2020, 81,132 cases were reported across China. Among
the reported cases, 62.6% (50783/81132) cases clustered in Wuhan City, the remaining 37.4%
(30349/81132) cases distributed in 324 cities across China. After 6 March 2020, there are almost
no locally acquired infections outside Wuhan City in the first wave. Given the sustained local
spread in Wuhan City, that was not included in the subsequent analysis.
Given the high risk of COPD, CVD and hypertension on COVID-19 severity, we suspect that
long-term exposure to air pollutant enhancing lung damage is associated with increased
vulnerability to COVID-19 risk. In order to test this hypothesis, socio-demographic and behavioral
confounders were identified through a literature search. We first investigated the effect of travel
movements from Wuhan City, from where the COVID-19 firstly outbreak, for the first wave of
COVID-19 spread across China. In 2020, during the Spring Festival holiday travel before the
Wuhan travel ban, approximately 4.3 million people travelled out of Wuhan into other cities in
2
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China, which is strongly associated with total number of cases reported from each cities (rho=0.81,
P<0.01), suggesting the outbreaks across China was mainly seeded from Wuhan City.
In an attempt to contain the epidemic, on 23 January 2020, non-essential travel was prohibited in
and out of Wuhan city, a major transport hub and conurbation of 11 million people. Since then
China has implemented nationwide its highest level (Level 1) of emergency response to further
contain the spread of COVID-19 within and among cities. Interventions included closure of
entertainment venues, the suspension of within-city public transport, and prohibition of travel to
and from other cities across China. Our result indicates such social distancing measures have
significantly reduced the inner-city movements on average across cities in China comparing 2019
(Figure 2). The average air quality also significantly improved, compared to the same period in
2019 across cities in China. The changes in average daily PM2.5, PM10, SO2, CO, NO2, and O3 to
be -7.02%, -19.25%, -15.06%, -5.46%, -20.17% and 5.01% in between 31 December and 6 March,
respectively (Figure 2).
We also collected a range of confounding variables such as gross domestic product per capita and
age composition (age > 65), together with travel movements from Wuhan and inner-city
movements (as a measurement of social distancing), that are used as control variables in the
subsequent statistical analysis. Population size of each city is not included in the model because of
its high multicollinearity with travel movements from Wuhan (rho = 0.71, P<0.01). Moreover, the
3 billion Spring Festival holiday trips induced uncoordinated changes in actual population size
across cities 11. As expected, the number of COVID-19 cases in each city increased with passenger
flow from Wuhan. Thus the more infections happened in those cities that had more travelers from
Wuhan. Overall, we observed positive and significant associations between reported cases and
severe cases of COVID-19 with historic air pollutant concentration (Table 1). In 324 cities (except
Wuhan) that had data on air quality, an increase of 10 μg/m3 in NO2 or PM2.5 concentration was
associated with 22.41% (95%CI: 7.28%-39.89%) or 15.35% (95%CI: 5.60%-25.98%) increase in
COVID-19 cases, respectively. Furthermore, we also examined the relationship between the
number of severe COVID-19 cases and air pollutants, which indicates an increase of 10 μg/m3 in
NO2 or PM2.5 concentration was associated with 19.20% (95%CI: 4.03%-36.59%) or 9.61%
(95%CI: 0.12%-20.01%) increase in severe COVID-19 cases, respectively. Results are statistically
significant and robust to sensitivity analyses (Table S1-S3). Our results also highlighted the
importance of air quality improvements to health benefits in recent years in China.
Our study is among the early studies 1,2 to evaluate the association between air pollution exposure
and COVID-19 risk. Given the size of the study, we were able to investigate impacts of historic air
pollution on (i) COVID-19 risk, and (ii) COVID-19 severity. The findings reported here are in
keeping with previous findings that the air pollutants exposure were shown to be associated with
lower lung function, or specifically measured by forced vital capacity and forced expiratory
volume in 1 second 12-15. Particulate matter (PM) is associated with increasing risks of
cardiopulmonary diseases 16, and aggravate case fatality of severe acute respiratory syndrome
(caused by another type of coronavirus) 17. Oxidant pollutants could also impair the immune
function and attenuate the efficiency of the lung to clear the virus in lungs 6. Besides, nitrogen
oxides (NOX) can also cause inflammatory response and increase the risk of respiratory diseases
3
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directly 18,19 (also shown in Comparative Toxicogenomics Database, http://ctdbase.org). However,
the mechanisms underlying the impact on COVID-19 risk warrant further study.
Several important caveats are worth mentioning, as follows. Firstly, the data included here were
all from mainland China, it is therefore the generalizability of findings to other countries without
historic air population exposure and populations is not clear. Secondly, there currently lack the
high-quality records of city-level sever COVID-19 infection and ICU admission. Although we
have attempted to fill the gap by interpolating the city-level value using the province-level report.
Finally, the exact amount of unascertained cases is not available, potentially including
asymptomatic and mild-symptomatic cases, until a systematic survey of infection (e.g. by
serological testing) across China. This maybe partly the reason variable Age>65 is insignificant.
Nonetheless, we report a national-level disease pattern covering 324 cities and its association with
long-term exposure to air pollutants.
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Figure 1. Air pollution exposure, COVID-19, and travel movements in 324 cities of China during
Spring Festival 2020. (A) Distribution of cities with data on NO2 and COVID-19. The shading
from light red to dark red represents the cumulative number of confirmed COVID-19 cases in
each city from low to high, during 31 December 2019 and 6 March 2020. Points colored from blue
to red represent the historic mean annual NO2 concentration (µg/m3) from low to high, during
January 2015 and December 2019, before the COVID epidemic. (B) Association between the
cumulative number of confirmed cases, the number of human movements from Wuhan to each
city, and historic mean annual NO2 concentration. The area of circles represents the cumulative
number of cases reported by 6 March 2020.
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Figure 2. (A) Average inner-city movements intensity and (B) air pollutant concentration among
324 cities in China during COVID-19 outbreak in 2020 (orange line), compared to the same
period in 2019 (blue line).
5
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Figure 3. Variation per unit and 95% confidence intervals, (A) NO2 and (B) PM2.5. The
variation per unit (VPU) = [exp(variable coefficient) – 1] ×100%. VPU can be interpreted as
percentage increase in the number COVID-19 cases associated with a 10 μg/m3 in long term
average NO2 and PM2.5. The VPU from the main analysis is adjusted by confounding factors
(Inflow movements from Wuhan City before travel ban and peak time of inflow, inner-city
movements, GDP, smoking prevalence, second-hand smoking prevalence in non-smokers, percent
of the population >65, population, population density, climate, spatial distribution). In sensitivity
analyses, we omit confounding factor, separately, and use seasonal air pollutant concentrations.
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Supplemental Information
Materials and Methods
Data sources
Epidemiological, demographic and geographical data
We collected data from the official reports of the health commission of 324 city-level units
excluding Wuhan City, including daily reports from 31 December 2019 to 6 March 2020, no
newly reported locally acquired infections. Percentage of severe COVID-19 cases were obtained
from official reports of Provincial Health Committees. Age structure for each city was obtained
from the Sixth National Population Census of the People's Republic of China. Socioeconomic data,
including the gross domestic product (GDP) per capita in 2016, were obtained from China City
Statistical Yearbook.
Human mobility data
Human movements were tracked with mobile phone data from Baidu location-based services
(LBS) and telecommunications operators. The number of recorded movements from Wuhan City
to other cities across China were calculated, since 11 January 2020 to 23 January 2020, on which
day the movement outflows from Wuhan nearly close to zero, because of the Wuhan travel ban on
23 January 2020. The travel movements within each city was recorded by 6 March.
Data for air pollution
Original daily data for particulate matter concentrations, including PM2.5, PM10, SO2, CO, NO2,
and O3 for each city are obtained from air quality stations across China from January 2015 to
March 2020. For each city, the average concentration for each pollutant before the COVID-19
outbreak (January 2020) is calculated during the time period available.
Statistical methods
In order to quantify the effect of air pollution on COVID-19 risk, we used the historical data for
air quality between 2015 and 2019 and COVID-19 case report. Socio-demographic and behavioral
confounders were identified though literature search. The association between long-term exposure
to air pollutants and and COVID-19 risk was assessed by regression with a generalized linear
model (GLM).

Yi ~ Poisson ( μ i , θ )

(1)

log ( μit ) = α + β1Flowi + β 2 Peak time of flowi + β3 Inner -city movementsi + β 4GDP i +

225

β 5 Smoking prevalence i + β5 Second -hand smoking prevalence in non-smokers i +
β 6 percent of the population older than 65 − year oldi +
β 7 Populationi + β8 Population densityi +
β 9Temperaturei + β10 Rainfalli +
β11 PM 2.5,i * + β12 PM 10 ,i * + β13 SO2 ,i * + β14COi * + β15 NO 2,i * + β16O 3,i *
7
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(2)
where Flowi is the the passenger volume from Wuhan to city i during the Spring Festival travel
2020 before Wuhan travel ban, and Peak time of flow reflects corresponding peak time. Inner-city
movementsi represents the effect of social distancing, such as suspending intra-city public
transport, closing entertainment venues and banning public gatherings, which is measured by daily
human mobility within a city between travel ban and 6 March 2020 of city i, obtained from Baidu
location-based service. GDP is the gross domestic product per capita of city i. Smoking prevalence
and second-hand smoking prevalence in non-smokers were obtained from the Chinese National
Nutrition and Health Survey (NNHS) 20,21. Proportion of residents older than 50, 65, and between
30-79, population and population density of city i are exacted from census data. Climate
conditions were represented by temperature and rainfall in summer and winter. Latitude and
longitude represent the spatial distribution of city i. PM2.5, PM10, SO2, CO, NO2, and O 3 represent
daily average concentration data of air pollutants of city i between 1 January 2015 to 31 December
2019.*variables were included in the model separately because of the high multicollinearity
among air pollutants. βs are regression coefficients. The analysis was performed backward
stepwise regression using the R software (R Foundation for Statistical Computing, version 3.6.3),
MASS package.
Sensitivity analysis
We conduct additional sensitivity analyses to assess the robustness of our results. (i) First, we fit
models omitting confounding factor, separately. (ii) Treating NO2 and PM2.5 as categorical
variable (categorized at empirical quintiles). (iii) Using air pollutant concentrations in winter and
non-winter to replace the annual average.

8

medRxiv preprint doi: https://doi.org/10.1101/2020.04.21.20073700.this version posted April 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

251
252
253
254
255

Results
The detailed results are presented in Table S1.
Table S1. Impact of the historic air pollution exposure on COVID-19 risk.
Confirmed COVID-19

Severe COVID-19 cases

cases
Covariates

256
257
258
259

Coefficient

std

P

Coefficient

std

P

Intercept
Inner-city movements

2.630
-1.065

0.538
0.139

<0.001
<0.001

0.769
-0.778

0.509
0.137

0.132
<0.001

Percent of population older than 65

0.069

0032

0.030

-0.054

0.035

0.129

Inflow from Wuhan
Peak of inflow from Wuhan

0.012
0.108

0.001
0.020

<0.001
<0.001

0.030
0.074

0.009
0.023

<0.01
<0.01

Mean Temperature of Coldest

0.026

0.009

<0.01

0.027

0.007

<0.001

Quarter
NO2*

0.020

0.007

<0.01

0.018

0.007

<0.01

PM2.5*
PM10*
SO2*

0.014
0.002
-0.016

0.004
0.003
0.008

<0.01
0.365
0.050

0.009
0.001
-0.006

0.004
0.002
0.006

0.034
0.733
0.344

CO*

-0.013

0.246

0.958

-0.049

0.212

0.817

O3*

-0.006

0.005

0.249

-0.010

0.005

0.049

†only significant variables were shown.
*variables were included in the model separately because of the high multicollinearity among air
pollutants.
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Table S2. NO2-Sensitivity analysis.
Confirmed COVID-19 cases

Severe COVID-19 cases

Variation per 10μg/m3 (95%CI)

P

Variation per 10μg/m3 (95%CI)

P

Main analysis
Omit # Inflow
Omit # Minimum

22.41% (7.28%, 39.89%)
24.22% (3.69%, 49.29%)
55.63% (35.29%, 79.21%)

<0.01
0.020
<0.001

19.20% (4.03%, 36.59%)
20.22% (2.29%, 41.31%)
45.43% (27.74%, 65.57%)

<0.01
0.026
<0.001

inner-city movements
Omit # Percent of

25.59% (10.21%, 43.33%)

<0.001

16.50% (1.98%, 33.09%)

0.025

Omit # Peak of inflow
from Wuhan

15.04% (0.28%, 32.18%)

0.048

16.51% (1.46%, 33.79%)

0.030

Omit # Mean

20.45% (5.48%, 37.73%)

<0.01

17.31% (2.10%, 34.80%)

0.024

Covariates

population older than 65

Temperature of Coldest
Quarte
Categorize NO 2 into
quintiles
Q1 (<20μg/m3)

-

-

-

-

Q2 (20-30μg/m3)

117.22% (31.23%, 284.65%)

<0.01

52.60% (6.65%, 118.36%)

0.021

Q3 (30-40μg/m3)
Q4 (40-50μg/m3)
Q5 (>50μg/m3)

107.31% (24.36%, 269.36%)
215.77% (83.47%, 476.86%
163.42% (8.93%, 504.61%)

<0.01
<0.001
0.026

29.10% (-11.71%, 88.76%)
109.41% (31.25%, 234.12%)
180.93% (16.74%, 575.01%)

0.187
<0.01
0.021

Use NO2 in winter
Use NO2 in non-winter

14.45% (2.79%, 27.68%)
24.95% (8.79%, 43.66%)

0.015
<0.01

12.94% (1.50%, 25.66%)
21.50% (4.94%, 40.68%)

0.026
<0.01
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264
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Table S3. PM2.5-Sensitivity analysis.
Confirmed COVID-19 cases

Severe COVID-19 cases

Variation per 10μg/m3 (95%CI)

P

Variation per 10μg/m3 (95%CI)

P

Main analysis
Omit # Inflow
Omit # Minimum

15.35% (5.60%, 25.98%)
30.24% (15.91%, 46.70%)
21.67% (9.08%, 35.62%)

<0.01
<0.001
<0.001

9.61% (0.12%, 20.01%)
16.41% (4.73%, 29.39%)
19.94% (8.97%, 32.02%)

0.034
<0.01
<0.001

inner-city movements
Omit # Percent of

17.25% (7.67%, 27.74%)

<0.001

7.85% (-1.24%, 17.78%)

0.092

Omit # Peak of inflow
from Wuhan

16.24% (5.79%, 27.73%)

<0.01

Omit # Mean

10.61% (1.66%, 20.21%)

0.019

Covariates

population older than 65

， 20.72%)

10.09% (0.415

7.01% (-2.38%, 17.31%)

0.041
0.147

Temperature of Coldest
Quarte
Categorize PM2.5 into
quintiles
Q1 (<25μg/m3)

-

-

-

-

Q2 (25-35μg/m3)

31.34% (-34.21%, 202.21%)

0.478

28.10% (-21.12%,108.02%)

0.316

Q3 (35-45μg/m3)
Q4 (45-55μg/m3)
Q5 (>55μg/m3)

137.68% (20.85%, 442.36%)
278.37% (91.85%, 766.05%)
164.94% (32.41%, 508.69%)

0.023
<0.001
0.012

26.04% (-23.17%, 106.77%)
74.19% (2.47%, 196.13%)
51.79% (-9.90%, 155.72%)

0.358
0.040
0.116

6.06% (1.32%, 11.00%)
22.97% (9.32%, 38.30%)

0.012
<0.001

4.17% (-0.84%, 9.43%)
13.93% (1.20%, 28.27%)

0.103
0.031

Use PM2.5 in winter
Use PM2.5 in non-winter
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a b s t r a c t
The novel coronavirus pneumonia, namely COVID-19, has become a global public health problem. Previous studies have found that air pollution is a risk factor for respiratory infection by carrying microorganisms and affecting
body's immunity. This study aimed to explore the relationship between ambient air pollutants and the infection
caused by the novel coronavirus. Daily conﬁrmed cases, air pollution concentration and meteorological variables
in 120 cities were obtained from January 23, 2020 to February 29, 2020 in China. We applied a generalized additive model to investigate the associations of six air pollutants (PM2.5, PM10, SO2, CO, NO2 and O3) with COVID-19
conﬁrmed cases. We observed signiﬁcantly positive associations of PM2.5, PM10, NO2 and O3 in the last two weeks
with newly COVID-19 conﬁrmed cases. A 10-μg/m3 increase (lag0–14) in PM2.5, PM10, NO2, and O3 was associated
with a 2.24% (95% CI: 1.02 to 3.46), 1.76% (95% CI: 0.89 to 2.63), 6.94% (95% CI: 2.38 to 11.51), and 4.76% (95% CI:
1.99 to 7.52) increase in the daily counts of conﬁrmed cases, respectively. However, a 10-μg/m3 increase
(lag0–14) in SO2 was associated with a 7.79% decrease (95% CI: −14.57 to −1.01) in COVID-19 conﬁrmed
cases. Our results indicate that there is a signiﬁcant relationship between air pollution and COVID-19 infection,
which could partially explain the effect of national lockdown and provide implications for the control and prevention of this novel disease.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
⁎ Corresponding author.
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3234119867@qq.com (F. Huang), caoliqing@ustc.edu.cn (L. Cao).
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A novel coronavirus disease, namely COVID-19, was ﬁrst detected in Wuhan city, China in December 2019 (Lu et al., 2020; Xu
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et al., 2020). In subsequent months, it spread rapidly to the rest of
China, which has later become a global public health problem
(Chen et al., 2020a; Gilbert et al., 2020; Sohrabi et al., 2020).
COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Dong et al., 2020; Sohrabi et al., 2020;
Zhou et al., 2020). Generally, most SARS-CoV-2 infected patients
have mild symptoms including fever, dry cough, and sore throat
(Huang et al., 2020; Sohrabi et al., 2020). However, some patients
could have severe and even fatal complications such as Acute Respiratory Distress Syndrome (ARDS) (Chen et al., 2020b; Sohrabi
et al., 2020).
To control the spread of COVID-19, various studies have been
conducted to explore important factors affecting the transmission
of SARS-CoV-2. Several early studies have demonstrated that
human-to-human contact could increase the risk of COVID-19 infection (Chan et al., 2020; Li et al., 2020; Wang et al., 2020). Besides, population mobility has a signiﬁcant effect on the COVID19 epidemic (Kraemer et al., 2020). In addition, a recent study
has shown an association of ambient temperature with the infection of COVID-19 (Xie and Zhu 2020). However, the impact of
short-term exposure to air pollution lacks careful consideration.
Previous studies have suggested that ambient air pollutants are
risk factors for respiratory infection by carrying microorganisms to
make pathogens more invasive to humans and affecting body's immunity to make people more susceptible to pathogens (Becker and
Soukup, 1999; Cai et al., 2007; Horne et al., 2018; Xie et al., 2019;
Xu et al., 2016). Since COVID-19 is a respiratory disease and
SARS-CoV-2 could remain viable in aerosols for hours (van
Doremalen et al., 2020), it is interesting to investigate the effect
of air pollution on COVID-19 infection. To provide useful implications for the control and prevention of this novel coronavirus
disease, we aimed to explore the relationship between concentrations of six air pollutants and daily conﬁrmed COVID-19 cases in
120 cities in China.

2. Materials and methods
2.1. Study area
This study included 120 cities (4 municipalities and 116 prefecturelevel cities) in the geographic regions of 83.4° to 131.6° east longitude
and 20.0° to 51.4° north latitude (Fig. 1). According to the National
Health Commission, 79,968 COVID-19 conﬁrmed cases have been identiﬁed in the whole of China as of February 29, 2020. Our studied cities
covered 70% of conﬁrmed cases. We focused our analysis on these 120
cities because of the limitation of the meteorological data and the air
pollution data we have obtained.
2.2. Data collection
Daily conﬁrmed new cases for each city between January 23, 2020 and
February 29, 2020 were obtained from the reports released by local health
commissions on the ofﬁcial websites. We set January 23, 2020 (i.e., the
date of lockdown in Wuhan) as the starting point of our study period to
minimize the potential inclusion of imported cases from Wuhan.
Air pollution data were collected from an online platform (https://
www.aqistudy.cn) monitoring and analyzing the air quality. Daily concentrations of six air pollutants were measured, including particles with
diameters ≤2.5 μm (PM2.5), particles with diameters ≤10 μm (PM10), sulfur dioxide (SO2), carbon monoxide (CO), nitrogen dioxide (NO2), and
ozone (O3).
Meteorological data on daily mean temperature, relative humidity, air
pressure, and wind speed during the study period were obtained from the
National Meteorological Information Center (http://data.cma.cn).
2.3. Statistical analysis
The generalized additive model (GAM) is a useful method to examine the effects of meteorological factors and air pollution on health

Fig. 1. Locations of 120 cities and cumulative COVID-19 conﬁrmed cases in each city as of February 29, 2020.
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affecting all cities in each day such as national lockdown (AmuakwaMensah et al., 2017; Lu and Lu, 2017).
Two sensitivity analyses were conducted. First, since the number of
conﬁrmed cases in Wuhan city (the worst-hit region in China) was
much larger than that in other cities, we excluded Wuhan from our
data to test the robustness of our ﬁndings. Second, we applied twopollutant models to examine whether the signiﬁcant results from
single-pollutant models were robust after controlling for other pollutants in the basic model (Chen et al. 2018; Phosri et al., 2019).
All analyses in this study were conducted using the “mgcv” package
(version 1.8–28) in R statistical software (version 3.5.2). The statistical
tests were two-sided, and p b 0.05 was considered statistically signiﬁcant. Effect estimates were showed as percentage change (%) in daily
COVID-19 conﬁrmed cases per unit increase in pollutant concentration
(i.e., 10 μg/m3 increase in PM2.5, PM10, SO2, NO2, O3 or 1 mg/m3 increase
in CO).

Table 1
Descriptive statistics of daily conﬁrmed new cases, concentration of air pollution, and meteorological variables across all cities and days.

Daily conﬁrmed cases
PM2.5 (μg/m3)
PM10 (μg/m3)
SO2 (μg/m3)
CO (mg/m3)
NO2 (μg/m3)
O3 (μg/m3)
Mean temperature (°C)
Relative humidity (%)
Air pressure (hPa)
Wind speed (m/s)

Mean (SD)

Min

Max

12.94 (228.96)
46.43 (38.55)
62.97 (49.76)
12.23 (9.90)
0.85 (0.47)
19.28 (11.87)
78.22 (20.58)
2.82 (10.11)
67.25 (17.42)
964.08 (76.15)
2.11 (1.19)

0
2
4
2
0.1
2
11
−33.8
17
668.1
0

13,436
554
632
87
7.4
86
152
26.5
100
1039
15.4

3

outcomes (Lin et al., 2018; Ma et al., 2020; Peng et al., 2006; Talmoudi
et al., 2017; Yang et al., 2020). As demonstrated by previous studies,
the effect of air pollution can last for several days (Lin et al., 2018;
Myung et al., 2019; Xie et al., 2019; Yang et al., 2020). In addition, an incubation period of 1 to 14 days for COVID-19 was reported by the National Health Commission in China. So, it is a reasonable choice to
apply a moving-average approach to capture the cumulative lag effect
of ambient air pollution (Duan et al., 2019; Li et al., 2018; Yang et al.,
2020). Thus, in this study, we used the GAM with a Gaussian distribution family to estimate the associations between the moving average
concentrations of air pollutants (lag0–7, lag0–14, lag0–21) and daily
COVID-19 conﬁrmed cases (Hastie, 2017; Liu et al., 2020). Speciﬁcally,
we examined the effects of six air pollutants in six separate models
(i.e., single-pollutant models) to reduce the collinearity since some of
these pollutants were highly correlated (Chen et al. 2018; Dastoorpoor
et al., 2019; Phosri et al., 2019). The basic model was deﬁned as follows:

3. Results
3.1. Descriptive analysis
Table 1 shows the statistics for daily COVID-19 conﬁrmed cases, concentration of air pollution, and meteorological variables. During the observation period, this study included over 58,000 cases with an average
of 12.94. Average daily concentrations of PM2.5, PM10, SO2, CO, NO2 and
O3 were 46.43 μg/m3, 62.97 μg/m3, 12.23 μg/m3, 0.85 mg/m3, 19.28 μg/
m3 and 78.22 μg/m3, respectively. The average of daily mean temperature, relative humidity, air pressure and wind speed were 2.82 °C,
67.25%, 964.08 hPa and 2.11 m/s, respectively.
Table 2 presents the spearman correlation coefﬁcients between air
pollutants and meteorological variables. Air pollutants had signiﬁcant
correlations with each other and all of them were correlated with
mean temperature and relative humidity. SO2, CO and O3 were negatively correlated with air pressure, while PM2.5 and NO2 had positive
correlations with air pressure. All of these air pollutants were signiﬁcantly correlated with wind speed except for SO2.

logðyit Þ ¼ a þ Zil þ sðtem
 il Þ þ sðrhuil Þ þ sðprsil Þ þ sðwinil Þ
þ log yi;t−1 þ cityi þ dayt þ εit
Here, log(yit) indicates the log-transformed COVID-19 counts reported on day t in city i (added 1 to avoid taking the logarithm of
0) (Liu et al., 2020; Xie and Zhu, 2020). a is the intercept. Zil denotes
the linear term of (l + 1)-day moving average concentration of air pollutant (lag0-l) in city i (Chen et al. 2018; Phosri et al., 2019). Meteorological factors during the same period were controlled for the possible
confounding effect, including mean temperature (temil), relative humidity (rhuil), air pressure (prsil) and wind speed (winil). s(∙) is the
smooth function (thin plate spline function with the maximum 3 degrees of freedom) of a certain meteorological factor (Liu et al., 2020;
Wang et al., 2018; Xie and Zhu, 2020). log(yi, t−1) indicates the logtransformed COVID-19 counts reported on day t-1 in city i to account
for the potential serial correlation in our data (Liu et al., 2020). In addition, we included city ﬁxed effects (cityi) to control for time-invariant
city characteristics such as population size and density, and we also included day ﬁxed effects (dayt) to control for unobserved factors

3.2. Relationship between air pollution and COVID-19 conﬁrmed cases
Fig. 2 plots the moving average lag effects (lag0–7, lag0–14, lag0–21)
of different air pollutants on daily conﬁrmed cases of COVID-19 in
single-pollutant models. We observed signiﬁcantly positive associations
of PM2.5, PM10, CO, NO2 and O3 with COVID-19 conﬁrmed cases. For example, a 10-μg/m3 increase (lag0–14) in PM2.5, PM10, NO2, O3 and 1-mg/
m3 increase in CO (lag0–21) was associated with a 2.24% (95% CI: 1.02 to
3.46), 1.76% (95% CI: 0.89 to 2.63), 6.94% (95% CI: 2.38 to 11.51), 4.76%
(95% CI: 1.99 to 7.52) and 15.11% (95% CI: 0.44 to 29.77) increase in
the daily counts of COVID-19 conﬁrmed cases, respectively. However,
SO2 was negatively associated with COVID-19 conﬁrmed cases at

Table 2
Spearman correlation coefﬁcients between air pollutants and meteorological variables across all cities and days.
PM2.5
PM2.5
PM10
SO2
CO
NO2
O3
Mean temperature
Relative humidity
Air pressure
Wind speed
⁎ p b 0.05.

1.00
0.91⁎
0.37⁎
0.69⁎
0.64⁎
0.13⁎
−0.13⁎
0.08⁎
0.07⁎
−0.21⁎

PM10
1.00
0.45⁎
0.62⁎
0.65⁎
0.19⁎
−0.17⁎
−0.08⁎
0.02
−0.13⁎

SO2

1.00
0.39⁎
0.52⁎
0.11⁎
−0.52⁎
−0.41⁎
−0.21⁎
−0.03

CO

NO2

O3

Mean temperature

Relative humidity

Air pressure

Wind speed

1.00
0.63⁎
−0.04⁎
−0.09⁎
0.12⁎
−0.04⁎
−0.22⁎

1.00
0.08⁎
−0.18⁎
−0.07⁎
0.04⁎
−0.22⁎

1.00
0.08⁎
−0.40⁎
−0.04⁎
0.04⁎

1.00
0.34⁎
0.15⁎
−0.07⁎

1.00
0.27⁎
−0.13⁎

1.00
0.12⁎

1.00
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Fig. 2. Percentage change (%) and 95% CI of daily COVID-19 conﬁrmed cases associated with a unit increase in pollutant concentration using single-pollutant models. Units are 10 μg/m3
increase in PM2.5, PM10, SO2, NO2, O3 and 1 mg/m3 in CO.

lag0–7 (percentage change = −5.30%, 95% CI: −10.44 to −0.16) and
lag0–14 (percentage change = −7.79%, 95% CI: −14.57 to −1.01).
3.3. Sensitivity analysis
In the ﬁrst sensitivity analysis, the relationship between COVID-19
conﬁrmed cases and air pollution was robust after excluding Wuhan
from our data (Fig. 3). Fig. 4 shows the results of two-pollutant models.
For PM2.5 and PM10, the effects on COVID-19 conﬁrmed cases became
insigniﬁcant only when controlling for NO2. For SO2, the association
could not remain signiﬁcant after adding NO2 or O3 into the model.
For CO, its effect was robust only when SO2 or O3 was included in the
model. For NO2, the effect estimate did not alter much after the inclusion
of SO2, CO or O3. The association of O3 with daily conﬁrmed cases of
COVID-19 remained robust after adjustment for other air pollutants.

4. Discussion
In this paper, we used a generalized additive model to explore the
relationship between ambient air pollutants and daily COVID-19 conﬁrmed cases. We found signiﬁcantly positive associations of PM2.5,
PM10, CO, NO2 and O3 with COVID-19 conﬁrmed cases, while SO2 was
negatively associated with the number of daily conﬁrmed cases. These
ﬁndings could provide evidence that air pollution is an important factor
in COVID-19 infection.
As demonstrated by previous literature, air pollution is also closely
related to respiratory infection caused by other microorganisms
(Chauhan and Johnston, 2003; Ciencewicki and Jaspers, 2007; Mehta
et al., 2013). So, we compared our main ﬁndings with previous studies
to ﬁnd similarities and differences. Horne et al. (2018) reported that
short-term exposure to higher PM2.5 was associated with more
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Fig. 3. Percentage change (%) and 95% CI of daily COVID-19 conﬁrmed cases associated with a unit increase in pollutant concentration using single-pollutant models after excluding
Wuhan. Units are 10 μg/m3 increase in PM2.5, PM10, SO2, NO2, O3 and 1 mg/m3 in CO.

healthcare encounters for acute lower respiratory infection by a casecrossover design. Xie et al. (2019) also found a signiﬁcant association
of atmospheric particulate matter (PM2.5 and PM10,) and hospitalizations for respiratory disease using a distributed lag nonlinear model. A
time-series analysis conducted in Thailand observed that PM10, SO2,
CO, NO2 and O3 were signiﬁcantly related to increased risk of respiratory
hospital admissions (Phosri et al., 2019). A literature review also
showed that exposure to SO2, CO and NO2 was harmful to our health
and increased the risk of respiratory disease (Chen et al., 2007). Overall,
all of the six air pollutants could be risk factors in respiratory infection.
However, our results are different from previous studies since we observed a negative relationship between SO2 and COVID-19 conﬁrmed
cases. The virucidal property of SO2 may be a possible reason (Berendt
et al., 1971, 1972), and additional research is needed to determine the
biological mechanisms behind this phenomenon.

Our study has some implications for the control and prevention of
COVID-19. First, governments and the public should pay more attention
to regions with high concentrations of PM2.5, PM10, CO, NO2 and O3,
since these regions may suffer more serious COVID-19 epidemic. In
other words, reducing air pollutants (not include SO2) could be a useful
way to control COVID-19 infection. Additionally, it is noteworthy that
SO2 has a negative association with COVID-19 conﬁrmed cases, and further laboratory research needs to be conducted to elucidate the underlying mechanism.
Our study has several limitations. First, we only focused on the
association between air pollutants and COVID-19 conﬁrmed cases
and not the causal effect of air pollution on COVID-19 infection.
Second, our data did not include gender- or age-speciﬁc conﬁrmed
cases, so we could not conduct subgroup analyses. Third, our ﬁndings were not globally representative since cities of other countries
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Fig. 4. Percentage change (%) and 95% CI of daily COVID-19 conﬁrmed cases associated with a unit increase in pollutant concentration using single and two-pollutant models. Units are
10 μg/m3 increase in PM2.5, PM10, SO2, NO2, O3 and 1 mg/m3 in CO.

were not included in this study. Future studies are needed to overcome these limitations.
5. Conclusion
Our study suggests that there is a statistically signiﬁcant relationship between air pollution and COVID-19 infection. Shortterm exposure to higher concentrations of PM 2.5 , PM 10 , CO, NO 2
and O 3 is associated with an increased risk of COVID-19 infection.
However, short-term exposure to a higher concentration of SO2 is
related to the decreased risk of COVID-19 infection. Further
laboratory studies are needed to explore the underlying
mechanisms.
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Abstract
To date, COVID-19 has claimed more than 100 000 American lives. Early inquiry suggests
preexisting conditions are key risk factors contributing to COVID-19 mortality and air pollution
exposure could exacerbate this relationship. Building on prior research linking deaths from
respiratory viruses to air pollution exposures, we investigate how 2014 National Air Toxics
Assessment hazardous air pollutants (HAPs) respiratory hazard quotient and respiratory hazard
index are related to COVID-19 mortality. Our focus on HAPs builds upon the knowledge base
linking poor air quality to COVID-19 mortality, since most (if not all) earlier studies only include
criteria pollutants. Herein, we examine the relationship between HAP exposure and US-based
COVID-19 mortality, while controlling for socioeconomic status, population health indicators,
and exposure to PM2.5 and ozone. We fit county-level negative binomial mixed models, predicting
COVID-19 mortality as a function of HAP respiratory toxicity levels and relevant covariates. We
include models for combined exposure to HAPs, as well as for specific pollutants. We find that an
increase in the respiratory hazard index is associated with a 9% increase in COVID-19 mortality.
Although differing in magnitude, this association holds for individual HAPs acetaldehyde, and
diesel PM. These findings help us to understand variation in US-based COVID-19 mortality rates,
reinforce existing research linking air pollution to mortality, and emphasize the importance of
regulatory efforts to limit air pollution exposure risk.

1. Introduction
In December of 2019, a novel coronavirus disease
(COVID-19) appeared in Wuhan, China (Martelletti
and Martelletti 2020). Since then, COVID-19 has
become a global pandemic, and as of July 18, 2020,
the World Health Organization has estimated that
there are over 13 million COVID-19 cases worldwide
and almost 600 000 deaths attributed to this disease.
Public health professionals are urgently tasked with
understanding and combating this disease, as well as
assessing which populations might be more at-risk in
contracting and succumbing to it.

© 2020 The Author(s). Published by IOP Publishing Ltd

While data are still emergent, early evidence suggests that long-term exposure to air pollution might
constitute a major risk factor increasing the likelihood
of severe outcomes from COVID-19 (Comunian et al
2020, Conticini et al 2020 ; Fattorini and Regoli 2020,
Hendryx and Luo 2020, Ogen 2020, Wu et al 2020,
Zhu et al 2020). These researchers build upon a study
demonstrating a positive association between air pollution concentrations and mortality rate caused by
severe acute respiratory syndrome (SARS), a closely
related coronavirus, during a 2000 outbreak in China
(Cui et al 2003). Research suggests that air pollutants may influence COVID-19 severity directly, by
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damaging the cilia and thus impacting the capacity
of the lungs to expel pathogens (Brandt et al 2020,
Conticini et al 2020), as well as indirectly, by aggravating pre-existing cardiovascular and respiratory conditions (Brandt et al 2020, Comunian et al 2020,
Conticini et al 2020, Fattorini and Regoli 2020).
While prior work has focused mainly on measuring associations between COVID-19 mortality
and population-based exposures to nitrogen dioxide
(Conticini et al 2020, Fattorini and Regoli 2020, Ogen
2020, Zhu et al 2020), ozone (Fattorini and Regoli
2020, Zhu et al 2020), and particulate matter (Cole
et al 2020, Comunian et al 2020; Hendryx and Luo
2020, Wu et al 2020), limited and preliminary work
(Devara et al 2020, Pansini 2020) has been done to
assess whether long-term exposures to hazardous air
pollutants (HAPs) are also associated with increased
risk of mortality from COVID-19. HAPs, also known
as air toxics, include both volatile organic compounds
and metals (EPA 2020b), and this unique group of
pollutants have also been linked to an increased risk
of respiratory and immune conditions (EPA 2020;
Suh 2000). Therefore, our main study objective is
to understand the relationship between exposure to
elevated HAPs and COVID-19 mortality in the US.
Unlike criteria air pollutants, which have been the
focus of high-profile recent studies, HAPs are a less
studied group of pollutants, but include a wide array
of known toxics such as volatile organic chemicals,
metals, pesticides, etc. We hypothesize that HAPs
exposure could contribute to COVID-19 vulnerability because they are linked to chronic respiratory
stress. Finally, the basis for HAP regulatory decision
making relies on documented potential human health
effects, so inquiry into COVID-19 mortality relationships are relevant. We fit multiple hierarchical statistical models, relating cumulative HAP exposure to
COVID-19 mortality, while controlling for individual
pollutants and other known risk factors. Results
from this study add to emerging literature on links
between air quality and increased risk of COVID-19
mortality.

2. Methods
For this study, we use a socio-environmental synthesis
approach, publicly available data, and regression
modeling (supplementary table 1 available online
at stacks.iop.org/ERL/15/0940a9/mmedia). Our outcome variable is county-level COVID-19 mortality,
obtained from The New York Times. These data are
based on reports from state and local health agencies
as of May 13, 2020 (NYT 2020).
HAP respiratory hazard index (HI) and respiratory hazard quotient (HQ) values were obtained
from EPA National Air Toxics Assessment (NATA)
for the year 2014 (EPA 2018). NATA is a HAP emissions population risk screening tool which estimates ambient concentrations of 187 HAPs released
2

from point, nonpoint, and natural sources, as well
as HAPs arising from secondary formation in the
atmosphere. The HQ (for single pollutants) and
HI (for multiple pollutants) represent the ratio of
modeled yearly average ambient concentration to
the concentration (known as the respiratory reference concentration or RfC) at which a negative respiratory health outcome is expected to be observed
(See table 1). The respiratory HQ values for specific
pollutants are summed to create the HAP respiratory
HI. For example, in Onondaga County, New York,
the 2014 NATA Respiratory HI metric (0.22) component chemicals include the summation of respiratory HQs for acetaldehyde (0.08), acrolein (0.03),
formaldehyde (0.08), diesel PM (0.02), bromomethane (0.006), naphthalene (0.005), and all others
(0.008). In 2014, US county-based average HI values ranged from 1.16 in Marshall County, Kentucky
to 0.06 in Denali County, Alaska with a mean value
for all US Counties of 0.44. Cumulative risk assessment approaches, such as NATA, help assess potential
health effects of chemical mixtures. When applied to
HAPs, such cumulative approaches provide stronger
evidence linking exposures and adverse health effects
(Jacquez and Greiling 2003, Stingone et al 2017, Sheth
et al 2019).
In our study, we use both the combined HI and
individual pollutant respiratory HQ for five specific
HAPs: formaldehyde, acetaldehyde, acrolein, naphthalene, and diesel PM. We chose these HAPs because
they are, on average, the top five pollutants that
contribute to respiratory HQs, and collectively they
account for over 50% of the total US respiratory HI
in 2014 (table 1) (EPA 2018). Emissions levels tend to
decrease over time, and the NATA respiratory HQ in
2014 is likely a good substitute for the average level
between the years 2010 and 2019 (Ard 2015, EPA
2020).
We also include average county PM2.5 and
ozone concentrations. Data for modeled average
daily PM2.5 for 2000–2014 were sourced from the
CDC Wonder Environmental data via the County
Health Rankings and Roadmaps website (2020)
and averaged. We obtained 2016 summer average
8 h maximum ozone concentrations from EPA’s
Environmental Justice Screening and Mapping Tool
(EJSCREEN) (EPA 2020c). EJSCREEN reports using
the EPA downscaler model to derive block grouplevel ozone estimates from monitored concentrations
(EPA 2020c).
We include several covariates in our model. We
use the R package ‘tidycensus’ to get American Community Survey (ACS) data from the US Census
(Walker 2020) and averaged ACS variables for years
2012 to 2018. For county urban population percentage, we utilize 2010 US Census estimates. ACS
variables included are median income, total population, a race variable for percentage of individuals self-identifying as Black, an ethnicity variable
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Table 1. Top five hazardous air pollutants by average US respiratory hazard quotient (HQ).

Hazardous air
pollutant

Health effects

Acrolein

Potent respiratory and ocular irritant
(Bein and Leikauf 2011). Has been associated with cardiovascular/respiratory
diseases and risk factors. (Henning et al
2017; Perez et al 2015)
Acetaldehyde
Eye and respiratory tract irritant. At
higher concentrations, can cause damage
to respiratory and cardiovascular systems
in humans (Delikhoon et al 2018; Morris
1997).
Formaldehyde
Linked to eye irritation, dry and/or sore
throats, inflammation, bronchial asthmalike symptoms, childhood asthma,
and upper respiratory tract infections
(Delikhoon et al 2018)
Diesel Particulate Consistently linked with respiratory and
Matter
cardiovascular health effects (Mirowsky
et al 2015; Steerenberg et al 1998;
Tang et al 2012; Totlandsdal et al 2010)
Naphthalene
A possible carcinogen that is linked to
inflammation of the lungs, damage to the
nasal passages, and damage to lung tissue
(Jia and Batterman 2010).

for percentage of individuals self-identifying as Hispanic, percentage of individuals below the poverty
threshold, median house value, percentage of individuals achieving less than a high school degree, and
percentage of individuals over 64.
Additional county-level covariates came from
various sources (supplementary table 1). These
include rates of adult obesity, preventable hospital
stays, physical inactivity, and smoking from County
Health Rankings, which derives data from the Behavioral Risk Factor Surveillance System (BRFSS) and
Medicare claims data (Remington et al 2015, County
Health Rankings & Roadmaps 2020). Hospital bed
counts in 2019 were included from Homeland Infrastructure Foundation-Level Data (HIFLD) (HIFLD
2020). We also obtained dates when first cases were
reported from each county as a way to account for
infection spread in our model.
We fit negative binomial mixed models using
county-level COVID-19 mortality as our dependent
variable. Our statistical approach is like that of Wu
and colleagues (2020). We include a state fixed effect
and population offset to account for between-state
variation and the fact that higher population counties
will likely have both more cases and more deaths. All
covariates were centered and scaled prior to analysis.
The negative binomial model statement is:
yik = eXik βik +loglog (µik )+αk
3

Reference
concentration
(RfC) (µg m−3 )

US County average
modelled annual
concentration
(µg m−3 )
(County range)

US County
average HQ
(County range)

0.035

0 (0, 0.01)

0.06 (0, 0.35)

9

1.07 (0.2, 2.62)

0.12 (0.02, 0.29)

9.8

1.25 (0.11, 2.64)

0.13 (0.01, 0.27)

5

0.11 (0, 1.12)

0.02 (0, 0.22)

3

0.02 (0, 0.11)

0.01 (0, 0.04)

where yik is the predicted death rate in each
county, i, for each state, k; ui is a population offset for
each county; Xik is the vector of predictors for county
i in state k; βik is the vector of coefficients for county
i for each state k; and αk is the vector of intercepts for
each state k.
We fit a combined regression model and single
pollutant models for the five HAPs mentioned above
(table 1).
We conducted additional sensitivity/robustness
analyses to assess the potential of overcounting
among the different pollutants. For example, PM2.5
may be counted individually as part of HAP particulates. We fit single pollutant models with only one
pollutant included alongside our controls and in a
subsequent multi-pollutant model containing each of
the individual pollutants. We also tested for spatial
autocorrelation using a Moran’s I. While models did
have signals of spatial autocorrelation prior to including the state fixed effect, after this was included no
autocorrelation was detected.
All analyses were conducted in R version 3.6.3
(R Core Team 2020). The model was built and
run using the ‘glmmTMB’ R package (Brooks et al
2017) . Sensitivity analyses for outliers, non-constant
variance, and multicollinearity were done using the
‘car’ package (Fox and Weisberg 2011). The R code
executing the data gathering, processing, and analysis
are publicly available (https://github.com/lylla318/
covid19-haps).
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3. Results
As of July 11, 2020, there were 129 832 confirmed
and probable deaths attributed to COVID-19 infection within 3223 US counties (1204 counties had no
reported COVID-19 deaths). Figure 1 shows the spatial distribution of key predictors (NATA respiratory HI, PM2.5, and ozone) and COVID-19 mortality rates per county, which suggests higher mortality
rates in populated areas as well as in rural southern
counties; both areas also show higher respiratory HI
levels.
In figure 2, we present the effect on mortality
rate ratios (MRR) and 95% confidence intervals (CI)
for both combined and single-pollutant models. For
NATA respiratory HI, our indicator of all modeled
HAP exposure with non-cancer respiratory health
impacts, the effect on MRR per 0.1 increase is 1.09
(CI: 1.01, 1.17). As a point of reference, a 0.1 increase
in NATA HI is equivalent to 10% of the combined
RfC level. Our model results for other air pollution
exposures are: a 1 µg m−3 increase in PM2.5 and 1
ppb increase in ozone concentration correlate with a
7% (CI: 1.02, 1.12) and 2% (CI: 1.01, 1.04) increase
in COVID-19 MMR, respectively.
Results show that an increase of 0.9 µg m−3
in modeled average annual ambient acetaldehyde
concentration is associated with a 24% increase in
COVID-19 mortality rate (MRR of 1.24 (CI: 1.01,
1.52)). For the single-pollutant model that includes
diesel PM, NATA’s indicator of diesel exhaust concentrations, the effect on MRR per 0.5 µg m−3 increase
is 2.82 (1.70, 4.68), equating to a 182% increase in the
mortality rate. Single pollutant models also estimate
an increase in 0.3 µg m−3 of naphthalene concentrations resulting in a 791% increase in the mortality rate
(MRR of 8.91 (CI: 1.96, 40.52)). No statistically significant associations were found for formaldehyde and
acrolein.
Our secondary analysis fit one multi-pollutant
model, which includes criteria pollutants and individual HAPs (table 2). This was performed as a sensitivity/robustness test for the single pollutant models due to possible interaction between pollutants and
potential over-counting. In comparison to the models described earlier, the effect of controlling for multiple pollutants attenuates the impact of every individual pollutant on COVID-19 mortality except for
acetaldehyde and diesel PM. For example, the single
pollutant model for naphthalene estimates the effect
on MRR of 39.02 (CI: 5.57, 273.22) per increase of
0.3 µg m−3 of ambient average concentration, and
this effect is substantially reduced, and not statistically
significant, when controlling for the effect of other
pollutants (MRR of 17.17 (CI: 0.82, 357.47)) In the
multi-pollutant model, only two pollutant effects on
MRR are statistically significant at the 95% confidence level. These include acetaldehyde HQ (MRR of
4

3.34 (CI: 1.69, 6.63)), and PM2.5 (µg m−3 ) (MRR of
1.09 (CI: 1.01, 1.18)).
Table 2 shows multi-pollutant model parameter
estimates. While our main focus is related to key air
pollution explanatory variables, some non-pollutant
predictors are statistically significant, including,
among others, the percentage of individuals identifying as Black (MRR of 1.28 (CI: 1.17, 1.39)), the
percentage of individuals with less than a high school
education (MRR of 1.68 (CI: 1.51, 1.88)), the percent
of households under the federal poverty line (MRR
of 1.21 (CI: 1.08, 1.36)), and the percentage of individuals over the age of 64 (MRR of 1.25 (CI: 1.16,
1.35)).

4. Discussion
Our analysis builds upon studies identifying air
pollution as a factor contributing to increased risk
of COVID-19 mortality (Comunian et al 2020,
Conticini et al 2020, Hendryx and Lou 2020,
Martelletti and Martelletti 2020, Ogen 2020, Wu et al
2020, Zhu et al 2020). Our models suggest increased
chronic multi-air pollutant exposure, even at levels
below expected impact thresholds, are associated with
higher COVID-19 mortality rates when controlling
for known socioeconomic and behavioral health
influences. We contribute to the ongoing investigation of COVID-19 mortality by confirming related
PM2.5 findings and helping to provide one possible
explanation to why some rural counties, such as those
in Georgia and Louisiana (figure 2), have experienced
higher mortality rates than urban areas.
First, our findings highlight that enforcing pollutant release limits is indeed related to health
betterment in society. Further, continuing to make
pollution load information publicly available at
the state and federal level is critical for inquiry.
The potential link between pollution exposure and
COVID-19 mortality should be expanded upon
because such efforts can contribute to evaluating the
efficacy of current pollution prevention measures. For
example, our findings suggest that the decision to
relax enforcement of the Clean Air Act may inadvertently exacerbate air quality issues in areas most vulnerable to increased COVID-19 mortality due to long
term air pollution exposures.
Second, our analysis indicates chronic, cumulative exposure to HAPs at levels below reference
concentration (RfC), an estimate of daily inhalation
exposure likely to be without an appreciable risk of
deleterious effects during a lifetime (EPA 2020d),
may heighten population vulnerability to COVID-19
mortality. The RfC assumes health impact thresholds
exist for certain toxic effects. Aligning with prior
studies (Hendryx and Luo 2020), we identify signals of increased COVID-19 mortality rates occurring with small changes in low levels of diesel PM
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Figure 1. Spatial distribution of COVID-19 mortality, NATA respiratory quotient (HQ), PM2.5 mass concentration (µg m−3 )
and ozone (ppb) for all US counties.

concentrations. For the first time, we also identify this
pattern with acetaldehyde. Possibly, chronic exposure
to these pollutants at very low levels, while not causing observable respiratory system damages, do reduce
the body’s ability to recover from COVID-19 in some
way. Further scrutiny may reveal why these associations have appeared.
Third, we also find signals of cumulative exposure
impacting COVID-19 mortality. These results are

5

most striking in the context of cumulative exposure
metrics and especially relevant to a holistic understanding of the socio-environmental system in which
we live. Further, we reproduce findings showing that
not all groups face the same level of vulnerability. For
example, cumulative exposures are especially relevant in minority communities (Collins et al 2015) and
among very young children (Grineski 2020). While
cumulative approaches are beneficial to all, they are
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Figure 2. Change in mortality rate ratios (MRR) for criteria pollutants, combined HAPs, and top five HAPs, including
exponentiated coefficients and 95% confidence intervals. Results from the models include all covariates.

Table 2. Single- and multi-pollutant models of COVID-19 mortality using air pollutant predictors.

Air pollutants
All respiratory HAPs
All Other HAPS (0.1 HI)—except top 5
(0.1 HI)
PM2.5 (µg m−3 )
Ozone (1 ppb)
Formaldehyde (0.1 HQ)
Acetaldehyde (0.1 HQ)
Acrolein (0.1 HQ)
Naphthalene (0.1 HQ)
Diesel PM (0.1 HQ)
Covariatesb
Median home value ($)
Less than high school education (%)
Below poverty line (%)
Days since first reported COVID-19 case
(days from July 11th, 2020)
Black (%)
Hispanic (%)
Over 64 years old (%)
Median household income ($)
Population Living in Urban Areas (%)
Smoking rate (%)
Hospital beds (n)
Minimum temperature (◦ C)
Maximum temperature (◦ C)
BMI >30 (%)
No physical activity (%)
Preventable hospital stays (%)

Single-pollutanta
Exponentiated
coefficient (95% CI)

Multi-pollutant
Exponentiated
coefficient (95% CI)

1.09 (1.01 to 1.17)
−

−
1.02 (1.01 to 1.04)

1.07 (1.02 to 1.12)
1.02 (1.01 to 1.04)
1.19 (0.92 to 1.54)
1.24 (1.01 to 1.52))
1.10 (0.91 to 1.33)
8.91 (1.96 to 40.52)
2.82 (1.70 to 4.68)

1.03 (0.87 to 1.21)
1.04 (0.91 to 1.10)
0.34 (0.18 to 0.67)
2.47 (1.51 to 4.05)
0.92 (0.70 to 1.21)
5.66 (0.58 to 55.56)
2.19 (1.21 to 3.96)

−
−
−
−

1.05 (0.93, 1.18)
1.68 (1.51, 1.88)
1.21 (1.08, 1.36)
1.74 (1.56, 1.93)

−
−
−
−
−
−
−
−
−
−
−
−

1.28 (1.17, 1.39)
0.98 (0.89, 1.08)
1.25 (1.16, 1.35)
1.40 (1.21, 1.62)
1.12 (1.04, 1.20)
0.92 (0.85, 1.01)
0.97 (0.92, 1.01)
0.90 (0.79, 1.02)
1.15 (1.02, 1.30)
1.06 (0.94, 1.20)
1.02 (0.88, 1.17)
1.06 (0.98, 1.13)

aSingle-pollutant models are individual model runs, including one pollutant and all covariates.
bMean scaled valuesBMI = body mass index; CI = confidence interval; HAPs = hazardous air pollutants; HI = hazard index;
HQ = hazard quotient; PM = particulate matter

critical in the context of protecting vulnerable groups.
NATA approaches HAP risk screening in a summative
manner, accounting for the additional health burden
6

of multi-pollutant exposure as a means by which EPA
can identify areas for further regulatory action. By
combining NATA results with public epidemiological
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and sociodemographic datasets, we provide useful
information for future rulemaking. Currently, several
risk and technologies reviews for HAP source groups
are being finalized without accounting for cumulative
exposure health risks (see https://epa.gov/stationarysources-air-pollution/risk-and-technology-reviewnational-emissions-standards-hazardous)
despite
contrary recommendations from the EPA Science
Advisory Board (Swackhamer and Milford 2010).
Our results align with these recommendations and
bolster emerging evidence linking air pollution
exposures to increased COVID-19 mortality.
As with all ecologic studies, there are limitations.
Our exposure variable, a one-year estimate from
2014, is an imperfect measure of chronic HAPs exposure, but this is the most recent and best data available. Additionally, HAP concentrations vary substantially within counties. When COVID-19 mortality
data becomes available at the census tract level, finer
grained analysis may be performed. These same limitations apply to fine particulate matter county average concentrations. These data are averaged and are
inconsistent across available sources (Diao et al 2019)
bringing further uncertainty to the results presented here. We necessarily assume that individuals who
die because of COVID-19 infection have also been
chronically exposed to HAPs over their lifetimes. Further, we assume that the most relevant pollutants are
captured in NATA. Finally, we also assume COVID19 exposure is widespread and randomly distributed throughout the United States. Inconsistencies
in COVID-19 mortality reporting, as well as local
changes in HAP concentrations over time, are also
sources of possible uncertainty. As such, results are
not appropriate for individual-level inferential statements. While these limitations do not allow for causal
conclusions, we do come to several important and
time sensitive conclusions about chemical risk management and public health policy. We present these
findings with the goal of helping the US population
maintain general pulmonary health resilience and
safeguarding against future coronavirus pandemics.
While our study has limitations, it also has
important implications. Further inquiry will benefit from including more detailed information about
COVID-19 patients as well as state and county level
social distancing policies. We emphasize the need for
diligence in environmental and human health protection during this pandemic, but also call for further
research relating air pollution to COVID-19 in the
context of both mortality and the environment.
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DISCUSSION BRIEF

How limiting oil production could help California meet its
climate goals

But even climate leaders like California will have to go
well beyond existing actions to achieve the goals of the
Paris Agreement – namely, keeping warming well below
2 degrees, plus reaching net zero emissions globally by
the second half of the century. Indeed, in adopting its new
climate action Scoping Plan in December 2017, California’s Air Resources Board resolved to “continue to evaluate and explore opportunities to achieve significant cuts
in greenhouse gas emissions from all sources, including
supply-side opportunities to reduce production of energy
sources.”1 In other words, the State has tasked itself not
only to assess ways to increase the ambition of its climate
action, but to consider how reducing energy production
might also help achieve its climate goals.

This briefing paper examines how the state could limit the
production of its principal energy product – oil – and the
resulting implications for global GHG emissions. It also
considers how such actions might fit in the state’s climate
portfolio, taking into account cost-effectiveness, equity,
and other key considerations.
Though it is beginning to gain traction, limiting oil (or any
fossil fuel) production is still relatively new as an element
of jurisdictional climate strategies.i While there is less
research available on the effectiveness and economics of
reducing oil supply as compared with other GHG emission
reduction strategies, there is nonetheless a sufficient body
of theory and work to enable reasonable estimates, which
we provide below.3

We find that restricting California oil production would
likely decrease global GHG emissions by an amount similar
to other key policies in the state’s recently adopted climate
Scoping Plan. We identify several policy approaches to
limiting oil production that the state could consider with
varying levels of emissions reductions, cost-effectiveness,
equity implications, and political feasibility. ii These options range from stopping the issuance of new permits for
i

For example, in 2016, President Obama cited climate change as a rationale
for withdrawing the Arctic from oil exploration and development,2 as did
President Macron of France in 2017.

ii

Note that we limit our focus here to oil extraction, and do not look at in-state
oil refining.
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By many measures, the U.S. State of California has put
in place climate policies that stand among the world’s
most ambitious. Over the last 15 years, the state has adopted (and extended) the nation’s largest cap-and-trade program on greenhouse gases, stringent vehicle fuel efficiency
standards, and strong urban planning guidelines. In 2018,
it will hold a special climate summit for leaders around the
world – with the support of Christiana Figueres, the former executive secretary of the United Nations Framework
Convention on Climate Change (UNFCCC).

Three pumpjacks move in synchrony as an oil worker looks on. They are located
in the Kern River Oil Field outside Bakersfield, California.

oil production, to establishing thresholds for the GHGintensity of oil produced, to focusing on regions of oil production where co-benefits, such as environmental justice,
are greatest. These measures deserve further consideration by policy-makers in California.

California uses, produces, and refines a lot of oil

For most of the last century, oil has been central to California’s economy. Californians long used more gasoline,
diesel, and jet fuel in aggregate each year than any other
U.S. state – a distinction only recently eclipsed, by Texas
in 2014.4 California has also been a dominant crude oil
producer; for decades it was the top crude producer in the
nation; it currently ranks third, behind Texas and North
Dakota.5 The vast majority of the crude extracted in California is consumed in-state, though some byproducts, such
as petcoke, are exported to countries in Asia.6
Since 1990 – the base year for tracking California’s climate change goals – the state’s oil consumption has held
relatively steady at between 600 million and 700 million barrels per year (Figure 1). Most of this oil is refined
in-state and consumed as gasoline, diesel, and jet fuel.
Together, burning of oil-derived products is the dominant
contributor to California’s carbon dioxide (CO2) emissions
(about 60%). Continued reliance on oil is a major reason
why the state’s CO2 emissions have also held relatively
steady, at between 300 and 350 million (metric) tons CO2
for the past 25 years.7 How oil consumption will evolve
in the future is subject to economic, policy, and social
developments in the state, including how quickly the
state’s residents adopt electric vehicles, a topic of intense
current interest.iii

iii Current reference-case forecasts by California state agencies and the U.S.
Energy Information Administration indicate that, absent new, more-ambitious
climate policy, California’s oil consumption would hold fairly steady in the
future. In these forecasts, continuous declines in gasoline use (e.g., dropping
3 to 4% each year) are foreseen to be offset by modest gains in diesel, jet
fuel, and other oils (such as liquid petroleum gas, or LPG).8,9,10
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Figure 1: California oil consumption (left) and production (right) since 1990
Source: U.S. Energy Information Administration4,11

Even as oil consumption has held relatively steady since
1990, California’s oil production has declined, by an
annual average of about 2% since 1990. This is, in large
part, because many of California’s once-booming oil
fields in the San Joaquin Valley – such as the Kern River
and Midway-Sunset fields – are increasingly depleted.12

This is mainly because one must also look at the extent
to which additional oil from other locations (or other
energy resources) would make up for the lost California production, and therefore estimate the net, or
incremental, reduction in oil production, consumption
and emissions (plus increased production and use of
other energy resources) that would result from the
production cut.3

The outlook for oil production is perhaps even more
uncertain than for consumption, as future oil drilling
depends strongly on global oil prices and technology development in the oil industry, among other factors.13 The
U.S. Energy Information Administration estimates that
California’s oil production will continue to decline at
between 2% and 3% annually through the mid-2030s.14
Neither the California Energy Commission nor the Division of Oil, Gas, and Geothermal Resources (DOGGR)
forecasts future oil extraction, but they do report on oil
well permit applications, which have been robust. For
example, DOGGR received more permit applications in
2015 than it has in decades.15

Removing California (or any other region’s) oil from
the market would cause a small increase in world oil
prices, assuming a competitive global oil market (oil
market dynamics are discussed in more detail in Box 1).
This small price increase, in turn, would lead producers from other states or countries to produce somewhat
more oil. At the same time, this small increase would
lead consumers around the world to use slightly less
oil. Widely used economic tools (price elasticities) enable these price-response dynamics to be modelled in a
straightforward fashion.18

How would limiting oil production drop global
CO2 emissions?

Using a simple economic model,19,3 we estimate that,
for each barrel of California oil not produced (left
in the ground), an added 0.4 to 0.8 barrels would
be produced elsewhere.

To understand how limiting oil production could be part
of a climate strategy, it helps to consider how oil contributes to greenhouse gas emissions. Each barrel of oil extracted in California (or anywhere else) contains carbon,
that, once refined into products and burned, releases at
least 400 kg of CO2.16,17

This yields a net reduction in global oil consumption
of the inverse amount – between 0.6 and 0.2 barrels (1
minus the 0.4 to 0.8 above) for each barrel not produced
– as consumers respond to the small price increase by
making shifts in their vehicle purchases, driving habits,
and other decisions. Most of these reductions would occur outside California, for the simple reason that California represents less than 1% of the global oil market.

Oil also contributes to greenhouse gas emissions as
fossil fuel is combusted and CO2 is released to extract,
refine, and transport the oil; methane (CH4) is also
released during extraction. Together, these “upstream”
emissions generally increase the lifecycle emissions
from a barrel of oil to roughly 500 or 600 kg of CO2
equivalent, depending on the nature of crude oil deposits and the technologies needed to extract and refine
them (this is described later in Box 2).
Determining how limiting oil production in California
would reduce GHG emissions is not quite as simple as
tallying up the emissions associated with producing
and combusting each barrel of oil produced, however.
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The actual ratio of reduced oil consumption to oil not
produced could be higher or lower than 0.2 to 0.6, but
this range sits squarely within the broader range of
existing literature, as summarized in Box 1. Notably,
studies we reviewed by government (U.S. Department
of Interior), think-tank (Council on Foreign Relations),
private consultant (ICF), and university (UC Berkeley)
researchers have all found ratios that cluster around a
ratio of about 0.5, even as uncertainty exists.

Taking into account all but the outlier findings explored
in Box 1 – that is, assuming a wide uncertainty range
for this ratio of between 0.2 and 0.6 – it follows directly
that for each barrel of oil left undeveloped in California,
global oil consumption would be reduced by 0.2 to 0.6
barrels. Multiplying by the carbon content of crude oil
noted above (400 kg CO2/barrel), each barrel of oil not
extracted from California would lead to a reduction in
global emissions of 80 to 240 kg CO2.

emissions cuts of about this scale. First, however, we
touch on cost-effectiveness and other considerations
that State policy-makers may wish to take into account.

Still, before leaving the question of how reduced oil production would lead to emissions savings, it is worth noting the overall emissions benefit would be even greater
to the extent that reduced oil consumption also leads
to avoiding upstream GHG emissions, or those associated with producing, transporting, and processing that
oil (See Box 2). At the same time, another effect could
hamper the overall emissions benefit: the potential for
consumers to substitute other GHG-emitting fuels, such
as biofuels, compressed natural gas (CNG) or coal-fired
electricity, for the oil not produced.

For illustration, phasing out an amount of oil equivalent to half of California’s recent annual oil production
– about 100 million barrels per year – could lead to a
global emission reduction of 8 to 24 million tons CO2 per
year. This amount is similar to the savings associated
with the sector-specific climate strategies in California’s
action plan, which range from 3 to 35 million tons CO2e
per year in 2030. Below, we identify some of the policies for managing a decline in oil production that the
State may wish to consider in order to achieve additional

However, prior analysis suggests that the upstream
emissions effect would likely be more significant than
the fuel substitution effect, thus increasing by at least
25% the emissions savings per barrel of oil not extract-

Box 1: How restricting the supply of California oil reduces global oil consumption
At the most extreme end, if each barrel of oil not produced in California was instead produced somewhere
else (and with similar emissions associated with extracting each barrel), then global emissions would not change
at all – a game of “perfect substitution” or, as some have
called it, “whack-a-mole”.20,21

ticity of demand of -0.3. (The ratio of change in consumption to change in oil supply is defined in our model as the
ratio of the elasticity of demand to the difference between
the elasticities of supply and demand. This means that
any elasticities of supply and demand that are the same
magnitude but opposite signs – indicating that both oil
producer and consumers are similarly price-responsive –
would yield a ratio of 0.5 barrels not consumed for each
barrel not produced.23,21)

However, this argument of perfect substitution defies basic economics of supply and demand. If there is less of a
commodity available – such as oil – less of it will be consumed. Exactly how much less is not knowable with absolute certainty, since the changes are moderated through
markets and prices; still, the presence of uncertainty does
not mean the effect does not exist.22

Our estimate that global oil consumption would drop by
0.2 to 0.6 barrels for each barrel not produced is consistent with the findings of other assessments of the global
oil market.24,25,26,27 As shown in the chart below, several
studies find a ratio near 0.5. The more far-ranging alternative outcomes – i.e., the ratios of less than 0.2 or over
0.6 – require particular views of the world oil market.
For example, a scenario of zero impact on global oil
consumption requires the very strong assumption that
OPEC (or other producers) make up for every barrel of
avoided U.S. oil production, one-for-one. This is
despite evidence that OPEC has dramatically diminished
ability to control production and, in turn, prices,
through enforced production quotas.28,29

Here, we use a combination of literature review and our
own simple economic model to estimate that for each
barrel of oil not produced in California, global oil consumption would drop by 0.2 to 0.6 barrels.3 This result
is robust against a wide range of supply and demand
elasticities. The 0.2 value would be consistent with an oil
market with an elasticity of supply of 1 and an elasticity of
demand of -0.25. Alternately, the ratio of 0.6 would be
consistent with an elasticity of supply of 0.2 and an elas-

Drop in global oil consumption as fraction of avoided U.S. oil production across several studies
(Multiple circles of same color indicate alternate scenarios presented by same authors. Smaller circles represent sensitivity or high/low values)
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Box 2: Reducing oil production would lead to cuts in GHG emissions from extracting,
refining, and transporting oil
Our estimate of the CO2 emissions benefit of reducing
California’s oil production only counts the savings that
would result from burning less oil, i.e. as gasoline, diesel,
jet fuel, and other end uses in global fuel markets. However, were we to consider other GHG emissions associated with “upstream” (extracting) and “midstream” (refining and transporting) activities, the estimate of emission
reductions could be greater.19

Second, due to the widespread use of enhanced recovery techniques, such as energy-intensive steam flooding,
California’s most productive oil fields are more GHG
emissions-intensive than the average blend of crude oil.12
For example, the full life cycle of producing, refining, transporting, and combusting a barrel of crude oil from California’s three most productive fields – Midway-Sunset, Kern
River, and South Belridge – yields emissions of 725, 650,
and 690 kg CO2e, respectively.33 For comparison, this is
at least 15% more emissions-intensive than other crudes
refined in California at similar volumes (at least 20 million
barrels annually): Saudi Arabia (493 kg CO2e); Ecuador
(532 kg CO2e); Alaska (564 kg CO2e); Colombia (507
kg CO2e); and Kuwait (510 kg CO2e).34 This means that
reducing production of California oil would likely have
global GHG emissions benefits, regardless of how much
California production was replaced by other crude oils.

First, for each barrel of oil not consumed, emissions would
be reduced by not producing, refining, and transporting
crude oil. The exact decrease would depend on the likely
marginal sources of crude oil. An average “blend” of
crudes is associated with about 500 kg CO2e per barrel
across the full “life cycle”.33 Thus in addition to 400 kg
CO2 from fuel combustion, each barrel not consumed
would save another 100 kg CO2e in emissions.

ed.iv For simplicity of the analysis, and to be conservative,
we do not consider these effects in detail here. We do
note, however, that even if all of the California oil not produced was replaced (globally) with other sources, there
would still likely be emissions benefits, since California’s
largest oil fields are more GHG-emissions-intensive than
most other global crudes (Box 2).

policies, such as for energy efficiency investments. In
both cases, there is a change made to both an upfront
investment as well as to a future cash flow stream,
and the cost is determined as the amortized difference
in costs between the new case (the change in investment or practice) and the old case (what would have
happened otherwise).

Limiting oil production is comparable in costs
to many of California’s other CO2 reduction
measures.

For this reason, we apply a similar approach here. For
a measure that would limit oil production, a company
would forego the costs of drilling and pumping oil, but
also forego the revenue of doing so. We therefore consider the direct “cost” of the climate policy to be the
net of these two cash flow streams – i.e., the lost profits
to the industry. This definition does not imply that the
companies would be reimbursed for that cost – indeed,
as with many other aspects of climate policy, the entities
affected could be expected to bear those costs because
of a societal duty to address the problem of climate
change. Furthermore, this approach does not consider
many other factors that could be included in a broader
cost-benefit analysis, such as the avoided health impacts
and other damages associated with CO2 emissions, the
potential for lost employment or tax revenues in an area,
or other externalities.

The analysis above demonstrates that phasing out oil
supply from California could make significant contributions to global CO2 emission reductions, barrel for barrel,
and likely reduce global emissions by many millions of
tons CO2 in 2030.

Still, besides the amount of CO2 emissions abatement,
the Air Resources Board (ARB) also uses other criteria to
gauge the merits of particular climate policies. One central criterion is cost-effectiveness. As applied by ARB and
many other climate policy analysts, cost-effectiveness is
defined as the net direct cost of a measure (amortized
over its lifetime) divided by the emission reductions that
would result from the measure.
It is not obvious how to assess the costs of a measure that
would reduce emissions by constraining oil supply. One
documented approach is to consider the costs of such a
policy as the lost profits to the companies that would have
extracted the oil.35

Regardless, to estimate production costs, we start with
estimates of the investment and operating costs associated with each California oil field. We draw this from a
database of oil fields – Rystad Energy’s UCube – that is
widely used for analysis of oil resources and markets.24,36

This approach – counting the costs of this climate policy
measure as lost profits – is a clear analogue to how abatement costs are estimated for more traditional climate
iv If we were to include both this fuel substitution effect and the upstream
emissions effect, the net impact would be to increase our estimated range of
emissions savings for each barrel of oil not extracted from 80 to 240 kg CO2
up to 170 to 300 kg CO2. For details on this calculation, see this online link:
https://tinyurl.com/y7ue4dqp
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Analysis of these cost estimates indicates that about
one-third of California’s oil fields are expected to “break
even” at relatively low oil prices – e.g. less than $50 per
barrel. These include parts of the Lost Hills, Cymric, and
Elk Hills oil fields, each of which is expected to produce
at least 5 million barrels of oil in 2030 at below $50 per
barrel (Figure 2). Another third of California’s oil breaks
even at $50 to $70 per barrel, including the long-lived,

historic fields in Kern County (Midway-Sunset, Kern
River) and fields in the Los Angeles area (Wilmington
and Inglewood). Finally, the last, highest-cost third is
dominated by newer fields (e.g. Monterey shale), plus
older fields that are now being re-developed using
newer technologies. That includes the South Belridge
field, which is expected to be the dominant producer
in 2030, yielding about 25 million barrels of oil, in part
due to fracking.5

Nonetheless, a measure of cost effectiveness can be calculated by dividing lost profits (as a proxy for costs) by
the drop in global CO2 emissions for each barrel not produced: 80 to 240 kg CO2 as estimated above. For example,
the cost-effectiveness of limiting California oil production
from the Wilmington, Inglewood, and Los Angeles fields
would be $110 to $330 per t CO2 ($26 per barrel divided
by 0.08 to 0.24 t CO2 per barrel). Under a low-carbon future (i.e. one in which oil prices are closer to $60 per barrel, as also indicated in Figure 2), limiting oil production
might instead even yield economic benefits, if the risks of
stranded assets associated with investments in highercost fields, like South Belridge, are thereby avoided.

Comparing the breakeven prices displayed in Figure 2
– which are, essentially, the “cost” to these producers of
drilling and operating new wells – with an estimate of
future oil prices enables the calculation of future profits.
In the EIA’s reference case, for example, oil prices rise
to $89 per barrel in 2030.10 Subtracting the breakeven
prices in Figure 2 from this 2030 price yields an estimate of potential lost profits, e.g. about $26 per barrel
for the Wilmington, Inglewood, and Los Angeles fields.

To put these costs in perspective, the cost-effectiveness of
reductions in California’s Scoping Plan range from “cost
negative” (or yielding profits, as in the case of low-cost
energy efficiency measures) to costs nearing $200 per t
CO2e. For example, the liquid biofuels measures associated with the Low Carbon Fuel Standard (LCFS) cost $150
per t CO2e and a more aggressive renewable portfolio
standard (RPS) for power supply cost $175 per t CO2e.8

This estimate of lost profits assumes an oil price, $89
per barrel, that is about one-third higher than levels of
$60 to $70 per barrel in early 2018. This could very well
be too high. In particular, if and as the world proceeds to
rapidly displace oil-based vehicles with electric vehicles,
to avoid vehicle travel, and to implement other policies
– as California is doing – then oil prices may not rise significantly from current levels on a sustained basis. Under
such a scenario of lower future oil prices, lost profits
would be far lower; in fact, many fields might not yield
the expected returns to investors, and could even operate at a loss. From that perspective, avoiding investment
in new oil wells and associated infrastructure could help
provide a net benefit to the industry (i.e., avoid financial
‘stranding’) as well as avoid locking in more oil production than needed.

Equity and international considerations

The scale of GHG reductions and the cost-effectiveness of
those reductions are just two criteria that policy-makers
may need to consider in assessing potential climate policies. Other important considerations are environmental
justice and equity. In fact, California legislation requires
the consideration of equity in state climate policy; for
example, state agencies have been directed (by the Global
Warming Solutions Act of 2006) to identify and invest in
disadvantaged communities. Equity is also a cornerstone
of the international climate negotiations; further, policies
seen as equitable can also be more effective. As described
by the Intergovernmental Panel on Climate Change
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(IPCC), an “arrangement that is perceived to be fair has
greater legitimacy and is more likely to be internationally
agreed and domestically implemented.”37

lel accounting frameworks have already been proposed
for the UNFCCC,42 which is the forum – along with the
IPCC – from which California modelled its own GHG
emissions accounting.

In this respect, phasing out California’s oil production
may also have an important contribution to make. This
is because many of California’s oil fields are located in
areas of the state that are disproportionally burdened
by pollution – both because of the presence of pollutants
as well as due to adverse environmental conditions and
socioeconomic factors.

Accounting for cuts to oil supply separately, in a report
on emission reductions that are not captured by the state
inventory, would also be a way to address the uncertainty
associated with the global CO2 emission reductions. For
example, California could (1) specify the measure it is
taking – e.g. stopping the permitting of new oil wells; (2)
estimate how many barrels of oil would be left undeveloped as a result of the policy, and their associated
total GHG emissions; and (3) estimate, with transparent
assumptions, the global GHG emissions benefits of the
action. These estimates could then be reported, shared,
and subjected to international scrutiny, much like current,
IPCC-based GHG emissions inventories.v

For example, the oil fields in Los Angeles extend across
communities that have been rated by the State’s Office
of Environmental Health Hazard Assessment as being
among the census tracts that are most (95th percentile)
disproportionately burdened in the State,38 and where
630,000 people live within 800 meters (about 2,600 feet)
of an active oil well.39 The Lost Hills and South Belridge
oil fields extend across communities – namely, the community of Lost Hills and neighbouring parts of unincorporated Kern County – that are in the worst fifth (80th
percentile) of census tracts across the state in terms of
pollution-vulnerability. These communities in Los Angeles and near Lost Hills may therefore be at greater risk
for any possible health effects associated with proximity
to oil (and gas) development.40

What policies could limit California’s oil
production?

So far, we have shown that limiting California’s oil production could yield substantial additional emission reductions (e.g. 8 to 24 million tCO2 per year in 2030 in the example above) at costs that are comparable to many other
measures in the California Scoping Plan. In this section,
we explore policy options that California could pursue to
achieve these reductions and how they might align with
other policy considerations and priorities.

More broadly, limiting California oil production may
have an even more basic benefit. It unambiguously
moves in the direction needed to meet low-carbon goals:
away from fossil fuels. This act of naming and addressing a major source of CO2 emissions – oil – may also
help build popular interest and support for a serious
low-carbon transition.41,42,43

Table 1 identifies and summarizes six discrete options
for limiting oil production that California policy-makers
could consider, noting the climate rationale, fraction of
total state oil production that could be affected, feasibility,
and other considerations. The first option is the simplest:
California could stop issuing new oil well permits. If this
measure were adopted, production would decline slowly
as existing fields were depleted, and by 2030, it could
drop by 60-70% relative to current and forecast levels.
(The particular fields that would be most affected are explored in more detail below). The California Environmental Quality Act (CEQA) could provide the basis for DOGGR
to deny permits based on their climate, health, and other
environmental risks.

This support could also reasonably be extended beyond
California’s borders, as policy-makers in other states and
countries with substantial oil supplies could take similar
steps. As some economists have suggested, jurisdictions
could even form a coalition of territories dedicated to
phasing out fossil fuel production44, thereby demonstrating the policy steps needed to realize the physical reality
that, to keep global warming within the agreed goal of
“well below” 2°C, most fossil fuel reserves will need to
remain undeveloped.45

The State could also elect to restrict permitting of oil production in areas that already suffer from high pollution
vulnerability. The California Council on Science and Technology, in its 2015 study of state-wide fracking and well
stimulation, noted that the scientific literature supports
the need for minimum distances between homes and oil
wells -- called setbacks -- to limit exposure to air pollution
from all oil and gas wells, and recommended that the state
promptly implement setbacks and other measures to
reduce exposure.39,47 The State’s Office of Environmental
Health Hazard Assessment has also conducted an assessment of disproportionate pollution vulnerability for each
census tract in the state that could be used to suggest
where further oil production should be constrained.38

Gaining recognition for cuts to global, not just
in-state, CO2 emissions
How California would be recognized for emission reductions that result due to cuts in oil supply is another
matter. Most of the emission reductions planned in California’s Scoping Plan would accrue to California’s official
account –its inventory – of its GHG emissions. However,
few of the cuts attributed to phasing out oil production would accrue to that inventory. This is because the
bulk of those reductions would occur in other states
and countries, as slightly higher global oil prices lead to
lower oil consumption.

This accounting challenge, however, is a solvable problem.
To address it, California could begin a complementary,
parallel accounting, to track the estimated GHG emission
reductions due to limits in oil production. Similar paral-
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CARB’s Scoping Plan describes how the agency “has begun exploring how
to build an accounting framework that also utilizes existing program data
to better reflect the broader benefits of our policies that may be happening
outside of the State.” The emissions reductions that result from constraining
oil supply could be addressed in such an accounting framework.

Table 1: Policy options for limiting oil production in California
Approximate fraction of
California’s oil production
affected (in 2030)

Feasibility and other
considerations

New oil wells are not consistent
with Paris goals

~60-70%

New permits issued by DOGGR
are subject to CEQA and may
be denied based on their
environmental risks and harms

Limit oil production in
areas with disproportionate
pollution vulnerability, e.g.
using setbacks

Climate change already places
disproportionate burdens on
vulnerable communities

~40%, based on regions in
the 80th percentile or more
for pollution vulnerability

The CCST recommended that the
state develop setbacks and other
measures to limit exposure to air
pollution from oil and gas wells

Charge a carbon ‘adder’ on
oil extraction

A carbon adder could be
charged at the wellhead to
cover a portion (e.g. 50%) of
the damages associated with
burning each barrel of oil,
similar to CEA 201646

~25% would no longer be
economic, based on adder
equivalent to $50/tCO2 or
~ $20/bbl and oil price of
$89/bbl

Could be structured as a
severance tax or similar fee
and provide revenue for a just
transition away from fossil fuel
extraction

Subsidies, including U.S. federal
Remove state-level subsidies
tax preferences, increase
(or counteract existing federal
oil production (and profits),
subsidies) for oil production
increasing emissions

Up to 50%

Would require defining instate subsidies and a detailed
understanding of field or well
cost data, usually proprietary

Phase out GHG-intensive
oil production through an
emissions performance
standard (e.g., total life
cycle GHG emissions cannot
exceed 600 kg CO2e/barrel)

Maximizes overall GHG savings
per barrel not produced;
achieves some emissions
reductions regardless of level of
substitution

~70-80% is from fields
currently > 600 kg CO2e/
bbl

Requires estimates of GHGintensity for each oil field;
could lead to on-site emissions
mitigation measures instead of
reduced production

Phase out high-cost oil (e.g.,
oil that requires a breakeven
price of $60 per barrel or
greater without subsidies3)

Better aligns CA oil production
with 2 degree target; reduces
risk of stranded assets as highcost oil may not be financially
viable in a low-carbon transition

~40%

Requires understanding of
field or well-level cost data,
usually proprietary and subject
to change with technology
advancement over time

Policy that would limit oil
production

Climate rationale

Cease issuance of new oil
well permits

36

Another option would be to place a carbon adder or
price on the carbon in oil that is extracted, which could
be implemented in the form of a severance tax (which
many states apply), and could be used to support transitions for workers and communities more dependent
on oil. This type of approach was assessed (for coal) by
the White House Council of Economic Advisors in 2016
and could apply similarly to oil.48,46

Another type of threshold – a cost-based threshold –
would help make future investment and production more
consistent with global climate goals and reduce the risks
of stranded assets. For example, research has indicated
that the price of oil could be in the range of $60 per barrel or less in an economy where oil demand is reduced to
levels consistent with a 2-degree warming goal, suggesting that new oil fields or wells that break even above this
level may become ‘stranded’.3

The State could also choose to create thresholds or
criteria for issuing new permits or for continued
operations. The State could implement an emissions
performance standard for oil production – by requiring producers, for example, to limit emissions to 600
kg CO2e per barrel. This would be similar to its Low
Carbon Fuel Standard (by incorporating full life cycle
emissions) and its Emissions Performance Standard
for power plants.

An emissions performance standard, however could
result in fewer GHG emission reductions if it doesn’t
stop production – and instead encourages producers
to take more modest steps to reduce the GHG-intensity
of production to just below the threshold. For example,
the large South Belridge field could reduce emissionsintensity of each of its barrels from an estimated 690
kg CO2e to 600 kg CO2e, achieving a 90 kg CO2e reduction per barrel. But ceasing production would reduce
those emissions by at least that much, plus 80 kg to 240
kg per barrel from reduced oil consumption.

As Table 1 and this discussion illustrates, there are a
number of practical measures that State decision-makers
could consider as part of integrating limits on oil production in its overall climate strategy. In doing so, the further
examination of key implications – from the cost and feasibility to interactions with other California policies such
as the cap-and-trade program – would be valuable.

Illustrating how a phase-out of permitting
might work
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In this section, we explore the option of phasing out new
well permits in more detail. Figure 3 displays a scenario
of how these new permits – about 2,500 issued each
year – determine the state’s future oil production. In this
figure, the state’s total oil production is taken from U.S.
EIA’s reference case scenario that already sees California
oil production declining steadily, as stated above. We
then assume that production from already operating
wells declines at 10% per year (based on well-specific
data available in the Drillinginfo database), and that the
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Source: EIA Annual Energy Outlook 2018 (top line, reference case oil production); Drillinginfo database (decline rate for existing wells of 10%). DOGGR well permitting
data for 2013-2017 was used to estimate approximate share of new production. Given substantial uncertainty, this scenario should not be interpreted as a forecast.

balance of production comes from fields that have dominated recent (2013-2017) well completion trends in the
state, based on DOGGR data.49

price of oil, to lower global oil consumption, mostly outside California. Still, these cuts to California oil production would presumably not be taken in isolation. Rather,
California is also taking aggressive steps to reduce oil
demand. Taken together, acting on both the demand and
supply side could lead to almost no net effect on global
oil prices; in other words, there would be no net effect
if California supply and demand were both cut by the
same amount as a result of the state’s climate and energy
policy. In this way, supply- and demand-side policies
reinforce each other. Either type of policy implemented
on its own could result in carbon leakage, an outcome in

If DOGGR were to cease issuance of new permits from
2018, California oil would continue its decline and
by 2030, it would avoid the production of about 80
million barrels of oil annually, compared to the EIA’s
reference scenario.

© Getty / AlizadaStudios

As described earlier, these reductions in California oil
production would lead, via small increases in the global

Oil derricks pump oil in a field in Bakersfield, California.
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which an action to reduce emissions in one region leads
to increased emissions in other region. If supply- and
demand-side policies are implemented together, this
effect is diminished.

a phase-down of oil production. Figure 4 suggests, for
example, that the South Belridge field not only combines
high life-cycle GHG emissions and a high breakeven oil
price, but also extends across an area that is already
between the 80th and 90th percentiles in high pollution
vulnerability. The State could elect, for instance, to begin
a phase-down here. A severance tax or carbon adder
could further provide funding to support transitioning
businesses and workers to other productive enterprises.

In this way, reducing carbon leakage – and the inherent
GHG benefit that reduced leakage brings50 – presents
another rationale for limiting California’s oil supply.
Indeed, the California Air Resources Board requires its
climate policies “to minimize emissions leakage to the
extent possible.”8 However, the Scoping Plan includes
no obvious measures to address leakage associated
with reduced oil consumption, and indeed does not
estimate the emissions leakage that would occur due
to any changes in oil prices. Limiting oil production
provides a means to address leakage associated with
reduced oil consumption, and could therefore help fill a
hole in California’s existing emission-reduction policies.

Conclusions

The State of California and Governor Jerry Brown are
perceived as global leaders in the effort to limit the dangers caused by climate change. But as the governor himself has noted, “what we are doing is relatively limited
[compared] to the existential threat that we face.”52

As this analysis has shown, phasing out California’s oil
production is one way to increase the state’s ambition.
In so doing, it could also perhaps serve as a model policy
tool to be considered by the states and nations who come
to San Francisco for the September 2018 Climate Summit. Indeed, addressing fossil fuel production is a policy
approach that – in addition to its tangible CO2 reduction
benefits – can also capture the public’s attention in moving towards a low-carbon economy, and thus encourage
greater support for climate action writ large.53,23

Multiple criteria and policies could be used
together

The policy approaches to limiting oil production in California shown in Table 1 are not mutually exclusive. The
State could, for example, choose to use multiple criteria
for determining where and how to constrain future oil
production. Figure 4 below shows one possible way to
consider multiple objectives together. In this chart, oil
fields could be identified that are some combination of
high cost (horizontal axis), high GHG-intensity (vertical
axis), large producers (bubble size), and with substantial
environmental justice concerns (bubble color). Policymakers could then use such information to sequence

Phasing down California’s oil production can also demonstrate global leadership for the required phase-out of fossil fuels. Equity principles suggest that relatively wealthy
regions like California should be the first to start weaning
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Figure 4: Multiple factors could inform a policy approach to limiting oil production
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off fossil fuel extraction, easing the transition for poorer
producing regions with fewer resources and options for
diversifying their economies.54,55,56

Indeed, even the U.S. Department of Interior has considered that a fixed, global carbon budget may mean purposefully limiting U.S. oil production.30
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DISCUSSION BRIEF

How limiting oil production could help California meet its
climate goals

But even climate leaders like California will have to go
well beyond existing actions to achieve the goals of the
Paris Agreement – namely, keeping warming well below
2 degrees, plus reaching net zero emissions globally by
the second half of the century. Indeed, in adopting its new
climate action Scoping Plan in December 2017, California’s Air Resources Board resolved to “continue to evaluate and explore opportunities to achieve significant cuts
in greenhouse gas emissions from all sources, including
supply-side opportunities to reduce production of energy
sources.”1 In other words, the State has tasked itself not
only to assess ways to increase the ambition of its climate
action, but to consider how reducing energy production
might also help achieve its climate goals.

This briefing paper examines how the state could limit the
production of its principal energy product – oil – and the
resulting implications for global GHG emissions. It also
considers how such actions might fit in the state’s climate
portfolio, taking into account cost-effectiveness, equity,
and other key considerations.
Though it is beginning to gain traction, limiting oil (or any
fossil fuel) production is still relatively new as an element
of jurisdictional climate strategies.i While there is less
research available on the effectiveness and economics of
reducing oil supply as compared with other GHG emission
reduction strategies, there is nonetheless a sufficient body
of theory and work to enable reasonable estimates, which
we provide below.3

We find that restricting California oil production would
likely decrease global GHG emissions by an amount similar
to other key policies in the state’s recently adopted climate
Scoping Plan. We identify several policy approaches to
limiting oil production that the state could consider with
varying levels of emissions reductions, cost-effectiveness,
equity implications, and political feasibility. ii These options range from stopping the issuance of new permits for
i

For example, in 2016, President Obama cited climate change as a rationale
for withdrawing the Arctic from oil exploration and development,2 as did
President Macron of France in 2017.

ii

Note that we limit our focus here to oil extraction, and do not look at in-state
oil refining.
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By many measures, the U.S. State of California has put
in place climate policies that stand among the world’s
most ambitious. Over the last 15 years, the state has adopted (and extended) the nation’s largest cap-and-trade program on greenhouse gases, stringent vehicle fuel efficiency
standards, and strong urban planning guidelines. In 2018,
it will hold a special climate summit for leaders around the
world – with the support of Christiana Figueres, the former executive secretary of the United Nations Framework
Convention on Climate Change (UNFCCC).

Three pumpjacks move in synchrony as an oil worker looks on. They are located
in the Kern River Oil Field outside Bakersfield, California.

oil production, to establishing thresholds for the GHGintensity of oil produced, to focusing on regions of oil production where co-benefits, such as environmental justice,
are greatest. These measures deserve further consideration by policy-makers in California.

California uses, produces, and refines a lot of oil

For most of the last century, oil has been central to California’s economy. Californians long used more gasoline,
diesel, and jet fuel in aggregate each year than any other
U.S. state – a distinction only recently eclipsed, by Texas
in 2014.4 California has also been a dominant crude oil
producer; for decades it was the top crude producer in the
nation; it currently ranks third, behind Texas and North
Dakota.5 The vast majority of the crude extracted in California is consumed in-state, though some byproducts, such
as petcoke, are exported to countries in Asia.6
Since 1990 – the base year for tracking California’s climate change goals – the state’s oil consumption has held
relatively steady at between 600 million and 700 million barrels per year (Figure 1). Most of this oil is refined
in-state and consumed as gasoline, diesel, and jet fuel.
Together, burning of oil-derived products is the dominant
contributor to California’s carbon dioxide (CO2) emissions
(about 60%). Continued reliance on oil is a major reason
why the state’s CO2 emissions have also held relatively
steady, at between 300 and 350 million (metric) tons CO2
for the past 25 years.7 How oil consumption will evolve
in the future is subject to economic, policy, and social
developments in the state, including how quickly the
state’s residents adopt electric vehicles, a topic of intense
current interest.iii

iii Current reference-case forecasts by California state agencies and the U.S.
Energy Information Administration indicate that, absent new, more-ambitious
climate policy, California’s oil consumption would hold fairly steady in the
future. In these forecasts, continuous declines in gasoline use (e.g., dropping
3 to 4% each year) are foreseen to be offset by modest gains in diesel, jet
fuel, and other oils (such as liquid petroleum gas, or LPG).8,9,10
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Figure 1: California oil consumption (left) and production (right) since 1990
Source: U.S. Energy Information Administration4,11

Even as oil consumption has held relatively steady since
1990, California’s oil production has declined, by an
annual average of about 2% since 1990. This is, in large
part, because many of California’s once-booming oil
fields in the San Joaquin Valley – such as the Kern River
and Midway-Sunset fields – are increasingly depleted.12

This is mainly because one must also look at the extent
to which additional oil from other locations (or other
energy resources) would make up for the lost California production, and therefore estimate the net, or
incremental, reduction in oil production, consumption
and emissions (plus increased production and use of
other energy resources) that would result from the
production cut.3

The outlook for oil production is perhaps even more
uncertain than for consumption, as future oil drilling
depends strongly on global oil prices and technology development in the oil industry, among other factors.13 The
U.S. Energy Information Administration estimates that
California’s oil production will continue to decline at
between 2% and 3% annually through the mid-2030s.14
Neither the California Energy Commission nor the Division of Oil, Gas, and Geothermal Resources (DOGGR)
forecasts future oil extraction, but they do report on oil
well permit applications, which have been robust. For
example, DOGGR received more permit applications in
2015 than it has in decades.15

Removing California (or any other region’s) oil from
the market would cause a small increase in world oil
prices, assuming a competitive global oil market (oil
market dynamics are discussed in more detail in Box 1).
This small price increase, in turn, would lead producers from other states or countries to produce somewhat
more oil. At the same time, this small increase would
lead consumers around the world to use slightly less
oil. Widely used economic tools (price elasticities) enable these price-response dynamics to be modelled in a
straightforward fashion.18

How would limiting oil production drop global
CO2 emissions?

Using a simple economic model,19,3 we estimate that,
for each barrel of California oil not produced (left
in the ground), an added 0.4 to 0.8 barrels would
be produced elsewhere.

To understand how limiting oil production could be part
of a climate strategy, it helps to consider how oil contributes to greenhouse gas emissions. Each barrel of oil extracted in California (or anywhere else) contains carbon,
that, once refined into products and burned, releases at
least 400 kg of CO2.16,17

This yields a net reduction in global oil consumption
of the inverse amount – between 0.6 and 0.2 barrels (1
minus the 0.4 to 0.8 above) for each barrel not produced
– as consumers respond to the small price increase by
making shifts in their vehicle purchases, driving habits,
and other decisions. Most of these reductions would occur outside California, for the simple reason that California represents less than 1% of the global oil market.

Oil also contributes to greenhouse gas emissions as
fossil fuel is combusted and CO2 is released to extract,
refine, and transport the oil; methane (CH4) is also
released during extraction. Together, these “upstream”
emissions generally increase the lifecycle emissions
from a barrel of oil to roughly 500 or 600 kg of CO2
equivalent, depending on the nature of crude oil deposits and the technologies needed to extract and refine
them (this is described later in Box 2).
Determining how limiting oil production in California
would reduce GHG emissions is not quite as simple as
tallying up the emissions associated with producing
and combusting each barrel of oil produced, however.

2

The actual ratio of reduced oil consumption to oil not
produced could be higher or lower than 0.2 to 0.6, but
this range sits squarely within the broader range of
existing literature, as summarized in Box 1. Notably,
studies we reviewed by government (U.S. Department
of Interior), think-tank (Council on Foreign Relations),
private consultant (ICF), and university (UC Berkeley)
researchers have all found ratios that cluster around a
ratio of about 0.5, even as uncertainty exists.

Taking into account all but the outlier findings explored
in Box 1 – that is, assuming a wide uncertainty range
for this ratio of between 0.2 and 0.6 – it follows directly
that for each barrel of oil left undeveloped in California,
global oil consumption would be reduced by 0.2 to 0.6
barrels. Multiplying by the carbon content of crude oil
noted above (400 kg CO2/barrel), each barrel of oil not
extracted from California would lead to a reduction in
global emissions of 80 to 240 kg CO2.

emissions cuts of about this scale. First, however, we
touch on cost-effectiveness and other considerations
that State policy-makers may wish to take into account.

Still, before leaving the question of how reduced oil production would lead to emissions savings, it is worth noting the overall emissions benefit would be even greater
to the extent that reduced oil consumption also leads
to avoiding upstream GHG emissions, or those associated with producing, transporting, and processing that
oil (See Box 2). At the same time, another effect could
hamper the overall emissions benefit: the potential for
consumers to substitute other GHG-emitting fuels, such
as biofuels, compressed natural gas (CNG) or coal-fired
electricity, for the oil not produced.

For illustration, phasing out an amount of oil equivalent to half of California’s recent annual oil production
– about 100 million barrels per year – could lead to a
global emission reduction of 8 to 24 million tons CO2 per
year. This amount is similar to the savings associated
with the sector-specific climate strategies in California’s
action plan, which range from 3 to 35 million tons CO2e
per year in 2030. Below, we identify some of the policies for managing a decline in oil production that the
State may wish to consider in order to achieve additional

However, prior analysis suggests that the upstream
emissions effect would likely be more significant than
the fuel substitution effect, thus increasing by at least
25% the emissions savings per barrel of oil not extract-

Box 1: How restricting the supply of California oil reduces global oil consumption
At the most extreme end, if each barrel of oil not produced in California was instead produced somewhere
else (and with similar emissions associated with extracting each barrel), then global emissions would not change
at all – a game of “perfect substitution” or, as some have
called it, “whack-a-mole”.20,21

ticity of demand of -0.3. (The ratio of change in consumption to change in oil supply is defined in our model as the
ratio of the elasticity of demand to the difference between
the elasticities of supply and demand. This means that
any elasticities of supply and demand that are the same
magnitude but opposite signs – indicating that both oil
producer and consumers are similarly price-responsive –
would yield a ratio of 0.5 barrels not consumed for each
barrel not produced.23,21)

However, this argument of perfect substitution defies basic economics of supply and demand. If there is less of a
commodity available – such as oil – less of it will be consumed. Exactly how much less is not knowable with absolute certainty, since the changes are moderated through
markets and prices; still, the presence of uncertainty does
not mean the effect does not exist.22

Our estimate that global oil consumption would drop by
0.2 to 0.6 barrels for each barrel not produced is consistent with the findings of other assessments of the global
oil market.24,25,26,27 As shown in the chart below, several
studies find a ratio near 0.5. The more far-ranging alternative outcomes – i.e., the ratios of less than 0.2 or over
0.6 – require particular views of the world oil market.
For example, a scenario of zero impact on global oil
consumption requires the very strong assumption that
OPEC (or other producers) make up for every barrel of
avoided U.S. oil production, one-for-one. This is
despite evidence that OPEC has dramatically diminished
ability to control production and, in turn, prices,
through enforced production quotas.28,29

Here, we use a combination of literature review and our
own simple economic model to estimate that for each
barrel of oil not produced in California, global oil consumption would drop by 0.2 to 0.6 barrels.3 This result
is robust against a wide range of supply and demand
elasticities. The 0.2 value would be consistent with an oil
market with an elasticity of supply of 1 and an elasticity of
demand of -0.25. Alternately, the ratio of 0.6 would be
consistent with an elasticity of supply of 0.2 and an elas-

Drop in global oil consumption as fraction of avoided U.S. oil production across several studies
(Multiple circles of same color indicate alternate scenarios presented by same authors. Smaller circles represent sensitivity or high/low values)
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Box 2: Reducing oil production would lead to cuts in GHG emissions from extracting,
refining, and transporting oil
Our estimate of the CO2 emissions benefit of reducing
California’s oil production only counts the savings that
would result from burning less oil, i.e. as gasoline, diesel,
jet fuel, and other end uses in global fuel markets. However, were we to consider other GHG emissions associated with “upstream” (extracting) and “midstream” (refining and transporting) activities, the estimate of emission
reductions could be greater.19

Second, due to the widespread use of enhanced recovery techniques, such as energy-intensive steam flooding,
California’s most productive oil fields are more GHG
emissions-intensive than the average blend of crude oil.12
For example, the full life cycle of producing, refining, transporting, and combusting a barrel of crude oil from California’s three most productive fields – Midway-Sunset, Kern
River, and South Belridge – yields emissions of 725, 650,
and 690 kg CO2e, respectively.33 For comparison, this is
at least 15% more emissions-intensive than other crudes
refined in California at similar volumes (at least 20 million
barrels annually): Saudi Arabia (493 kg CO2e); Ecuador
(532 kg CO2e); Alaska (564 kg CO2e); Colombia (507
kg CO2e); and Kuwait (510 kg CO2e).34 This means that
reducing production of California oil would likely have
global GHG emissions benefits, regardless of how much
California production was replaced by other crude oils.

First, for each barrel of oil not consumed, emissions would
be reduced by not producing, refining, and transporting
crude oil. The exact decrease would depend on the likely
marginal sources of crude oil. An average “blend” of
crudes is associated with about 500 kg CO2e per barrel
across the full “life cycle”.33 Thus in addition to 400 kg
CO2 from fuel combustion, each barrel not consumed
would save another 100 kg CO2e in emissions.

ed.iv For simplicity of the analysis, and to be conservative,
we do not consider these effects in detail here. We do
note, however, that even if all of the California oil not produced was replaced (globally) with other sources, there
would still likely be emissions benefits, since California’s
largest oil fields are more GHG-emissions-intensive than
most other global crudes (Box 2).

policies, such as for energy efficiency investments. In
both cases, there is a change made to both an upfront
investment as well as to a future cash flow stream,
and the cost is determined as the amortized difference
in costs between the new case (the change in investment or practice) and the old case (what would have
happened otherwise).

Limiting oil production is comparable in costs
to many of California’s other CO2 reduction
measures.

For this reason, we apply a similar approach here. For
a measure that would limit oil production, a company
would forego the costs of drilling and pumping oil, but
also forego the revenue of doing so. We therefore consider the direct “cost” of the climate policy to be the
net of these two cash flow streams – i.e., the lost profits
to the industry. This definition does not imply that the
companies would be reimbursed for that cost – indeed,
as with many other aspects of climate policy, the entities
affected could be expected to bear those costs because
of a societal duty to address the problem of climate
change. Furthermore, this approach does not consider
many other factors that could be included in a broader
cost-benefit analysis, such as the avoided health impacts
and other damages associated with CO2 emissions, the
potential for lost employment or tax revenues in an area,
or other externalities.

The analysis above demonstrates that phasing out oil
supply from California could make significant contributions to global CO2 emission reductions, barrel for barrel,
and likely reduce global emissions by many millions of
tons CO2 in 2030.

Still, besides the amount of CO2 emissions abatement,
the Air Resources Board (ARB) also uses other criteria to
gauge the merits of particular climate policies. One central criterion is cost-effectiveness. As applied by ARB and
many other climate policy analysts, cost-effectiveness is
defined as the net direct cost of a measure (amortized
over its lifetime) divided by the emission reductions that
would result from the measure.
It is not obvious how to assess the costs of a measure that
would reduce emissions by constraining oil supply. One
documented approach is to consider the costs of such a
policy as the lost profits to the companies that would have
extracted the oil.35

Regardless, to estimate production costs, we start with
estimates of the investment and operating costs associated with each California oil field. We draw this from a
database of oil fields – Rystad Energy’s UCube – that is
widely used for analysis of oil resources and markets.24,36

This approach – counting the costs of this climate policy
measure as lost profits – is a clear analogue to how abatement costs are estimated for more traditional climate
iv If we were to include both this fuel substitution effect and the upstream
emissions effect, the net impact would be to increase our estimated range of
emissions savings for each barrel of oil not extracted from 80 to 240 kg CO2
up to 170 to 300 kg CO2. For details on this calculation, see this online link:
https://tinyurl.com/y7ue4dqp
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Analysis of these cost estimates indicates that about
one-third of California’s oil fields are expected to “break
even” at relatively low oil prices – e.g. less than $50 per
barrel. These include parts of the Lost Hills, Cymric, and
Elk Hills oil fields, each of which is expected to produce
at least 5 million barrels of oil in 2030 at below $50 per
barrel (Figure 2). Another third of California’s oil breaks
even at $50 to $70 per barrel, including the long-lived,

historic fields in Kern County (Midway-Sunset, Kern
River) and fields in the Los Angeles area (Wilmington
and Inglewood). Finally, the last, highest-cost third is
dominated by newer fields (e.g. Monterey shale), plus
older fields that are now being re-developed using
newer technologies. That includes the South Belridge
field, which is expected to be the dominant producer
in 2030, yielding about 25 million barrels of oil, in part
due to fracking.5

Nonetheless, a measure of cost effectiveness can be calculated by dividing lost profits (as a proxy for costs) by
the drop in global CO2 emissions for each barrel not produced: 80 to 240 kg CO2 as estimated above. For example,
the cost-effectiveness of limiting California oil production
from the Wilmington, Inglewood, and Los Angeles fields
would be $110 to $330 per t CO2 ($26 per barrel divided
by 0.08 to 0.24 t CO2 per barrel). Under a low-carbon future (i.e. one in which oil prices are closer to $60 per barrel, as also indicated in Figure 2), limiting oil production
might instead even yield economic benefits, if the risks of
stranded assets associated with investments in highercost fields, like South Belridge, are thereby avoided.

Comparing the breakeven prices displayed in Figure 2
– which are, essentially, the “cost” to these producers of
drilling and operating new wells – with an estimate of
future oil prices enables the calculation of future profits.
In the EIA’s reference case, for example, oil prices rise
to $89 per barrel in 2030.10 Subtracting the breakeven
prices in Figure 2 from this 2030 price yields an estimate of potential lost profits, e.g. about $26 per barrel
for the Wilmington, Inglewood, and Los Angeles fields.

To put these costs in perspective, the cost-effectiveness of
reductions in California’s Scoping Plan range from “cost
negative” (or yielding profits, as in the case of low-cost
energy efficiency measures) to costs nearing $200 per t
CO2e. For example, the liquid biofuels measures associated with the Low Carbon Fuel Standard (LCFS) cost $150
per t CO2e and a more aggressive renewable portfolio
standard (RPS) for power supply cost $175 per t CO2e.8

This estimate of lost profits assumes an oil price, $89
per barrel, that is about one-third higher than levels of
$60 to $70 per barrel in early 2018. This could very well
be too high. In particular, if and as the world proceeds to
rapidly displace oil-based vehicles with electric vehicles,
to avoid vehicle travel, and to implement other policies
– as California is doing – then oil prices may not rise significantly from current levels on a sustained basis. Under
such a scenario of lower future oil prices, lost profits
would be far lower; in fact, many fields might not yield
the expected returns to investors, and could even operate at a loss. From that perspective, avoiding investment
in new oil wells and associated infrastructure could help
provide a net benefit to the industry (i.e., avoid financial
‘stranding’) as well as avoid locking in more oil production than needed.

Equity and international considerations

The scale of GHG reductions and the cost-effectiveness of
those reductions are just two criteria that policy-makers
may need to consider in assessing potential climate policies. Other important considerations are environmental
justice and equity. In fact, California legislation requires
the consideration of equity in state climate policy; for
example, state agencies have been directed (by the Global
Warming Solutions Act of 2006) to identify and invest in
disadvantaged communities. Equity is also a cornerstone
of the international climate negotiations; further, policies
seen as equitable can also be more effective. As described
by the Intergovernmental Panel on Climate Change
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(IPCC), an “arrangement that is perceived to be fair has
greater legitimacy and is more likely to be internationally
agreed and domestically implemented.”37

lel accounting frameworks have already been proposed
for the UNFCCC,42 which is the forum – along with the
IPCC – from which California modelled its own GHG
emissions accounting.

In this respect, phasing out California’s oil production
may also have an important contribution to make. This
is because many of California’s oil fields are located in
areas of the state that are disproportionally burdened
by pollution – both because of the presence of pollutants
as well as due to adverse environmental conditions and
socioeconomic factors.

Accounting for cuts to oil supply separately, in a report
on emission reductions that are not captured by the state
inventory, would also be a way to address the uncertainty
associated with the global CO2 emission reductions. For
example, California could (1) specify the measure it is
taking – e.g. stopping the permitting of new oil wells; (2)
estimate how many barrels of oil would be left undeveloped as a result of the policy, and their associated
total GHG emissions; and (3) estimate, with transparent
assumptions, the global GHG emissions benefits of the
action. These estimates could then be reported, shared,
and subjected to international scrutiny, much like current,
IPCC-based GHG emissions inventories.v

For example, the oil fields in Los Angeles extend across
communities that have been rated by the State’s Office
of Environmental Health Hazard Assessment as being
among the census tracts that are most (95th percentile)
disproportionately burdened in the State,38 and where
630,000 people live within 800 meters (about 2,600 feet)
of an active oil well.39 The Lost Hills and South Belridge
oil fields extend across communities – namely, the community of Lost Hills and neighbouring parts of unincorporated Kern County – that are in the worst fifth (80th
percentile) of census tracts across the state in terms of
pollution-vulnerability. These communities in Los Angeles and near Lost Hills may therefore be at greater risk
for any possible health effects associated with proximity
to oil (and gas) development.40

What policies could limit California’s oil
production?

So far, we have shown that limiting California’s oil production could yield substantial additional emission reductions (e.g. 8 to 24 million tCO2 per year in 2030 in the example above) at costs that are comparable to many other
measures in the California Scoping Plan. In this section,
we explore policy options that California could pursue to
achieve these reductions and how they might align with
other policy considerations and priorities.

More broadly, limiting California oil production may
have an even more basic benefit. It unambiguously
moves in the direction needed to meet low-carbon goals:
away from fossil fuels. This act of naming and addressing a major source of CO2 emissions – oil – may also
help build popular interest and support for a serious
low-carbon transition.41,42,43

Table 1 identifies and summarizes six discrete options
for limiting oil production that California policy-makers
could consider, noting the climate rationale, fraction of
total state oil production that could be affected, feasibility,
and other considerations. The first option is the simplest:
California could stop issuing new oil well permits. If this
measure were adopted, production would decline slowly
as existing fields were depleted, and by 2030, it could
drop by 60-70% relative to current and forecast levels.
(The particular fields that would be most affected are explored in more detail below). The California Environmental Quality Act (CEQA) could provide the basis for DOGGR
to deny permits based on their climate, health, and other
environmental risks.

This support could also reasonably be extended beyond
California’s borders, as policy-makers in other states and
countries with substantial oil supplies could take similar
steps. As some economists have suggested, jurisdictions
could even form a coalition of territories dedicated to
phasing out fossil fuel production44, thereby demonstrating the policy steps needed to realize the physical reality
that, to keep global warming within the agreed goal of
“well below” 2°C, most fossil fuel reserves will need to
remain undeveloped.45

The State could also elect to restrict permitting of oil production in areas that already suffer from high pollution
vulnerability. The California Council on Science and Technology, in its 2015 study of state-wide fracking and well
stimulation, noted that the scientific literature supports
the need for minimum distances between homes and oil
wells -- called setbacks -- to limit exposure to air pollution
from all oil and gas wells, and recommended that the state
promptly implement setbacks and other measures to
reduce exposure.39,47 The State’s Office of Environmental
Health Hazard Assessment has also conducted an assessment of disproportionate pollution vulnerability for each
census tract in the state that could be used to suggest
where further oil production should be constrained.38

Gaining recognition for cuts to global, not just
in-state, CO2 emissions
How California would be recognized for emission reductions that result due to cuts in oil supply is another
matter. Most of the emission reductions planned in California’s Scoping Plan would accrue to California’s official
account –its inventory – of its GHG emissions. However,
few of the cuts attributed to phasing out oil production would accrue to that inventory. This is because the
bulk of those reductions would occur in other states
and countries, as slightly higher global oil prices lead to
lower oil consumption.

This accounting challenge, however, is a solvable problem.
To address it, California could begin a complementary,
parallel accounting, to track the estimated GHG emission
reductions due to limits in oil production. Similar paral-
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CARB’s Scoping Plan describes how the agency “has begun exploring how
to build an accounting framework that also utilizes existing program data
to better reflect the broader benefits of our policies that may be happening
outside of the State.” The emissions reductions that result from constraining
oil supply could be addressed in such an accounting framework.

Table 1: Policy options for limiting oil production in California
Approximate fraction of
California’s oil production
affected (in 2030)

Feasibility and other
considerations

New oil wells are not consistent
with Paris goals

~60-70%

New permits issued by DOGGR
are subject to CEQA and may
be denied based on their
environmental risks and harms

Limit oil production in
areas with disproportionate
pollution vulnerability, e.g.
using setbacks

Climate change already places
disproportionate burdens on
vulnerable communities

~40%, based on regions in
the 80th percentile or more
for pollution vulnerability

The CCST recommended that the
state develop setbacks and other
measures to limit exposure to air
pollution from oil and gas wells

Charge a carbon ‘adder’ on
oil extraction

A carbon adder could be
charged at the wellhead to
cover a portion (e.g. 50%) of
the damages associated with
burning each barrel of oil,
similar to CEA 201646

~25% would no longer be
economic, based on adder
equivalent to $50/tCO2 or
~ $20/bbl and oil price of
$89/bbl

Could be structured as a
severance tax or similar fee
and provide revenue for a just
transition away from fossil fuel
extraction

Subsidies, including U.S. federal
Remove state-level subsidies
tax preferences, increase
(or counteract existing federal
oil production (and profits),
subsidies) for oil production
increasing emissions

Up to 50%

Would require defining instate subsidies and a detailed
understanding of field or well
cost data, usually proprietary

Phase out GHG-intensive
oil production through an
emissions performance
standard (e.g., total life
cycle GHG emissions cannot
exceed 600 kg CO2e/barrel)

Maximizes overall GHG savings
per barrel not produced;
achieves some emissions
reductions regardless of level of
substitution

~70-80% is from fields
currently > 600 kg CO2e/
bbl

Requires estimates of GHGintensity for each oil field;
could lead to on-site emissions
mitigation measures instead of
reduced production

Phase out high-cost oil (e.g.,
oil that requires a breakeven
price of $60 per barrel or
greater without subsidies3)

Better aligns CA oil production
with 2 degree target; reduces
risk of stranded assets as highcost oil may not be financially
viable in a low-carbon transition

~40%

Requires understanding of
field or well-level cost data,
usually proprietary and subject
to change with technology
advancement over time

Policy that would limit oil
production

Climate rationale

Cease issuance of new oil
well permits

36

Another option would be to place a carbon adder or
price on the carbon in oil that is extracted, which could
be implemented in the form of a severance tax (which
many states apply), and could be used to support transitions for workers and communities more dependent
on oil. This type of approach was assessed (for coal) by
the White House Council of Economic Advisors in 2016
and could apply similarly to oil.48,46

Another type of threshold – a cost-based threshold –
would help make future investment and production more
consistent with global climate goals and reduce the risks
of stranded assets. For example, research has indicated
that the price of oil could be in the range of $60 per barrel or less in an economy where oil demand is reduced to
levels consistent with a 2-degree warming goal, suggesting that new oil fields or wells that break even above this
level may become ‘stranded’.3

The State could also choose to create thresholds or
criteria for issuing new permits or for continued
operations. The State could implement an emissions
performance standard for oil production – by requiring producers, for example, to limit emissions to 600
kg CO2e per barrel. This would be similar to its Low
Carbon Fuel Standard (by incorporating full life cycle
emissions) and its Emissions Performance Standard
for power plants.

An emissions performance standard, however could
result in fewer GHG emission reductions if it doesn’t
stop production – and instead encourages producers
to take more modest steps to reduce the GHG-intensity
of production to just below the threshold. For example,
the large South Belridge field could reduce emissionsintensity of each of its barrels from an estimated 690
kg CO2e to 600 kg CO2e, achieving a 90 kg CO2e reduction per barrel. But ceasing production would reduce
those emissions by at least that much, plus 80 kg to 240
kg per barrel from reduced oil consumption.

As Table 1 and this discussion illustrates, there are a
number of practical measures that State decision-makers
could consider as part of integrating limits on oil production in its overall climate strategy. In doing so, the further
examination of key implications – from the cost and feasibility to interactions with other California policies such
as the cap-and-trade program – would be valuable.

Illustrating how a phase-out of permitting
might work

7

In this section, we explore the option of phasing out new
well permits in more detail. Figure 3 displays a scenario
of how these new permits – about 2,500 issued each
year – determine the state’s future oil production. In this
figure, the state’s total oil production is taken from U.S.
EIA’s reference case scenario that already sees California
oil production declining steadily, as stated above. We
then assume that production from already operating
wells declines at 10% per year (based on well-specific
data available in the Drillinginfo database), and that the
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Source: EIA Annual Energy Outlook 2018 (top line, reference case oil production); Drillinginfo database (decline rate for existing wells of 10%). DOGGR well permitting
data for 2013-2017 was used to estimate approximate share of new production. Given substantial uncertainty, this scenario should not be interpreted as a forecast.

balance of production comes from fields that have dominated recent (2013-2017) well completion trends in the
state, based on DOGGR data.49

price of oil, to lower global oil consumption, mostly outside California. Still, these cuts to California oil production would presumably not be taken in isolation. Rather,
California is also taking aggressive steps to reduce oil
demand. Taken together, acting on both the demand and
supply side could lead to almost no net effect on global
oil prices; in other words, there would be no net effect
if California supply and demand were both cut by the
same amount as a result of the state’s climate and energy
policy. In this way, supply- and demand-side policies
reinforce each other. Either type of policy implemented
on its own could result in carbon leakage, an outcome in

If DOGGR were to cease issuance of new permits from
2018, California oil would continue its decline and
by 2030, it would avoid the production of about 80
million barrels of oil annually, compared to the EIA’s
reference scenario.

© Getty / AlizadaStudios

As described earlier, these reductions in California oil
production would lead, via small increases in the global

Oil derricks pump oil in a field in Bakersfield, California.
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which an action to reduce emissions in one region leads
to increased emissions in other region. If supply- and
demand-side policies are implemented together, this
effect is diminished.

a phase-down of oil production. Figure 4 suggests, for
example, that the South Belridge field not only combines
high life-cycle GHG emissions and a high breakeven oil
price, but also extends across an area that is already
between the 80th and 90th percentiles in high pollution
vulnerability. The State could elect, for instance, to begin
a phase-down here. A severance tax or carbon adder
could further provide funding to support transitioning
businesses and workers to other productive enterprises.

In this way, reducing carbon leakage – and the inherent
GHG benefit that reduced leakage brings50 – presents
another rationale for limiting California’s oil supply.
Indeed, the California Air Resources Board requires its
climate policies “to minimize emissions leakage to the
extent possible.”8 However, the Scoping Plan includes
no obvious measures to address leakage associated
with reduced oil consumption, and indeed does not
estimate the emissions leakage that would occur due
to any changes in oil prices. Limiting oil production
provides a means to address leakage associated with
reduced oil consumption, and could therefore help fill a
hole in California’s existing emission-reduction policies.

Conclusions

The State of California and Governor Jerry Brown are
perceived as global leaders in the effort to limit the dangers caused by climate change. But as the governor himself has noted, “what we are doing is relatively limited
[compared] to the existential threat that we face.”52

As this analysis has shown, phasing out California’s oil
production is one way to increase the state’s ambition.
In so doing, it could also perhaps serve as a model policy
tool to be considered by the states and nations who come
to San Francisco for the September 2018 Climate Summit. Indeed, addressing fossil fuel production is a policy
approach that – in addition to its tangible CO2 reduction
benefits – can also capture the public’s attention in moving towards a low-carbon economy, and thus encourage
greater support for climate action writ large.53,23

Multiple criteria and policies could be used
together

The policy approaches to limiting oil production in California shown in Table 1 are not mutually exclusive. The
State could, for example, choose to use multiple criteria
for determining where and how to constrain future oil
production. Figure 4 below shows one possible way to
consider multiple objectives together. In this chart, oil
fields could be identified that are some combination of
high cost (horizontal axis), high GHG-intensity (vertical
axis), large producers (bubble size), and with substantial
environmental justice concerns (bubble color). Policymakers could then use such information to sequence

Phasing down California’s oil production can also demonstrate global leadership for the required phase-out of fossil fuels. Equity principles suggest that relatively wealthy
regions like California should be the first to start weaning
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EXECUTIVE SUMMARY

Recent innovations in the oil and gas sector have catalyzed a renaissance in US production and a dramatic turnaround in America’s international energy trade position.
US crude oil production has increased from 5 million
barrels per day (b/d) in late 2006 to 9 million b/d in late
2014. Total petroleum production is over 12 million b/d,
making the US the largest liquids supplier in the world.
Rising production and declining petroleum consumption
has reduced US import dependence from 60 percent to
26 percent over the past eight years.
Although the US will likely continue to consume more
oil than we produce, and thus remain a net petroleum importer, there are growing concerns about the ability of the
US refining system to absorb future growth in domestic
crude production. Virtually all the recent and projected
growth in US crude output is lighter weight and lower
sulfur than the Canadian, Mexican, Venezuelan and Middle Eastern crudes many US refineries are currently configured to process. Refineries elsewhere in the world process light oil, but under current law, US crude oil exports
are largely (though not entirely) prohibited. The growing
mismatch between domestic crude supply and domestic
refining capacity is prompting a re-evaluation of these export restrictions.
There are both proponents and opponents of increasing
the amount of crude oil that can be exported from the
United States. Domestic oil producers worry that without access to foreign markets, they will have to discount
their oil to incentivize refiners to process it at existing
facilities or cover the investment required to build new
ones. Lower market prices for US crude producers could
reduce upstream investment and future domestic production growth. Many refiners worry that allowing crude oil
exports will raise domestic crude prices, harm their competitiveness and reduce the incentive for new refining
investments. Consumers worry that exporting oil could
increase gasoline and diesel prices and leave them more
vulnerable to future international supply disruptions. And
some environmental groups worry that allowing exports
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will result in more shale development domestically and
more greenhouse gas emissions globally.
This report reviews the origin and current form of US
crude export restrictions and analyzes the energy market,
economic, security, geopolitical, trade and environmental
implications of modifying or lifting those restrictions.
In short, we find:
•

The original rationale for crude export restrictions
no longer applies. Today’s oil market looks very
different than in the 1970s when current crude oil
export restrictions were first put in place. At that
time, the US had adopted domestic price controls
to combat inflation and crude export restrictions
were necessary to make those price controls effective. While price controls have long since fallen
away, crude export restrictions remain.

•

If recent production growth rates continue, a
shortage of US light crude refining capacity will
likely reduce domestic crude prices relative to international levels, slowing the pace of upstream
investment and future crude output. Modifying or
removing crude export restrictions would prevent
this from occurring by allowing domestic producers to compete in global markets.

•

Permitting companies to export crude oil in greater quantities may reduce the rents refiners receive
relative to leaving current restrictions in place, but
will likely decrease the price Americans pay for
gasoline, diesel and other petroleum products and
benefit the US economy as a whole.

•

While the nature of the impact of lifting crude export restrictions is relatively clear, the timing and
magnitude is highly uncertain. The recent decline
in oil prices will slow the pace of US production
growth and may delay the point at which domestic
light crude refining capacity shortages occur. The
speed and cost at which refiners could add or re-
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configure capacity is unknown, as is the response
of producers elsewhere in the world to any change
in US supply.
•

In light of these and other variables, we estimate
lifting current crude export restrictions could increase US crude production anywhere between 0
and 1.2 million barrels per day on average between
now and 2025, and reduce domestic gasoline prices by between 0 and 12 cents per gallon.

•

Allowing exports would make the US more resilient, not less, to supply disruptions elsewhere in
the world. Greater integration into global markets
would make US oil supply more responsive to international market developments, mitigating the
impact on American consumers and the US economy of production losses in other countries.

•

Lifting crude export restrictions is consistent
with past and present US trade policy priorities,
would enhance US credibility in current and future trade negotiations, and avoid creating a precedent that could harm US trade policy objectives
down the road.

•

Increased US crude production can weaken the
economic power, fiscal strength and geopolitical
influence of other large oil producing countries.
The magnitude of any export policy-driven impact is small, however, relative to recent oil market developments. More important for US foreign
policy are the current crude trade relationships retained and new ones created if export restrictions
are modified or lifted, along with the potential for
greater US diplomatic leverage in future application of sanctions or pursuit of other objectives.

•

To the extent allowing exports lowers crude oil and
petroleum product prices, global oil demand will
increase, along with oil-related CO2 emissions.
While we do not believe export restrictions are an

appropriate or cost-effective way to reduce CO2
emissions, it is critical that more aggressive policy
actions in other areas are taken to demonstrate that
boosting domestic supply can be consistent with
meeting our climate objectives.
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INTRODUCTION

The application of hydraulic fracturing, horizontal drilling
and seismic imaging to unlock oil from shale and other
tight geologic formations has catalyzed a renaissance in
US production and a dramatic turnaround in America’s
international energy trade position. US crude oil production has increased more than 70 percent over the past
eight years, from just over 5 million barrels per day (b/d)
in late 2006 to 9 million b/d in late 2014.1 Combined
with a more than 100 percent increase in output of natural gas liquids (NGLs), US oil production is approaching
12 million b/d.2 Biofuels and refinery gains increase overall US liquids output by another 2 million b/d, making
the United States the world’s largest producer.3
Although the United States will likely remain a net crude
importer for the foreseeable future, there are growing concerns about the ability of the US refining system—much
of which is currently configured to process heavy, sour imported crude—to absorb rapidly growing domestic light
tight oil (LTO) production. Processing LTO in a refinery
optimized for heavy crudes changes the mix of products
produced (e.g., gasoline, diesel, kerosene, and fuel oil) and
can reduce overall refinery sales revenue. Building new
refineries to process domestic LTO takes both time and
money. There are refineries elsewhere in the world configured to process light oil, but under current US law crude
oil exports are largely prohibited.
US oil producers worry that without access to foreign
markets, they will have to discount their oil to incentivize refiners to process it at existing facilities or to cover
the investment required to build new ones. Lower domestic oil prices would reduce the revenue producers
earn on their current output and could impact drilling
activity and thus future growth in supply. Refiners worry
that allowing crude oil exports will cause them to lose
revenue, potentially becoming unprofitable in some cases, and reduce the incentive for investment in new domestic capacity. Consumers worry that lifting crude export restrictions could increase gasoline and diesel prices
and leave them vulnerable to future international supply
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disruptions. For many environmental groups, allowing
crude exports exacerbates existing concerns over the local and global environmental impact of the US oil and
gas renaissance.
This report, a collaboration between the Center on Global Energy Policy at Columbia University and the economic research firm Rhodium Group, attempts to help both
policymakers and stakeholders navigate this complex issue by providing an overview of the origin and current
form of crude export restrictions in the United States and
an objective, fact-based assessment of the energy market,
economic, security, geopolitical, trade, and environmental implications of modifying or lifting those restrictions.
The report is organized in seven sections:
1. The origin of US oil export limits. Current export
restrictions were adopted during the 1970s, a period of
extreme economic interventionism, including economy-wide wage and price controls. By 1981 the price
controls on crude oil had been eliminated, but export
restrictions persisted. At several points since the 1970s,
presidents from both political parties have taken steps
to relax these restrictions for targeted reasons—from addressing excess production of heavy California crude oil
to fostering free trade in energy with Canada to opening
markets for Alaskan crude. The recent spike in US crude
production has prompted a reevaluation of crude export
restrictions as a whole.
2. What’s driving the current debate. We examine the
renaissance in US oil production and how it is changing the country’s energy trade position. We provide an
overview of the domestic refinery system and its ability
to process additional LTO. We discuss the factors determining when and to what extent the current crude export
restrictions will distort market outcomes on a persistent
and significant basis, including the impact of the recent
drop in oil prices.
3. The economic impacts of allowing exports. This
section begins with a discussion of what economic the-
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Although the United States will likely remain a net crude
importer for the foreseeable future, there are growing
concerns about the ability of the US refining system—much
of which is currently configured to process heavy, sour
imported crude—to absorb rapidly growing domestic light
tight oil (LTO) production.
ory and empirical evidence can tell us about the impact
of allowing crude exports on producers, refiners, and
consumers. We review all major crude oil export studies conducted to date and explain the assumptions and
methodological choices that determine their findings.
We identify the variables that will determine the impact
of allowing crude exports on domestic production, refined petroleum prices, and overall economic output.
We suggest a likely range of potential impacts based on
both our review of existing studies and assessment of
current oil market dynamics.

6. Environmental risks. We discuss the local environmental risks associated with domestic tight oil production, and quantify the potential impact on global greenhouse gas (GHG) emissions of allowing crude exports.
7. Policy options. We describe the policy tools available
to policymakers to modify current export restrictions if
they choose to do so, including both congressional and
administrative actions.

4. Energy security consequences. For decades, policymakers have extolled the benefits of “energy independence.” Allowing crude exports would increase US integration in global oil markets, seemingly at odds with
long-held energy security objectives. We stress-test past
energy security assumptions and evaluate both the pros
and cons of greater energy interdependence.
5. Geopolitical and trade policy considerations. We
examine the consistency of current crude export restrictions with existing international trade commitments and
implications for current and future trade talks. We review
the broader geopolitical implications of allowing crude
exports, including the impact on US diplomatic leverage
and specific bilateral relationships.
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THE ORIGIN OF OIL EXPORT RESTRICTIONS

The 1970s shook the oil industry to the core and brought energy security to the fore of American public consciousness. Resource nationalization, the end of the dominance of the “Seven
Sisters” international oil companies, the Arab oil embargo, and
the revolution in Iran redrew the global energy map.
These events in the 1970s are often credited with giving
rise to concerns about oil “scarcity” that ultimately led to
restrictions on the export of oil. But the seeds of the oil export ban were sown years earlier. Preceding the export ban
was more than a decade of oil import restrictions aimed
at addressing the threat to US producers posed by cheap
Middle East crude. Despite these protections, US oil production peaked in 1970 and began a decades-long decline.
The peak in production immediately preceded a series of
far-reaching economic measures by President Nixon to fight
rising inflation, rising unemployment, and a growing US

balance of payments deficit. Nixon started by taking the US
dollar off the gold standard and followed up with economy-wide price and wage controls. Oil exports were not an
issue at first, as the price of crude within the United States
was higher than international levels. After the 1973 Arab
oil embargo, however, international crude prices soared, giving US producers an incentive to sell their crude abroad. To
defend domestic price controls, the government introduced
oil export restrictions. While price controls have long since
been abandoned, oil export restrictions persist.
WHERE OIL TRADE RESTRICTIONS GOT
THEIR START
While current export laws date back to the 1970s, the
United States began restricting oil trade in the 1950s. At
that time cheap oil from Venezuela and the Middle East

Figure 1: US crude oil production and net crude oil imports 1920–1980
(1,000s b/d)
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US Crude oil production
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Source: EIA.
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A BRIEF HISTORY OF OIL PRICE REGULATION
The Nixon administration’s ninety-day freeze on prices,

to increased calls for the federal government to become

to be a four-phase program of price controls. The price

regulating a “fair” allocation of oil.

including oil, in August 1971 was Phase I of what came
1

controls applied to more than just oil, but oil was usually
treated differently than other goods during each subse-

quent phase. Phase II of the price controls in November
1971 were more flexible than Phase I by allowing prices to

be raised to reflect increases in input costs, but oil prices
were effectively frozen at Phase I levels. Oil supply issues
became more acute, and regional heating oil shortages

involved in not just setting prices of oil products but in
In response to generally rising prices through the first half

of 1973, the Nixon administration instituted a sixty-day
economy-wide price freeze from June to August 1973.

After August 1973, the price control system moved to

Phase IV, again with the petroleum industry subject to a
separate set of more stringent price controls.

emerged in the winter of 1971. Gasoline shortages hit

The core of these Phase IV price controls on oil was a two-

were repeated in the winter of 1972–1973, especially in

move the disincentive for investing in more production, the

in the summer of 1972.2 And the heating oil shortages

inland areas without access to imported products.3 In

early 1973, the economy-wide price control regime had

moved to Phase III, which was a voluntary version of the
Phase II controls. Under this voluntary system, the ongo-

ing heating oil shortage resulted in a very sharp increase
in heating oil prices. As a result, in March 1973 the admin-

istration set a special rule reimposing strict price controls

on the twenty-three largest oil companies (accounting for
95 percent of oil sales).

4

The large firms subject to these Phase III price controls

had a reduced incentive to import oil because they could

not pass along the increasing prices for imported crude oil,

and a reduced incentive to invest in expanding production,
which contributed to the supply crunch. Moreover, smaller
producers and refiners were exempt from price controls,

providing them with a competitive advantage and leading

was making its way to US shores in rising volumes, threatening more expensive domestic production (Figure 1). In
response, President Eisenhower limited imports of crude
oil, refined fuel, and unfinished oils under the Mandatory Oil Import Program (MOIP) in 1959.4 The rationale
behind the import restrictions was that “crude oil and the
principal crude oil derivatives and products are being imported in such quantities and under such circumstances as
to threaten to impair the national security.”5 The concern
was not just increased US import dependence, but also
that domestic production capacity would wither in the
face of the surplus of foreign supply. MOIP import limits
resulted in up to a 70 percent premium for US oil relative

tiered pricing system for domestic crude oil. To try to re-

system distinguished between “old oil” and “new oil.” Old
oil was that from fields already in production, while new
oil was that from fields in which the government was hoping to spur development.5 The price for old oil was con-

trolled, but the price for new oil was not (imported oil also
remained uncontrolled).6 To administer the system, the
federal government had to become heavily involved in ad-

ministering an increasingly complex set of allocation rules.
These Phase IV oil price controls and allocation rules were
later codified and extended by the Emergency Petroleum
Allocation Act of 1973, passed in November 1973.

Price controls remained in place until President Carter be-

gan to phase them out in 1979, part of an effort to boost
domestic production, with President Reagan completing
their elimination in 1981.

to oil produced in the Middle East and spurred an increase
in domestic oil production.6 US crude output rose by nearly 2.6 million b/d between 1959 and 1970,7 the second
largest expansion in US history, behind only the nearly
3.6 million b/d increase in US crude production over the
last five years.8 While protectionist measures did result in
greater US production, critics argued they also resulted in
excessive resource depletion, created “deadweight” economic losses, facilitated an unjustified transfer of wealth to
refiners who were allocated import rights and could thus
obtain cheaper international crude, and drove up prices for
US consumers relative to those in other nations.9
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Despite artificially high domestic oil prices, US consumption grew rapidly. US gasoline demand expanded by 46
percent between 1960 and 1970 due to overall economic
growth, suburbanization, and the proliferation of large,
inefficient passenger vehicles.10 Increasing amounts of petroleum products were also being used in factories, power plants, and homes, partly in response to air pollution
concerns that prompted utilities to switch from coal to
less-polluting oil.11
INFLATION AND PRICE CONTROLS
The first signs of an oil supply crunch were already emerging by 1970, with warnings about potential brownouts,
blackouts, and fuel rationing in some regions.12 US crude
production peaked in 1970 at just over 9.6 million b/d.
In March 1971, for the first time in a quarter century, the
Texas Railroad Commission allowed all-out production at
100 percent of its capacity, a historic watershed in the US
oil industry that ended the practice of holding actual production below capacity, providing the world with a security reserve that could be called on in times of emergency.13

As oil production headed into its long decline, and demand showed no sign of slowing, it was clear that imports
would have to make up a larger proportion of US supply.
In recognition, import quotas under the MOIP began to
be relaxed throughout 1970 to bring in more oil supplies.14
Imports as a share of total oil consumption thus rose from
19 percent in 1967 to 36 percent in 1973.15
At the same time, the economy was experiencing worrying levels of inflation (as high as 6 percent annually in
1970),16 high levels of unemployment, and a sharp deterioration in the US balance of payments. With political
pressure mounting to address these economic issues and
an election looming in 1972, President Nixon took several
unprecedented economic steps. On August 15, 1971, he
announced a plan that included taking the US off the gold
standard, and instituting a 90-day economy-wide freeze
on wages and prices—including on oil.17 The temporary
freeze turned into a program of various price and wage
control measures that persisted for the next three years—
and continued for the next decade for crude oil (See box,
“A Brief History of Oil Price Regulation”).18

Figure 2: Prices paid by US refiners for domestic and imported crude oil
In nominal US dollars/barrel
$40
US domestic nominal

$35

US imported nominal

$30
$25
$20
$15
$10

Source: EIA, “Crude Oil Refiner Acquisition Costs.”
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THE EMERGENCE OF EXPORT RESTRICTIONS
Even before the Arab oil embargo caused an oil scarcity
panic, the phrase “energy crisis” had already emerged
as part of the American political vocabulary along with
growing concern that a major supply problem loomed.19
In April 1973 Nixon delivered his second energy message to Congress outlining additional measures to spur
greater development of all domestic energy resources
and improving conservation measures. For oil, he not
only discussed greater domestic production but announced that he was abolishing the import quota system because domestic supply could no longer keep up
with demand.20
Then, in October 1973, the Arab oil embargo jolted the
energy system by taking 5 million b/d off the world oil
market at a time when demand was growing at an annual
rate of nearly 8 percent.21 As concerns about energy supplies swelled, President Nixon announced Project Independence, which laid out conservation measures and plans
to develop reserves in an effort to make the country energy
independent by 1980.
When President Nixon had first imposed petroleum
price controls, domestic US crude prices (around $3.50
per barrel) were higher than the prevailing global oil
price (at less than $3 per barrel in 1970). By 1974, global oil prices had risen to $12.52 per barrel while domestic oil prices averaged $7.18, thus creating an incentive
for producers to look abroad to sell at higher prices,
which would have undermined the price control system
(Figure 2).

The Emergency Petroleum Allocation Act of 1973
The Emergency Petroleum Allocation Act (EPAA) of
1973, passed on 27 November 1973, codified and extended the complex set of Phase IV oil price controls and
allocation regulations that had been adopted earlier that
year.22 The EPAA also determined that “shortages of crude
oil, residual fuel oil, and refined petroleum product caused
by inadequate domestic production, environmental constraints, and the unavailability of imports sufficient to satisfy domestic demand, now exist or are imminent.”23 The
stated purpose of the EPAA was to authorize and direct
the president to exercise specific temporary authority to
deal with the artificial oil shortage by allocating oil supplies, including ensuring that such supplies were allocated

to end users in the United States. To implement the export
restriction in the act, crude oil was controlled for short
supply reasons under the Export Administration Act of
1969, which authorized the president to limit exports of
resources determined to be scarce. This action subjected
exports of crude and refined products to regulation and
licensing by the Bureau of East West Trade (predecessor to
the Bureau of Industry and Security [BIS]), which would
allocate limited oil exports to countries based on preexisting trade relations.24

The Trans-Alaska Pipeline System Act
The Trans-Alaska Pipeline System (TAPS) Act sought to
speed up development of Alaska’s vast North Slope resources, which had been discovered in 1968. The development of those resources had been held up in part by
environmental concerns regarding their extraction and in
part by a debate over the pipeline route that would be used
to get the crude to market.
Lawmakers from the northern Midwest favored a pipeline through Canada, which would feed regional refineries. Proponents of an alternative pipeline to a port at
Valdez, Alaska, argued that this would be the quickest
way to get crude to market. Opponents argued that a
sea route meant some of the oil would end up in Japan,
the market where it would likely fetch the highest price.
Indeed, a 1971 study by the Department of the Interior
found that British Petroleum, which owned 50 percent of
the Prudhoe Bay field reserves, had signed an agreement
with a group of Japanese oil companies “which would
include marketing an undisclosed amount of (Alaskan)
crude oil in Japan.”25
The compromise TAPS Act, passed shortly before the
EPAA in 1973, selected the route to the Port of Valdez
and amended the Minerals Leasing Act (MLA) of 1920 to
forbid the export of crude from any pipeline granted rights
of way through Section 20 of that act, subject to some
exceptions discussed later.26
The act allowed some exports with countries bordering the
United States, exports of convenience of transport (i.e.,
through the Panama Canal to the US Gulf Coast),27 or exchanges for equal quantities of crude oil for the efficiency
of trade, which helped protect the vital Canadian-US cross
border trade.28
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CONGRESS MAKES OIL EXPORT
RESTRICTIONS PERMANENT

THE EVOLUTION OF EXPORT RESTRICTIONS
THROUGH EXECUTIVE BRANCH ACTION

While the Arab oil embargo ended in March 1974, heightened political attention to oil shortages and security of
supply persisted. President Gerald Ford highlighted energy
independence in his 1975 State of the Union message and
signed the Energy Policy and Conservation Act (EPCA)
into law in December 1975. EPCA expanded the twotiered oil pricing system into a three-tiered system, created
the Strategic Petroleum Reserve, made the United States
a member of the International Energy Program (IEP)
through the newly formed International Energy Agency,
and increased fuel efficiency requirements. It also directed the president to “promulgate a rule prohibiting the export of crude oil and natural gas produced in the United
States,” with some exceptions, including those necessary
for participation in the IEP. This was a more direct statutory export prohibition than that in the EPAA.

Findings by both the president and the secretary of commerce subsequently altered these laws. President Jimmy
Carter announced in June 1979 a phased decontrol of oil
prices as part of an effort to stimulate domestic production,
while international oil prices spiked from $14 a barrel to $35
a barrel in early 1981 following the Iranian Revolution.30
In his first executive order upon entering office in 1981,
President Ronald Reagan finished the job by eliminating
the remaining price controls for oil and refined products.31

EPCA provided authority and discretion to the president by
allowing him to make a “class of seller or purchaser, country
of destination, or any other reasonable classification or basis
as the President determines” exempt from the ban, as long as
it is determined to be in the national interest and align with
the purpose of EPCA. In considering the national interest,
the presidential finding must take into account that EPCA
does not interfere with exchanges of crude oil with foreign
governments or persons for the convenience of increased
efficiency of transportation, temporary exports for convenience or increased transport efficiency and which will later
be reimported, or historical trading relations with Canada
and Mexico. With respect to price controls for crude oil,
EPCA gave the president the authority to loosen them and
to do away with them entirely anytime after 1979.
As the government moved to create laws governing the
development of oil and natural gas resources, it expanded
efforts to increase domestic production through the Naval
Petroleum Reserve Production Act (NPRPA) of 1976 and
the Outer Continental Self Lands Act (OCSLA) Amendments of 1978. In all these cases, production is “subject to
all of the limitations and licensing requirements of the Export Administration Act.” And exports are only permitted if
the president finds such exports “are in the national interest”
and “will not diminish the total quantity or quality of petroleum available in the United States” or, in the case of OCSLA, “will not increase reliance on imported oil or gas.”29
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In October 1981 the Department of Commerce removed
quantitative limits on the export of all refined products. An
interagency task force had concluded that allowing exports
of refined products would be in the national interest, that
the domestic economy was no longer threatened by excessive
drain of a scarce natural resource, and that US consumers
would benefit if refiners had greater marketing flexibility.32
In 1985 President Reagan determined export of crude oil
to Canada for internal consumption was in the national
interest, as part of a declaration liberalizing energy trade
between the two countries. The findings were made under EPCA, Section 28 of the MLA, the Trans-Alaska Pipeline Authorization Act, and the OCSLA.33 Notably, crude
transported over the Trans-Alaska Pipeline or derived from
the Naval Petroleum Reserves was excluded.
Using authority delegated by the president pursuant to
section 103 of EPCA in 1976, the secretary of commerce
determined (also in 1985) that exports of crude oil from
Alaska’s Cook Inlet were in the national interest and should
not be subject to the restrictions in EPCA, NPRPA, OCSLA, or MLA. The finding cited the incentives that would
be created for exploration and development of domestic
crude, transportation, and for the energy security of our allies, and said the initiative “will also encourage other countries to remove trade barriers to US goods and services. It
does not affect our energy security as we retain the flexibility to react to changes in the world’s available oil supply.”34
In 1988 President Ronald Reagan allowed certain additional oil exports to Canada as part of the United States–
Canada Free Trade Agreement. Up to 50,000 b/d of crude
transported over the Trans-Alaska Pipeline were allowed to
be shipped to Canada, as well as oil derived from the National Petroleum Reserves.35
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In 1992 President George Bush found that exports of
heavy California crude (API of 20 degrees or lower) of up
to 25,000 b/d were in the national interest.36 Production
of heavy California crude had eclipsed the ability of the
state’s refiners to process that quality crude, resulting in a
surplus that was driving down prices at the same time that
the world oil price had crashed. The California Independent Petroleum Association at the time noted that demand
for the crude in the state was also weakening due to new
state air quality restrictions, and that due to the Jones Act
tanker laws, the heavy California crude could not be marketed into the US East Coast competitively against foreign
heavy crude.37 Rather than abandon certain wells, the export outlet was deemed to provide a potential price boost
that would make continued production economic.
Exports of crude oil from Alaska’s North Slope were allowed under a finding by President Bill Clinton in 1996,
which stated that exports of crude oil that had been transported over rights-of-way granted in Section 203 of the
Trans-Alaska Pipeline Authorization Act were in the national interest.38 The finding followed the passage of a law
by Congress in 1995 that authorized such exports subject
to a presidential determination. Along with determinations that the exports would not diminish the total quantity or quality of oil available to the United States and that
it would not cause shortages or sustained oil price increases
significantly above world market levels, it was noted in the
Federal Registry that only US-flagged and -owned vessels (but not necessarily US-built) were allowed to carry
TAPS oil for export. Critics of the ban on ANS exports
had attacked it on claims that development of Alaskan oil
was restricted, as prices into the domestic market did not
promote production and were limiting economic and jobs
growth. The General Accounting Office found in a 1999
study that lifting the ban resulted in higher Alaskan North
Slope and California oil prices than would otherwise have
been the case, and thus “future production should increase
because the ban was lifted.”39
CURRENT REGULATIONS GOVERNING
PETROLEUM EXPORTS

Crude oil
Current BIS regulations reflect these various administrative decisions over the years to create specific categories of

allowable exports of crude oil. Crude oil exports are not
allowed unless they fit into one of the following categories,
for which an export license from BIS is required, or upon
an individualized showing that export is in the national
interest:40
•

Exports from Alaska’s Cook Inlet

•

Exports to Canada for consumption or use
therein

•

Exports in connection with refining or exchange
of strategic petroleum reserve oil

•

Exports of heavy California crude oil up to an average volume not to exceed 25,000 b/d

•

Exports that are consistent with certain international agreements

•

Exports that are consistent with findings made by
the president under an applicable statute

•

Exports of foreign origin crude oil where the exporter can demonstrate that it has not been comingled with oil of US origin

•

Exports pursuant to an exchange meeting statutory criteria

As noted above, exports from Alaska’s North Slope are also
permitted under a license exemption. (The regulations refer to exports transported by pipeline over rights of way
granted via the Trans-Alaska Pipeline System, which covers
only Alaska North Slope crude.)
If the application to BIS falls within one of these categories,
it is presumed to be permissible and is generally granted in
a timely fashion. The largest category of exports is typically to Canada. There have also been increasing volumes
of foreign crude (mainly from Canada) that have been
re-exported from the United States. These require that the
exporter can demonstrate to BIS that the oil has not been
commingled with oil of US origin. Recent reports have
noted that Canadian crude has been re-exported, albeit in
relatively small amounts, to Italy, Singapore, Spain, and
Switzerland.41
Beyond these permitted categories, BIS will also review
other applications on a case-by-case basis and “generally
will approve such applications if BIS determines that the
proposed export is consistent with the national interest
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and the purposes of the Energy Policy and Conservation
Act (EPCA).” BIS explains that certain kinds of transactions will be considered to meet that standard, the most
important of which are swaps.
According to BIS, a swap is in the national interest when it:
•

will result directly in the importation into the US
of an equal or greater quantity and an equal or better quality (emphasis added) of crude oil or of a
quantity and quality of petroleum products . . .
that is not less than the quantity and quality of
commodities that would be derived from the refining of the crude oil for which an export license
is sought;

•

will take place only under contracts that may be
terminated if the petroleum supplies of the US are
interrupted or seriously threatened; and

•

in which the applicant can demonstrate that,
for compelling economic or technological reasons that are beyond the control of the applicant, the crude oil cannot be reasonably marketed in the US.

There is considerable uncertainty as to precisely how this
regulatory language might be implemented. It may be
challenging for applicants to demonstrate that the crude
could not be reasonably marketed in the United States for
“compelling economic or technological reasons.” After all,
there is some price at which refiners will take the crude (either making necessary capital investments in equipment to
run more light crude and/or reducing total throughput),
raising the question of how large the differential needs to
be between US and world crude prices to be a “compelling
economic reason.”
Additionally, light oil is typically valued more highly than
heavy oil in the global market and thus could be considered better quality. In the United States, however, significant refinery investments have been made to process heavy
crude (see following section). As a result, exchange applications may have difficulty demonstrating that the heavy
oil being imported is of “equal or better quality” than the
light oil being exported. This may be addressed, potentially, by importing more heavy crude than the export volume, demonstrating the better margin yield for domestic
refiners of processing imported heavy oil, or by importing
product rather than crude.

BIS ADMINISTRATION EXPORT LICENSES FOR SHORT SUPPLY CONTROLS
In September of 1979, Congress passed the renewal of
the Export Administration Act, which regulates exports of

dual-use goods and technologies (i.e., goods with civilian
uses that could also “contribute to the military potential”
of other countries), and exports of scarce goods to pro-

tect the economy from the “excessive drain” of scarce
materials. The 1979 EAA did not independently repeat the

export restriction on domestically produced crude oil, as
that restriction was already in place pursuant to EPCA.

Licenses are controlled by the department’s Bureau of In-

dustry and Security, and the rules of licensing are spelled
out in the Export Administration Regulations, which im-

plement the provisions of the EAA’s short supply control
list. While EPCA directs the president to restrict crude oil
exports, it is through the authority granted by the EAA to
the president that BIS promulgated regulations to control
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exports for national short supply purposes, as well as national security and foreign policy.

Over the years, the number of goods controlled for short
supply reasons has dwindled. Short supply controls currently cover only crude oil, unprocessed western red cedar from federal or state lands under harvest contracts

entered into after 30 September 1979 (excluding unpro-

cessed western red cedar timber harvested from public

lands in Alaska, private lands, and Indian lands), and
horses exported by sea for the purpose of slaughter.

The 1979 EAA expired in 1989 but has been reauthorized several times over the years. The last reauthorization expired in 2001, and it has since been extended by

presidents using the authority granted in the International

Emergency Economic Powers Act through a declaration
of national emergency.1
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Under BIS regulations, the distinction between crude
oil and refined products turns on whether the liquid
hydrocarbons at issue have been processed through a
crude distillation tower.
For most of these categories of permissible exports, a license is required from BIS. That licensing process is not
public, so we do not know how many licenses have been
granted or how many applications have been submitted.
The lack of transparency is due to the sensitive national security issues, such as dual-use technologies, that BIS often
deals with in its licensing regime, as well as the commercial
sensitivity of crude oil export licenses that are granted on
a cargo-by-cargo basis. This is in contrast, for example, to
the public approval process for natural gas exports, which
are granted for a period of time to a particular entity.

Refined products
Refined product exports are allowed and do not require a
license. This means that the distinction between “crude oil”
and “refined products” is crucial to current export policy.
Under BIS regulations, the distinction between crude oil
and refined products turns on whether the liquid hydrocarbons at issue have been processed through a crude distillation tower. In the regulations,42 crude oil is defined as
a mixture of hydrocarbons that:
•

existed in liquid phase in underground reservoirs;

•

remains liquid at atmospheric pressure after passing through surface separating facilities; and

•

which has not been processed through a crude oil distillation tower (emphasis added).

According to this definition, any liquid hydrocarbon that
has been through a crude oil distillation tower is not crude
oil, and therefore can be exported without a license. Indeed, as discussed in the following section, the United
States today is the largest refined petroleum exporter in the
world. Product exports are mostly out of the Gulf Coast,
while product imports are mostly to the East Coast.43

Generally, people had understood the requirement of
processing through a distillation tower to equal being
processed through a full-fledged refinery, or at least to be
separated into multiple, unfinished product streams. Recently, various companies have been investing in less expensive condensate splitters (costing hundreds of millions
of dollars as opposed to billions of dollars for a full-fledged
refinery) along the Gulf Coast to process crude oil for export. And, as explained in the next section, at least two
recent BIS classification rulings indicate that even simpler
processing of stabilization followed by treatment through
a distillation tower qualifies very light crude oil, known as
“condensate,” for export as a refined product.
On 30 December 2014, BIS issued a set of FAQs that
identified six factors it will consider, among others, in determining whether liquid hydrocarbons have been “processed through a crude oil distillation tower.”44 In short,
BIS requires that the distillation process materially transform the crude oil inputs into a chemically distinct output
that is of different API gravity and has a particular purpose
other than just making the crude exportable, such as use as
feedstock, diluent or gasoline blend stock.
While it will be necessary to see how BIS applies these
criteria in practice in order to fully understand their impact, the new FAQs make clear a few important points.
First, BIS has clearly indicated that “processes that utilize pressure reduction alone to separate vapors from
liquid or pressure changes at a uniform temperature,
such as flash drums with heater treaters or separators,
do not constitute processing through a crude oil distillation tower.” Second, it is clear that companies may now
export lightly processed condensate that has been both
stabilized and processed through a field distillation tower, as was approved in the summer of 2014 for at least
two other companies (discussed in the next section).
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Indeed, given that a license is not needed to export refined product, the new BIS FAQs should make it easier for other companies, including the many reportedly
with pending classification requests at BIS, to self-certify their cargoes as available for export and bypass BIS
classification rulings altogether. Third, although much
of the commentary around the new FAQs focused on
their impact on condensate exports, with projections of
condensate exports in the range of 300,000 to 500,000
b/d,45 the language of the FAQs applies to all liquid hydrocarbons, and it remains to be seen whether simple
processing with a distillation tower of light oil (e.g., 40
or 45 API gravity) would also be sufficient to make the
light oil exportable as refined product.

Condensate
Condensate is very light hydrocarbon liquid. While there
is no precise definition, it is generally considered to be
higher than 50 degrees API gravity.46 Condensate is treated
differently for export purposes depending on its source—
even if the liquid from the different sources are chemically
essentially the same thing. Condensate that comes straight
off a wellhead—so-called lease condensate—is considered
crude oil from the perspective of BIS regulations and thus
is not exportable without a license.47 “Plant condensate”48
that results from the processing of natural gas, on the other
hand, is allowed to be exported.
Recently, BIS issued at least two classification rulings49 to
Pioneer Natural Resources and Enterprise Product Partners that, according to public reports of the nonpublic rulings, found that Eagle Ford condensate that has been both
stabilized and processed through a field distillation tower50
is considered refined product and, thus, can be exported.
The reports of these rulings took many by surprise because
this is a much simpler process than that used in a fullfledged refinery.
There remains some uncertainty about how much processing of the condensate is required to classify it as a
refined product rather than crude oil. As discussed in the
prior section, that uncertainty was significantly mitigated
by recent FAQs released by BIS that seem to make clear
that the sort of lightly processed condensate approved
for export by Pioneer and Enterprise will be permissible
for others to export as well. This clarification is important because stabilization and field distillation towers are
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much cheaper than splitters, hydroskimmers, or distillation towers at refineries.
Some observers have noted that potential conflict exists
with BIS treatment of lease condensate as crude oil in the
first place since the BIS regulations state that crude oil “existed in liquid phase in underground reservoirs.” But most
lease condensate exists in a gas phase underground and
condenses at atmospheric conditions.51 This legal claim
may face difficulty, however, because the BIS regulations
explicitly include “lease condensate” in the definition of
crude oil.52
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THE CURRENT DEBATE OVER EXPORTING US OIL

THE US OIL BOOM
While US oil export restrictions have evolved gradually
over the past forty years, US oil market conditions changed
dramatically over the past few years, prompting a reevaluation of export restrictions in their entirety. The application
of hydraulic fracturing, horizontal drilling, and seismic
imaging to tight oil formations has catalyzed a renaissance
in US oil production. After peaking at 11.3 million b/d in
1970, US production began a multi-decade decline, falling
to 6.8 million b/d in 2006.53 US oil demand grew by 6
million b/d over the same period, leaving the country dependent on imports for up to 60 percent of total supply.54
Since 2008, however, US oil production has recovered dramatically. Crude supply is up more than 3.8 million b/d as
of September 2014, to 8.86 million b/d, with significant

gains in 2012, 2013 and 2014.55 Production of oil-like
natural gas liquids (NGLs) from shale and other gas wells
has doubled from 1.7 to 3.3 million b/d, bringing the total
US supply to 11.9 million b/d.56 This surge has entirely
erased the previous multidecade decline (Figure 3).
While US oil supply has grown, demand has declined
nearly 1.8 million b/d since 2006.57 Vehicle efficiency has
improved significantly due to both high oil prices and new
federal fuel economy standards.58 Changing driving patterns have limited the growth of vehicle usage.59 Tax incentives and federal mandates for ethanol have further eroded
the domestic market for gasoline.60
In the face of falling demand, the surge in domestic crude
production has translated into a sharp reduction in the US

Figure 3: US oil production and net imports 1973–2014
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petroleum trade deficit. In 2006 the United States imported
more than 12 million b/d, on net, of crude oil and refined
petroleum products (Figure 3). During the first three quarters
of 2014, that number fell to 5.2 million b/d. As discussed
above, there is no legal restriction on the export of refined petroleum products, and in less than a decade the United States
has gone from being the world’s largest product importer to
the largest exporter of refined products on a gross basis (and
second largest on a net basis).61 In 2006 the United States
imported 2.5 million b/d of net gasoline, diesel, fuel oil, and
other petroleum products (Figure 4). During the first three
quarters of 2014, the United States exported 2.2 million b/d
net. Net US crude imports have fallen from 10.1 million b/d
to 7.1 million b/d over the same period.
GETTING THE OIL TO MARKET
This dramatic turnaround in US oil production has upended the domestic oil transportation system. When US crude
production was declining, most new pipeline and refinery
investments were made to facilitate the transport and pro-

cessing of imported crude. Pipelines were built out to move
crude from the US Gulf Coast to refineries in the Midwest.
More than half of all US refining capacity is located along
the US Gulf Coast (Table 1) known as the “PADD 3” region
in the oil industry (see separate box on the PADD system),
close to large import terminals. Another quarter of US capacity is on the East and West Coasts (PADD 1 and PADD
5 respectively). That leaves a little less than a quarter of US
capacity in interior states (PADD 2 and PADD 4), where
much of the recent surge in US oil production has occurred.
As these “Midcontinent” refineries became quickly saturated with domestic crude, much of it produced in the Bakken
region of nearby North Dakota, producers began seeking
out other markets.62 Over the past few years pipelines running from the Gulf of Mexico inland have been reversed,
and midstream companies have scrambled to build additional capacity. In the absence of sufficient pipeline capacity,
producers have returned to shipping oil by rail, a practice
previously abandoned due to relatively high transportation
costs (Figure 5). Rail shipments have given East Coast and,
increasingly West Coast, refineries access to domestic crude.

Figure 4: Crude and refined product net imports
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Table 1: US refining capacity (2013)
Region

Nelson
Complexity
Index63

Bottom of the
Barrel Index64

Sulfur
Content (%)

API Gravity
(degrees)

Capacity
(operable,
1,000 b/d)

Production
(gross input,
1,000 b/d)

Utilization
Rate (%)

PADD 1

8.99

0.44

0.76

34.40

1,295

1,079

83.3

PADD 2

9.88

0.52

1.45

33.14

3,769

3,378

89.6

PADD 3

11.57

0.58

1.52

30.03

9,094

8,154

89.7

PADD 4

8.50

0.41

1.42

34.00

630

580

92.1

PADD 5

11.16

0.64

1.39

27.76

3,029

2,533

83.6

US TOTAL

10.84

0.56

1.43

30.79

17,818

15,724

88.2

	
  

Source: Oil & Gas Journal, EIA and Rhodium Group estimates.

The lag between domestic production and take-away
capacity to move oil from the Midcontinent to the Gulf
Coast resulted in a sizeable discount for inland crude
prices, such as West Texas Intermediate (WTI), the US
oil benchmark priced in Cushing, Oklahoma, and coastal crude prices, such as the Louisiana Light Sweet (LLS)
crude produced offshore in the Gulf of Mexico (Figure 6).
Between 2011 and 2013, WTI sold for $15 per barrel less

on average than LLS because of WTI’s relatively limited
market opportunities. As transportation bottlenecks have
improved, and inland producers are able to get their product to Gulf Coast refineries, that price gap has closed. But
due to the nature of those Gulf Coast refineries, many of
which have invested heavily to process specific kinds of
imported crude oil, there are concerns about how much
domestic crude they can absorb.
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Figure 6: WTI-LLS spread
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A MISMATCH BETWEEN DOMESTIC SUPPLY
AND REFINERY DEMAND
As noted in Table 1, PADD 3 refineries have more than
9 million b/d of combined refining capacity. In 2006
three-quarters of the oil they processed was imported. That
has fallen to roughly half, due to growth in domestic supply. Yet while PADD 3 refineries still buy around 3.9 mil-

THE PADD SYSTEM

lion b/d of crude and unfinished oils from abroad, there
are limits to how much they will be willing to switch to
domestically produced oil.65
Crude oil is not a single chemical compound, but rather
many, many compounds that are combinations of hydrogen and carbon atoms (i.e., hydrocarbons). Crudes produced in different places have different chemical charac-

Figure 7: Petroleum Administration for Defense
Districts (PADDs)

The United States is divided into five socalled Petroleum Administration for Defense Districts (PADDs). These were originally established during World War II with
the aim of allocating petroleum products
within the war economy. The administration system was abolished by 1946, but
PADDs are still widely used for data collection and statistical reporting purposes.1

Source: EIA.
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Table 2: Crude quality definitions

Table 2: Crude Quality
API Gravity
Ultra Light
Sweet
Light

More than 50°

Generally low

35° to 50°

Less than 0.5%

Medium Sour

0.5% to 1.0%

Sour

More than 1.0%

Sweet
Medium

26° to 35°

Medium Sour

More than 1.0%
10° to 26°

Medium Sour

Less than 0.5%
0.5% to 1.0%

Sour
Extra Heavy

Less than 0.5%
0.5% to 1.0%

Sour
Sweet
Heavy

Sulphur Content

More than 1.0%
Less than 10°

Generally high

Source: EIA.

teristics. Two of the most important are density and sulfur
content. A crude’s density determines what kind of equipment is needed to process it and the mix of refined products it yields. The industry assesses crude density using the
API gravity standard, developed by the American Petroleum Institute. A crude’s API gravity is a measure of its
density relative to water, denominated in degrees. The Energy Information Administration (EIA) describes crudes
with an API gravity greater than 35 degrees as “light,”
those between 27 degrees and 35 degrees as “medium” and
those below 27 degrees as “heavy” (Table 2). Very light oil
is often referred to as condensate, not crude. Light crudes
can be processed in relatively simple refineries to produce
high value light petroleum products like gasoline, diesel
and jet fuel. Producing a similar amount of light product
from heavier crudes requires additional equipment, like
catalytic crackers and cokers.
Crudes also vary in sulfur content. In most countries, including the United States, the sulfur must be removed in the
refining process so the resulting gasoline, diesel, jet fuel and
fuel oil meet sulfur emission standards. This requires additional equipment. Crudes with a sulfur content of less than
0.5 percent are generally referred to as “sweet,” while those
with a greater than 1 percent sulfur content are referred to
as “sour.” Crudes with a sulfur content between 0.5 percent
and 1 percent are often referred to as “medium sour.”

The crude being produced from tight oil formations in
the United States is both light and sweet, and often referred to as “light tight oil,” or LTO.66 Crudes produced
from the Bakken formation in North Dakota, for example,
have an API gravity between 40 and 45 degrees and sulfur
content below 0.2 percent. That is close to both the WTI
benchmark and the international Brent benchmark crude,
both of which are light and sweet (Figure 8). Crudes produced from Eagle Ford shale in Texas are even lighter, with
roughly half of the barrels above 45 degrees.
In contrast, the average barrel of oil processed by a PADD
3 refinery in 2013 had an API gravity of 30 degrees and
sulfur content of 1.5 percent (Table 1). PADD 3 refineries are some of the most complex in the world (Table
3), thanks to billions in investment over the past twenty years aimed at processing heavier Canadian, Mexican,
and Venezuelan crudes and higher-sulfur crudes from the
Middle East. Oil & Gas Journal publishes an annual survey of global refineries. In this survey, the complexity of a
refinery is reflected in two indicators—the comprehensive
Nelson Complexity Index (NCI) and Oil & Gas Journal’s
Bottom of the Barrel Index (BoBI)—focused specifically
on a refinery’s ability to process heavier crudes (although
simple refineries do sometimes process medium and heavy
crudes to make fuel oil for power generation). In 2013 the
United States had a NCI of 9.9 versus a global average of
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Figure 8: US crude in context
API Gravity (y-axis), sulfur content (x-axis), and production volume (bubble size)
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6.9, and a BoBI 0.52 vs. a global average of 0.28. Within
the United States, PADD 3 refineries had a NCI of 11.6
and a BoBI of 0.58.
It is entirely possible for a complex PADD 3 refinery to process domestically produced LTO—indeed, they are process-

ing significant quantities today by blending it with other
crudes. At some point, however, increasing the LTO share
of the crude slate becomes economically challenging as processing limits are encountered, primarily with respect to the
refineries’ capabilities to process “light ends” (e.g., naphtha,

Table 3: Global refining capacity (2013)

Table 3: Global Refining Capacity (2013)
Region
United States
Other North America

Number of
Refineries
124
23

Capacity (operable, th
Bottom of the Barrel
Nelson Complexity Index
bbl/d)
Index
17,815
9.88
0.52
3,497

8.54

0.38

South America

64

5,860

5.33

0.28

Western Europe

94

13,582

7.67

0.27

Eastern Europe

89

10,602

5.72

0.15

Africa

45

3,218

4.01

0.11

Middle East

44

7,393

4.27

0.14

Asia Pacific

162

25,279

5.26

0.20

Total

645

87,246

6.87

0.28

Source: Oil & Gas Journal

Source: Oil & Gas Journal and Rhodium Group estimates.
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butane, propane, and gas). Even with additional investment
to run higher volumes of LTO, refineries will be challenged
by the lower-valued light products that LTO yields and by
the inability to fully utilize expensive downstream upgrading equipment, resulting in a reduction in the quantity of
some high-value products, especially diesel and jet fuel.
Since some refiners will be displacing lower cost heavy and
medium crudes, idling the high cost processing equipment
that allowed them to do this, they will likely require a discount from domestic crude producers to justify this change
in crude slate. An alternative to backing out heavier imports in existing refineries is to build new refining capacity
configured specifically for domestic LTO. Some of this has
already started to occur, mostly via splitters or small expansions in areas with advantaged access to the growing
volumes of domestic crude, such as Montana, North Dakota, Utah, and Texas. As crude production continues to
grow, and with export restrictions still in place, additional
“crude-to-product” facilities will be constructed.
New refineries come at a cost as well, however. The capital expenditures entailed must be recovered, either through higher
refined product prices or discounted crude acquisition costs.

Uncertainty over whether the administration may change existing export policies, combined with permitting and regulatory barriers, may also constrain additional refining investment.
WHEN DO EXPORT RESTRICTIONS BEGIN
TO BITE?
Because of this mismatch between domestic crude production and United States refinery configuration, restrictions
on crude exports have already begun to distort market
outcomes, even though the United States remains a large
crude importer on net. LLS is a light sweet crude, similar to WTI, Bakken, Eagle Ford, and the international
benchmark Brent. Unlike WTI or other inland US crudes,
however, there are no transportation barriers between LLS
and Gulf Coast refineries. Due to this proximity, LLS has
traditionally traded at a slight premium to Brent (Figure
9). In October and November of 2013, however, LLS traded at a $9 discount to Brent, on average. This was due to
a combination of three factors—the alleviation of transportation bottlenecks that brought more inland LTO to
the Gulf Coast, seasonal refinery maintenance (known as
“turnaround”) that reduced Gulf Coast crude demand,

Figure 9: LLS-Brent spread
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and the loss of Libyan production that left the global market short of light crude and caused Brent crude prices to
rise. Were US companies allowed to export crude, the seasonal weakness in domestic refinery demand would likely
have been reduced by foreign demand for LTO, keeping
the LLS-Brent spread more in line with historical averages.
The LLS-Brent spread closed by the end of 2013 and remained small during the 2014 maintenance season. This
suggests the market impact of crude export restrictions has
thus far been small. When export restrictions start distorting markets on a persistent and significant basis depends
on the future rate of US crude production growth, the
ability to further displace imports, and the ability to expand exports currently allowed under US law.

Displacing imports
Foreign light crude (35 degrees and above) has been almost
entirely backed out of the US refining complex due to the
availability and cost competitiveness of domestic LTO. In

2006 the United States imported 3.3 million b/d of light
crude. During the first three quarters of 2014, the United
States only imported 637,000 b/d of light crude (Figure
10). The principal foreign casualty of lower US demand
for imported light crude has been West African producers,
Nigeria in particular. In 2006 the United States imported
1.8 million b/d of West African crude. During the first
three quarters of 2014, that number fell to 273,000 b/d
(Figure 11). This has put downward pressure on West African crude prices. With the Atlantic Basin now a net crude
producer, West African crudes must compete with Latin
American and traditional Middle East suppliers in Asia.
With refining overcapacity and increasing ability to process heavy, sour oil in Asia, West African differentials have
been compressed, creating an indirect benefit from the US
tight oil boom for struggling European refiners who can
now access light oil more cheaply.
Lighter medium crude imports (30 to 35 degrees) have
also fallen, from 4 million b/d in 2006 to 2.7 million

Figure 10: US crude imports by API gravity
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b/d during the first three quarters of 2014. The ability
of US LTO to further displace medium imports is limited by the economics of blending and the willingness of
some Persian Gulf producers to lose US market share.
Saudi Arabia, for example, has reduced exports to the
United States but continues to demonstrate an interest
in retaining a significant foothold in the US market—to
maintain diversity of buyers, to supply the massive Motiva refinery on the Gulf Coast (which is half-owned by
Saudi Aramco, the country’s national oil company), and
potentially for strategic considerations.67 Iraqi, Mexican
and Venezuelan crude exports to the United States face
similar challenges, and those governments will face similar dilemmas over whether retaining US market share is a
strategic priority and how much of a price discount they
are willing to accept to do so.

Increasing exports
As discussed previously, US crude exports are allowed
in some cases, most notably to NAFTA partner Canada. Along with backing out light oil imports to the

United States, the biggest outlet for US light oil production to date has been to displace other light imports to Canada. US exports to Canada have skyrocketed over the past couple of years, from 67,000 b/d
in 2012 to nearly 300,000 b/d during the first three
quarters of 2014 (Figure 12). There are limits on the
ability of Canada alone, however, to absorb much
more US crude. In 2013, Canada imported an average
of 600,000 b/d of light crude oil, out of 640,000 b/d
of total oil imports.68
The crude export exceptions under current law that allow for exports to countries other than Canada permit
much lower volumes. The recent move by the Commerce
Department to approve the export of lightly processed
condensate, however, has opened up another modestly
sized export channel. If the administration were to continue to approve condensate export requests as suggested
by the BIS December 2014 FAQs discussed earlier, it is
estimated that anywhere from 300,000 to 500,000 b/d or
more of condensates might eventually be exported from
the United States.69

Figure 11: US oil imports by country of origin
1,000 b/d, three month moving average
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When does the point of saturation occur?
Estimating exactly how much additional US LTO production can be absorbed by domestic refineries without
significant yield declines or capacity additions is challenging. Refinery consultants Turner Mason estimate
that absent additional refinery investment, the domestic
market will reach saturation on a nonseasonal basis when
crude production reaches 10 to 11 million b/d.70 This is
similar to the findings of recent studies by consultancies
ICF71 and NERA.72
When will that occur? In November 2014 US crude
production was 9.1 million b/d.73 In the Reference case
of their 2014 Annual Energy Outlook, the EIA sees US
crude production peaking at 9.6 million b/d in 2019,
never reaching Turner Mason’s estimated point of saturation.74 In the EIA’s High Oil and Gas Resource side case,
which has been a better predictor of US crude production in recent years than the Reference case, output passes

10 million b/d in 2016.75 US oil production passes 10
million b/d that year in a number of private sector forecasts, including Citigroup, Goldman Sachs, and energy
consultancy Rystad. Other research puts the point of saturation lower than 10 million b/d. A recent study from
energy consultancy IHS, for example, estimates that market saturation will occur at between 9 and 10 million b/d
of domestic crude production.76
Since these production estimates were made, there has
been a sharp drop in both US and global oil prices.
Brent prices have fallen from a high of $115 per barrel
in June 2014 to below $65 a barrel as of mid-December
2014. WTI prices have fallen from $108 per barrel to
below $60 over the same period. It is too early to assess
the magnitude of the impact of this decline in oil prices (if sustained) on the US crude production outlook,
but directionally it will reduce production growth and
delay the point at which the domestic market reaches
saturation.

Figure 12: US crude exports to Canada
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Source: EIA, “Petroleum and Other Liquids: Data,” 2014.

28 |  CENTER ON GLOBAL ENERGY POLICY | COLUMBIA SIPA

Sep-14

May-14

Jan-14

Sep-13

May-13

Jan-13

Sep-12

May-12

Jan-12

Sep-11

Jan-11

May-11

Sep-10

May-10

Jan-10

Sep-09

May-09

Jan-09

Sep-08

May-08

Jan-08

Sep-07

Jan-07

May-07

Sep-06

May-06

Jan-06

0

Sep-05

50

NAVIGATING THE U.S. OIL EXPORT DEBATE

THE ECONOMIC IMPACT OF ALLOWING EXPORTS

If and when the point of saturation is reached, what will
the impact be on US crude production, refinery investment, gasoline prices, and economic performance? And
what would the effect be of modifying or removing current
export restrictions? This question has become the subject
of considerable speculation among policymakers, industry, and the press, and the focus of a growing number of
economic studies. To help guide stakeholders through this
debate, we provide an overview of the relevant economic theory and highlight insights that can be derived from
empirical experience. We provide an apples-to-apples comparison of existing studies that seeks to quantify the potential impact, and describe the variables that matter most
in determining outcomes. Finally, we bound the range of
potential impacts given current energy market uncertainty,
and attempt to put those impacts in a broader economic
context for different stakeholders.
ECONOMIC THEORY AND EMPIRICAL
EVIDENCE
As detailed in a companion piece by Ken Medlock at
Rice University’s Baker Institute, trade restrictions inhibit commodity flows, which, in turn, affects price formation.77 In a competitive global crude market without any
trade restrictions, the selling price for a barrel of crude
produced in the United States will be determined by the
cost of producing the marginal barrel globally—adjusted
for transportation costs and differences in crude quality.
Indeed, there is generally a very tight correlation in crude
selling prices, regardless of geographic origin. Trade restrictions, however, can create a disconnect between the
global price of crude and the price producers in a particular country are able to charge by limiting their market
options.
The domestic crude infrastructure bottlenecks that
emerged in the United States in 2010 and 2011 offer an
empirical example of how trade restrictions could impact domestic crude prices once the point of saturation

is reached. As discussed previously, a shortage of pipeline capacity going from the US Midcontinent to coastal refineries created an inland crude surplus that led to
an average $15 discount between Cushing, Oklahoma,
and the Gulf Coast for a barrel of similar quality crude
between 2011 and 2013. At the margin, lower domestic wellhead oil prices will lead to lower domestic crude
production, whether due to infrastructure constraints or
export restrictions.
If domestic crude prices are likely to be higher if export
restrictions are lifted, won’t domestic gasoline, diesel, and
other refined product prices also rise? Indeed, concern
about the potential impact on American consumers is the
reason most frequently cited for leaving current crude export restrictions in place.78 However, both economic theory and empirical evidence suggest refined product prices
would fall, not rise, as explained in the box “What About
Gasoline Prices?”79
While an increase in domestic crude production and decrease in domestic refined product prices resulting from
a modification of current crude export restrictions would
likely harm the profitability of US refiners compared to the
rents they might capture with such a restriction in place,
it would help the US economy as a whole. Houser and
Mohan (2014)80 find that the US shale boom has increased
overall economic output in three ways:
1. increased investment in oil and gas production
and demand for the labor and equipment associated with that investment;
2. lower household and business energy costs due to
a decline in oil and gas prices; and
3. improved terms of trade as both the price and
quantity of imported oil and gas declines.
The magnitude of these benefits depends not only on the
extent of the production increase and price decline, but
also the overall state of the US economy. The economic
benefits are greater when the economy is operating below
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full employment, such as it is today. To the extent removing current crude export restrictions increases domestic
crude production and reduces refined product prices, the
nature of the economic impact will be similar to that of the
US shale boom overall.

or removing current crude export restrictions. The first,
commissioned by the American Petroleum Institute
(API), was conducted by energy consultancy ICF International and published in March 2014.81 The second major study, also commissioned by US oil producers, was
published by consultancy IHS in May 2014.82 A third
major study was conducted by economic consultancy
NERA and published by the Brookings Institution in
September 2014.83 In October, the Aspen Institute published a study conducted in cooperation with the MAPI
Foundation and Inforum Forecasting at the University of
Maryland (referred to as the MAPI study in this report),
which focused on the impacts of lifting crude export
restrictions on US manufacturing, largely adopting the
IHS estimates of the impact of the ban on crude production and product prices.84

EXISTING ESTIMATES
While economic theory and empirical evidence strongly
suggests that lifting current export restrictions will directionally increase domestic crude production, reduce gasoline and other refined product prices, and increase economic
output, the magnitude of the impact is highly uncertain.
Over the past year a number of studies have been published attempting to quantify the impact of modifying

WHAT ABOUT GASOLINE PRICES?
Perhaps the key issue, substantively and politically, in the
debate about whether to allow crude exports has been the
perception that such a move would push up prices at the
pump for consumers. Both economic theory and empirical
evidence, however, suggest refined product prices would
fall, not rise, if exports were allowed.
There is a relatively liquid global market for refined products, just
as there is for crude oil. The wholesale price of gasoline in the
United States, for example, is generally determined by the mar-

ginal cost of producing a gallon of gasoline around the world,
adjusted for quality and transportation costs. Unlike crude oil,
however, there are no restrictions on gasoline exports, and thus
no reason to expect a similar price discount. If the United States
reaches the point of saturation and we see a trade policy–driven
discount in domestic crude prices similar to the infrastructuredriven discount experienced over the past few years, the cost
to refiners of producing gasoline, diesel, and other products
will fall. But there is no reason why the domestic refiners would

Figure 13: Refinery acquisition cost of crude by PADD
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Source: EIA, “Refiner Acquisition Cost of Crude Oil.”
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Partially in response to these studies, a refiner advocacy
group called Consumers and Refiners United for Domestic Energy (CRUDE) commissioned an analysis by consultancy Baker & O’Brien, which was also released in late
September 2014.85 As the policy debate surrounding crude
exports has grown, a number of investment banks have
also begun assessing the impact of the current restrictions
as well.

production by 1.0 to 1.7 million b/d over the same period. As it was largely based on the IHS analysis, the MAPI
study shows similar results. The NERA study projects the
largest increase in domestic crude production between
2015 and 2025 from lifting export restrictions—between
1.1 and 2.8 million b/d on average, depending on assumptions about the US tight oil resource base. Goldman Sachs (GS) sees US crude production growing by
1.5 million b/d in 2020 if exports are allowed.86 The Baker & O’Brien study estimates that planned refinery capacity will be sufficient to absorb all projected growth in
domestic crude production but does not explicitly model
the impact of that refinery investment on wellhead crude
pricing or production rates.

In analyzing the same policy question, these studies arrive at very different results. The ICF study, for example, finds that allowing crude exports would result in a
very small increase in domestic production—between
100,000 and 400,000 b/d on average between 2015 and
2025 depending on the scenario (Figure 15). In the IHS
study, lifting crude export restrictions boosts domestic

pass those savings along to consumers. US refiners will have
access to global product markets and the ability to sell gasoline
and diesel abroad at prevailing global prices.

refiners over this period respectively (Figure 14). Lower crude
costs improved refiner profitability but did not lower prices for
consumers. Likewise we would not expect refiners to pass on
an export restriction-driven discount in domestic crude costs
in refined product prices. To the extent that such a domestic
crude discount reduces US crude production, it would increase
global crude prices. Higher global crude prices would translate
into higher global marginal refining costs which would raise the
global price of gasoline, diesel and other refined product prices
from which domestic product prices are set.

Indeed, this is exactly what’s occurred over the past few years.
Between 2011 and 2013, PADD 2 refiners paid 16 percent less,
on average, per barrel of crude than PADD 1 refiners, thanks
to infrastructure bottlenecks between the US Midcontinent and
the East Coast (Figure 13). PADD 4 refiners paid 22 percent
less. Yet the price of gasoline sold by PADD 2 and PADD 4 refiners was only 1 percent and 1.4 percent lower than PADD 1

Figure 14: Wholesale gasoline price by PADD
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Figure 15: Increase in US crude production from lifting export restrictions, 2015–2025
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Figure 16: Reduction in refined product prices from lifting crude export restrictions, 2015–2025
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*2020 only.
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Figure 17: Increase in GDP from lifting crude export restrictions, 2015–2025
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Not surprisingly, the projected impact of lifting crude
export restrictions on domestic refined product prices
varies considerably across studies as well. The ICF study
projects a 2 to 4 cent per gallon decline, on average between 2015 and 2025, while IHS expects 7 to 12 cents
(Figure 16). Most of this is explained by the difference
in projected US crude production response to lifting
export restrictions, but other modeling assumptions
matter as well. For example, in its High Oil and Gas
Resource scenario, NERA projects a crude production
increase 65 percent larger than in the IHS Potential
Production case, but resulting in a reduction in refined
product prices that is 16 percent lower. Neither the GS
nor Baker & O’Brien studies estimate—or if so, they
do not report—the impact of allowing crude exports on
refined product prices.
The largest difference among the studies is in the projected economic impact of allowing crude exports. In
the ICF study, US GDP is up to $34 billion higher
on average between 2015 and 2025 if exports are allowed, or 0.18 percent (Figure 17). In the IHS Potential Production scenario, GDP is $169 billion higher,
on average, during that period, or 0.9 percent. Despite

projecting an increase in crude production growth
from allowing exports that is considerably higher than
IHS, NERA finds a GDP benefit roughly half the IHS
level. MAPI finds GDP benefits even larger than IHS,
while GS estimates that lifting the crude ban would
be a net economic drag until late in the decade when
allowing exports increases GDP.87 Interestingly, the
GDP gains from allowing exports fall dramatically by
2030 in the IHS Base Production and NERA Reference scenarios, while in the ICF Low Differential scenario they increase over time (Table 4).
UNDERSTANDING THE VARIABLES
To help policymakers and other stakeholders compare these
existing studies, as well as evaluate for themselves which
future they think most likely to eventuate, and under what
circumstances, we walk through the individual variables
that will determine the ultimate impact of allowing crude
exports, identify the assumptions existing studies make for
each, discuss alternative assumptions that could be made,
and map out the resulting effects on US crude production,
refined product prices, and US economic growth.
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Table 4: Impact of allowing crude oil exports

Table 4: Impact of lifting the crude export restriction
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Figure 18: US crude oil supply curve, 2020
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Source: Rystad and Rhodium Group estimates.

Global oil price
One of the most important variables in shaping the impact
of allowing crude exports is the projected global oil price.
Different oil assets have different economics, and in a low
oil price environment, less US crude will be produced.
Figure 18 depicts energy consultancy Rystad’s estimate of
the breakeven price of all oil wells currently expected to
be producing in 2020 measured in 2013 USD per barrel.
Rystad estimates that there is roughly 12 million b/d of
potential US crude supply in 2020 with a breakeven price
of $100 or less, but only 10 million b/d with a breakeven
price of $75 or less.88
Based on this simplified cost curve, if the average wellhead
price in the United States were to fall from $100 a barrel to $75 a barrel in 2020, production would fall by 2
million b/d relative to where Rystad otherwise projects it
to be. That could happen as a result of either a discount
in US prices relative to international levels or a reduction

in global oil prices. All the studies referenced above (with
the exception of the Baker & O’Brien report) explore the
impact of the former, but comparing them requires understanding the global oil price outlook against which they are
applying a domestic discount. Thinking through different
global oil price scenarios is also important, because if global prices were to fall considerably, US production growth
could moderate to a level where the point of saturation is
never reached. This point has been driven home by the
sharp drop in crude oil prices during the second half of
2014. Given that the US supply curve is most likely nonlinear (i.e., the production impact of a 10 percent decline
in price depends on where price and production are before
the decline), the global oil price will also shape the degree
to which US production changes for a given discount between wellhead and international prices, as well as whether
such a discount due to domestic market saturation comes
to pass. For example, in the Rystad supply curve, a $10
discount has a larger percentage impact on US LTO pro-
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duction when prices are at $80 per barrel than when they
are at $100 a barrel.
Figure 19 compares international crude price projections from existing studies, assuming exports are allowed, alongside the EIA’s 2014 Annual Energy Outlook projections for three scenarios (Reference, Low Oil
& Gas Resource and High Oil & Gas Resource) and
for Rystad’s reference case supply projections. With the
exception of NERA and GS, there is pretty tight convergence across studies between $96 and $99 a barrel on
average between 2015 and 2020 in real 2013 USD. The
GS report uses a $91 per barrel average price projection
over that period, while the NERA study uses $86–$87.
After 2020 there is more divergence, ranging from $99
per barrel on average between 2020 and 2030 in the
NERA High Oil & Gas Resource case to $118 per barrel in the MAPI report.
There are two important takeaways from this comparison. First, global oil price assumptions are not a major
factor in explaining the significant differences in study
results. Second, existing analysis has explored a fairly narrow range of possible oil price futures, and one that looks
increasingly outdated given the sharp drop in global oil

prices during the second half of 2014 and significant
downward revision in many analysts’ price projections
out to 2020.89 As mentioned previously, both spot and
futures prices for Brent and WTI were significantly below the projections included in Figure 19 at the time this
study went to press.

US resource base
How much oil the United States produces at a given price
is the second major variable in assessing the energy market
and economic impact of allowing crude exports. Given the
dramatic and unexpected turnaround in US crude production over the past few years, this variable is also among
the hardest to project, and indeed there is wide variation
among the crude production forecasts used in the existing
studies. Figure 20 compares these forecasts, all in a scenario in which the exports are freely allowed. The EIA 2014
projections are included for reference, along with Rystad’s
central production forecast.
Each study uses a slightly different approach to forecasting US crude production. The ICF study uses their Detailed Production Report (DPR) to project drilling activity likely to occur at a given oil price.90 While they have

Figure 19: International crude price projections in surveyed reports
2013 USD per barrel, absent crude oil export restrictions
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one of the higher oil price projections of the group in the
short term ($98 per barrel on average between 2015 and
2020), they have a relatively low crude production forecast. Output is less than 8.5 million b/d in 2015 (a little
below August 2014 levels) and reaches 9.3 million b/d in
2017 and 10.6 million b/d in 2020. ICF only includes
one production projection in their report in a scenario
where exports are allowed. Their Low Differential and
High Differential scenarios focus on export-restricted
futures only.
The IHS study includes two production projections, one
called Base Production and the other Potential Production.
Like ICF, they model both based on forecasted drilling
activity at a given oil price. The difference between the
two is assumed level of drilling technology improvement
and availability of less well understood tight oil plays. In
the Base Production scenario, crude output grows to 9.25
million b/d in 2015, 10 million b/d in 2017, and 11 million b/d in 2020. In the Potential Production scenario, US
crude output reaches 13 million b/d in 2020 and peaks at
more than 14 million b/d between 2020 and 2030. The
MAPI report claims to adopt the IHS energy market assumptions and has a crude production forecast somewhere
between the two IHS scenarios.
The NERA study takes a different approach to projecting US crude production from the ICF or IHS reports.
Rather than model drilling activity directly, they take the
production forecasts from the EIA Reference and High Oil
& Gas Resource cases as their Reference (REF) and High
Oil & Gas Resource (HOGR) scenarios in the presence of
export limitations. They then construct a piecewise linear
function91 to estimate how US LTO and condensate production would increase if the crude ban were lifted. Below
$55 and $40 per barrel they assume no LTO or condensate
is produced respectively. Above those prices, they build a
supply curve based on the annual price and production
projections from the EIA under each scenario. For example, in the EIA HOGR scenario, in 2020 wellhead oil prices are $87.85 per barrel in 2020 and LTO production is
6.49 million b/d. The following year, wellhead oil prices
rise to $88.16 and LTO production grows to 6.85 million b/d. Therefore, NERA assumes that a $0.31 change
in wellhead prices (if prices are in the $87-$89 per barrel range) results in a 360,000 b/d change in production.
They take the price and production point estimates for

each year of the EIA projections to build out their US LTO
supply curve.
NERA finds a large (and persistent, in the HOGR scenario) domestic price discount due to the export ban
(discussed later). For example, in the HOGR scenario in
2025, domestic LTO prices are $76 a barrel with the ban
and $97 without it. When they apply the $21 per barrel
increase in LTO prices from lifting the ban to their “with
ban” supply curve, 2025 US crude production grows from
11.7 million b/d to 15.2 million b/d, the highest of any of
the forecasts by a comfortable margin.
NERA’s methodology raises several questions. While the
EIA’s Annual Energy Outlook assumes the crude export
ban remains in place, it results in a relatively small discount between domestic and international prices. For example, in the EIA High Oil & Gas Resource case, Brent
prices are $101 per barrel in 2025, measured in real
2013 dollars (Figure 19). Domestic wellhead prices are
$94 a barrel, relatively close to NERA’s “no ban” HOGR
case. Yet production in EIA’s modeling is 12.5 million
b/d in 2025, substantially lower than NERA’s 15.2 million b/d. NERA’s supply curve, and the EIA projections
upon which it is based, are internally inconsistent. The
National Energy Modeling System (NEMS) used by EIA
to produce their Annual Energy Outlook models wellby-well drilling activity explicitly, the combined effect of
which is the overall crude production numbers NERA
uses to build its supply curve. A reported change in total
crude production from one year to the next is not simply the result of the year-on-year change in crude prices but rather drilling decisions made both in that year
and previous years based on current and projected crude
prices. As discussed below, when we model NERA’s wellhead price projections endogenously in NEMS, we see a
supply response very different than that reported in the
NERA study.
The GS report has the highest 2020 crude projections
(the last year of the study’s forecast) at 14.4 million b/d.
GS has recently revised down their estimates, however,
due to falling global oil prices. US crude production
in all the existing studies, as well as the Rystad central
projections, is above the EIA Reference case after 2017.
None of the studies explore a low resource or low production scenario.
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Figure 20: Crude production forecasts
Million b/d, absent crude oil export restrictions
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Figure 21: US crude supply elasticity
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SUPPLY ELASTICITY
In economics, the price elasticity of supply is a measure

change in price. The more elastic supply is, the more sen-

in price. For oil production, supply elasticity measures

the good is said to be “inelastic.” Inelastic supply means

of the sensitivity of supply of a given good to changes
1

how the number of barrels produced changes with well-

head price. Supply elasticity is expressed as the percent
change in supply over the percent change in price.

If elasticity is greater than one, the good is said to be “elas-

tic.” Elastic supply means that the percentage change in

quantity supplied will be greater than the percentage

The other important US resource base assumption in
shaping study outcomes is the responsiveness of US production to changes in wellhead price, or the price elasticity of domestic supply (see “Supply Elasticity” box). That
responsiveness depends on a host of factors, including the
current cost of production, the extent to which oil companies and service providers reduce costs when under price
pressure, and the timing and duration of a given drop in
wellhead prices. The net effect of these factors determines
the magnitude of the impact on domestic crude oil production of a given export ban-driven discount in domestic
crude prices. Figure 21 shows the average price elasticity
of US crude supply between 2015 and 2025 from the existing export studies. In the ICF study, the average price
elasticity of US supply is between 0.4 and 0.7 on average
between 2015 and 2025. In the IHS study (and by extension the MAPI study) the supply elasticity is considerably
higher—1.5 to 1.8 between 2015 and 2025—on par with
the GS estimates for 2020. The NERA elasticities are in
the middle at 1 to 1.1.
All these elasticities are considerably higher than the estimates of long-term oil supply elasticity found in the academic literature (0.15 to 0.25),92 though robust econometric estimates are hard to come by. That is not surprising, as
tight oil production is often considered more price elastic
than traditional sources of oil supply.93 We explored the
elasticity of US tight oil supply in the NEMS model by
running the model over a range of price paths holding the
resource base constant. We found supply elasticities between 0.1 to 0.5, depending on the base price and year.

sitive it is to changes in price. If elasticity is less than one,
that percentage change in quantity supplied is less than
the percentage change in price. If elasticity is equal to one,
the good is said to be “unit elastic,” which means that per-

centage change in quantity supplied moves one for one
with the percentage change in price (e.g., if price falls by
10 percent, then supply falls by 10 percent).

The Oil & Gas Module in NEMS models production in
a similar manner to the ICF and IHS studies, adjusting
drilling activity based on well economics and current and
forecast crude oil prices. While more simplified, we also
explored the implicit price elasticity in the Rystad supply
curve and found elasticities ranging from 0.1 to 1 between
$100 a barrel and $60 a barrel, with the elasticity growing
as base oil price declines.
The drop in global and domestic crude oil prices during
the second half of 2014 should provide empirical evidence
on the price elasticity of US tight oil supply. If production
falls considerably, the elasticities in the IHS, NERA, MAPI
and GS studies, though higher than past estimates, may be
correct. The number of new drilling permits fell sharply
in the fourth quarter of 2014,94 and a number of US producers have reduced their 2015 investment plans.95 There
are several reasons, however, why declines in drilling permits and new capital investment may lead to proportionally smaller declines in actual production. These include
productivity improvements, the disproportionate share
of production that comes from a small number of “sweet
spots,” and the large number of drilled but uncompleted
wells.96 Short-term factors, such as hedging or lease terms,
may induce a firm to continue operating at a loss for a period of time, so we may not have a firm grasp on tight oil
price elasticity until well into 2015.
If US crude production does not sharply decline in absolute terms, however, the price elasticities used in the IHS,
NERA, MAPI and GS analysis will need to be significantly
revised. Take, for example, the supply response projected
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in the IHS study. In their Base Production scenario, wellhead prices fall from $87 per barrel in 2015 to $73 per barrel in 2016 if the crude ban remains in place. As a result,
production falls from 9.2 million b/d to 8.8 million b/d
over that period. If the crude ban is lifted, wellhead prices
rise to $96 per barrel in 2016 and crude production grows
to 9.7 million b/d. Thanks to the decline in global oil prices (not the export ban), front month WTI prices had fallen to below $56 per barrel by the time we went to press,
with prices further out on the curve trading below $64 per
barrel through 2016.97 Using the IHS elasticities, US production should fall well below 8 million b/d. The NERA
analysis assumes US LTO production will stop entirely if
prices fall below $55 per barrel. Yet, a number of analysts
are now projecting US producers will be able to cut costs
and maintain production growth, albeit at a slower pace,
in a low-price environment.98

Refinery economics
Arguably the single most important variable in shaping the
impact of export restrictions on domestic crude production and product prices is the ability and willingness of US
refineries to adapt. The ICF, IHS, and NERA studies all
employ detailed petroleum models to assess the response
of US refineries to growing domestic LTO supply. The ICF
study uses two scenarios to assess the range of possible refinery responses. Their Low Differential scenario assumes
all current light crude imports are displaced along with a
larger share of current medium crude imports, at no cost.
Announced refinery capacity comes online without delay.
In the High Differential scenario, refineries have greater
difficulty displacing imports and new projects are delayed.
In the Low Differential scenario, domestic crude price discounts due to the ban start out at a couple of dollars per
barrel and peak at $4 a barrel in 2025 (Figure 22). In the
High Differential case, the discount starts out at nearly
$8 per barrel in 2015 but drops to $4 in 2025 and $2 in
2030 as additional refinery capacity comes online. These
relatively small discounts, combined with a comparatively
inelastic US supply base, explains why ICF projects considerably smaller crude production increases from allowing
exports than the other studies.
Crude production growth is faster in the IHS study than
the ICF report, pushing the United States to the point of
saturation sooner. There is a lag in building sufficient new
refining capacity, resulting in a $23 to $27 per barrel dis-
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count for domestic crude in 2016, depending on the scenario. IHS expects refiners to respond to this price spread
by building relatively low-cost, simple refineries such as
“toppers” and “hydroskimmers,”99 bringing the price discount down to $4 to $5 a barrel by 2020, the level needed
to recoup refinery capital expenditures. This lag between
price signal and new investment is consistent with the
US experience with ultra-low sulfur diesel regulations.100
The 2016–2020 discount has large and lasting impacts on
US crude production in the IHS analysis, however, as evidenced by the relatively high supply elasticity shown in
Figure 21.
The opposite is true in the NERA study. While NERA
uses a lower supply elasticity than IHS, they are considerably more pessimistic regarding the ability of US refineries
to adapt. In their analysis, refineries refuse to make any
capital expenditures that cannot be paid back in two years
or less due to uncertainty about the future of the crude
export ban. In the High O&G Resource case, this results
in a persistent and growing domestic crude discount, up to
$27 a barrel in 2035.
We asked leading refinery consultant Turner Mason to assess the cost and scale of refinery capacity additions necessary to absorb the projected crude production increase in
the EIA Reference and High Oil & Gas Resource scenarios, as well as an Upper Bound scenario consistent with
the IHS Potential Production case.101 In Turner Mason’s
view the point of saturation is never reached in the EIA
Reference case but occurs in 2016 in the High Oil & Gas
Resource and Upper Bound scenarios. If only processed
condensate could be exported, they anticipate the industry will respond to projected crude production growth by
building condensate stabilizers and ultra-low sulfur diesel
hydroskimmers. In the High Oil & Gas Resource scenario,
Turner Mason projects 3 to 4 condensate stabilizers and 13
to 15 hydroskimmers would be required, at a combined
cost of $13 to $16 billion. In the Upper Bound scenario,
that grows to 30 to 35 stabilizers and/or hydroskimmers
at a cost of $26 to $31 billion. Recouping this investment
will require a $5.00 to $6.50 per barrel discount, in Turner Mason’s estimation—similar to the findings in the IHS
report. If exports are restricted completely, including of
processed condensate, the projected stabilizers would be
replaced by higher-cost hydroskimmers, and the total investment required would rise by $1 billion. The eventual
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per barrel price discount would not change, although the
probability of a sharper increase in the discount in the near
term would rise, since the additional hydroskimming units
would require longer lead times.

product prices and a significant share of the potential economic benefits. Unlike refinery economics and the US resource base, existing studies use a relatively consistent set
of assumptions about international oil market behavior.

The Turner Mason analysis, like the IHS study, assumes
there are no significant barriers to new refinery investments (though there is a bit of a lag in the IHS report).
Given uncertainty over whether the administration will
change export policy, refiners may require more than the
normal 10 percent after-tax internal rate of return (IRR)
Turner Mason applied in its analysis. Capital costs may
escalate due to competition for construction labor and material both from other refinery projects and a host of new
energy infrastructures being built along the Gulf Coast.
And regulatory environmental requirements may slow the
pace of refinery construction. All of these developments
would increase project costs and the domestic crude discount required to pay for them.

First, all the studies assume that international crude prices
will decline somewhere between $1.7 and $3 dollars per
barrel for every additional one million b/d of oil the United States produces (Figure 23). That implies price elasticity
of international crude supply higher than the US estimates
included in these studies but consistent with the academic literature. In reality there is considerable uncertainty
surrounding the reaction of foreign producers, OPEC in
particular, to growth in US LTO production. The NERA
study was the only one to explore a range of potential
OPEC responses. In their base case, OPEC competes in
the market like any other producer. Alternatively, if OPEC
reduces production to keep prices at pre-export levels, US
crude production rises even more, but the international
crude price reduction is considerably smaller. If OPEC
maintains output in the face of an export-driven increase
in US production, international crude prices fall more
than in the base case, but this takes some of the steam out
of US crude production growth.

Global oil market response
The final variable is how the international oil market responds to a change in US production if US crude exports
are permitted. This will determine the impact on refined

Figure 22: Domestic crude price discount due to export restrictions
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Figure 23: Crude price response
2013 USD per barrel reduction in international crude prices per million b/d increase in US crude production,
2015–2025
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There is also a great deal of consistency across studies in the
assumed relationship between international crude prices
and domestic refined petroleum prices (Figure 24)—in step
with the economic theory and empirical evidence cited at
the beginning of this section. NERA, IHS, and MAPI assume that for every $1 per barrel decline in international
crude prices, domestic gasoline prices will fall by 1.7 to 2.9
cents. ICF is a bit of an outlier, with a 4.1 cent decline in the
High Differential case, and a change too small to derive a
meaningful elasticity in the Low Differential case. Resources
for the Future similarly found that allowing crude exports
would lower gasoline prices 1.7 to 4.5 cents.102
While the relationship between international crude prices and US refined product prices is strong and empirically validated (see “What About Gasoline Prices?” box), US
decisions regarding the crude export ban could alter global refining balances. If the ban remains in place, US refiners should add capacity, causing foreign refiners to adjust by slowing capacity additions. Global product prices
in this scenario should be higher overall than if the ban
were lifted because US crude supply will be lower and
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international crude costs higher. If foreign refiners did
not adjust in response to US refinery investment, however, there could be excess global refinery capacity, which
would at the margin reduce global product prices (to the
detriment of refiners). The latter case may be more likely,
as there is already overcapacity in global refining, new
additions are still planned, and European refineries may
continue to increase utilization rates, taking advantage of
the rising supplies of cheaper light crude in the Atlantic
Basin created as US imports decline.
BOUNDING THE POSSIBILITIES
Given this wide range of market variables, what, if anything,
can be said about the magnitude of the impact of lifting
export restrictions on domestic crude production and refined product prices? If we treat all variables above as equally
likely, the increase in US crude production between 2015
and 2025 from lifting export restrictions could be anywhere
from 100,000 b/d (ICF Low Differential scenario) to 4.4
million b/d (combining the IHS Potential Production sup-
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ply elasticity with the NERA High Oil & Gas Resource discount). The reduction in refined product prices could be
anywhere between 1 cent per gallon (ICF Low Differential
crude production projections combined with NERA international crude and product price response) and 58 cents per
gallon (the IHS international crude price response to 4.4
million b/d of domestic crude production growth and ICF
High Differential estimate of refined product price response
to change in international crude prices). We offer the following observations to help policymakers and other stakeholders try to narrow that range.

US resource base
In terms of potential US production in the absence of the
crude ban, we are comfortable treating the NERA High Oil
& Gas Resource scenario as an unlikely outlier because of
the way in which it is derived from the EIA High Oil & Gas
Resource scenario. Likewise, we believe there are good odds
the price elasticity of US supply is considerably lower than
the 1.5 to 1.8 found in the IHS, MAPI, and GS studies.
When we run the price paths from these studies through
EIA’s NEMS, or map them against the Rystad cost curve, we

find considerably smaller changes in US crude production.
While the price elasticity of tight oil supply is likely considerably higher than academic estimates of crude supply elasticity more broadly, and may very well be underestimated in
NEMS or in a simple cost curve comparison, there is good
reason to question elasticities as high as 1.5 to 1.8. Indeed,
several analysts have recently suggested US crude production will be more resilient than projected in these studies.103
The Rystad cost curve shown in Figure 18 suggests US supply elasticity rises as oil prices fall. But the drilling and other
service costs used to produce that cost curve may also now
be outdated as lower crude prices lead to cost compression
across the oil production supply chain.

Refinery economics
At the US crude production levels predicted in IHS and
NERA studies, as well as in the EIA High Oil & Gas Resource case, we would expect there to be sufficient delays,
investor risk aversion, and cost inflation to result in domestic crude discounts to Brent crude of slightly more
than the $5 to $6.50 engineering estimates provided by
Turner Mason or included in the IHS study. How long this

Figure 24: Refined product price reduction
2013 cents per gallon reduction in domestic product prices per 2013 USD per barrel reduction in international
crude prices, 2015–2025
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larger discount lasts would depend in part on the outlook
for export policy changes and the extent and duration of
completion for engineering and construction labor from
other large energy projects along the Gulf Coast. On the
other hand, we believe the NERA study is overly pessimistic on the ability of US refiners to respond, as investors are
unlikely to ignore the prospect of profiting from a discount
of $20 or more for domestic crude relative to international
prices for two solid decades due solely to policy risk that
can be hedged through financial markets, although inducing such private sector investments through export restrictions is not economically efficient.

market share in Asia. Outside OPEC, Russia is extremely
vulnerable to falling oil prices, especially in the face of western sanctions, so it is not willing to cut output. Moreover, the
ability of the Saudis to offset the glut of light crude created
by rising US oil flows by cutting medium and heavy production may be limited.105 Clearing out the oversupply from the
Atlantic Basin might require painful supply reductions from
African OPEC producers such as Nigeria and Angola.106 For
these reasons, OPEC’s ability to play its historical role as a
market balancer may be substantially weakened by the US
light oil boom in the short to medium term, although many
forecasters see OPEC market share growing after 2020.107

International market response

Global oil prices

While there is a high degree of alignment among existing
studies on the international market response to increased
US crude production, in reality this is an area of considerable uncertainty. While in the past market observers have
generally assumed OPEC will offset a large share of nonOPEC production growth to defend prices, current OPEC
behavior in response to the US shale boom casts doubts
on the cartel’s ability or desire to offset non-OPEC supply.
This means the reduction in global oil prices and domestic
gasoline prices for a given increase in US crude production
could be larger than existing studies estimate. Short-term
responses to market changes must be distinguished, however, from longer-term decisions that OPEC members may
or may not make to invest in production capacity.

The sharp decline in global oil prices during the second
half of 2014 due to rapid US supply growth, the return
of disrupted barrels from Libya and other countries, and
weak demand raises questions about the US production
projections included in most of the existing crude export
studies. As stated earlier, spot and futures prices both for
Brent and WTI were considerably lower when we went to
press than price forecasts used in any of the existing crude
export studies, and if current crude prices persist and the
supply elasticities used in the IHS and NERA studies are
correct, their US production outlooks will need to be
considerably revised, which would push back the point at
which domestic market saturation might be reached. We
are more optimistic about the resilience of US producers to
current oil prices and therefore skeptical of the high supply
elasticities used by IHS, NERA, and others, but lower oil
prices will certainly have some impact both on the growth
rate of US crude production and the effect of lifting current export restrictions.

The key country in this regard is Saudi Arabia, the only
OPEC member that retains any meaningful amount of
spare capacity and which has frequently been seen as the
“swing supplier” to balance oil markets. The results of the
November 2014 OPEC meeting, in which the producer
group decided not to remove oil from the market to support prices, suggest OPEC, in particular Saudi Arabia, may
not feel capable of cutting enough production to support
prices or want to lose that much market share. The Saudis
have indicated that they require cuts from fellow OPEC and
non-OPEC members alike to support prices, yet such coordinated discipline seems increasingly unlikely.104 Iran and
Venezuela face a severe budgetary squeeze from falling prices, challenging their ability to meet social commitments that
maintain political stability and creating a powerful incentive
to evade OPEC production quotas. Production in Libya is
already sharply reduced due to domestic conflict. Iraq, like
other OPEC members, is working aggressively to capture
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Putting it together
Based on the above assessment and current oil market uncertainty, lifting current restrictions on crude oil exports would
likely lead to higher domestic production of 0 to 1.2 million
b/d on average between 2015 and 2025. The lower-bound
estimate captures production scenarios in which market saturation never occurs, such as under the EIA’s 2014 Annual
Energy Outlook Reference Case. While the EIA’s Reference
Case projection is the lowest among those surveyed in this
report, crude oil prices are now significantly lower than the
prices used in all the projections included, which creates
downside risk to their production forecasts.
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To arrive at our upper-bound estimate of 1.2 million b/d,
we assume that global crude prices return to $100 per barrel quickly and that US production in the absence of export restrictions averages 12 million b/d between 2015 and
2025 (the upper end of the projections surveyed in this
report). To evaluate the maximum likely impact of the ban
in this environment, we assume a $10 per barrel average
discount for domestic crude between 2015 and 2025 and
a price elasticity of domestic supply of 1.0—the highest of
any point on the Rystad supply curve and more than twice
as high as the highest point found in the NEMS modeling
we performed across a range of crude price scenarios. We
believe a supply elasticity of 1.0 is a safe upper-bound estimate, even though it is below that used in the IHS and
MAPI studies. An elasticity significantly lower than 1.0
is more appropriate if US shale production proves to be
resilient in the face of the recent price drop, as several analysts project.108 Also, while the change in US production
at the upper end of our range is below that found in the
high production scenarios in the IHS, MAPI, and NERA
studies, we believe it could result in an equally large reduction in refined product prices due to a more relaxed OPEC
response (up to 12 cents per gallon in our analysis). This

is equally, if not more, important from an economic standpoint than the change in US crude production growth.
Complete methodological detail is available online at
http://www.rhg.com/crudeexports.
FROM ENERGY TO ECONOMICS
What effect will an increase in US crude production and
decrease in refined product prices have on US economic
growth? Houser and Mohan (2014) find that as a result
of the shale gas and tight oil boom, US economic output
will be up to 2.3 percent higher in 2020 than it would
have been otherwise thanks to higher production and lower prices.109 Likewise, in examining the impact of removing
crude export restrictions, the existing studies find a positive impact on growth.
The magnitude of that impact varies due not just to the
underlying energy market results (for example, the extent of the increase in US crude production and reduction in refined product prices) but also the economic
methodology employed in each study. For example, the
NERA and GS studies find roughly half the economic benefit of each barrel of additional US crude pro-

Figure 25: Increase in GDP from lifting crude export restrictions
Billion 2013 US per million b/d of additional US crude production, 2015–2025
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duction between 2015 and 2025 as the ICF, IHS, and
MAPI studies (Figure 25).
The ICF, MAPI, and GS studies employ partial equilibrium models that sum the “direct,” “indirect,” and “induced”
economic impacts of an increase in crude production and a
decrease in refined product prices, and a decline in refinery
profit margins and investment. Direct impacts are those
that occur within a given sector, such as oil production.
Indirect impacts are the knock-on effects in industries that
supply the directly impacted sectors, such as manufacturers of the steel pipe used for oil drilling. Induced impacts
are in industries affected by changes in labor compensation
in directly and indirectly impacted sectors, for example
the restaurants where oil workers spend their paychecks.
The GS study arrives at different results than the ICF and
MAPI studies, which are based on different estimates of
the relative partial equilibrium impact of increased oil production versus refinery utilization and investment—for example, they believe the direct, indirect, and induced economic benefits of increased domestic refinery utilization
outweigh the direct, indirect and induced economic costs
of lower domestic crude production, at least for a period
of time.
In contrast, the NERA study employs a general equilibrium model that captures additional economic effects. For
example, increased investment and employment in the oil
and gas sector means less labor and capital available for
other types of economic activity. These general equilibrium dynamics produce a “net” economic benefit that is
smaller than the “gross” economic benefit found in partial
equilibrium studies.
When the economy is recovering from recession, as the
US economy still is today, the “net” numbers are closer to
the “gross” because there is surplus labor and capital available for employment/investment. The IHS study employs
a macroeconomic model that captures short-term business
cycles within a long-term equilibrium framework. With an
assumption that the US economy will not return to full
employment for several years, the IHS study finds larger
net economic impacts between 2015 and 2025 than the
NERA report (harmonized for projected increase in crude
production). These gains dissipate with time, however, as
the economy returns to full employment. For example, in
the IHS Potential Production case, US GDP is 1 percent
higher in 2020 if export restrictions are lifted, but only 0.4
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percent higher in 2030. That means GDP growth between
2020 and 2030 is lower in the crude export case, though
the overall level of GDP remains higher.
As with the shale gas and tight oil boom itself,110 an increase in domestic production and reduction in refined
product prices resulting from a change in US crude export policy can help accelerate the pace of US economic
recovery. The investment in refining capacity required if
export restrictions remain in place would have the same
sort of stimulative effect as upstream oil and gas production but would not produce the same decline in refined
product prices with its attendant economic benefits. In
the context of the US economy as a whole, the magnitude of the benefit of lifting crude export restrictions is
modest, but it is a benefit all the same. That directional
impact, combined with the geopolitical considerations
described in the following chapter, should guide policymakers thinking about more than point estimates of the
impact on US GDP one or two decades from now, which
are difficult to make given the fast-changing nature of
both the US and global oil market.

NAVIGATING THE U.S. OIL EXPORT DEBATE

THE ENERGY SECURITY CONSEQUENCES OF ALLOWING
OIL EXPORTS
A DIFFERENT OIL MARKET
The previous section described the potential energy market and economic impact of lifting crude export restrictions given relatively stable global oil market conditions.
But those export restrictions were adopted in response to
severe global supply disruptions, starting with the Arab oil
embargo of 1973. President Nixon’s Project Independence,
aimed at achieving oil self-sufficiency by 1980, was intended to protect the country from physical oil supply shortages. Now that oil self-sufficiency is potentially within reach,
won’t lifting crude export restrictions put the country at
risk by leaving it dependent on imported oil while exporting domestic production to other countries?
Today’s oil market is very different than it was during the
1970s. At that time, most oil was sold under long-term
contracts.111 A disruption in contracted shipments could
result in a physical shortage for the buyer because of the

lack of strategic and commercial stockpiles or a spot market where buyers could find alternative sources of supply.
In the intervening years, the oil market has become the
largest and most liquid commodity market on earth, with
the vast majority of cargos bought and sold for a price indexed to benchmark spot crude prices and mature pricing hubs in regions including Europe (Brent), the United States (WTI), and the Middle East (Dubai). A supply
disruption in one country increases crude prices globally,
which incentivizes both additional sources of supply and
greater conservation and efficiency.112
In response to the supply disruptions of the 1970s, major
oil consuming countries have also established strategic reserves held by governments or companies, which can be
released to add supply to the market during large disruptions to provide insurance against particularly severe global
supply shocks. The International Energy Agency was cre-

LESSONS FROM TRADE IN REFINED PETROLEUM
Less than a decade ago, the United States was the larg-

Despite the turnaround in the US refined product trade

to those global markets allowed supply to keep pace with

ergy markets with much needed flexibility. Due to refinery

est importer of petroleum products in the world. Access
rising US gasoline demand. In recent years, however, the
market has changed dramatically. US petroleum product
demand has declined, especially for gasoline, due to im-

proved vehicle efficiency, changing driving patterns, and

the increasing substitution of nonpetroleum fuels such as
ethanol for crude-based components. As crude production
in the United States has swelled, so has the production of
petroleum products, reflecting a combination of discounted

domestic crude prices, complex refining capacity, access to
export markets, and lower natural gas prices that boost re-

finery economics.1 Total gross exports of finished petroleum
products, natural gas liquids, other liquids including etha-

nol, and crude oil topped 5.3 million b/d in July and August
2014, up a staggering 4 million b/d since 2005.

balance, free product trade continues to provide US en-

configurations, as well as other factors, including Jones
Act shipping costs,2 some regions of the United States

remain net importers of refined petroleum products. The

United States became a net exporter of distillate in 2008
and has imported gasoline for decades. Yet in each of the
last two winters, when gasoline demand was low, the United States became a net exporter of gasoline for brief periods of time—a remarkable reversal of past trends.3 Access

to the global market during these periods allowed refiners

to continue to run at high capacity notwithstanding these

seasonal variations, which boosted gasoline supply overall
both in the United States and the global market. Restric-

tions on export of gasoline and diesel would have removed
this incentive and likely raised US pump prices.
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ated to coordinate and manage standards for international
reserves and responses to oil market emergencies among
OECD countries. In recent years, efforts have been made
to extend reserve management practices to major nonOECD countries such as China, India, and Brazil.
Another major change over the past four decades has been
the development of global refined product markets. Refiners can now sell their products globally and distributors
can look abroad for their gasoline, diesel, fuel, and LPG,
and there are mature refined product spot markets in New
York, Rotterdam, Singapore, and elsewhere, and a growing
volume of international refined product trade. As mentioned earlier, the United States is now the largest refined
product exporter in the world. This means that refined
product prices in the United States are set by the global market, and that the United States cannot disconnect
itself from global markets, barring new restrictions on refined product trade. “Energy independence,” as the term is
most often used, is not a viable option. Even if the United
States achieves crude self-sufficiency, American businesses
and consumers will still be vulnerable to global oil supply
disruptions.113 As noted in the box “Lessons from Trade
in Refined Petroleum,” international product trade has
also meant that the market can respond more efficiently to
changing patterns of global supply and demand.
THE BENEFITS OF INTERDEPENDENCE
The interdependence of the US and global oil market is
not a bad thing. While politicians have extolled the benefits of “energy independence,” most scholars have preferred
to focus instead on “energy security,”114 defined broadly
as the availability (Are supplies on the market?), accessibility (Can you get to them?), and affordability (Can you
get them at a competitive price?) of energy resources.115
Indeed, better integrating US crude into global oil markets can improve both US and global energy security by all
three measures.
Permitting US crude exports can mitigate the impact of
an international supply disruption on the price Americans
pay at the pump. As discussed previously, US refined product prices are set by global crude prices, and the impact of
an international crude supply disruption on global crude
prices depends on the speed at which other sources of crude
supply can come online. US tight oil is the largest marginal
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source of global oil supply today. It is also relatively quick
to bring production online and less capital intensive compared to other marginal crude sources, meaning it likely
would respond faster to changes in global prices than conventional oil production.116 If current crude export restrictions result in a meaningful disconnect between international and domestic crude oil prices, an increase in global
crude prices as the result of a non-US supply disruption
will not be fully passed through to US crude producers,
reducing their incentive to scale up production to offset
supply disruptions elsewhere in the world.
The United States derives benefits from its participation
in global oil markets, which allow it to mitigate the impact of supply disruptions, whether domestic crude production losses or disruptions in long-term import supply.
As discussed in the “US Response to Supply Disruptions”
box, large-scale US crude production losses due to extreme
weather are not uncommon. The ability to offset these
outages through increased imports confers an energy security benefit to the United States. Global market integration
is also critical in helping the United States adjust when traditional sources of imports are disrupted, as occurred with
Venezuelan imports in 2002/2003. While crude export
restrictions do not prevent the United States from tapping
global markets for imports, were other countries to adopt
similar policies, the United States would lose this source
of supply flexibility and security. As a matter of principal,
moreover, crude export restrictions are inconsistent with
the US enjoying the benefits of petroleum trade and the
US commitment to free and open markets.
As discussed in previous sections, lifting current crude export restrictions would increase US production, although
the size of this growth is unknown. To the extent that US
supply is less prone to disruption than the global average
due to political stability, an increase in US output could
also reduce the severity and frequency of large global supply shocks by increasing the share of stable oil supplies to
the global market.117
THE ECONOMIC SECURITY IMPLICATIONS OF
TRADE AND DEMAND
Lifting current crude export restrictions would also dampen the economic impact of a given global oil price shock
within the United States in other ways. Broadly speaking,
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US RESPONSE TO SUPPLY DISRUPTIONS
Over the past decade, extreme weather events have had a

from power started a general strike, which resulted in a

the Gulf Coast. Twice in the past ten years, in 2005 and

though the political buildup to the strike had been close-

substantial impact on crude production and refining along
2008, hurricanes shut in 100 percent of offshore Gulf of
Mexico production for at least several days. In the case of

Hurricanes Katrina and Rita in 2005, 50 percent or more of

production was shut in for 12 weeks. The damage in 2008
was not as severe, and the recovery was more rapid, resulting in approximately 20 percent of production remaining shut in after twelve weeks.1

These hurricanes also caused substantial Gulf Coast re-

fining outages, up to 5 million b/d in 2005 and 4 million
b/d in 2008.

In response to the 2005 supply disruption, the IEA co-

ordinated a release of 60 million barrels of crude oil and

temporary oil production loss of about 3 million b/d. Al-

ly watched by industry and the US government, the size
and duration of the oil production decline took both by
surprise.4 Subsequently, in March 2003, the US invaded
Iraq, which again impacted supply and price.

The Venezuelan supply disruption impacted the United
States more than any other country. Over the course of

two months, US imports of crude and refined products
from Venezuela dropped from more than 1.6 million b/d in
November 2002 to 400,000 b/d in January 2003.5 Though

many US refineries were heavily dependent on Venezuelan

crude, by February 2003 they had managed to replace all
lost Venezuelan supply with imports from other countries.6

petroleum products from strategic reserves. Refiners and

In both cases of disruption, the adverse impact of the dis-

ports to offset the loss of domestic supply. Gasoline im-

access the global petroleum market and increase imports

wholesalers substantially increased refined product im2

ports also increased during the 2008 supply disruption,
though to a lesser degree.

3

Several years earlier, in December 2002, Venezuelan
opposition forces seeking the removal of Hugo Chavez

oil price shocks impact the US economy in three ways.118
First, they increase business costs and reduce real household
income. Second, they put upward pressure on prices economy-wide, which can result in tighter monetary policy.
Third, as long as the United States is a net oil importer,
oil shocks deteriorate the country’s terms of trade and can
result in large temporary increases in the country’s current
account deficit.
To the extent lifting crude export restrictions increases
US production, net US oil imports will decline. This is
true even though gross imports increase as more light oil
is exported and more heavy oil imported than would be
the case were the export restriction to remain in place. In
a recent report, the White House Council of Economic
Advisers (CEA) found the “resilience of the economy to
international supply shocks—macroeconomic energy se-

ruption was significantly eased by the ability of the US to
of crude oil and refined products from other countries,

along with the use of government-held strategic stocks.
The US benefits from the integration of the global petro-

leum market, and restrictions on crude oil exports are
inconsistent with that principle.

curity—is enhanced by reducing spending on net petroleum imports and by reducing oil dependence.”119 This is
due both to the smaller terms of trade penalty from an oil
price shock, and the fact that more of the increase in oil
producer revenue stays within the United States. Figure
26 shows CEA’s estimate of the difference in the impact
on GDP of a 10 percent increase in oil prices where net
oil imports represent 1 percent of total GDP versus a
scenario where they are higher, representing 2 percent of
total GDP.120
On the other hand, if lifting crude export restrictions results in a decrease in gasoline and other refined product
prices (as our previous discussion suggests it would), US
oil demand will grow, exacerbating the impact of a given
change in prices on household incomes, business expenses
and overall inflation. Given the magnitude of the potential
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refined product price decline projected in existing crude
export studies, the impact on overall US oil demand would
be small (likely 5 to 15 percent of the increase in production) so overall net imports would still decline. Assessing
the net impact of higher demand and lower net imports is
beyond the scope of this paper, but it is likely considerably
smaller than the security and other benefits from greater
global market integration.
MORE EXTREME SUPPLY DISRUPTION
SCENARIOS
Thus far we have been discussing supply disruptions
of a magnitude that increase global prices, but do not
result in a widespread physical scarcity. What about
more severe scenarios, such as global military conflict
or the complete loss of a major producer like Saudi
Arabia or Russia? If the United States suddenly found
itself in a position where it could not import crude oil
regardless of price, would we regret having lifted crude
export restrictions?

Though this likely goes without saying, the United States
will always have the ability to halt crude oil (as well as
refined product) exports if it is in the country’s national
interest to do so. The more important question is how
quickly refiners would be able to switch from imported
to domestic crude were such a scenario to arise. There
would certainly be adjustment costs. As discussed in the
previous section, running light crudes through a complex refinery can result in yield loss, and building hydroskimmers takes time and money. The scale of investment
is relatively minor relative to the broader economic and
military costs that would likely accompany such a severe
supply disruption scenario. Preserving current crude export restrictions purely as a hedge against such low-probability outcomes is high-cost insurance. Other options
are likely more efficient, such as reconfiguring the strategic petroleum reserve to better suit the rapidly evolving
US oil market landscape.

Figure 26: Estimated cumulative effect of 10 percent oil price shock on GDP
Percent change in GDP, quarters after shock
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GEOPOLITICAL AND TRADE POLICY CONSIDERATIONS

Since the founding of the postwar global trading system,
the United States has been a leading proponent of open
trade. For most of that time the United States was a net energy importer, so access to international energy and natural
resource supplies was an important trade policy priority.
The United States has also traditionally supported open
international trade on the principle that it improves economic welfare both for importers and exporters. With the
surprise turnaround in US oil production and trade balance, and with crude export restrictions beginning to distort trade outcomes, America’s commitment to free trade
principles is now being put to the test.
EXISTING TRADE COMMITMENTS
Crude oil is considered a good and thus subject to the
disciplines of the General Agreement on Trade and Tariffs
(GATT) and the World Trade Organization (WTO). Several GATT provisions are relevant to current crude export
restrictions. Article XI disciplines the use of nonfiscal export restrictions, such as quotas, export bans, or nonautomatic export licensing.121 It states:
No prohibition or restriction other than duties, taxes or
other charges, whether made effective through quotas,
import or export licenses or other measures, shall be instituted or maintained by any contracting party on the
importation of any product of the territory or any other
contracting party or on the exportation or sale for export
of any product destined for the territory of any other party.
An allowance is made under Article XI:2(a) for “export prohibitions or restrictions temporarily applied to prevent or relieve critical shortages of foodstuffs or other products essential to the exportation of the contracting party.” A country
imposing an export restriction could also argue the policy
qualifies for one of the exceptions under Article XX, such
as Article XX(g), which justifies measures “relating to the
conservation of exhaustible natural resources.” The United
States has a long history of successfully arguing against the
use of such exceptions in export restriction cases.

In 1987, the United States challenged a provision of the
1976 Canadian Fisheries Act that prohibited the exportation of some types of herring and salmon. Canada argued
that its export restrictions were integral to their overall West
Coast fisheries conservation and management regime and
were thus justified under Article XX(g) of the GATT.122
A dispute settlement panel found that while salmon and
herring were “exhaustible natural resources” and Canadian export restrictions did have some relationship to their
conservation, that was not their primary aim and thus an
Article XX(g) exception did not apply.
The United States in June 2009 requested WTO dispute
settlement consultations with China regarding export restrictions imposed on bauxite, coke, fluorspar, magnesium,
manganese, silicon carbide, silicon metal, yellow phosphorus, and zinc—important raw material inputs into steel and
other manufacturing processes.123 The EU and Mexico did
the same, and in December a single WTO dispute panel was
established.124 China argued that the restrictions were justified under Article XI:2(a) and Article XX(g), among other
defenses. In its July 2011 report, the WTO panel rejected
China’s claims. Regarding XI:2(a), the Panel found that
XI:2(a) only applies to measures taken for a limited time
to address a particular crisis causing a critical shortage. The
Panel also found that China did not have a basis for an Article XX(g) exception to many of the US, EU and Mexican
complaints, due to special provisions included in its WTO
accession agreement, but that in any event the Chinese policy did not meet the Article XX(g) test because export restrictions were not coupled with “restrictions on domestic
production or consumption.”125 In January 2012, the WTO
Appellate Body upheld this decision.126
Two months after the Appellate Body ruling, the United
States challenged other Chinese export restrictions on the
same grounds, this time covering rare earth resources, including tungsten and molybdenum.127 Canada, the EU
and Japan subsequently joined the consultations. China
again claimed an Article XX(g) exception. As with the raw
materials case, the dispute panel found that China could
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not claim the exception under given terms of its WTO
accession agreement, but that in any event the exception
would not apply because the export restrictions were designed to achieve industrial policy rather than conservation goals and that China did not place a similar focus on
restricting domestic production and consumption.128 This
decision was also upheld by the Appellate Body.
Should the United States choose to maintain current crude
export restrictions, it could be in the position of having to
make the same Article XX(g) exception arguments that it
successfully defeated in the Canadian and Chinese trade
disputes described above. The precedent established in
those cases would likely make such an Article XX(g) defense challenging. The United States would likely need
to show the restrictions were related to the conservation
of natural resources and that the export restrictions were
matched with similarly aggressive efforts to reduce domestic oil demand and production.
The United States could also argue for an Article XXI exception on national security grounds.129 This is the exception generally cited in defense of US short supply controls
on crude oil and refined petroleum products and dual-use
military items. But Article XXI only allows an essential
security exception “taken in time of war or other emergency in international relations.” Commenters have noted that although short supply restrictions have never been
challenged before the WTO, they are suspect, as they are
permanent, rather than in response to a temporary emergency.130 Beyond the Article XI disciplines, US export
restrictions could also come under the disciplines of the
WTO’s Agreement on Subsidies and Countervailing Measures (ASCM) if they result in a significant discount for
domestic crude compared to international crude. Trading
partners could accuse the United States of subsidizing domestic refineries at the expense of foreign competitors.
CURRENT AND FUTURE TRADE TALKS
Equally, if not more, important as assessing the consistency
of current crude export restrictions with existing US international trade commitments, is assessing the implications
of maintaining them on other US trade policy priorities.
Were the United States to be challenged in the WTO and
succeed in arguing for an Article XX(g) or Article XXI exception, it would create a precedent that could limit the
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ability of the US to challenge other countries export restrictions in the future. Beyond the case law, it could also
damage US credibility in arguing for the removal of domestic energy subsidies or export restrictions more broadly, or win non-energy concessions in current trade talks
with the European and Asian countries.
In the negotiations over the Transatlantic Trade and Investment Partnership (TTIP), for example, the Europeans
have argued for the inclusion of an energy chapter and the
elimination of US energy export restrictions. In its initial
negotiating position, the EU noted that for energy and
raw materials an agreement should include “the elimination of export restrictions, including duties or any measure
that have a similar effect.”131 A subsequently leaked EU
non-paper highlighted the crisis in Ukraine as an example
of the threats to EU energy supply security that free trade
in energy could help address.132 It also noted the success of
US-EU cooperation in challenging China’s export restrictions, and how maintaining export restrictions would undermine those efforts. “Combatting resource nationalism,
together vis-à-vis third countries while at the same time allowing for export restrictions to exist between us sends the
wrong message to our partners and offers some of these resource-rich countries a great opportunity to interpret trade
rules in a way which is detrimental to our economies.”
As the United States Trade Representative noted upon the
conclusion of the China raw materials case, “by upholding
rules on fair access to raw materials, this decision is a win
not only for the United States, but also for every nation
that respects the principles of openness and fairness. Those
principles are the pillars of the rules-based global trading
system, and we must protect them vigilantly.”133
GEOPOLITICS
All else equal, an increase in US crude production resulting from the removal of current crude export restrictions
would reduce non-US crude production and global crude
oil prices. Using global supply-and-demand elasticities
both from the academic literature and existing crude export studies, even a 1.2 million b/d increase would have a
relatively modest impact on global oil prices (a decline of
$0 to $4 per barrel on average between 2015 and 2025)
and non-US oil supply (a decrease of 200,000 to 1.0 million b/d on average between 2015 and 2025) relative to a
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global oil market expected to be producing more than 80
million b/d of crude oil (excluding other liquids) during
that period (full methodology available at http://www.rhg.
com/crudeexports). Still, it is useful to consider the potential geopolitical effects, if only directionally. Obviously,
this effect also depends upon OPEC’s response to an increase in US supply and whether OPEC producers offset
the increase by cutting output.
Lower global crude prices and lower non-US crude production reduces the economic power, fiscal resources and geopolitical influence of large oil producing countries, from
Saudi Arabia to Canada. Additional supply on the market
also increases competition and reduces any one country’s
ability to leverage its resources to gain geopolitical influence. Conventional wisdom is that reducing oil revenue
for geopolitical rivals like Russia and Iran is a geopolitical
benefit to the United States. That is certainly the theory
behind the recent application of financial sanctions against
Russia and Iran. There is also a view that reducing the oil
market share of autocratic allies like Saudi Arabia will free
the United States to pursue other foreign policy objectives
like human rights protection and democratization.134
Reducing foreign producers’ oil revenue and market share
could have negative geopolitical consequences as well. After several years with oil prices at $100 or above, oil-producing countries have significantly increased oil-funded
spending on domestic social programs, domestic security,
and national defense.135 A sharp drop in oil prices such
as the one that occurred in the second half of 2014 will
challenge the sustainability of those fiscal plans, raising the
prospect of political unrest. That could be positive, if current autocratic regimes become more democratic. It could
also lead to broader instability in the Middle East, Africa,
and Latin America, with attendant national security risks
for the United States.
It is important not to overstate the magnitude of these impacts, either positive or negative. Even a 1.2 million b/d
increase in US crude production as a result of lifting crude
export restrictions could easily be overwhelmed by other
market events. Despite the notable inability of OPEC to
reduce output at its November 2014 meeting, OPEC, and
Saudi Arabia in particular, will continue to play on outsize
role in the global oil market in the longer term.136 This is
due both to its current and projected market share137 and
its unique ability to hold spare production capacity, which

is defined as the ability to bring production online within
30 days and sustain it for more than 90 days.138 This ability to play the role of swing supplier has given Saudi Arabia unique market power and geopolitical influence but
also helped balance the market in response to short-term
supply disruptions or demand shocks.139 The political fate
of oil-producing countries will be determined much more
by other factors, such as the baseline crude-oil price outlook and domestic fiscal discipline. But at the margin, an
export-driven increase in US oil production would likely
geopolitically advantage the United States.

More trade
While the impact of lifting crude export restrictions on US
production and global prices is uncertain and likely modest in the global context, the impact on US oil trade flows
may be significant. With export restrictions in place, US
refiners will continue to switch from imported to domestic
crude and add capacity to handle more domestic supply,
thus backing out more imports. If export restrictions are
lifted, imports will be higher than they would otherwise
be and the United States will likely export additional light
tight oil production—although the global market for light
oil and condensate is not without its limits. While net US
oil imports will be lower without the export restrictions,
thanks to an increase in domestic production, gross crude
imports will be higher, as refiners import a certain type
of crude that is best suited to their refineries and producers export other types of crude to better-suited refineries
abroad, as discussed in previous sections.
This increased trade, both of imports and exports, could
have geopolitical consequences. Given the size and liquidity of the global oil market, where a country buys its crude
from should theoretically make little difference in the event
of a supply disruption. But the supply security concerns
of politicians and defense planners mean specific bilateral
trade flows can have significant geopolitical implications
in practice.140 Oil importing countries, from the United
States to Japan, have long attached special importance to
their bilateral relationship with crude trading partners.
The importing country is often seen as the subjugate in
such relationships, though, ironically, Chinese oil imports
are generally seen by the West as providing Beijing with
geopolitical leverage. Yet like all freely entered commercial
engagements, the benefits of trade are mutual. Beyond the
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direct economic gains, trade generally improves bilateral
relations more broadly, opens new lines of communication
and reduces the odds of conflict.141 Lifting crude export
restrictions extends US geopolitical influence by maintaining current trade relationships on the import side and generating new ones through exports.

Diplomatic leverage
As with international trade, the most significant geopolitical impact of lifting crude export restrictions might be on
overall US diplomatic leverage and credibility rather than
direct market or security outcomes. Recent application of
financial sanctions to achieve foreign policy objectives provides an excellent example.
While sanctions have long been a feature of the US foreign
policy arsenal, they are being used in increasingly novel and
targeted ways, often against large energy producing countries, not only to cut off energy flows but also to isolate
them from international financial and commercial systems
through financial tools, pressure, and market forces.142
Two recent examples are the imposition of financial sanctions on Iran and Russia, two of the world’s largest oil producers. In both cases, success required addressing concerns
both within the United States and other countries that
global oil prices would not spike in response to a sanctions-driven loss of supply. That concern was most acute
in the Russian case, as the country is responsible for more
than 10 percent of global crude oil supply, and resulted in
narrower sanctions targeted at future oil investment rather
than current oil supply.143 Oil price concerns were also a
major obstacle in building international support for much
broader sanctions against Iran.
The United States has prohibited trade with Iran for
years.144 In 2011 it designated a number of Iranian elites
as engaged in terrorism or nuclear proliferation, making
both US and foreign companies and individuals doing
business with these Iranian elites subject to sanction under the Comprehensive Iran Sanctions and Accountability Act (CISADA).145 Later that year, the US Congress
included provisions in the National Defense Authorization Act (NDAA) that instructed the administration to
persuade other countries to “significantly” reduce their
purchases of Iranian crude oil or face sanctions in the
United States.146
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With crude oil prices spiking to $125 per barrel shortly
after the NDAA was signed into law, US diplomats had a
difficult task in persuading Iran’s oil buyers to reduce purchases and diversify their sources of supply. Iran’s customers were concerned about their ability to find alternative
sources of supply without putting further upward pressure
on prices. Saudi Arabia’s decision to increase production
helped placate these fears, as did speculation of a stockpile release by IEA member countries (particularly since
IEA countries had released strategic oil reserves the prior
year, in June 2011, in response to the Libya disruption).
The rapid growth in US production was also a significant
factor.147 It increased the range of supply options available
to other countries by displacing US imports, and helped
moderate the increase in global oil prices resulting from a
loss in Iranian supply.
To the extent that maintaining US crude export restrictions reduces US production growth, future attempts to
build international support for sanctions against oil-producing countries may be less successful. More important,
it will be tough for US diplomats to press other countries
to reduce crude imports from a target country in the interest of global peace and security if the United States is
unwilling to help make alternative supplies available.
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ENVIRONMENTAL CONSIDERATIONS

While an increase in US crude oil production resulting
from a modification or removal of current export restrictions has economic, security, and foreign policy benefits, it
also carries environmental risks.
LOCAL ENVIRONMENTAL IMPACTS
Development of oil and gas from shale and other tight formations poses environmental risks that must be managed
at both the state and federal level. US tight oil and shale
gas production is set to grow independent of export policy
decisions, so it is critical that states and the federal government continue to improve the level of regulation and enforcement. There are a number of local risks that have been
identified with development of shale gas and oil.148 While a
full accounting of the research into the impacts of shale development is beyond the scope of this study,149 an advisory
board to the US Secretary of Energy identified four main
areas of concern: “(1) Possible pollution of drinking water from methane and chemicals used in fracturing fluids;
(2) Air pollution; (3) Community disruption during shale
gas production; and (4) Cumulative adverse impacts that
intensive shale production can have on communities and
ecosystems.”150 Best-practice regulations continue to be
developed and improved and can be implemented at modest cost.151 For example, the International Energy Agency
found that drilling shale wells at the highest standards for
safety increases production costs by only 7 percent.152
CLIMATE CHANGE CONSEQUENCES
Lifting current crude oil export restrictions has global environmental implications as well. According to the Environmental Protection Agency (EPA)’s greenhouse gas (GHG)
emission inventory, the production and transportation of
oil was responsible for 32 million metric tons (MMT) of
carbon dioxide (CO2) or other GHGs in 2012, measured
on a CO2-equivalent basis (CO2e).153 That’s relatively small
in context of the 6,256 MMT of gross GHGs the United States emitted that year. More consequential are CO2

emissions from the combustion of refined petroleum products in vehicles, buildings, and industrial facilities, which
accounted for 34 percent of total US GHG emissions in
2012. Oil combustion is responsible for a smaller share of
emissions outside the United States but still accounts for
nearly a quarter of the global GHG total.154
To the extent US crude exports increase domestic production and lower oil and gasoline prices, changing US crude
oil export restrictions would likely lead to higher US and
global oil-related GHG emissions by increasing consumption globally. Crude exports may also impact international
crude and refined product trade flows, although this latter
consideration is quite minor. The transport of crude and
refined product accounts for only 1.1 to 2.5 percent of
the “wells-to-wheels” GHG emissions from a barrel of oil,
depending on the type of fuel (Figure 27). Therefore, we
focus our analysis on the impact of lifting crude export
restrictions on global oil production and consumption, excluding consideration of trade flow effects.155
As discussed previously, our analysis suggests that lifting
current crude oil export restrictions could increase US
crude production by anywhere between 0 and 1.2 million
b/d on average between 2015 and 2025. Assessing the
global GHG impact of this increase requires answering
two separate questions:
1. How much of the increase in US production is
offset by a decrease in production elsewhere in the
world—i.e., how much does total global supply
and demand increase on net?
2. Where does the decrease in non-US production
occur?
The answer to the first question depends on price elasticity
of global oil demand (how responsive global crude demand
is to a change in global crude price) and the price elasticity
of non-US crude supply (how responsive non-US crude
production is to a given change in global crude price).
There is a wealth of academic literature that attempts to
econometrically estimate the long-term price elasticity of
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Figure 27: Wells-to-wheels crude oil GHG emissions
kgCO2e/barrel of refined product
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global oil demand. Estimates vary depending on the time
period and region of study, but most fall between –0.072156
and –0.3.157 An elasticity of –0.072 means that a 1 percent
reduction in global crude prices would lead to a 0.072 percent increase in global crude demand. An elasticity of –0.3
increases the demand response to 0.3 percent. The EIA
uses a non-US demand elasticity of –0.25 in their Annual
Energy Outlook modeling. The ICF study uses an elasticity of –0.23. NERA starts with an elasticity of –0.1 that
grows to –0.5 over time. IHS does not report their specific
demand elasticity estimates.
Empirically deriving the long-term price elasticity of
global oil supply is much more challenging due to the
rapidly changing cost structure of global oil production
and the presence of a large producer cartel (OPEC). The
few estimates available range from 0.15 (IMF 2012) to
0.25 (Krichene 2002). A supply elasticity of 0.15 means
that a 1 percent increase in global crude price would
result in a 0.15 percent increase in global crude supply.
An elasticity of 0.25 would increase the supply response
to 0.25 percent. The EIA uses a non-US supply elastic-
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ity of 0.25 in their modeling. ICF uses an elasticity of
0.281. NERA uses an elasticity of 0.3 that grows to 1.0
over time.
On the one hand, it may be in OPEC’s collective interest
to offset an increase in US production with domestic supply cuts to try to prevent a drop in global oil prices and
maximize export revenue. That would result in a higher
price elasticity of non-US crude supply. For example, the
NERA study includes side cases in which OPEC cuts production to fully offset the increase in US output. The price
elasticity of non-US crude supply is over 3.5 on average
between 2015 and 2025 in this scenario, as opposed to 0.4
in NERA’s core High Oil & Gas Resource scenario where
OPEC production decisions are made based on marginal
cost. While US production increases by 3.3 million b/d on
average between 2015 and 2025, OPEC supply cuts mean
global demand only increases by 200,000 b/d. In NERA’s
default High Oil & Gas Resource scenario, US production
grows by 2.8 million b/d on average between 2015 and
2025 and global demand grows by 900,000 b/d.
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On the other hand, OPEC has a mixed track record at best of
functioning effectively as a cartel, as already discussed. This is
particularly true during periods when global demand growth
is weak and non-OPEC supply is expanding. When that occurred in the 1980s, OPEC cohesion broke down and crude
prices collapsed. With market conditions somewhat similar
today, there is speculation that Saudi Arabia and other OPEC
countries will continue to be reluctant to cut output and instead let prices stay low so that other producers are forced to
scale back. Such behavior (which lowers the price elasticity of
global oil supply) is great for consumers but also means that a
given increase in US production will result in a larger increase
in global oil demand. Although it is too early to rule out
OPEC cuts in the current environment, the recent meeting
of OPEC in November 2014 adds further weight to the view
that OPEC may not act as a cartel to cut back production in
response to a further increase in US supply.
Given the uncertainty around the long-run price elasticity
of both crude oil supply and demand, a 1.2 million b/d
increase in US production due to removing current export
restrictions could result in anywhere between a 0 and 1
million b/d increase in global crude demand (see Rhodium Group GHG analysis at http://www.rhg.com/crudeexports).158 As mentioned above, the GHG emissions from
this increase in demand will depend on the GHG-intensity of US LTO production versus the 200,000 to 1.2 million b/d of non-US crude production displaced. Projecting
which sources of crude production will decline in response
to an increase in US output is even more challenging than
estimating the magnitude of that decline. We assess the net
GHG impact of a 0 to 1 million b/d net increase in global
crude demand under two scenarios:
Scenario 1: All the reduction in non-US crude output occurs in relatively GHG-intensive sources of production. As
a proxy we use synthetic crude oil (SCO) produced from the
Canadian oil sands using the Steam Assisted Gravity Drainage (SAGD) production process. IHS estimates the wellsto-wheels GHG emissions from this crude source is 598
kilograms of CO2e per barrel of refined product (Figure 27).
Scenario 2: All the reduction in non-US crude output occurs in relatively GHG-light sources of production. As a
proxy we used Statfjord crude produced in Europe’s North
Sea. IHS estimates the wells-to-wheels GHG emissions
from this crude source is 459 kilograms of CO2e per barrel
of refined product (Figure 27).

In reality, a range of crudes will likely be displaced by higher US LTO production, but this approach was selected to
provide upper and lower bound estimates. For the United States, we assume the increase in LTO production will
have a wells-to-wheels GHG profile of 467 kilograms of
CO2e per barrel, an average of IHS’s estimates of the Bakken (479) and the Eagle Ford (455) oils.
Using this approach, if easing export restriction resulted in
1.2 million b/d of increased US LTO production, the net
impact on global GHG emissions would be –57 to +168
MMTCO2e. A smaller increase in US production would
result in a smaller increase (or at the other end of the range
a smaller decrease) in CO2 emissions.
In factoring potential GHG emissions into any policy decision regarding current crude oil export restrictions, the fact
that the majority of any increase in crude oil demand (and
associated CO2) would occur outside the United States is an
important consideration. International climate diplomacy is
organized around the principle that countries have autonomy
in determining how to reduce emissions within their borders.
There is great variation across countries both in natural resource endowments and economic circumstances, and each
country has its own political considerations and constraints.
Making progress on climate thus requires affording countries
the flexibility to design domestically tailored emission reduction strategies. For some countries, renewable energy deployment might make the most sense. For others, reducing deforestation may be a better initial focus. The countries in which
oil demand could increase if US export restrictions are lifted
may welcome the reduction in oil prices and prefer to reduce
emissions in other parts of their economies. They also have
the option of preventing lower prices from translating into
higher demand (and associated emissions) through vehicle efficiency improvements or fossil fuel subsidy reform. But those
are choices best left to them to make.
It is also important to consider the cost of addressing
GHG emissions through crude export restrictions relative
to other policy choices. There are a wide range of more
cost-effective policy options for reducing global GHG
emissions, from EPA’s recently proposed CO2 emissions
standards for existing power plants, to federal regulation of
fugitive methane emissions from oil and gas production, to
extended heavy-duty vehicle standards or tightened light
duty vehicle standards. And these emission reductions
would all occur at home.159
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POLICY OPTIONS

Much discussion has focused on whether lawmakers will
“lift the ban” on crude oil exports. Events throughout 2014,
however, have made clear that while there are statutory restrictions on crude oil exports, there are also a number of
exceptions to those restrictions, and a range of options for
further loosening restrictions should policymakers wish to
do so. Indeed, under current law crude exports are expected to reach around 500,000 b/d by early 2015, up from
27,000 b/d on average during the 2000s.160 The United
States now exports more crude oil than OPEC member Ecuador.161 These levels could rise further even absent government action through a combination of exports to Canada,
re-exports, processed condensate exports, and exports from
Alaska.162 Allowing crude exports above these levels, however, would require action by the administration, using legal
authority it has under existing law, or action by Congress to
change those laws. Broadly speaking, there are four potential
policy routes to ease the crude export restrictions.
USE OF PRESIDENTIAL NATIONAL INTEREST
AUTHORITY
First, the president has the authority under EPCA to allow
crude oil exports based on a national-interest determination by making a “class of seller or purchaser, country of
destination, or any other reasonable classification or basis as the president determines” exempt from the ban. As
noted earlier, this authority has been used by three other
presidents on five different occasions. The president could
make such a national interest finding for a certain group
of nations—for example, that it is in the national interest
to permit crude exports to free trade agreement countries
or to NATO allies. Whatever the category of countries, if
the goal is to ensure that the US oil price is not artificially
discounted relative to the world price, it would be important to ensure the countries permitted for export provide
adequate refinery demand for US light crude oil. Alternatively, the president could allow crude oil exports of a
certain quality, such as above 40 or 45 degrees API gravity,
acknowledging how the US oil production outlook has
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changed and how it is mismatched with legacy US refining
capacity. The president could also find it is in the national
interest to lift the export ban entirely.
FLEXIBLE ADMINISTRATIVE INTERPRETATION
OF EXISTING REGULATIONS
Second, the Department of Commerce could proceed with
a flexible approach in its application of existing laws and
regulations. This approach seems to have been evident recently when it granted classification rulings to Pioneer and
Enterprise to export condensate processed through stabilizers that include a simple distillation tower.163 And it was
further evident when BIS on December 30 2014 issued
a set of FAQs that identified six factors it will consider,
among others, in determining whether liquid hydrocarbons have been “processed through a crude oil distillation
tower.”164 As discussed previously, these factors make clear
that other companies may now export lightly processed
condensate that has been both stabilized and processed
through a field distillation tower, and may open the door
beyond condensate to some exports of light oil (e.g., 40
or 45 API gravity) processed through simple and cheaper
(around $150 to 200 million) stabilization and distillation
units.165 The volume of condensate and light oil that will
be permissible to export will be determined by how flexibly and permissively BIS interprets the new FAQs that it
has issued. Because the classification rulings are not public,
it is difficult to know exactly how the FAQs will be applied
in practice and what reasoning is used to reach findings
about what may or may not be exported.
Similarly, the Commerce Department may be asked to approve licenses for exchange transactions. As noted above,
that will require Commerce to make determinations about
such questions as how to determine whether one type of
crude is “of an equal or greater quality” to another, or
whether a batch of crude “cannot reasonably be marketed in the US” for “compelling economic or technological
reasons.”166
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The volume of condensate and light oil that will be permissible
to export will be determined by how flexibly and permissively
BIS interprets the new FAQs that it has issued.
To the extent Commerce has some discretion to be more
or less permissive in how it applies existing regulatory language to create certain pathways to ease the current export
restriction, adopting a more flexible approach may provide
more outlets for light oil and condensate.
Beyond condensate and exchanges, Commerce has the
authority to approve exports on a case-by-case basis “if
BIS determines that the proposed export is consistent
with the national interest and the purposes of the Energy Policy and Conservation Act (EPCA).” Presently
the regulations specify the types of transactions that will
generally be approved, such as exchanges, although it
notes “BIS will consider all applications for approval.”
Commerce could take an expansive view of the types of
transactions it will approve on a case-by-case basis and
could further amend its regulations to specify additional
types of transactions beyond exchanges that will generally
be approved, for example, light oil above a certain API
gravity threshold.
ADMINISTRATIVE MODIFICATION OF EXISTING REGULATIONS
Third, the Department of Commerce could change the
existing regulations to loosen the export restriction. Because there is no definition of crude oil in EPCA, such a
change could be done by the Department of Commerce,
although it would likely require a notice and comment
rulemaking under the Administrative Procedure Act. For
example, it might consider whether to modify the definition of crude oil in the BIS regulations to explicitly
exclude condensate (defined as a certain API gravity, say

50 degrees and above). This would allow condensate to
be exported straight from the wellhead, rather than requiring that it be processed into a refined product so it
could be sold abroad.
At present, the same exact condensate molecules may in
some cases already be treated differently for the purposes
of export, depending on whether they came from the field
or from a natural gas processing plant, so such a change
would have some justification in addressing that inconsistency. Moreover, such a change would be consistent with
the way crude is defined in several other contexts.167 Notwithstanding sanctions, Iranian exports have increased recently because they are exporting a larger volume of condensate, which is not considered crude under the existing
sanctions law.168 This creates the rather ironic outcome
that Iran can export condensate because the law does not
consider it crude oil, while US producers cannot because
the law does consider it crude oil.
Such a regulatory change would raise thorny questions—
for example, exactly how does one define condensate? And
if the definition is just based on an API gravity level, can
different crudes be mixed to create a blend crude that
meets that cutoff point?
Allowing condensate exports via the application of more
flexible administrative interpretation, either minimally
processed as refined product or directly from the wellhead,
is appealing as a political matter because it can be done
with minimal modifications to existing regulations instead
of requiring a presidential national interest finding. Moreover, such an approach would allow time for the public
and policymakers to develop a greater understanding of
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the magnitude of the potential market problem and existing uncertainties about the cost of accommodating a lighter crude slate.
While allowing condensates to be sold to other countries
would be a meaningful adjustment to current export restrictions, there are limitations policymakers should consider.
It is important to bear in mind that condensate exports
provide some relief but do leave the fundamental market
problem largely unaddressed. While condensate production has grown rapidly, the EIA estimates it accounts for
only 10 percent of the total increase in US light oil supply
growth since 2011.169 Allowing condensate exports, lightly
processed or direct from the wellhead, is projected to result
in exports of roughly 300,000 to 500,000 b/d and thus
put off the potential light sweet surplus by roughly one
to two years, although the oil price drop may extend this
period by slowing the rate of US production growth.170
CONGRESSIONAL ACTION
Finally, Congress could change the law. Although this
would provide the most long-term certainty, and would
be necessary to completely remove the export restriction
rather than just narrow its scope or create national interest
exceptions to it, the current challenges evident with passing any legislation through Congress suggest this may not
be likely any time soon. While incoming Senate Energy
Committee chair Lisa Murkowski has been very vocal in
supporting lifting the restriction, few other members of
either party have yet spoken out forcefully on the issue.171
That is not surprising, given political sensitivity to gasoline
prices and the public perception that domestic oil supply
should be kept within the United States in an attempt
to lower domestic gasoline prices.172 Unlike some other
energy production–related issues, such as the highly visible
Keystone XL decision, which often break down along party lines, supporting oil exports may be perceived as politically perilous by politicians of both political parties.
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CONCLUSION

Today’s oil market looks very different than it did in the
1970s, when current crude oil export restrictions were first
put in place. At that time, the United States had adopted
domestic price controls to combat inflation, and crude export restrictions were necessary to make those price controls effective. While price controls have long since fallen
away, crude export restrictions remain. They have been
modified over time to reflect market changes, but the current US tight oil boom is putting the regime as a whole to
the test.
We find that the original rationale for crude export restrictions no longer applies. If recent production growth rates
continue, we will exhaust the ability of existing refineries
to process additional US light crude within the next few
years. If that happens, current crude export restrictions
will distort market outcomes, reducing US crude output,
increasing the price of gasoline and other refined product
prices, and harming the US economy. While the direction
of the impact is clear, the magnitude and timing is highly
uncertain, and has likely been overstated in some recent
analysis. This is particularly true given the recent drop in
global oil prices, which all else equal will slow the rate of
US production growth and delay the point at which current crude export restrictions really begin to bite.

they otherwise would have been. While we do not believe
export restrictions are an appropriate or cost-effective way
to reduce CO2 emissions, it is critical that more aggressive policy actions be taken to address climate change.
Full implementation of recently proposed CO2 emission
standards for existing power plants under the Clean Air
Act, regulation of fugitive methane emissions from oil
and gas production, extension of fuel economy standards
for heavy-duty vehicles, and strengthened fuel economy
standards for light-duty vehicles are all cost-effective and
meaningful steps. We can support domestic production
while still meeting our climate change objectives, but that
requires new policy to reduce US oil consumption and
production-related GHG emissions, as well as action in
other sectors.

Allowing free trade in crude oil would not, as many fear,
harm US energy security. Indeed, at the margin, it would
make the United States more resilient to supply disruptions elsewhere in the world. Lifting crude export restrictions would also be consistent with past US trade policy
positions and be supportive of current trade policy objectives. And increased US production can weaken the economic power, fiscal strength and geopolitical influence of
other large oil producers, as the recent oil price drop has
demonstrated.
To the extent that allowing crude exports increases overall US production and thus lowers oil and gasoline prices
here and around the world, it will likely lead to more global consumption and thus CO2 emissions relative to what
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2019 Report

The Production Gap
The discrepancy between countries’
planned fossil fuel production and
global production levels consistent
with limiting warming to 1.5°C or 2°C

About This Report
This report is the first assessment of countries' plans and outlooks for fossil fuel production, and
what is needed to align this production with climate objectives. It follows in the footsteps of the
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Foreword
In 2009, the UN Environment

The Stockholm Environment

Programme released the first
Emissions Gap Report, an

Institute is entering its 30th
year of informing science-

assessment of the global com-

based climate action. In that

munity’s plans for mitigating
climate change. In the decade

time, we’ve seen important
strides to improve energy

since, countries have made
new rounds of commitments

efficiency, deploy renewables,
and price carbon. But in recent

through the Paris Agreement. However, carbon emissions

years, we’ve also helped sound the alarm about how those

have remained exactly at the levels projected a decade
ago, under the business-as-usual scenarios used in
Emissions Gap Reports.

successes have not translated into lower global emissions.

This calls for a sharpened, and long overdue, focus on fossil fuels. The world’s energy supply remains dominated by
coal, oil and gas, driving emission levels that are inconsistent with climate goals. To that end, this report introduces
the fossil fuel production gap, a new metric that clearly
shows the gap between increasing fossil fuel production
and the decline needed to limit global warming.
By bringing coal, oil, and gas outlooks in line with climate
goals, governments can round out their climate plans and
better position themselves to achieve emission reductions. This report helps start that conversation, with a set
of tools for assessing and closing this important gap in
climate policy.

A key reason for this paradox is that major coal, oil, and
gas projects have simultaneously continued to attract
investment, receive public permits, or otherwise enjoy
government support. This undercuts efforts, sometimes
by these same governments, to reduce emissions.
There is a need to quantify, track, and address this disconnect. The fossil fuel production gap introduced in this
report demonstrates clearly that governments’ collective
plans and projections for future fossil fuel production are
incompatible with a safe climate.
The good news is that a host of policy solutions are
available. Some countries — as well as subnational
governments, businesses, investors, and trade union and
civil society organizations — are already beginning a just
transition away from fossil fuel production. Others must
now follow their lead.

Inger Andersen
Executive Director
United Nations Environment Programme

Måns Nilsson
Executive Director
Stockholm Environment Institute
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Glossary
Carbon entanglement
The process by which government
dependence on fossil fuel extraction
creates heavily vested interests in
bringing fossil fuels to market that
stand in the way of progress in climate
policy (Gurría 2013).

Carbon lock-in
The tendency for certain carbon-intensive technological systems to persist
over time, ‘locking out’ lower-carbon
alternatives, owing to a combination of
linked technical, economic, and institutional factors. These technologies may
be costly to build, but relatively inexpensive to operate (Erickson et al. 2015).

Emissions gap
The difference between the greenhouse
gas (GHG) emission levels consistent
with a specific probability of limiting the
mean global temperature rise to below
2°C or 1.5°C in 2100 above pre-industrial levels and the GHG emission levels
consistent with the global effect of the
nationally determined contributions,
assuming full implementation from
2020 (UNEP 2018).

Extraction-based emissions
accounting
An accounting framework that attributes GHG emissions from the burning
of fossil fuels to the location of fuel
extraction.

Fossil fuel production
A collective term used in this report to
represent processes along the fossil
fuel supply chain, which includes locating, extracting, and processing, and delivering coal, oil, and gas to consumers.

Green paradox
The phenomenon whereby fossil fuel
producers may be incentivized to
accelerate production in the near-term
under the expectation of increasingly
stringent demand-side policies (Hoel
2013; Sinn 2012).

Greenhouse gases
Atmospheric gases that absorb and
emit infrared radiation, trap heat,
contribute to the greenhouse effect,
and cause global warming. The principal GHGs are carbon dioxide (CO2),
methane (CH4) and nitrous oxide (N2O),
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as well as hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs) and sulphur
hexafluoride (SF6).

Integrated assessment models
(IAMs)
Models that combine knowledge from
multiple disciplines and are used to explore how social and economic factors
and choices interact with the natural
environment.

Just transition
In the context of climate policy, this refers to a shift to a low-carbon economy
that ensures disruptions are minimised,
and benefits maximised, for workers,
communities and consumers who may
be disproportionately affected (ITUC
2017; UNFCCC 2016).

Long-term low GHG emission development strategies (LEDS)
Under the Paris Agreement and its accompanying decision, all countries are
invited to communicate LEDS, taking
into account their common but differentiated responsibilities and respective
capabilities, in the light of different
national circumstances, by 2020.

Multilateral development bank
(MDB)
An international financial institution
chartered by multiple countries to support economic and social development
in lower-income countries.

Nationally determined contributions (NDCs)
Submissions by Parties to the Paris
Agreement that contain their stated
ambitions to take climate change action
towards achievement of the Agreement’s long-term goal of limiting global
temperature increase to well below
2°C, while pursuing efforts to limit the
increase to 1.5°C. Parties are requested
to communicate new or updated NDCs
by 2020 and every five years thereafter.

National fossil fuel production
plans and projections
Fossil fuel production targets, plans,
and projections drawn from national
plans, strategy documents, and outlooks published by governments and
affiliated institutions.

New Policies Scenario (NPS)
A widely-used scenario from the International Energy Agency's 2018 World
Energy Outlook that reflects countries’
climate policies and ambitions announced as of August 2018 towards the
achievement of their NDCs. The NPS
is nearly identical to the IEA’s estimate
for full implementation of NDCs (as
submitted in 2015) in terms of future
global CO2 emissions from fossil fuels
(IEA 2018a).

Non-state and subnational actors
Regions, cities, investors, companies,
civil society, individuals, and other actors, beyond national governments, that
may play a role in taking climate action.

Production gap
The discrepancy between countries'
planned fossil fuel production and
global production levels consistent with
limiting warming to 1.5°C or 2°C.

Resource curse
Refers to the fact that many resourcerich countries do not fully benefit from
their natural resource wealth, and may
in fact experience worse development
and economic growth outcomes than
countries with fewer natural resources
(Sachs and Warner 1995).

Stranded assets
Assets that suffer from unanticipated or
premature write-offs, downward revaluations or are converted to liabilities, as
the result of a low-carbon transition or
other environment-related risks (Ansar
et al. 2013).

Subsidy
A financial benefit accorded to a
specific interest (e.g. an individual,
organization, company, or sector) by a
government or public body.

Supply-side climate policy
Policies and measures aimed at regulating or managing the wind-down
of, or transition away from, fossil fuel
production.

Territorial emissions accounting
The standard accounting framework
that attributes GHG emissions from the
burning of fossil fuels to the entity or
location where the fuels are burned.

Abbreviations
Bcm

Billion cubic meters

BECCS

Bioenergy with carbon capture and storage

CDR

Carbon dioxide removal

CO2

Carbon dioxide

COP

Conference of the Parties to the UNFCCC

°C

Degree Celsius

EJ

Exajoule

ETS

Emissions Trading System

G20

Group of Twenty

GHG

Greenhouse gas

Gt

Gigatonne (Billion tonnes)

IAM

Integrated assessment model

IEA

International Energy Agency

IPCC

Intergovernmental Panel on Climate Change

LEDS

Long-term low greenhouse gas emission development strategies

Mb/d

Million barrels per day

MMBtu

Million British Thermal Units

Mt

Million tonnes

NDC

Nationally determined contribution

NPS

New Policies Scenario

OECD

Organisation for Economic Co-operation and Development

OPEC

Organization of the Petroleum Exporting Countries

PPCA

Powering Past Coal Alliance

SDG

Sustainable Development Goal

UNEP

United Nations Environment Programme

UNFCCC UN Framework Convention on Climate Change
WTO

World Trade Organization
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Executive Summary

Key Findings
Governments are planning to
produce about 50% more fossil
fuels by 2030 than would be
consistent with a 2°C pathway
and 120% more than would be
consistent with a
1.5°C pathway.

This global production gap is
even larger than the alreadysignificant global emissions gap,
due to minimal policy attention
on curbing fossil
fuel production.

Several governments have
already adopted policies to
restrict fossil fuel production,
providing momentum and
important lessons for broader
adoption.

International cooperation plays
a central role in winding down
fossil fuel production.

2
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The continued expansion of
fossil fuel production — and the
widening of the global production
gap — is underpinned by a
combination of ambitious
national plans, government
subsidies to producers, and
other forms of public finance.

Executive Summary
This report addresses the necessary winding down of the world’s production of fossil fuels in order
to meet climate goals. Though coal, oil, and gas are the central drivers of climate change, they are
rarely the subject of international climate policy and negotiations. This report aims to expand that
discourse and provide a metric for assessing how far the world is from production levels that are
consistent with global climate goals.

Specifically, this first Production Gap Report assesses the

production and, in turn, widen the gap. It also provides

discrepancy between government plans for fossil fuel

policy options that can help countries better align produc-

production and global production levels consistent with
1.5°C and 2°C pathways. This production gap tells us the

tion with climate goals. This is especially relevant over the
next year, as countries prepare new or updated nationally

magnitude of the challenge.

determined contributions (NDCs), which set out their new
emission reduction plans and climate pledges under the

The report reviews, across 10 fossil-fuel-producing
countries, the policies and actions that expand fossil fuel

Paris Agreement.

Figure ES.1
The fossil fuel production gap — the difference between national production plans and low-carbon pathways (1.5°C and 2°C),
as expressed in fossil fuel carbon dioxide (CO2) emissions — widens between 2015 and 2040.

Global fossil fuel CO2 emissions
GtCO2/yr

40

The Production Gap

30

20

10

		

Countries' production
plans & projections

		

Production implied by
climate pledges

		

Production consistent
with 2°C

		

Production consistent
with 1.5°C

0
2015

2020

2025

2030

2035

2040

The Production Gap: 2019 Report

3

280% (6.4 billion tonnes) more than would be consis-

The report’s main findings are as follows.

tent with a 1.5°C pathway.

Governments are planning to produce about 50% more
fossil fuels by 2030 than would be consistent with a 2°C

j

Oil and gas are also on track to exceed carbon budgets,

pathway and 120% more than would be consistent with
a 1.5°C pathway.

as countries continue to invest in fossil fuel infrastruc-

To estimate the production gap, this report puts forward
a method analogous to that used in the Emissions Gap

lock-in widen the production gap over time, until coun-

Report. It uses publicly available data to estimate the

more oil and 47% (1,800 billion cubic meters) more gas

difference between what countries are planning and what
would be consistent with 1.5°C and 2°C pathways, based

by 2040 than would be consistent with a 2°C pathway.

ture that “locks in” oil and gas use. The effects of this
tries are producing 43% (36 million barrels per day)

This global production gap is even larger than the
already-significant global emissions gap, due to minimal

on scenarios from the recent Intergovernmental Panel on
Climate Change (IPCC) Special Report on Global Warming

policy attention on curbing fossil fuel production.

of 1.5°C.

Collectively, countries’ planned fossil fuel production not

This analysis shows that:
j

only exceeds 1.5°C and 2°C pathways, it also surpasses
production levels consistent with the implementation of

In aggregate, countries’ planned fossil fuel production

the national climate policies and ambitions in countries’
NDCs. As a consequence, the production gap is wider
than the emissions gap.1

by 2030 will lead to the emission of 39 billion tonnes
(gigatonnes) of carbon dioxide (GtCO2). That is 13
GtCO2, or 53%, more than would be consistent with a
2°C pathway, and 21 GtCO2 (120%) more than would be

Indeed, though many governments plan to decrease their
emissions, they are signalling the opposite when it comes
to fossil fuel production, with plans and projections for
expansion. This hinders the collective ability of countries

consistent with a 1.5°C pathway. This gap widens significantly by 2040.
j

This production gap is largest for coal. By 2030, coun-

to meet global climate goals, and it further widens not just
the production gap, but the emissions gap as well.

tries plan to produce 150% (5.2 billion tonnes) more
coal than would be consistent with a 2°C pathway, and

Figure ES.2
The production gap is widest for coal but grows rapidly for oil and gas. By 2040 the production gap, in energy terms, is as large for oil as it
is for coal. Physical units are displayed as secondary axes: billion tonnes per year for coal, million barrels per day for oil, and billion cubic
meters per year for gas.
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Since the emissions gap is the difference between the implementation of NDCs and Paris Agreement goals, an exceedance of planned fossil fuel production above the level
consistent with NDCs implies that the production gap is larger than the emissions gap, at least for CO2 emissions from fossil fuel combustion
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The continued expansion of fossil fuel production — and

fuel development plans and policies with climate goals, in-

the widening of the global production gap — is underpinned by a combination of ambitious national plans,

cluding: economic instruments (such as subsidy reform);
regulatory approaches (such as banning new extraction

government subsidies to producers, and other forms of

permits); government provision of goods and services

public finance.

(such as just transition plans); and measures to enhance
information and transparency (such as national reporting

Governments support production in numerous ways. They
not only play central roles in the permitting of exploration
and production; they also support the fossil fuel industry
through direct investments, research and development
funding, tax expenditures, and assumed liability and
risk. Fossil fuel subsidies span all stages of the fossil fuel
production process, from research, development, and exploration, to operations, transport, processing, marketing,
decommissioning, and site remediation.
This report reviews specific production plans, outlooks,
and support mechanisms in 10 key countries: seven top
fossil fuel producers (China, the United States, Russia,
India, Australia, Indonesia, and Canada) and three significant producers with strongly stated climate ambitions
(Germany, Norway, and the United Kingdom). It finds that:
j

The production of coal, oil, and gas in nearly every national plan or outlook exceeds the 2030 levels projected in the International Energy Agency’s New Policies
Scenario, a scenario roughly consistent with global
implementation of the NDCs.

j

Many countries appear to be banking on export markets to justify major increases in production (e.g., the
United States, Russia, and Canada) while others are
seeking to limit or largely end imports through scaledup production (e.g., India and China). The net result
could be significant over-investment, increasing the risk
of stranded assets, workers, and communities, as well
as locking in a higher emissions trajectory.

Several governments have already adopted policies to
restrict fossil fuel production, providing momentum and
important lessons for broader adoption.
To help close the production gap, countries would
benefit from new models of addressing fossil fuel supply.
Though most countries focus exclusively on the “demand
side” — with policies that aim to boost renewable energy,
energy efficiency, and other low-carbon technologies —
some governments have also begun to enact “supply-side”
measures that aim to limit fossil fuel production. A range
of policy options can help governments align their fossil

of fossil fuel production and targets).
The governments of Belize, Costa Rica, France, Denmark,
and New Zealand have all enacted partial or total bans or
moratoria on oil and gas exploration and extraction, while
Germany and Spain are phasing out coal extraction. Local
governments, companies, investors, trade unions, and
civil society organizations can also accelerate a transition
away from fossil fuels, by mobilizing constituencies and
shifting investment to lower-carbon options. For example,
individuals and institutions have already pledged to divest
over USD 11 trillion from fossil fuel holdings.
International cooperation plays a central role in winding
down fossil fuel production.
The UN climate process and other international institutions and initiatives can help catalyse supply-side ambition and action. Measures to move away from fossil fuel
production are more effective when countries adopt
them together, and international cooperation can send
a clear signal to policymakers, investors, consumers,
and civil society that the world is shifting towards a
low-carbon future.
The Paris Agreement provides key opportunities for
countries to report their fossil fuel production and their
plans and strategies to align future production with climate goals, including through the global stocktake, NDCs,
long-term low greenhouse gas emission development
strategies, and financing. Countries that have already
begun to wind down fossil fuel production can help other
countries learn from their experiences. International
financing institutions can accelerate the transition by
shifting financial support away from fossil fuel production
and towards low-carbon solutions. And, drawing inspiration from models such as the Powering Past Coal Alliance,
coalitions of leading actors can work together to raise
ambition through joint targets and actions that align future
fossil fuel production with global climate goals.
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1
Introduction

Key Messages
This report puts forward a new
metric called the fossil fuel
production gap: the discrepancy
between countries' planned
fossil fuel production and
the global production levels
necessary to limit warming to
1.5°C and 2°C.

Fossil fuels are, by far, the largest
contributor to global climate
change, accounting for over
75% of global greenhouse gas
emissions and nearly 90% of all
carbon dioxide emissions.

Countries that limit the
production of coal, oil, and
gas can avoid carbon lock-in,
limit financial risks, improve
the effectiveness of climate
policies, and achieve sustainable
development benefits.

Now is the moment to address
the fossil fuel production gap,
as countries submit new and
updated nationally determined
contributions, and long-term
low greenhouse gas emission
development strategies.
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Moving away from fossil fuel
production poses both economic
and political challenges,
but doing so is possible and
increasingly necessary to avoid
dangerous climate change.

1. Introduction
The world is awash in fossil fuels. From the vast reservoirs of oil and gas in North America to the
sweeping coal fields of Australia, there is no shortage of fossilized carbon to burn. Coal, oil, and gas
have a long history of providing exceptionally concentrated, ready-made energy, often at low and
subsidized prices that do not reflect their full societal and environmental costs; it is no wonder they
have powered the planet for more than a century.

But citizens, businesses, and political leaders are now
starting to turn elsewhere for their energy needs. Energy from the wind and sun is becoming ever easier and
cheaper to gather and store, providing the first real threat
to fossil fuel dominance. This trend is emerging not a moment too soon, given the mounting climate change crisis,
borne mostly from decades of burning fossil fuels.
As fast as renewable and other climate-compatible energy
technologies are rising, however, there is no guarantee
that fossil fuels and their greenhouse gas (GHG) emissions
will decline — let alone at the pace needed to avoid dangerous climate change. The continued drive to increase
fossil fuel production throughout the world only makes
that harder.
This report is about how governments can work towards
aligning fossil fuel production with the globally agreed climate goals of the Paris Agreement. It begins by posing the
question: how far off track is the world’s current pace of
fossil fuel extraction? It puts forward a new metric called
the fossil fuel production gap: the discrepancy between,
on the one hand, countries’ planned levels of fossil fuel
production and, on the other hand, global levels of production consistent with low-carbon pathways capable of
limiting global warming to 1.5° or 2°C.
Measures of climate-related “gaps” are not new. The most
well-known and analogous is the longstanding emissions
gap, measured in an annual report by the United Nations
Environment Programme. That gap — critical for global
climate policy — is the gap between countries’ emission
reduction pledges and the levels of emissions consistent
with limiting global warming to 1.5°C or 2°C. In fact, the
Emissions Gap Report provides the template for our work.
Like other gap reports, this report brings greater transparency and awareness to a key issue — in this case, to
countries’ fossil fuel development plans and policies. It
also offers solutions that can help close the gap; in particular, it presents policies to support countries’ transitions
away from dependence on coal, oil, and gas production,
and new ways to work together internationally.

Developing more coherent, climate-consistent plans for
fossil fuel production is a tall task. Many governments rely
heavily on revenues generated by oil, gas, and coal. The
interests of fossil fuel producers are powerful and difficult
to align with greater climate ambition. Unless these challenges are addressed, however, it will be more difficult to
make rapid climate progress.
No single document can provide a full roadmap for the
winding down of fossil fuel production. This report offers
a starting point. As the first Fossil Fuel Production Gap Report, it widens the climate discourse to include fossil fuel
supply and provides a resource for policymakers aiming
to wind down coal, oil, and gas production in line with the
Paris Agreement’s goals.
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Fossil fuels: the heart of the climate challenge
In 2019, as climate impacts intensified, global fossil fuel
combustion was at an all-time high. Coal, oil, and natural
gas remain the world’s dominant sources of energy,
accounting for 81% of total primary energy supply (IEA
2019a). These fuels are, by far, the largest contributor to
global climate change, accounting for over 75% of global
GHG emissions — as shown in Figure 1.1 — and close to
90% of all carbon dioxide (CO2 ) emissions.
Last year, the Intergovernmental Panel on Climate Change
(IPCC) put new numbers to what has long been known:
CO2 emissions from fossil fuels will need to decline
rapidly, by approximately 6% per year to remain on a
1.5°C-compatible pathway, and by roughly 2% per year to
remain on a 2°C-compatible one (see Chapter 2). Barring
dramatic, unexpected advances in carbon capture and
storage (CCS) technology, these declines mean that

most of the world’s proven fossil fuel reserves must be
left unburned (Leaton 2011; McGlade and Ekins 2015;
Meinshausen et al. 2009; Muttitt et al. 2016).
Ongoing expansion of fossil fuel infrastructure points in
the opposite direction, however. Major infrastructure
projects in coal, oil, and gas continue to attract investors,
receive public permits, or otherwise enjoy government
support. Energy analysts predict that investment in fossil
fuel exploration, extraction, and delivery infrastructure
could remain at about USD 1 trillion annually through
2040 (IEA 2018a).
There are some positive signs of change. Civil society and
many in the business and finance community have begun
to consider what climate constraints mean for future fossil
fuel production plans and investments (Carney 2016;
TCFD 2016). And, as described in Chapter 5, some governments are beginning to reckon with this question as well.

Figure 1.1
Global greenhouse gas emissions by source, 2015. All emissions data were drawn from IEA (2019b) except for land use and land use
change, which are from the Food and Agriculture Organization of the United Nations (FAOSTAT 2019). The fraction of emissions attributed
to fossil fuels within each IEA source category — fuel combustion, fugitive, industrial processes and product use, and other — were
estimated using data and information from the IEA (2019b) and the Emissions Database for Global Atmospheric Research v4.3.2
(Janssens-Maenhout, G. et al. 2019). All non-CO2 gases were reported using 100-year Global Warming Potentials (GWPs) from the IPCC’s
Fourth Assessment Report (IPCC 2007).

Global greenhouse gas emissions by source

All other sources
24%

Fossil fuels
76%

Energy use – 64%

Energy use for fossil
fuel production – 3%
Fugitive emissions – 7%
Non-energy use and other – 2%
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Why focus on fossil fuel production?

j

Improving effectiveness of climate action. Combining
policies to limit fossil fuel supply with policies to limit

For decades, efforts to reduce fossil fuel CO2 emissions
have focused almost solely on decreasing demand for

demand reduces the overall cost of achieving emis-

fossil fuels, through measures to improve energy
efficiency, deploy renewable energy technologies, and

sion reduction goals (Asheim et al. 2019; Green and

shift markets through carbon pricing (see, for example,
Grantham Research Institute and Sabin Center for

cost of achieving its 2020 emission reduction target by

Climate Change Law n.d.).

accounting for the global impact (Fæhn et al. 2017).

The focus on demand is important. One could even say
that if policies and actions to reduce the use of fossil fuels

Denniss 2018). For instance, Norway could halve the
reducing investment and production in its oil fields and

j

Achieving sustainable development benefits. Addressing fossil fuel supply can also bring a range of additional

were sufficiently ambitious and well-designed, it would
be unnecessary to focus on supply. Indeed, strong,

sustainable development benefits, such as: decreased

harmonized, and widespread carbon prices could, in

tion (Harfoot et al., 2018); improved health outcomes

principle, put fossil fuel CO2 emissions on a sufficiently
steep downward path (Rogelj et al. 2018). But such

for those in close proximity to fossil fuel development

policies and actions have not materialized (Rogelj et al.
2016; UNEP 2018).

and democratic stability as a result of diversification

The continual shortfall in ambition of demand-side policy
has led some policymakers to add supply-side measures
to their climate policy mix (Erickson et al. 2018). These
policymakers have realized that limiting production of
coal, oil, and gas can bring countries several benefits,
among them:
j

Avoiding carbon lock-in. The more fossil fuel infrastructure that is built, the harder it is to shift away from
fossil-based energy, for reasons both financial and
political (Gurría 2013; Seto et al. 2016). Limiting fossil
fuel production therefore has tangible emission reduction benefits by helping non-fossil alternatives compete
(Erickson and Lazarus 2014).

j

Limiting financial risks. Investors in fossil fuel extraction and processing expect certain returns on their
expended capital, but a low-carbon transition could well
lead to asset devaluation and “stranding”, even if assets
are not physically retired (Carbon Tracker Initiative and
Grantham Institute 2013). Making fewer investments
in fossil fuel infrastructure in the first place limits these
risks for investors, and for governments and communities that depend on associated royalty and tax revenue.

air and water pollution and reduced habitat degrada-

(Epstein et al., 2011, Epstein 2017); and greater economic
away from hydrocarbon revenues (Ross, 2013).
j

Promoting policy coherence. Policies to limit fossil fuel
production can align energy policies with climate goals,
sending a more coherent and consistent signal that a
government intends to wind down dependence on both
fossil fuel supply and use.

Reflecting such benefits, policies to constrain fossil fuel
production have recently begun to gain ground. The governments of Belize, Costa Rica, Denmark, France, and New
Zealand, for instance, have set limits on the exploration
and future extraction of oil and gas. Likewise, Spain has
committed to phasing out coal production and Germany
may soon follow, and several national and international
finance institutions are ceasing to invest in upstream coal,
oil, and gas.
Such actions demonstrate the feasibility of “supply-side”
measures as part of a broader policy response and send
an important signal about the overall direction towards a
low-carbon economy. However, measures to limit production continue to be underrepresented in many governments’ overall climate change portfolios. And important
obstacles to the transition away from fossil fuels will need
to be addressed.
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Barriers exist — but also opportunities
Moving away from fossil fuel production poses both
economic and political challenges. For some developing
countries with newly discovered fossil fuel reserves, major
investments in new production facilities are viewed as a
way out of dependency on energy imports and development assistance (Lahn and Bradley 2016). And in many
long-standing producer countries, fiscal revenues can remain highly dependent on resource extraction; this is especially true for major exporters of oil and gas. For many
members of the Organization of the Petroleum Exporting
Countries (OPEC), for example, oil and gas payments
represent well over half of all fiscal revenues (IEA 2018b).
While some countries have made advances in diversifying
their economies, this goal remains elusive for many others
(Global Commission on the Geopolitics of Energy Transformation 2019; Ross 2019; van der Ploeg 2016).
Politically, fossil fuel producers represent a large and
concentrated force, in contrast to the often dispersed
proponents of low-carbon energy transitions (Lazarus
and van Asselt 2018; Newell and Johnstone 2018; Victor
2009). Fossil fuel interests can be closely aligned with
governments, particularly when state-owned enterprises
(SOEs) are involved and where royalty and tax revenues
are significant. And the authority of political leaders may
depend on delivering jobs and services financed by oil,
gas, or coal revenues, while the loss of revenues can pose
a risk to the state’s legitimacy (Cust and Mihalyi 2017;
Global Commission on the Geopolitics of Energy Transformation 2019; Moerenhout et al. 2017).
Despite the barriers, it is also increasingly necessary to
forge new energy pathways — not only to avoid dangerous climate change, but also to address the increasing
competition fossil fuels face from renewable energy,
energy efficiency, and electrification (Global Commission
on the Geopolitics of Energy Transformation 2019), as
well as the downsides of overreliance on revenues from
volatile energy commodities (Bjorvatn et al. 2012; Bradley
et al. 2018; Cust and Mihalyi 2017). As the IEA recently
noted in its Outlook for Producer Economies, “more than
at any other point in recent history, fundamental changes
to the development model in resource-rich countries look
unavoidable” (IEA 2018b, p. 12).
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Alternatives to high-carbon development are now more
abundant. In two thirds of the world, wind or solar technologies are now the least expensive option for adding
new power-generating capacity. Combined with battery
storage, they are poised to outcompete even existing gas
and coal in most of the world by 2030 (Bloomberg New
Energy Finance 2019). More broadly, as emphasized by
past Emissions Gap Reports, “technologies and institutional innovations are available to bridge the emissions
gap, and at reasonable cost”, while simultaneously providing many benefits for other important environmental,
social, and economic goals (UNEP 2017, p. 9).
The move to a low-carbon economy also comes with jobs.
The International Labour Organization estimates that 24
million jobs could be created through changes in energy
production and use that limit warming to 2°C (ILO 2018).
At the same time, six million jobs will be lost, including
two million in the mining and extraction of fossil fuels (ILO
2018). Careful and inclusive planning, as well as international cooperation and support, will be key to ensure a
transition away from fossil fuels that leaves no one behind
(Chapters 5 and 6).
Now is a timely moment to address the fossil fuel production gap. Countries are in the process of submitting new
or updated nationally determined contributions (NDCs)
and long-term low greenhouse gas emission development
strategies, which set out their emission reduction plans
and climate pledges under the Paris Agreement. The UN
Secretary-General’s Climate Action Summit in September
has underscored the importance of increasing ambition
and broadening the scope of action. And civil society’s
calls for bold and decisive climate action are stronger than
ever. Acknowledging and reckoning with the production
gap can play a key role in bringing this vision within reach.
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2
The Production Gap

Key Messages
The world is on track to produce
about 50% more fossil fuels by
2030 than would be consistent
with a 2°C pathway and 120%
more than would be consistent
with a 1.5°C pathway.

Oil and gas are also on track to
exceed carbon budgets, with
the effects of lock-in increasing
over time, until countries are
producing between 40% and
50% more oil and gas by 2040
than would be consistent with a
2°C pathway.
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These planned levels of fossil
fuel production are also
inconsistent with the collective
climate pledges under the Paris
Agreement. As a consequence,
the global production gap is
even larger than the alreadysignificant global emissions gap.

This production gap is largest for
coal. Countries plan to produce
150% more coal by 2030 than
would be consistent with a 2°C
pathway, and 280% more than
would be consistent with a 1.5°C
pathway.

2. The Production Gap
Countries need to triple their emission reduction pledges to limit global warming to 2°C — and
quintuple them to reach a 1.5°C goal (UNEP 2018). This emissions gap is well known. Less recognized is the closely related gap between the level of planned fossil fuel production and the muchlower level of production consistent with climate goals. This chapter assesses the magnitude of
that fossil fuel production gap.

Every year, the United Nations Environment Programme
(UNEP) releases its Emissions Gap Report, which measures the gap between national plans and policies to
reduce greenhouse gas (GHG) emissions, and the levels
required to limit warming to below 1.5°C or 2°C. Those
reports draw the world’s attention to the nature and scale
of the efforts needed to close this gap.
This chapter assesses the magnitude of the related fossil
fuel production gap, which stymies climate ambitions by
locking in fossil fuel infrastructure that will make emission
reductions harder to achieve. This gap is the discrepancy
between national plans and projections for fossil fuel
production and global production levels consistent with
1.5°C or 2°C pathways.
National plans and projections for fossil fuel production
have consequences. Governments set expectations
for future production through policies, incentives, and
regulations that create a supportive environment for new
investments in the production of coal, oil, and gas.
But when such government plans and projections do
not align with climate ambitions, too much fossil fuel
infrastructure — too many platforms, pipelines, ports,
and mines — gets built. Once built, this infrastructure is
difficult to turn away from; it decreases fossil fuel prices,
hooks consumers on fossil fuels, and deeply entangles
many parts of society — including workers and communities — in a fossil fuel economy. In short, overbuilding fossil
fuel infrastructure makes a low-carbon transition less
likely. And from another perspective, it renders a low-carbon transition even more disruptive to those dependent
on fossil fuels.
Many countries already publish national fossil fuel
production plans and projections that are used to
inform and guide policy and investment. However, few —
if any — countries have indicated how those plans align
with international climate goals or their own domestic

climate ambitions, including those outlined in nationally
determined contributions (NDCs). This report seeks to
support countries with this alignment process, first by
assessing the nature and size of the global production gap.

2.1. Estimating the production gap
To estimate the production gap, we developed a
method analogous to the one used in the Emissions Gap
Report (UNEP 2018). In brief, our calculation uses publicly
available data to estimate the difference between what
countries are currently planning and what the Intergovernmental Panel on Climate Change (IPCC) estimates would
be consistent with 1.5°C or 2°C pathways.
To develop the global “plans and projections” trajectory,
we reviewed plans and projections of major fossil-fuelproducing countries that currently account for around
60% of global production (see Section 3.2 for a more
in-depth description).
For the low-carbon trajectory, we used the least-cost
mitigation scenarios compiled by the IPCC for their landmark Special Report on Global Warming of 1.5°C (Rogelj
et al. 2018). For an indicative 1.5°C pathway, we took the
median of scenarios that have at least a 66% probability
of limiting global warming to 1.5°C throughout the 21st
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century (with overshoot limited to <0.1°C). For the 2°C

(Climate Action Tracker et al. 2018) and leads to results

pathway, we took the median of scenarios that exceed the
1.5°C limit but have at least a 66% probability of limiting

similar to the scenario groupings used in the UNEP 2018
Emissions Gap Report (UNEP 2018).

global warming to below 2°C.2

Figure 2.1 presents the overall results, comparing global

Finally, we excluded scenarios that rely heavily on
negative emissions or “carbon dioxide removal” (CDR)

fossil fuel production under national plans and projections
with those under the 1.5°C and 2°C mitigation pathways.

technologies to meet temperature limits, given their
“multiple feasibility and sustainability constraints” (IPCC

It shows that the fossil fuel production gap is large: the
world is currently on track to produce far more fossil fuels

2018, p. 19, see Box 2.1). As described in further detail in

in 2030 than would be compatible with a 2°C pathway

Appendix A (available online), this scenario methodology
closely follows the approach outlined in the 2018 Climate

and, especially, with a 1.5°C pathway. Specifically, countries’ current plans and projections for fossil fuel pro-

Action Tracker Warming Projections Global Update report

duction would lead, in 2030, to the emission of 39 billion
tonnes (gigatonnes) of carbon dioxide (GtCO2). That is 13
GtCO2, or 53%, more than would be consistent with a 2°C

Figure 2.1
Global fossil fuel supply under four pathways, 2015-2040. For the
1.5°C and 2°C pathways, the median and 25th to 75th percentile
range (shaded) are shown. See Chapter 3 and online Appendix B
for discussion of how fossil fuel CO2 emissions are calculated
from fossil fuel supply.4

Global fossil fuel CO2 emissions

pathway (with an interquartile range of 11–15 GtCO2). It is
120% or 21 GtCO2 (with a range of 18–23 GtCO2) greater
than fossil fuel production levels consistent with a 1.5°C
pathway.
This gap grows even wider by 2040, when production
levels reach 110% (22 GtCO2, with a range of 18–24) and
210% (28 GtCO2, with a range of 27–31) higher than those
consistent with the 2°C and 1.5°C pathways.3

GtCO2/yr

40

A production gap of this magnitude implies a risk of substantial over-investment in fossil fuel exploration, development, and infrastructure. Indeed, researchers have found
The Production Gap

30

20

that Paris Agreement goals imply major drops in planned
and expected capital investment in fossil fuel production,
including for oil and gas in the near term (Grant 2018;
McCollum et al. 2018; Muttitt et al. 2016).
Our analysis also suggests another important finding:
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Countries' production plans & projections
Production implied by climate pledges
Production consistent with 2°C

2040

with respect to fossil fuels, the production gap is even
larger than the emissions gap.5 Collectively, countries
are planning to increase production to levels that exceed
those consistent with fulfilment of their NDCs, the metric
typically used for measuring the emissions gap.6 This is evident in Figure 2.1, which shows the world on track to produce more fossil fuels (red line) than under a scenario that
reflects countries’ NDC pledges (brown line, representing

Production consistent with 1.5°C

2

It is important to note that the Paris Agreement refers to holding warming “well below 2°C”, whereas we included pathways with as little as 66% probability of success. This
1-in-3 chance of failing is not itself Paris-consistent, but defines an upper bound, which any outcome must be “well below”.

3

This report presents the production gap in terms of total CO2 emissions from all fuels (coal, oil, and gas) for comparability with other emissions-based analyses, and in energy
and physical units for individual fuels for comparability with other common sources. Estimates of fossil fuel CO2 emissions from 2015-2040 were calculated using the methods
described in online Appendix B.

4

Due to differences in historical data sets for fossil fuels and the fact that most Integrated Assessment Models (IAMs) report only at decadal intervals, values for 2015 do not
match precisely.

5

The emissions gap covers all emissions sources and gases. Figure 2.1 shows only the portion of that gap (by far, the largest) that is attributable to CO2 emissions from fossil fuels.

6

Since the emissions gap is the difference between implementation of NDCs and Paris Agreement goals, an exceedance of planned fossil fuel production above the level
consistent with NDCs implies that the production gap is larger than the emissions gap, at least for CO2 emissions from fossil fuel combustion.
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the New Policies Scenario (NPS) of the International Ener-

pathway. Oil and gas production are also set to overshoot

gy Agency’s 2018 World Energy Outlook) (IEA 2018).7

this pathway. Countries are on track to produce 16% more
oil — or 15 million barrels per day (with a range of 3–24

The production gap is denominated in CO2 emissions, as it

million barrels) — more than the median 2°C pathway; for

provides a single metric to tally up the gap across coal, oil,

gas, that overshoot is 14%, or 590 billion cubic meters in
total (with a range of 470–1,200 bcm).

and gas, and convey their primary impact on the global climate. At the same time, it is more common to think about
the production of coal, oil, or gas in terms of physical units
(e.g., tonnes of coal) or energy units (e.g., exajoules).

The gaps in 2030 are much larger relative to the median
1.5°C pathway: coal production exceeds this pathway
by 280% or 6.4 billion tonnes (with a range 6.1–7.1 billion

Breaking the production gap down by fuel, Figure 2.2

tonnes); oil exceeds it by 59% or 42 million barrels per day
(with a range of 28–58 million barrels); and gas exceeds

compares national plans and projections for coal, oil, and
gas production, in both primary energy and physical units,

it by 70% or 2,000 billion cubic meters ( with a range of
1,300–2,500 bcm).8

with production levels under the 1.5°C and 2°C pathways.
All three fossil fuels are on a path to be produced well in
excess of Paris-compatible levels.

Though near-term production gaps for oil and gas are less
pronounced than for coal, ongoing investments in oil and
gas infrastructure widen the production gap over time.

The production gap is greatest for coal, despite efforts
in some countries in recent years to move away from it.

These gaps thus grow far bigger by 2040. Countries are
planning to produce 43% more oil and 47% more gas than
would be consistent with a 2°C pathway by 2040.

Countries are on track to produce 150% — or 5.2 billion
tonnes (with a range of 3.8–6.3 billion tonnes) — more
in 2030 than would be consistent with the median 2°C

Figure 2.2
Global coal, oil, and gas production (exajoule or EJ) under four pathways, 2015-2040. Physical units are displayed as secondary axes:
billion tonnes per year for coal, million barrels per day for oil, and billion cubic meters per year for gas. The 2015 global fossil fuel
production values derived from model ensembles of 1.5°C and 2°C mitigation pathways differ from historical estimates from IEA and
national plans and projections and have not been harmonized.
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7

The NPS reflects countries’ climate policies and ambitions announced as of August 2018 to ensure the achievement of their NDCs. It thus provides a proxy for the level of total
fossil fuel production implied by a scenario in which nations meet the emission reduction goals corresponding to their unconditional NDCs. As shown in Figure 2.11 of the 2018
World Energy Outlook, the New Policies Scenario is nearly identical to IEA’s estimate for full implementation of NDCs (as submitted in 2015) for future global CO2 emissions from
fossil fuels. Climate Action Tracker models an NDC-only pathway, but results are not available for fossil fuel CO2 (https://climateactiontracker.org/).

8

In terms of extraction-based emissions, these values translate to gaps of 11 GtCO2 for coal, 1 GtCO2 for oil, and 1 GtCO2 for gas, relative to the median 2°C pathway by 2030.
Relative to the median 1.5°C pathway, the values translate to 13 GtCO2 for coal, 4 GtCO2 for oil, and 3 GtCO2 for gas.
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Box 2.1. The potential role of negative emissions technologies
Carbon dioxide removal (CDR) refers to various

j

unacceptable ecological and social impacts. CDR

of carbon dioxide by removing it from the air. In ad-

could, for example, compete with food production

dition to land-use changes such as afforestation, re-

or habitat areas for available land, with the poten-

forestation, and ecological restoration, technological

tial for adverse impacts on biodiversity, food secu-

methods currently under investigation include using

rity, water resources, and human rights (Dooley et

bioenergy with carbon capture and storage (BECCS)

al. 2018). BECCS is inherently land-intensive: IAM

and direct air capture (DAC).

scenarios assembled for the IPCC Fifth Assessment Report assumed that between 245 million

Using CDR can make it possible to exceed the car-

hectares and about 1.5 billion hectares of agricul-

bon budget in the near-term and make up for it by

tural land would be dedicated to bioenergy crops,

later removing CO2 from the atmosphere. It can allow

compared to the approximately 1.5 billion hectares

for a slower and more orderly winding down of fossil

currently devoted to agriculture (Popp et al. 2017).

fuel production, while taking pressure off sectors,
such as aviation, where mitigation is particularly
costly or otherwise challenging (Creutzig et al. 2015).
Reflecting these potential benefits, Integrated Assessment Models (IAMs) have introduced CDR technologies as mitigation options, along with assumptions about future cost competitiveness. Practically
all IAMs rely heavily upon carbon dioxide removal to
achieve net negative CO2 emissions in the second
half of the century (van Vuuren et al. 2017).
Nonetheless, the IPCC Special Report on Global
Warming of 1.5°C underscores that “CDR deployed at
scale is unproven, and reliance on such technology
is a major risk in the ability to limit warming to 1.5°C”
owing to “multiple feasibility and sustainability concerns” (Rogelj et al. 2018, p. 96). Risks include:
j

j

Negative emissions activities could prove less
effective than hoped. Land-based carbon stocks
are vulnerable to release through human action or
natural forces. And as noted in the Special Report,
“carbon cycle and climate system understanding is
still limited about the effectiveness of net negative
emissions to reduce temperatures after they peak”
(IPCC 2018, p. 19).

If CDR proves feasible and sustainable at large scale,
then it could prove an important tool for limiting
climate change. Scenarios that use CDR have been
included here, but none that exceed the upper end of
the range of estimates by Fuss et al. (2018) (as cited
in the IPCC 1.5°C Special Report) for sustainable
global potentials for BECCS (5 GtCO2/year) and afforestation and reforestation (3.6 GtCO2/year). That

Negative emission options may not ultimately

said, it is a relatively modest constraint, as even such

prove technically or biophysically achievable or

limits are subject to “a heavy caveat of uncertainty”

affordable. Scenarios rely most heavily on BECCS

and hence do pose significant risks (Fuss et al. 2018).

for power plants, which has not yet been demonstrated (Fuss et al. 2018; van Vuuren et al. 2013).
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Gas occupies a unique situation. It is the least carbon-intensive fossil fuel, and so as illustrated in Figure 2.2, IPCC
scenarios show its production declining less rapidly than
that of other fuels. But it must still decline, whether that
downward path starts soon (under a 1.5°C pathway) or
around 2030 (under a 2°C pathway). Looking a decade
out or less, the production gap for gas is already substantial. With average lifetimes of 20 years or longer for
pipelines, terminals, wells, and platforms, the time to
begin planning for a wind-down of gas production is, as
with other fossil fuels, already upon us. As shown in Figure
2.2, the gaps between planned oil and gas production
and 1.5°C and 2°C pathways grow much wider starting
in 2030. It has been argued that increased reliance on
natural gas may lead to climate benefits and serve as a
bridge fuel to a low-carbon energy system consistent with
climate goals. As discussed in Box 2.2, it is unclear to what
extent such a bridge still exists.
Regardless of the particular distribution of decline rates
among fossil fuels — which vary considerably depending on modelling assumptions9 — the overall modelling
results indicate that the production of coal, oil, and gas
will need to decline substantially compared to existing
government plans in the near- to medium-term to meet
the climate goals of the Paris Agreement.

2.2. Implications
Drawing on a review of coal, oil, and gas extraction policies and plans in key producing countries (Chapter 3), we
find that planned production greatly exceeds global 1.5°C
and 2°C mitigation pathways. In aggregate, countries’
plans and projections also significantly surpass production levels that are consistent with their climate ambitions, as represented in NDCs and related policies (and
modelled in the IEA NPS) — and which are themselves
inadequate to meet the goals of the Paris Agreement.
In other words, with respect to fossil fuels, the global
production gap is even larger than the already significant
global emissions gap. This is a consequence of the minimal policy attention governments have thus far given to
curbing fossil fuel production. Indeed, many governments
and businesses continue to signal their intentions to
expand or maximize the exploration and development of
new resources, which further hinders the collective ability
of countries to stabilize the climate system, including
closing the emissions gap.

9

The global production gap is even
larger than the already significant
global emissions gap.
Estimating and tracking the production gap serves as an
important tool in directing attention to the inadequate effort at transitioning away from fossil fuels. It complements
other approaches that have defined the limits to overall
fossil fuel production (Leaton 2011; McGlade and Ekins
2015; Muttitt et al. 2016) and assessed whether individual investments are inconsistent with Paris goals (Grant
2018; TCFD 2016). As such, the production gap provides
a reference point for the international community and
government decision makers, highlighting the disconnect
between climate policies and support for increased fossil
fuel production. As discussed in subsequent chapters,
countries can take concrete steps to connect the dots
between fossil fuel production and emissions by reporting
their levels of production and communicating their plans
to align future production with climate goals.
Scaling down fossil fuel production provides countries
with many potential benefits, including: supporting global
action to achieve climate goals; reducing the risk of
stranding assets and communities; reducing the potential
for the “resource curse” (the tendency of resource-rich
developing countries to have lower economic performance) (Venables 2016); and decreasing other adverse
social, environmental, and economic impacts. However, as
noted in Chapter 1, there are also major challenges. Policymakers can anticipate political opposition from powerful
interests when taking action to constrain fossil fuel production. They will also need to pay careful attention to the
distributional impacts of scaling down production, and to
ensuring that transitions are just and equitable.
But these challenges are not insurmountable. Though the
production gap is wide, the opportunities to narrow it are
abundant. As described in Chapters 5 and 6, a growing
body of literature and experience shows that national and
subnational governments can use a number of policies
and tools to help them align their fossil fuel supply and
investment strategies with Paris Agreement goals.

Various uncertainties apply here. The carbon budget could end up being larger or smaller than is assumed in the underlying model. Progress on non-CO2 gases and land-use
change could be quicker or slower than planned, leaving, respectively, more or less room for fossil carbon. The world could conceivably end up developing and effectively
deploying negative emissions technologies at scales greater or smaller than the levels considered here. Additional uncertainties apply to disaggregating the production gap
estimate among individual fuels. A low-carbon pathway need not be attained using the specific mix of reductions in coal, oil, and gas implied by underlying model analyses. One
model may opt for a slower phase-out of coal, for example, implying a faster phase-out of oil and/or gas.
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Box 2.2 Gas as transition fuel?
Over the past decade, some researchers — and

et al. 2018; Brandt et al. 2014; Höglund-Isaksson

many industry representatives — have suggested

2017; Schwietzke et al. 2016). For example, Alvarez

that natural gas could serve a valuable role as a “tran-

et al. (2018) find overall methane leakage rates of

sition fuel.” They argue that gas could replace more

2.3% across the United States gas supply chain, 60%

carbon-intensive coal and oil while lower-carbon

greater than official estimates and comparable in

technologies mature, and could help integrate more

warming impact to the CO2 emissions from gas com-

variable renewables into existing systems (IEA 2011;

bustion over a 20-year time horizon. Second, lower

Levi 2013). Accordingly, some have seen natural gas

prices and greater availability of natural gas stimulate

as a potential “bridge” to a lower-carbon future.10

higher overall energy use and emissions (Chen et al.

However, more recent studies have increasingly questioned the extent to which gas can play a
bridging role. Research has found that increasing
natural gas production and the resulting decrease
in gas prices may instead lead to a net increase in
global emissions and risk delaying the introduction of
near-zero-emission energy systems (McGlade et al.
2018; Zhang et al. 2016). This is due to three principal
factors. First, recent studies find that rates of methane leakage from natural gas systems are significantly higher than often estimated in inventories (Alvarez

10

See McGlade et al. (2018) for a fuller discussion of the bridging roles that gas could play.
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2019; McJeon et al. 2014). Finally, the rapid advance
of renewable energy and battery technologies has
decreased the need for a potential gas bridge. Thus,
the continued rapid expansion of gas supplies and
systems risks locking in a much higher gas trajectory
than is consistent with a 1.5°C or 2°C future. However, national plans and projections — and the current
boom in liquefied natural gas (LNG) infrastructure
(Nace et al. 2019) — indicate that countries are on
track for this kind of rapid expansion.
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3
Government support,
planning, and
projections

Key Messages
Governments continue to
support increased fossil fuel
production through plans and
targets, direct investment,
R&D funding, public finance,
tax expenditures and other
subsidies.

Over-investment in production
puts assets, workers, and
communities at risk of stranding
if efforts to reduce fossil fuel
dependence accelerate.
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Collectively, countries are aiming
to produce considerably more
coal, oil, and gas than would
be consistent with their NDCs,
suggesting a major disconnect
between energy and climate
plans.

Specifically, national projections
suggest that countries are
planning on 17% more coal,
10% more oil, and 5% more gas
production by 2030 than would
be needed under a scenario
roughly consistent with NDC
implementation.

3. Government support, planning, and projections
Despite their stated climate ambitions, many governments continue to widen the gap between
fossil fuel production and climate goals. Governments support production in numerous ways.
They play central roles in the sanctioning and permitting of exploration and production. They
support the fossil fuel industry with direct investments, research and development funding, and
tax breaks. They often assume liability and risk associated with fossil fuel production, especially
where they are direct investors in state-owned enterprises (SOEs). This chapter summarizes
these and other ways in which governments worldwide support fossil fuel production.

Twenty-seven countries produce the coal, oil, and gas that
ultimately lead to 90% of global fossil fuel CO2 emissions
as shown in Figure 3.1. The top nine producing countries
alone account for over two-thirds of global fossil fuel CO2
emissions, when accounted from an extraction-based
perspective (See Box 3.1 and online Appendix B).
We review specific examples of support mechanisms
from 10 key countries: seven of the top nine producing
countries (China, United States, Russia, India, Australia,
Indonesia, and Canada), and three significant producers
with strongly stated climate ambitions (Germany, Norway,
and the United Kingdom). These reviews show how national plans and projections of fossil fuel production steer
expectations, policy, investment, and ultimately infrastructure toward global production levels that significantly
exceed what would be consistent with the achievement of
nationally determined contributions (NDCs) — let alone
what would be compatible with Paris Agreement goals to
keep warming well below 2°C and pursue efforts to limit
it to 1.5°C.
Government efforts to maximize extraction can be
understood in light of the perceived benefits of coal, oil,
and gas production. As noted in Chapter 1, for many fossilfuel-producing countries, proceeds related to production
account for a sizeable fraction of government revenues.
Meanwhile, importing countries aim to ramp up domestic
production to improve their “balance of payments”,
with the goal of importing less. Countries also associate
production with increased energy security and access,
and perceived geopolitical advantages. Incumbent and
powerful fossil fuel interests also play an important role,
applying pressure for more extraction through lobbying
and influence.

But promoting increased production comes with real
and serious risks. As Angel Gurría, Secretary-General of
the Organisation for Economic Co-operation and Development (OECD), has noted, government dependence
on fossil fuel extraction creates “carbon entanglement”,
whereby heavily vested fossil fuel interests stand in the
way of progress in climate policy (Gurría 2013). Government support for fossil fuel production threatens climate
objectives by artificially lowering the price of fossil fuels,
thereby increasing global consumption and emissions.
In the longer-term, dependence on future production
and revenues can put economies and livelihoods at risk
of stranding as stronger climate action leads to reduced
demand for coal, oil, and gas. Therefore, it is critical that
major coal-, oil-, and gas-producing countries pay greater
attention to aligning their fossil fuel production plans and
policies with what is required for a low-carbon future.
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3.1. Government support mechanisms for
fossil fuel production

a “conservative” scenario) (Ministry of Energy of the Russian Federation 2017), and India released a Draft Energy
Plan that aims for a roughly three-fold increase in coal
production by 2040 (NITI Aayog 2017). Countries beyond

Fossil fuel supply does not merely respond to consumer
demand. Governments support and guide production
in various ways. Such support is often justified on the

those surveyed in this report provide other examples: Argentina’s 2018 Annual Energy Plan signalled the country’s

premise that it will enhance energy security and econom-

objective to double oil and gas production in the next five

ic development. But it also serves to lock in dependence
on fossil fuels and lock out lower-carbon pathways that

years and triple it by 2030 (Secretaría de Gobierno de
Energía 2018), while Nigeria and Iraq recently announced

could provide equal or greater economic and security
benefits, as well as environmental and social benefits.

targets that seek to roughly double their oil production
within five to six years (Katsoulas 2019; Wallace and Ba-

This section provides an overview of how governments

la-Gbogbo 2019).

worldwide — through planning, policies, and the provision of finance — support the production of fossil fuels.

Even where countries do not issue explicit plans, government projections serve as reference points that inform

Plans, targets, and projections

political, investment, and business decision-making. Published energy outlooks in the United States, Canada, and

Many countries issue fossil fuel production targets, plans,
and projections that drive policy and investment in the

Australia, as described in Chapter 4, project large increases in fossil fuel production: between now and 2030, the

exploration, extraction, and development of related infrastructure. These can signal government intentions to ramp
up production, as evident among countries surveyed in
Chapter 4. For example, Russia drafted an energy strategy

United States’ oil and gas production are each projected
to increase by 30%, Canada’s oil production is projected
to increase by 30%, and Australia’s coal production is
projected to increase by 34%.

that forecasts a 38% growth in natural gas production
from 2015 to 2035 under an “optimistic” scenario (20% in

Figure 3.1
Top countries in terms of extraction-based CO2 emissions (million tonnes CO2, MtCO2), 2017. The top 9 producers account for 69%, and
the top 27 producers shown here account for 90%, of the global total. Countries with emissions below 200 MtCO2 are not shown.
Countries indicated in bold* are discussed further in Chapter 4. See online Appendix B for sources and methods.
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Box 3.1 Extraction-based emissions accounting
The UN climate change process currently uses a

2011; Erickson and Lazarus 2013; Steininger et al.

“territorial” emissions accounting framework for

2016; Piggot et al. 2018).

national greenhouse gas emissions inventories. This
framework attributes emissions from fossil fuel combustion to the country where the fuels are combusted; it also includes the “fugitive” greenhouse gases
(GHGs) that are released, vented, flared, or leaked as
coal, oil, and gas are located, extracted, processed,
and transported. This approach tracks the consumption of fossil fuels as well as “upstream” emissions,
and provides a way to track the impact of efforts
to reduce emissions. However, it fails to provide a
framework to track the production of fossil fuels.
As a result, efforts to wind down production are not
currently reflected in national accounts.

Extraction-based emissions accounting effectively
reallocates emissions from the location of fuel combustion to the location of fuel extraction. Under the
United Nations Framework Convention on Climate
Change (UNFCCC), countries follow standardized
guidelines — developed by the Intergovernmental
Panel on Climate Change (IPCC) (IPCC 2006) —
to report inventories of territorial emissions from
fuel combustion and of fugitive emissions from
fuel extraction. As shown in Appendix B (available
online), these inventories could be easily expanded,
using readily available data, to incorporate extraction-based emissions estimates. As discussed in

A complementary “extraction-based” accounting

Chapter 6, countries can already voluntarily report

approach would enable countries to track the

their extraction-based emissions — and on their

“downstream” emissions that ultimately result

progress towards reducing these emissions — under

from the combustion of extracted fuels, helping to

the UN climate change process’ existing modalities.

ensure that sufficient fossil fuel reserves are left

Such efforts would represent an important step in

undeveloped as required by the Paris Agreement’s

enhancing transparency, and assist in tracking and

1.5°C and 2°C goals (for examples of alternative

managing the alignment of production with emis-

emissions accounting frameworks, see Davis et al.

sions targets and climate goals.

This finding is not necessarily surprising; many countries,

Fossil fuel subsidies span all stages of the fossil fuel

especially (but not exclusively) those with state-owned
energy enterprises, view energy production as part of
their national identity and as an engine for economic
development — and their plans and actions reflect these
aspirations (Eckersley 2016). However, as Chapter 2
shows, these aspirations clash with the climate goals of
the Paris Agreement.

production process, from research, development, and exploration, to operations, transport, processing, marketing,
decommissioning, and site remediation (Aldy 2013; Bast et
al. 2015; Koplow et al. 2010; OECD 2013). Many fossil fuel
projects, such as large coal mines or oil pipelines, receive
government support through several channels, including
direct budgetary transfers, tax breaks, public finance, and
government ownership (including on conditions better
than the market) (Gençsü et al. 2019). Some governments
support fossil fuel production by providing the industry
with infrastructure — such as land, water, roads, rail,
and ports — as well as low-cost or free exploration and
production licenses, non-enforcement or exemption from
various regulations, and limited corporate liability for environmental and health damage (Koplow et al. 2010).

Subsidies
In addition to planning and target-setting, governments
support fossil fuels through direct budgetary transfers,
tax expenditures, and other subsidies. In 2009, Group of
Twenty (G20) leaders made a commitment to “phase out
and rationalize, over the medium term, inefficient fossil
fuel subsidies” (G20 2009). Ten years later — despite
some reforms — many governments have kept most of
their fossil fuel production subsidies, and some have
even introduced new ones (Gerasimchuk et al. 2018;
OECD 2018).

Almost all forms of government support to fossil fuel
production fall under the World Trade Organization’s
definition of a subsidy (ASCM Article 1.1); most of these
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subsidies confer benefits to a specific industry or group

of all proven oil reserves in the United States and Norway

of industries (ASCM Article 2) — in this case typically
fossil fuel producers — and can therefore be challenged

(Gerasimchuk et al. 2017).

by WTO Members (WTO 2019). Differing methodologies

Other forms of public finance

and a lack of data transparency have led to different
estimates of the size of fossil fuel subsidies, but the overall

Article 2.1(c) of the Paris Agreement calls for “making

amounts are clearly large. The OECD and International
Energy Agency (IEA) estimate subsidies going to fossil fuel
production at USD 24 billion in 2017 (OECD/IEA 2019).
However, other estimates put fossil fuel production subsidies much higher. For example, across the G20 countries,
one study estimated that direct budgetary transfers and
tax expenditures in favour of fossil fuel production totalled
over USD 70 billion per year in 2013 and 2014 (Bast et al.
2015).

finance flows consistent with a pathway towards low
greenhouse gas emissions and climate-resilient development”. However, in addition to the subsidies discussed
above, many governments provide financing for fossil fuel
production through the public finance institutions which
they own and operate or in which they invest and govern
multilaterally. These include development finance institutions (such as national, bilateral, and multilateral development banks) and export credit agencies.
These institutions provide domestic and international

Government support reduces the capital and operational

finance in the form of grants, loans, equity, insurance, and

costs of extraction to fossil fuel producers, thus unlocking projects that would otherwise not be commercially
viable. For instance, one study found that, at USD 50 per
barrel, 45% of discovered (but not yet producing) U.S. oil
would depend on subsidies to reach the minimum returns

guarantees, often at a subsidized, below-market value.
These investments are often backed by governments
through direct investment using public funds. Even when

acceptable to investors (Erickson et al. 2017). Moreover,
by increasing the quantity and pace of fossil fuels supplied
to regional or global markets, government support to
production drives down coal, oil, and gas prices, thus
encouraging their consumption. One study estimated that
a continuation of existing fossil fuel production subsidies globally between 2017 and 2050 would lead to CO2
emissions equivalent to those resulting from the burning
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governments do not deploy public funds, the high credit
ratings of publicly owned financial institutions, and their
willingness to invest in the sectors linked to government
objectives, can reduce the risk to parallel private investors
and drive private investment in fossil fuel production that
would not otherwise occur (Bast et al. 2015).
According to one recent report, “brown” public finance
flows (i.e. to upstream and downstream fossil fuel
projects) continue to overshadow “green” flows (i.e. to

renewable energy); brown finance provided by the public

The IEA (2018) estimates that SOEs accounted for 42%

finance institutions of G20 countries alone amounted to
USD 91 billion per year during the period 2013–2015 (Cli-

of global energy investment in 2017. One study found that
SOEs in the G20 countries annually invested an average of

mate Transparency 2018). Preliminary estimates suggest

USD 286 billion in oil, gas, and coal production (including

that public finance to coal, oil, and gas exploration and
extraction is increasing, rising from USD 16 billion in 2015

fossil-fuel-based power) in 2013 and 2014 (Bast et al. 2015).
However, SOEs can also serve as a vehicle for managing

to USD 23 billion in 2017.11 These estimates do not account
for financing provided by multilateral development banks,

extraction levels to serve wider policy goals, which could
potentially include climate aims. This was demonstrated in

where G20 countries are major shareholders.

China, where the government managed coal “decapacity”
through the closure of smaller mines, industry consolidation, and a fund for worker transition (Bridle et al. 2017).

State-owned enterprises
Many countries also support fossil fuel production
through their state-owned enterprises (SOEs). With majority ownership, governments maintain a degree of effective
control and involvement in decision-making and financing,

3.2. Synthesis of fossil fuel production plans
and projections from major producers

often on subsidized conditions that are more favourable
than market terms. For example, as owners of SOEs, gov-

This section presents a synthesis of the fossil fuel production plans and projections of countries reviewed in
Chapter 4 (China, United States, Russia, India, Australia,

ernments may expect lower rates of return on equity and
investment than private investors, and may be more will-

Indonesia, Canada, Germany, Norway, and the United
Kingdom), as well as those of several other top producers
where documentation is publicly available (Brazil, Argentina, Mexico, and Kazakhstan). The values are drawn from

ing to bail out poorly performing SOEs than would private
owners; the assumption of such bailouts lowers the risk
for private sector investors. While this varies by country
and institution, the impact is nonetheless significant.

Table 3.1
Comparison of projected fossil fuel production in 2030 under national plans and projections versus IEA’s New Policies Scenario in 2030, a
widely used marker of how fossil fuel markets are expected to develop under policies and ambitions aimed at ensuring NDC achievement.
Countries indicated in bold* are used to derive the global trajectory of national plans and projections shown in Figure 3.2. A dash (-) means
that the country’s production of that fuel is small and so is not reviewed here. See Appendix A for data sources.

Coal (million tonnes coal equivalent/yr)

Gas (billion cubic meters/yr)

Plans & projections

NPS

Plans & projections

NPS

Plans & projections

NPS

2700

2600

4.1

3.2

300

260

USA*

450

400

22.0

18.0

1100

1000

Russia*

350

310

11.0

11.0

790

770

India*

1100

710

1.1

0.9

76

58

Indonesia*

360

310

–

–

76

82

Australia*

China*

11

Oil (million barrels/day)

570

430

–

–

160

180

Canada*

–

–

6.2

5.7

180

170

Norway*

–

–

1.8

2.2

100

110

Brazil

–

–

5.6

4.3

49

39

Argentina

–

–

1.5

0.7

150

77

Mexico

–

–

3.2

2.4

63

38

Kazakhstan

–

–

2.4

2.4

–

–

Based on data from Oil Change International’s Shift the Subsidies Database under a Creative Commons Attribution-NonCommercial 4.0 International License.
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national plans, strategy documents, or projections published by governments and affiliated institutions.
As detailed in Chapter 2, these production plans and projections signal a level of global fossil fuel production that
far exceeds the Paris goals. Moreover, as shown in Table
3.1, nearly every national plan reviewed aims for produc-

Figure 3.2
Global estimate of fossil fuel production from national plans and
projections, in terms of extraction-based CO2 emissions. Values
shown are compiled from sources and figures cited in the country
reviews in Chapter 4. The rest of the world is scaled by the relative
share of production by fuel in IEA NPS for the years shown.

tion levels beyond those that would meet the global fossil
fuel demand implied by the NDCs — which themselves
represent a level of ambition far short of the Paris goals.
In order to estimate the global production gap discussed
in Chapter 2, we first derived an aggregate trajectory of
global fossil fuel production between 2015 and 2040 using
the national projections of the eight largest producer coun-

Global fossil fuel production
GtCO2/yr

40

30

tries reviewed in this report (China, United States, Russia,
India, Australia, Indonesia, Canada, and Norway). Together,
these countries accounted for around 60% of global fossil
fuel production in 2017, both in terms of energy and extraction-based CO2 emissions.12 Next, for other countries,
production is projected assuming the same proportional
share of global production for each fuel as in the NPS;
this helps to account for the fact that some regions are
expected to enter natural declines in production, while
others ramp up — due to, for example, new discoveries
and development.
The IEA NPS, which is roughly consistent with the NDCs
countries have submitted to date, would lead to global
warming of around 2.7–3°C by 2100 (Abeysinghe et al.
2019), illustrating that existing policies and targets are
insufficient to meet the Paris Agreement goals. As shown
in Figure 3.2, fossil fuel CO2 emissions — estimated using
global fossil fuel production plans and projections —
would lead to emission levels that exceed the IEA NPS
by 12% in 2030; this is not only far in excess of levels
consistent with 2°C and 1.5°C mitigation pathways, but
exceeds even the 2.7–3°C level associated with the NPS.
Taken together, the national coal, oil, and gas production
plans and projections for the eight countries we analysed
exceed their respective projections under the IEA NPS by
17%, 10%, and 5% in 2030 (not shown).
While many countries publish national fossil fuel production plans and projections, few, if any, have provided
assessments of how their projected production plans
align with domestic and international climate goals. In
fact, as shown in Chapter 4, governments continue to
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actively promote, support, and invest in expanded fossil
fuel extraction and trade, using subsidies, public finance,
and other means. Expected future production levels are
considerably higher than what would be consistent with
the achievement of NDCs, not to mention the Paris goals.
These measures, taken together, risk undermining both the
stated climate ambitions of individual countries, as well as
the globally agreed climate objectives.
Many countries appear to be banking on export markets
to justify major increases in production (e.g. the United
States, Russia, and Canada) while others are seeking to
limit or largely end imports (e.g. India and China). The net
result could be significant over-investment, increasing the
risk of stranded assets, workers, and communities, as well
as locking in a higher emissions trajectory.

The government projections of Russia and India included two scenarios of fossil fuel production, and we use the average of these values in our analysis. For Russia, where
available projections do not extend to 2040, values are extrapolated from 2035 onward, based on rates of growth in IEA NPS. The 2015 and 2017 global fossil fuel production
values derived from the national plans and projections differ slightly from estimates under the IEA NPS, and have not been harmonized.
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But there are also some potentially promising signs and

meeting the Paris goals may require that such “sup-

opportunities. A number of smaller producing countries
are already taking steps to limit further fossil fuel develop-

ply-side” policies become an increasing part of countries’
planning for climate change and broader sustainable de-

ment, while leading international finance institutions are

velopment. International forums — such as the UN climate

increasingly limiting or ending their lending to fossil fuel
production.

change process — and non-state actors can also play a
valuable role in catalysing the winding down of fossil fuel

Countries seeking to align fossil fuel production with
climate goals can pursue a range of policy approaches
to do so. From limits on new extraction to the removal

production in line with climate goals.
These opportunities to accelerate climate action are
discussed in the final two chapters.

of subsidies and the adoption of just transition plans,
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4
Support for fossil fuel
production in key
producer countries

Key Messages
This chapter reviews government support, planning, and
projections for fossil fuel production in 10 key countries: seven
top fossil fuel producers (China,
United States, Russia, India,
Australia, Indonesia, and Canada)
and three significant producers
with strongly stated climate ambitions (Germany, Norway, and
the United Kingdom).
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Together, these surveys illustrate
how a combination of ambitious
plans for expanding production,
subsidies to producers, direct
investment in infrastructure, and
other government supports underpin the continued expansion
of fossil fuel production, widening the global production gap.

4. Support for fossil fuel production in key producer countries
This chapter surveys fossil fuel production plans and support mechanisms across 10 key countries.
The first seven — China, the United States, Russia, India, Australia, Indonesia, and Canada — are
among the nine top global producers in terms of extraction-based CO2 emissions, as shown in Figure 3.1.13 The final three — Germany, Norway, and the United Kingdom — represent significant producers with strongly stated climate ambitions.

The country surveys in this chapter draw on national
plans and strategy documents, projections published
by government and affiliated institutions, and studies by
government, research, and intergovernmental institutions.
Together, they illustrate how a combination of ambitious
plans and targets, subsidies, and other support policies
underpin the continued expansion of fossil fuel production, which in turn widens the global production gap,
making the emissions gap harder to close.
This chapter shows trajectories of fossil fuel production from the most recently available national plans and
projections. Most countries foresee increases, while a few
expect overall declines despite active government support
for maximizing production (e.g. the United Kingdom for
oil and gas). Differences in trajectories reflect a variety of
factors beyond government support, including: reserves
and resources; extent of depletion; levels of infrastructure
investment for extraction and transport; relative costs of
extraction; changes in domestic demand; and access to
international markets, among others.
Consequently, it is challenging to assess what 1.5°C- and
2°C-compatible pathways for fossil fuel production might
look like at a national level. While some studies have estimated future coal, oil, and gas production by country or
region under climate constraints (IEA 2018a; McGlade and
Ekins 2015; Solano-Rodriguez et al. 2019), the underlying
models rely exclusively on the relative costs of production
to determine the national or regional distribution of production, and their results differ in quantitatively non-negligible ways. Arguably, other important factors also come
into play in determining the pace at which countries need
to wind down production to be in accordance with the Paris Agreement (Article 4.3) — in particular, each country’s
unique capabilities, responsibilities, and circumstances.

13

Further research could take these factors into account in
identifying equitable, effective, and cost-efficient production pathways at national scales, much as research
has illuminated similar pathways for emissions (Climate
Action Tracker 2019; Holz et al. 2019; Kartha et al. 2018).
Such production pathways would provide guideposts for
governments seeking alignment with Paris goals, and for
civil society organizations seeking to encourage action and
track progress.

Most countries foresee increases, while
a few expect overall declines despite
active government support for maximizing production.

The other two top producers, Saudi Arabia and Iran, were not included due to limitations in data availability.
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China
China is the world’s largest coal producer, accounting for nearly half (43%) of
global production in 2017 (3159 of 7320
million tonnes, or Mt) (IEA 2019a). Coal
production more than doubled from 2000
to 2013, dropping briefly from 2013 to
2016 before resuming growth (IEA 2019a).
While China is the world’s seventh leading
oil producer, it imports around two-thirds
of its consumption (IEA 2019a). Its latest
Five-Year Plan encourages the expansion
of domestic oil exploration and extraction,
and it continues to subsidize domestic
coal production (The People’s Republic of
China 2016a). China is also a top natural
gas producer, ranking sixth in 2017. The
country’s gas production increased by
over 400% (from 1.0 to 5.0 exajoules
(EJ)/year) from 2000 to 2017, though it
remains a net importer (IEA 2019a).
Chinese government support for fossil
fuel supply takes many forms:
j The central and provincial governments provide over a dozen subsidies to
coal and coal-bed methane production

— including tax relief, direct investment,
research and development support, and
compensation for mine shutdowns —

totalling over CNY 35.7 billion (USD 5.8
billion) in 2013 (Xue et al. 2015). Oil and
gas production also benefits from tax
breaks, refunds, and exemptions estimated at USD 669 million in 2013 (Denjean et
al. 2015).
j The central government currently

provides a direct subsidy of CNY 0.2 to
0.3 per cubic metre (m3) (USD 0.8 to 1.2/
MMBtu (million British Thermal Units))
for shale gas and coal-bed methane
extraction, with provincial and local
governments providing matching funds,
and is considering its extension for the
upcoming 14th Five-Year Plan (China
Ministry of Finance 2012, 2016; NEA 2016;
State Council 2018). Shale gas extraction
also receives tax abatement and refunds,
as well as exemptions on mineral rights
taxation (Xinhua Net 2019).
j State-owned enterprises (SOEs) in

the oil and gas industry, such as Sinopec,
China National Petroleum Corporation
(CNPC), and the China National Offshore
Oil Corporation (CNOOC), invested an
average of USD 22 billion per year in
upstream exploration and capital expenditure in 2013 and 2014 (Denjean et al.

2015). SOEs receive preferential loan rates
and terms to finance their production.
j CNOOC and CNPC are exempted from
land-use tax in cities and towns, reducing

costs and “leading to excessive production of fossil fuels” (G20 Peer-review
Team 2016).
Government plans and projections
suggest that coal production could
increase to 3,900 Mt in 2020 and then
drop slowly thereafter, as shown in Figure
4.1. This is in line with government intentions to cap domestic coal use. However,
since China accounts for nearly half of
global coal production today, its leadership in planning for a more rapid coal
phase-out remains central to the goals of
the Paris Agreement.
Sinopec expects China’s oil production
to remain at roughly 4 million barrels
per day. On expectations of increased
demand, Sinopec projects natural gas
production to continue its rapid growth,
more than doubling current levels by
2040, although still leaving the country
as a major importer.

Figure 4.1
Chinese government outlooks for coal, oil, and gas production. For coal, production levels beyond 2020 are estimated from consumption
projections, assuming imports account for 7% of consumption based on the 2010-2018 average. Sources: China Energy Group and LBNL
0The People’s Republic of China 2016b
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United States
The United States produces more oil and
gas than any other country, surpassing
Saudi Arabia for oil in 2015 and Russia
for gas in 2012 (IEA 2019a). After China,
the United States is the second largest
producer of coal (IEA 2019a).
For decades, the United States has
encouraged fossil fuel production through
tax incentives, regulatory reform, undervalued leases of federal lands, low royalty
rates, and research and development
support (Vietor 1984; Wang and Krupnick
2015; Warner and Shapiro 2013). In recent
years, U.S. presidents have supported
increased production through strategies
termed “all of the above” energy development (Obama 2014) and, most recently,
“energy dominance” (The White House
2017). This has included the lifting of the
four-decade-old ban on crude exports in
2015, which has played an instrumental
role in the continuing boom in U.S. oil
production (Blas 2019).
The United States supports fossil fuel production in numerous ways, for example:
j The federal government reports 16
subsidies to coal, oil, and gas production,

such as immediate depreciation of many
capital expenses and a “percentage
depletion” allowance that reduces
taxable income (U.S. Government 2015).

j Research indicates that federal and

state subsidies boost investor returns
enough to be a decisive factor for development on up to half of all new oil fields,
depending on prevailing oil prices. Gas
development may be similarly subsidy-dependent (Erickson et al. 2017).
j Significant federal support of oil and
gas research and development contribut-

ed to the hydraulic fracturing technology
that enables the current expansion of
unconventional oil and gas extraction in
the United States and beyond (National
Research Council 2001; Wang and Krupnick 2015).
j Companies can lease public, government lands and waters for fossil fuel

extraction, often paying below-market
rates. About 40% of all coal, 17% of all oil,
and 14% of all gas produced in the United
States is from federal lands and waters
(Merrill et al. 2018; U.S. EIA 2015).
As shown in Figure 4.2, without policy
change, the current boom in U.S. oil
and gas production is expected to
continue. The U.S. Energy Information
Administration projects that oil and gas
production will increase to 30% above
current levels by 2030 (U.S. EIA 2019).
While coal production is expected to

continue its decline, the rapid rise in oil
and gas production will push total U.S.
extraction-based CO2 emissions 40%
above 2005 levels by 2025, in contrast
with the 26–28% decline in territorial
emissions targeted in the country’s NDC
(U.S. EIA 2019).
The United States expects to become a
net exporter of fossil fuels in 2020 and
increase net exports throughout the next
decade. In fact, the IEA expects the United States to account for 70% of the rise
in global oil production and 75% of the
expansion in liquefied natural gas (LNG)
trade over the next five years (IEA 2019b).
In recent years, the U.S. government has
taken some national policy actions to
restrict fossil fuel supply, though these
have not been supported by the current
administration. The U.S. Department of
the Interior has discussed using a carbon
budget to set a “declining schedule” of
coal permits on federal lands (BLM 2017),
the Obama administration removed
offshore waters from oil and gas development citing climate risks (The White
House 2016), and ongoing Congressional
proposals provide templates for future
action (Huffman et al. 2016; Merkley et al.
2015).

Figure 4.2
U.S. government outlooks for coal, oil, and gas production. Sources: IEA 2019a; U.S. EIA 2018, 2019

EJ/yr

Coal

Mt/yr

EJ/yr

2,000

40

Oil

mb/d

Gas

bcm/yr

25
40

1,200

40
20

1,500
30

EJ/yr

30

900

30
15

1,000
20

20

600

20
10

500

10

0
2005

0
2020

2035

10

0
2005

5

0
2020

2035

300

10

0
2005

0
2020

2035

The Production Gap: 2019 Report

31

Russia
Russia is the world’s second largest producer of natural gas, third largest producer of oil, and sixth largest producer of coal
(IEA 2019a). The country exports about
half of its oil and coal, as well as about a
third of its natural gas (IEA 2019a). The oil
and gas sector is estimated to contribute
between 10% and 20% of Russia’s GDP
and almost half of federal government
revenues (IEA 2014; Ministry of Energy of
the Russian Federation 2017; Economic
Expert Group 2019).
Russia’s energy policy aims to retain its
fossil fuel export shares in global markets
through trade with Europe and expanding
flows to the Asia-Pacific region, especially China (President of the Russian
Federation 2019). To support these goals,
the Russian government uses direct
budgetary transfers, funds from government-owned financial institutions and
state-owned enterprises, tax preferences,
and various regulations (Gerasimchuk
2012; Ogarenko et al. 2015). For example:
j Federal subsidies to fossil fuel pro-

duction totalled RUB 440 billion (USD 7.5
billion) in 2017, a conservative estimate
based on an analysis from the Organisation for Economic Co-operation and Development (OECD) of budgetary support
and tax expenditures (OECD 2019). The
vast majority (98%) of these subsidies

were through tax breaks, especially
through a reduced rate of the extraction
tax on new and mature higher-cost fields
(OECD 2019).
j Through price regulations, Russia provided subsidies worth another USD 12.1

billion to domestic gas consumption in
2017 and an unquantified amount of support to the consumption of Russian gas
abroad (Gerasimchuk 2012; IEA 2018b),
spurring investments in gas production
and trade infrastructure.
j Majority state-owned Russian financial

institutions provided at least USD 10.1
billion in finance for the fossil fuel industry
between 2013 and 2015, partially at subsidized rates (Doukas et al. 2017).
j Oil, gas, and coal companies benefit
from subsidized access to transport infrastructure, such as through preferential

railroad tariffs for coal (Khusainov 2018),
as well as through ports, icebreakers and
pipelines (Gerasimchuk 2012; Lunden and
Fjaertoft 2014).
j Russia is piloting a tax regime switch
for oil fields (one based on profit rather

than outputs and exports) aimed at
reducing tax burdens and stimulating oil
output (by 0.9 million tonnes per year),
which may be expanded (Reuters 2018;
Yepryntseva and Palees 2019).

The Russian government recognizes its
production plans face challenges from
increasing competition in energy export
markets and decarbonisation trends (Ministry of Energy of the Russian Federation
2017; President of the Russian Federation
2019). Accordingly, the Ministry of Energy’s draft energy strategy developed both
an “optimistic” and a “conservative” scenario for future production. As illustrated
in Figure 4.3, Russia expects to sustain
oil production close to current levels by
2035 in both cases. Under its optimistic
scenario, by 2035, coal and natural gas
production would increase from 2015
levels by 32% and 38%, respectively;
under its conservative one, coal production would drop 5% and natural gas
would rise 20%. Russia’s largest oil and
gas companies also have their own plans
to increase production; Gazprom plans to
increase gas production by as much as
40% between 2017 and 2020 (Gazprom
2018a, 2018b).
Russia’s total extraction-based CO2 emissions would rise by 6% and 24% above
1990 levels by 2030 under the conservative and optimistic scenarios, respectively.
This is in contrast with Russia’s NDC
target of reducing territorial emissions by
25–30% during that same period (Russian
Federation 2015).

Figure 4.3
Russian government outlooks for coal, oil, and gas production. Sources: IEA 2019a; Ministry of Energy of the Russian Federation 2017.
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India
India is the world’s fourth largest coal producer, and also the world’s second largest
coal importer, reflecting the country’s
significant level of coal consumption (IEA
2019a). The country’s coal production
has more than doubled in the last two
decades, totalling 724 million tonnes in
2017 (IEA 2019a). With over 75% government ownership, Coal India is the world’s
largest coal mining company, producing
84% of India’s thermal coal, and is a major
employer in many parts of the country
(Tongia and Gross 2019).
India produces far less oil and gas than
coal, on an energy basis (EJ). While it
seeks to increase production of both, it is
expected to remain a major importer in
coming decades, especially for oil.
India supports fossil fuel production in
various ways, including:
j The government provides subsidies
across the energy value chain to increase
both energy production and consumption,
totalling INR 1.5 trillion (USD 23 billion)

in fiscal 2017. That year, subsidies to oil
and gas totalled INR 370 billion (USD 5.5
billion); those to coal were INR 160 billion
(USD 2.4 billion), largely for production
through concessional duties and tax
breaks (Soman et al. 2018).

j India also supports coal through INR

740 billion (USD 11.3 billion) in public
finance and the equivalent of INR 250
billion (USD 3.8 billion) through postponements in the implementation of environmental standards and other policies
(Worrall et al. 2018).

India becomes a net coal exporter), but
also that coal demand from the power
sector will continue to rise steeply for
the next two decades, which is uncertain
given the increasing competitiveness of
solar and wind (Marcacci 2018).

j A number of state-owned industries
are involved in the production of coal, oil

and gas, as well as in the transportation
and refining of oil and natural gas.
j It is important to note that these sup-

ports exist in the context of other costs
and interactions faced by coal, such as
the coal cess (tax) described in Chapter 5
and cross-subsidisation of passenger rail
prices by coal freight.
India’s Draft Energy Plan is not approved
in its final form, but it is used for this
overview, as it is the latest national planning document. This plan foresees coal
production increasing between 2015
and 2040 by 200% under a business-asusual scenario, and by 250% under an
“ambitious” scenario that seeks to reduce
imports (NITI Aayog 2017; PIB 2018),
as shown in Figure 4.4. India’s steep rise
in coal production is predicated on the
notion that not only will imports be largely
displaced (under its ambitious scenario,

Figure 4.4
Indian government outlooks for coal, oil, and gas production. BAU: business-as-usual. Sources: IEA 2019a; NITI Aayog 2017
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Indonesia
Indonesia is the world’s fifth largest
coal producer and exports over 80%
of its production, making it the second
leading exporter, just behind Australia
(IEA 2019a). By contrast, oil production
peaked in the mid-1990s, and Indonesia
became a net importer of oil in 2006 (IEA
2019a). The country’s natural gas production increased by around 50% between
1990 and 2017, making it the world’s 12th
largest producer in 2017 (IEA 2019a).
The central government has undergone
a paradigm shift from viewing oil and gas
as export commodities to seeing them
as strategic domestic resources, a shift
that is also beginning to occur with coal
(Braithwaite and Gerasimchuk 2019).
After a major expansion of coal production in the early 21st century (IEA 2019a),
the government now aims to direct an
increasing fraction of future production to
domestic energy needs through a policy
of Domestic Market Obligation. Under this
policy, producers must deliver a specific
amount to coal plants at a capped price
(Braithwaite and Gerasimchuk 2019;
Notonegoro 2018).

Indonesia’s 2014 National Energy Policy
foresees a tripling of the use of domestic
coal by 2050 for electricity production
(IEA 2016), while its 2018 Energy Outlook
projects an increase in coal production
by over 50% by 2050 (PPIPE and BPPT
2018), primarily due to growing domestic
demand.
Government support for fossil fuel production includes several measures:
j Indonesia provided IDR 5 trillion
(USD 400 million) or 0.05% of GDP in

subsidies for fossil fuel production between 2014 and 2016 (Braithwaite
and Gerasimchuk 2019).
j Subsidies for oil and gas extraction
include exemptions and reductions in

import duties and taxes, in income taxes
on capital goods and equipment, and
in land and building taxes (MEMR and
MoF 2019).
j Subsidies to the coal sector averaged
IDR 10.5 trillion (USD 800 million) in 2014

and 2015 (Attwood et al. 2017).

j Thermal coal was exempt from export
tariffs from May 2012 to August 2015,

which totalled IDR 1.2 trillion (USD 91 million) in 2015 and IDR 2.6 trillion (USD 200
million) in 2014 in forgone government
revenue (Attwood et al. 2017).
Indonesia has successfully diversified
its economy as its oil production has
declined, maintaining constant growth
and stable budget deficits (Braithwaite
and Gerasimchuk 2019). Revenue from
upstream oil and gas production has
dropped from 7% of GDP in 2001 to 1%
in 2016 (IMF 2004, 2018). However, as
shown in Figure 4.5, government projections envision gas production growing by
24% between 2020 and 2040. Likewise,
coal production is projected to grow by
29% during this period (PPIPE and BPPT
2018). Both increases are driven by the
need to meet expected growth in national
energy demand, which is partially fuelled
by planned developments of household
gas distribution networks and of coalbased industry (PPIPE and BPPT 2018).

Figure 4.5
Indonesian government outlooks for coal, oil, and gas production. Historical production values are not shown for coal because of a
mismatch between the reported 2017 values in the Indonesia 2018 Energy Outlook (418 Mt) and IEA statistics (488 Mt). Sources: IEA
2019a; PPIPE and BPPT 2018
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Australia
Australia is not only a major fossil fuel
producer, but also the world’s leading exporter of coal (IEA 2019a) and the second
largest producer and exporter of LNG
(IGU 2018). With government backing,
and proposed major new investments in
mines and port facilities, Australia’s coal
and gas outputs and exports could continue their rapid rise (Office of the Chief
Economist 2019). Proposed large coal
mines and ports — if fully completed —
would represent one of the world’s largest
fossil fuel expansions (around 300 Mt
per year of added coal capacity) (Buckley
2019a; Department of the Environment
and Energy 2018). The rise of hydraulic
fracking has also opened the door to
discussions on tapping into the country’s
vast resources of unconventional (shale)
gas (Westbrook 2018).
Australia supports increased fossil fuel
production through several measures:
j Tax-based subsidies total more than
AUD 12 billion (USD 9 billion) per year
(Market Forces 2019). This includes the

fuel tax credit scheme, which allows fossil
fuel companies to claim tax credit on their

fuel use (Australian Taxation Office 2017),
and a budgeted AUD 1.7 billion (USD 1.3
billion) for accelerated depreciation for oil
and gas assets (Australian Department of
the Treasury 2015).
j Geoscience Australia, a government

agency, absorbs sector risk by financing
and conducting resource exploration,
which was worth AUD 100 million (USD
75 million) in fiscal 2017 (Department of
Industry, Innovation and Science 2018).
j The government takes various steps

to support increased coal production, including, for example, fast-track approval,
private road construction, and reduced
royalty payments for Adani’s recently
approved Carmichael coal mine project in
the Galilee Basin (Buckley 2019b).

Government projections show coal
production growing another 10% by 2024
and 34% by 2030, relative to 2018 levels
(Office of the Chief Economist 2019;
Syed 2014). As shown in Figure 4.6, the
government also envisions gas production
growing 20% by 2024 and 33% by 2030
relative to 2018 levels (Office of the Chief
Economist 2019; Syed 2014).
Under these projections, Australia’s
extraction-based emissions from fossil
fuel production would nearly double
(a 95% increase) by 2030 compared to
2005 levels. However, its NDC targets a
reduction in territorial GHG emissions
of 26–28% over the same period (Government of Australia 2016).

j Recent legislation increased government support for investment in new over-

seas infrastructure projects from AUD 2
million to AUD 1.2 billion (USD 2 million to
USD 900 million) to accommodate Australian coal and gas exports (Parliament of
Australia 2019; Hasham 2019).

Figure 4.6
Australian government outlooks for coal, oil, and gas production. Sources: Office of the Chief Economist 2019; Syed 2014
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Canada
Canada is the world’s sixth largest oil
producer and fourth largest natural gas
producer (IEA 2019a). In coal production,
it ranks just outside the world’s top 10
(IEA 2019a). The fossil fuel sector currently
generates about 8% of Canada’s GDP,
though this has been in decline since
1997, when it generated 10%. Production levels, however, have risen (Hughes
2018). The government views fossil fuel
exports as critical for Canada’s economic
growth — the current Prime Minister has
stated that expanding fossil fuel export infrastructure is “of vital strategic interest to
Canada” (Prime Minister of Canada 2018).
Canada has encouraged the production
of oil and natural gas through several
government measures, including tax incentives, regulatory reform, research and
development support, and, most recently,
direct public investment. For example:
j Federal subsidies for fossil fuel pro-

duction (including a 100% deduction for
exploration expenditures) were approximately CAD 1.6 billion (USD 1.2 billion) per
year from 2013 to 2015 (Touchette and
Gass 2018). As they are linked to oil prices
and exploration activities, a decline in
both led to a significant drop in subsidies
over the 2016–2018 period (Touchette

and Gass 2018). While some incentive
programs have ended, subsidy values are
still expected to increase with oil prices.
j Subsidies at the provincial level can
also be significant. Oil, gas, and coal

subsidies in Alberta, for example, totalled
CAD 2 billion (USD 1.5 billion) in fiscal year
2017–2018, with the vast majority coming
from royalty adjustment (Environmental
Defence and Gass 2019).
j In 2018, the national government

purchased the Trans Mountain Pipeline
for CAD 4.5 billion (USD 3.5 billion) and
it has offered to indemnify the pipeline
expansion project for a private buyer to
enable increased oil sands production for
international export markets (Department
of Finance 2018).
Though Canada plans to address domestic emissions by putting in place a
nation-wide carbon price, fossil fuel production is expected to grow progressively,
largely driven by oil sands expansion.
Canada’s Energy Future 2018 projects oil
production to increase 60% from 2017
to 2040 (National Energy Board 2018).
Natural gas production is also on track to
increase 34% during that time (National

Energy Board 2018). In contrast, as a
founding member of the Powering Past
Coal Alliance, Canada has committed to a
coal power phase-out by 2030, accompanied by measures to support coal workers
and communities (Environment and Climate Change Canada 2017). Thermal coal
production is thus expected to decline by
roughly 90% from 2017 to 2040 (National
Energy Board 2018).
While Canada reported a 2% reduction
in 2017 emissions relative to 2005 levels
(Environment and Climate Change Canada 2019), its NDC target is to reduce territorial emissions 30% below 2005 levels
by 2030 (Government of Canada 2017).
Ongoing fossil fuel production could
create challenges for meeting this goal,
as upstream oil and gas production alone
accounts for 27% of Canada’s territorial
emissions (Environment and Climate
Change Canada 2019). Furthermore, extraction-based CO2 emissions from fossil
fuel exports nearly doubled from 2000 to
2015, and now exceed Canada’s domestic
CO2 emissions from all sources (Environment and Climate Change Canada 2019;
Lee 2018).

Figure 4.7
Canadian government outlooks for oil and gas production. Canadian coal production is small (~1 EJ/yr) and not shown. Source: National
Energy Board 2018.
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Norway
Norway is the largest oil and gas producer
in Europe outside Russia, with extensive
offshore production. While oil production
has declined since a 2001 peak, gas
production has increased by almost
350% over the past three decades (IEA
2019a). Both are expected to rise in
coming years, as shown in Figure 4.8,
before a longer-term decline.
Norway’s oil and gas policy emphasizes
maximum exploitation of economically
viable resources through technological
innovation in existing fields, increased
exploration in “mature” areas, and gradual
expansion in less-explored frontier areas
— primarily in the Arctic (Norwegian
Ministry of Petroleum and Energy 2011).
The government supports expanded oil
and gas development through multiple
measures:
j Norway awards new oil and gas

licenses through two different processes designed to encourage increased
exploration in frontier and mature areas,
respectively (Lahn 2019).
j The government is a direct investor
in the oil industry through passive owner-

ship in many licenses and its controlling
share in Equinor (Lahn 2019).

j A 78% tax rate on the industry is a key
source of government revenue, but full

deductibility of exploration and development means the public shoulders a
large share of the risk in new oil and gas
developments (Lahn 2019).
j The current system of deductions is
characterized by the Ministry of Finance

as “too generous” compared to the ideal of
a neutral tax regime (Norwegian Ministry
of Finance 2018). These tax breaks totalled
NOK 10.7 billion (USD 1.3 billion) in 2018
(Norwegian Ministry of Finance 2018),
and are categorized as subsidies by some
analysts (Aarsnes and Lindgren 2012).
While Norway’s territorial targets are
to reduce emissions by 40% from 1990
levels by 2030, and by 80–95% by 2050
(Norwegian Ministry of Climate and
Environment 2017), it remains to be seen
whether these goals will lead to changes
in oil and gas policy or production. Emissions from oil and gas production have
increased since 1990 and may continue
to increase despite Norway’s territorial
reduction targets, due to the ability to use
allowances purchased from the EU Emissions Trading System (EU ETS) to offset
the sector’s emissions (Lahn 2019).

At the same time, there is increasing
awareness that future oil and gas policy
may be impacted by international climate
policy developments (Lahn 2019). In
response to this, some measures have
been taken to minimize the economic
risks associated with declining fossil fuel
demand. The Norwegian government
recently announced its intention to assess
future oil and gas investments against
an oil and gas price scenario in line with
Paris Agreement goals (Norway’s Climate
Risk Commission 2018; Norwegian
Ministry of Finance 2019a). While it is not
yet clear how this will be factored into
decision-making, previous analysis indicates some new oil developments may
be vulnerable to lower oil demand (Down
and Erickson 2017; Rystad Energy 2013).
The government has also announced
the intention to divest its USD 1 trillion
sovereign wealth fund, which is built on oil
and gas revenues, from upstream oil and
gas activities, in order to reduce Norway’s
oil price exposure (Norwegian Ministry of
Finance 2019b). The fund divested from
coal energy in 2016, based on the sector’s
environmental impact.

Figure 4.8
Norwegian government outlooks for oil and gas production. Publicly available government projections of production beyond 2023 only show
oil and gas combined; projections beyond 2023 are split between oil and gas based on the ten-year average of the latest data (2014–2023).
Norway produces almost no coal (<0.01 EJ/yr). Sources: Norwegian Ministry of Finance 2019a; Norwegian Petroleum Directorate 2019.
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Germany
Historically one of the world’s largest coal
producers and exporters, Germany has
now taken initial steps towards winding
down coal production and use, driven by
its “Energiewende” clean energy transition
agenda. With its last hard coal mine closing in late 2018 (driven by EU State aid
rules requiring the removal of subsidies
to their operation by 2018 (European
Union 2010)), the key debate is around
the speed and process for moving away
from brown coal (lignite) mining and use
(Apunn 2019; Wynn and Coghe 2018).
As of 2017, Germany remains the world’s
largest producer of lignite (171 Mt), the
most emissions-intensive type of coal
(IEA 2019a).
Germany has provided extensive government support to fossil fuel extraction
to date (Whitley et al. 2017). Recently,
however, it has begun shifting fossil fuel
subsidies to transition support for workers and mine rehabilitation, in line with
international commitments and the domestic coal phase-out discourse (Schulz
2019). Specifically:
j Between 2005 and 2016, the German

government provided an average of EUR
2.4 billion (USD 2.8 billion) annually in

transition support to the hard coal industry, including support for rehabilitation of
mining sites and for workers and communities, following the decision to close the
industry (in line with European Commission restrictions) (Whitley et al. 2017).
j The German Commission on Growth,

Structural Change and Employment
(referred to as the Coal Commission)
has earmarked around EUR 40 billion
(USD 47 billion) in government support
to compensate states affected by the
phase-out of lignite. It is unclear what
proportion will go to mining (rather than
power), as the Commission’s recommendations still need to be translated into
law (Gençsü 2019).
A full transition away from coal is expected to play a central role in achieving
Germany’s long-term goal of an 80–95%
emissions reduction below 1990 levels
by 2050. The draft National Energy and
Climate Plan (NECP) currently envisages
a 63% drop in coal production between
2015 and 2040 (BMWi 2018). However,
the Coal Commission has since proposed
a full phase-out of coal-fired power generation by 2038 at the latest, with measures
that include social and structural devel-

opment of lignite mining regions (BMWi
2019; Schulz 2019). Germany’s Coal
Commission has brought together actors
from coal regions, industry, trade bodies,
environmental NGOs, academia, and communities affected by the expansion of coal
mines, in order to chart a path to ending
German coal extraction and use while mitigating negative socio-economic impacts.
Germany joined the Powering Past Coal
Alliance in September 2019.

Miners from the Prosper-Haniel coal mine stand
next to the Saint Babara sculpture a day before
the mine officially closed, at a religious service at
the Dom cathedral.

Figure 4.9
German government outlook for coal production. German oil and gas production is small (<1 EJ/yr each) and not shown. Source: BMWi 2018
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United Kingdom
The United Kingdom’s fossil fuel production lies primarily in offshore oil and gas,
with estimated recoverable petroleum
resources of 10 billion to 20 billion barrels
of oil equivalent (OGA 2018). Under the
United Kingdom’s policy of “maximizing
economic recovery”, it has stated an intent to extract “every drop of oil and gas”
(UK Parliament 2017). On the other hand,
the country’s coal production and use has
been on a steep decline since the 1980s,
including a recent commitment to phase
out coal power by 2025 (Department for
Business, Energy, and Industry Strategy
2018). It is one of the founding members
of the Powering Past Coal Alliance, along
with Canada.
Though the UK government stated that it
does not provide any subsidies for fossil
fuels under its own definition, a recent
report by the European Commission
found that the United Kingdom has the
largest fossil fuel subsidies in the European Union (European Commission 2019). A
range of measures support the oil and gas
industry:
j The United Kingdom issues new
exploration and production licenses every

year, alternating between offering mature

and frontier areas. Leases generally last
30 years but are extendable (Muttitt et al.
2019).
j The United Kingdom offers investment

allowances, lowered tax rates for oil and
gas, and support for decommissioning
(Muttitt et al. 2019; Whitley et al. 2018).
j In the tax years 2015–16 and 2016–17,
the oil and gas industry received an aver-

age of GBP 176 million (USD 224 million)
more per year in government support
than it paid back in taxes (Muttitt et al.
2019).
j A public body, the Oil and Gas Authority, has a statutory mission of maximizing

extraction. It has created a strategy
to boost 2035 production revenue by
around 50% compared to baselines, and
promotes its achievement by, for example,
coordinating among companies on their
use of infrastructure, sharing information
on costs, and intervening in supply chains
(OGA 2019a, 2019b).

recent report by the Environmental Audit
Committee of the UK government stated
that “UKEF support for fossil fuel energy
projects is unacceptably high”, recommending that UKEF should set a strategy
for net-zero emissions by 2050, and push
other export credit agencies within the
OECD to do the same (UK Environmental
Audit Committee 2019, p. 3).
Recently, the UK Committee on Climate
Change recommended that the United
Kingdom should raise its ambitions to net
zero emissions by 2050, deeming such a
target "necessary, feasible and cost-effective" (UK Committee on Climate Change
2019, p.8). Although the Committee’s
report contemplates mitigating emissions
from oil and gas production, it does not
discuss how fossil fuel production itself
might be aligned with the net zero target.

j The United Kingdom provided an
annual average of GBP 432 million (USD
550 million) in international public finance

for upstream oil and gas in 2013 and 2014
through UK Export Finance (UKEF). A

Figure 4.10
UK government outlooks for oil and gas production. UK coal production is small (<0.1 EJ/yr) and not shown. Source: OGA 2019b
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5
Policy options
to close the
production gap

Key Messages
Countries can begin to close the
production gap by aligning their
energy and climate plans.

Governments have a range of
policy options to regulate fossil
fuel supply, including limits on
new exploration and extraction
and removal of subsidies for
production.

Non-state actors and subnational governments can
also help facilitate a transition
away from fossil fuels, by
mobilizing constituencies and
shifting investment to lowercarbon options. Individuals and
institutions have already pledged
to divest over USD 11 trillion from
fossil fuel holdings.

Several governments are
planning for a “just transition”
that aims to minimize disruption
for affected workers and
communities.
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Some countries are already
demonstrating leadership:
Belize, Costa Rica, Denmark,
France, and New Zealand have
all enacted partial or total bans
on oil and gas exploration and
extraction. Germany and Spain
are phasing out coal extraction.

5. Policy options to close the production gap
A key step toward closing the production gap is for countries to recognize the substantial discrepancy between fossil fuel production plans and global climate goals – and then to enact policies
that bring production plans in line with climate efforts. Their policy toolkit can include not only
“demand side” policies, such as renewable energy and energy efficiency measures, but also those
that focus explicitly on reducing the supply of fossil fuels.

Accordingly, in this chapter, we outline the “supply-side”
policy options available, describe the benefits they could
offer, and highlight important lessons from early adopters
of such policies. We discuss the importance of incorporating processes that support a just transition away from fossil fuels. We conclude by discussing the role that non-state
actors can play in winding down fossil fuel production.

5.1. Supply-side climate policy
Policies to address fossil fuel supply are often missing from
the climate policy toolkit. Most climate policy interventions
seek to address the consumption, rather than the production, of coal, oil and/or gas, through measures such as
pricing carbon, fostering alternative energy sources, and
improving energy efficiency. Climate policy need not be
limited to interventions on the demand side, however. In
many other areas of public policy, governments recognize
that tackling supply and demand for a product at the same
time is the most effective way to limit its use (Green and
Denniss 2018). This is true for a diverse range of policy
goals, including efforts to reduce the consumption of
tobacco, the selling of illicit drugs, and the trafficking of
endangered species. The continued growth in fossil fuel
extraction suggests that there may be value in similarly
seeking to limit the upstream production of such fuels, in
addition to their consumption (Green and Denniss 2018;
Lazarus and van Asselt 2018).
For governments interested in restricting fossil fuel supply
as part of their broader climate strategy, a range of policy
options exist (Table 5.1.). These “supply-side” climate policy
tools include economic instruments, such as fossil fuel
subsidy reform and taxation on the production or export of
fuels. Governments may also use their regulatory authority
to limit extraction, for instance by banning new permits
for exploration or extraction, or by limiting or rescinding

existing fossil fuel licenses. Policymakers can also turn to
their provision of goods and services, by redirecting public
finance away from the fossil fuel sector, setting long-term
goals to wind down extraction, and developing strategic
transition plans to support fossil-fuel-dependent workers
and communities. And governments can raise awareness
and increase transparency by requiring fossil fuel companies to report on their production plans, and by reporting
on their own progress in closing the “production gap.”

For governments interested in restricting fossil fuel supply as part of their
broader climate strategy, a range of
policy options exist.
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Table 5.1: Taxonomy of supply side policy
Category

Supply-side policy

Regulatory
approaches

Limit exploration, production, or export (e.g., via moratoria, bans, or quotas)
Prohibit development or limit permits for specific resources, infrastructure (oil pipelines and terminals, coal
ports, etc.), or use of certain technologies
Ensure comprehensive (upstream and downstream) emissions assessment in environmental impact reviews
of new fossil fuel supply projects

Economic
instruments

Remove fossil fuel producer subsidies
Introduce fees or taxes for fossil fuel production or export, and increase royalties

Government
provision of goods
and services

Assist workers and communities transitioning out of fossil fuel production
Divest state-controlled investment funds from companies involved in fossil fuel production
Restrict financing for fossil fuel supply projects through government-owned finance institutions (e.g. export
credit agencies, and national and multilateral development banks)

Information and
transparency

Require corporate disclosure of long-term climate-related risks associated with capital-intensive upstream
production and exploration (Carbon Tracker Initiative 2019a)
Set targets for reducing fossil fuel production, and report on progress alongside existing climate mitigation
accounts (e.g. by using an extraction based emissions accounting framework) (Steininger et al. 2016)

Source: Lazarus and van Asselt (2018), adapted from Somanathan et al. (2014) Table 15.2.

Some governments have already begun to enact policies
such as those outlined in Table 5.1, providing models for
the rest of the world to learn from and emulate (Figure 5.1).
The governments of Belize, Costa Rica, France, Denmark,

particularly pronounced for countries that are now deciding whether to follow a fossil-fuel-driven development
pathway (Bradley et al. 2018). Supply-side policies also
may have administrative advantages over other forms of

and New Zealand, for instance, have all enacted partial
or total bans or moratoria on oil and gas exploration
and extraction. Germany and Spain are phasing out coal
extraction, and working with workers and communities
to plan for an economic future without mining (MITEGO

climate policy: they target a narrower set of actors (fossil
fuel producers), and thus may be easier and less costly to
administer (Green and Denniss 2018).

2018; Wehrmann 2018). And more than 40 countries have
endorsed the need to reform fossil fuel subsidies (FFFSR
2019). These actions represent a growing momentum to
limit fossil fuel supply for climate and related sustainable
development reasons. Most of these policies and commitments have been enacted in the last five years (see online
Appendix C), signalling policymakers’ new focus on fossil
fuel production.
As noted in Chapter 1, policies to limit fossil fuel production can bring several benefits. Supply-focused measures
broaden the climate policy toolkit, which can increase the
scale of emission reductions available at a given marginal
cost. They can also help avoid “carbon lock in” by limiting
investment in long-lived infrastructure (i.e. entrenched
fossil fuel production with long pay-back horizons). This
can also decrease the risks and costs associated with
stranded assets (Erickson et al. 2015) — risks that are
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Finally, there may be distinct socio-political advantages
to addressing fossil fuel supply, alongside other climate
policy measures. Fossil fuels are more tangible than
emissions, which helps to mobilize public support for
climate policy; people may find it easier to attribute costs
and benefits to specific, familiar energy sources, rather
than the more abstract emissions created from those
fuels when they are burnt (Ansolabehere and Koninsky
2014; Green and Denniss 2018). Addressing fossil fuel
supply also brings added co-benefits — such as reducing
pollution around extraction, processing, and transportation sites — that may appeal to affected communities
(O’Rourke and Connolly 2003). That said, supply-side
constraints may encounter opposition from industry, communities and regions economically dependent on fossil
fuel extraction (Harrison 2015). Careful design of policies,
including supporting measures for affected communities
and industries, can increase the political viability of
supply-side policy.

Figure 5.1 Examples of supply-side polices and actions taken by countries. Note that not all policies were adopted with a climate
change rationale, though they may potentially have mitigation impacts. For more detail, see online Appendix C.

NORWAY

CANADA

DENMARK

CHINA
GERMANY
FRANCE
UNITED STATES

BELIZE

ITALY
INDIA

SPAIN

NEW ZEALAND

COSTA RICA

Coal
Oil and Gas

BELIZE

DENMARK

Moratorium on offshore oil
exploration and drilling

Ban on exploration and drilling for oil, gas, and shale gas on
land and in inland waters

CANADA
Phase-out of the accelerated
capital cost allowance for oil
sands projects and the Atlantic
Investment Tax Credits for use
in oil and gas activities (subsidy
reform)
Moratorium on offshore oil
and gas activities in Canada's
Arctic waters and in designated
marine protected areas

CHINA
Supply-side structural
reform (closure of coal mines)
and just transition support
measures

COSTA RICA

FRANCE
No new or renewal of exploration permits for conventional
and unconventional fossil fuels;
Phase-out of all oil and gas
production within the country
and its overseas territories
by 2040

GERMANY
Phase out of subsidies for
domestic hard coal industry
by 2018
Just transition plan for the
coal industry: compensation for
coal mining provinces; compensation and training for coal
miners

INDIA

SPAIN

Cess (tax) on coal production

ITALY
18-month moratorium on
offshore oil and gas exploration
permits

NEW ZEALAND

Closure of domestic coal
mines with Just Transition plan
(compensation and re-training)

UNITED STATES
Moratorium on oil and gas
exploration in some areas of
the Arctic and Atlantic

Ban on new offshore oil and
gas exploration permits
Establishment of a “Just
Transitions Unit” with a focus
on supporting the region most
dependent on the oil and gas
industry

NORWAY
Certain offshore areas closed
for drilling (including Lofoten
archipelago and other coastal
and sensitive areas and in the
Arctic)

National moratorium on oil
exploration and exploitation

The Production Gap: 2019 Report

43

Box 5.1. Lessons from first movers: Limiting oil supply in Latin America and
the Caribbean
Some of the earliest efforts to limit the production of

area (Government of Mexico 2016). And in December

oil and gas on environmental grounds originated in

2017, the Belize government unanimously approved a

Latin America and the Caribbean. The most prom-

moratorium on petroleum-related activities in mari-

inent moratorium effort is probably the Yasuní-ITT

time areas (Government of Belize 2017).

project, launched in 2007 in Ecuador, which sought
international compensation for banning the extraction of oil in a national park (Finer et al. 2010).

These governments have shown that starting with
small steps — a temporary ban, or limits on extraction in a restricted area — can help build momen-

While this initiative was ultimately unsuccessful

tum for expanding constraints on production. While

(Sovacool and Scarpaci 2016), later efforts to limit oil

climate change was occasionally raised as a motivat-

extraction without a condition of compensation fared

ing factor, the protection of biodiversity, ecosystem

better. In 2011, Costa Rica announced a temporary

services, and eco-tourism were the main rationales

moratorium on offshore oil exploration, which was

underpinning all of these initiatives. An emphasis on

later extended to 2050 (Government of Costa Rica

the measures’ potential benefits helped increase the

2019). In 2016, former Mexican President Enrique

viability of their adoption, suggesting more attention

Peña Nieto signed decrees banning oil and gas activ-

needs to be paid to the wider sustainable develop-

ities in areas of high natural value, amounting to ap-

ment benefits of closing the production gap.

proximately 1 million square kilometres of protected

5.2. Support for just transitions
Policies that constrain fossil fuel production — either
directly through supply-side policies, or indirectly by
reducing fuel demand — can be coupled with transition
support to aid those currently reliant on fossil fuel development for their livelihoods. All governments, as signatories to the Paris Agreement, have recognized the need to
“[take] into account the imperatives of a just transition”
and the impacts of response measures; this implies the
need to plan to minimize disruption for workers, communities, and consumers who may be disproportionately
affected by a shift to a low-carbon economy (ITUC 2017;
UNFCCC 2016). Some countries have already embarked
on such planning. For example, the governments of Canada (Government of Canada 2018), Germany (Wehrmann
2018), Spain (MITEGO 2018), Scotland (Scottish Government 2018), and New Zealand (MBIE 2018) are all developing or implementing new transition planning processes
and support programs to help oil, gas, and/or coal workers
and communities adjust as their industry declines.
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While transitions away from fossil fuels will affect many
across society, two groups are typically the focus of
transition planning efforts in the fossil fuel production
sector: workers and fossil-fuel-dependent communities
and regions (Sartor 2018). Both workers and communities
want to be consulted on the transition and want meaningful social dialogue to take place concerning their future.
Once dialogue takes place and workers’ concerns are
heard, a range of solutions can be negotiated to facilitate a
transition that different parties perceive as fair.
Commonly employed transition provisions include: facilitating local development planning; ensuring workers’ existing legal entitlements (e.g. to pensions and healthcare) are
maintained; ensuring social protection and insurance measures for workers; supplementing local government revenues; creating job training programs; restoring industrial
sites; and investing in new community facilities to revitalize
social and economic development (Green and Gambhir
2019). There is no “one-size-fits-all” approach to transition
planning; the choice of transition support should reflect

Box 5.2. Addressing supply and demand: New Zealand’s comprehensive
approach to climate policy
New Zealand is a relatively small fossil fuel producer.

to kick-start the managed transition (New Zealand

However, the country faces similar challenges to

Government 2018c).

those of most producing countries. Oil production
is highly concentrated in one region, Taranaki, and
forms an important part of the regional economy,
accounting for 28% of the region’s economic output
(Make Way for Taranaki 2017). The New Zealand government has recognized the challenge that the global
phase-out of fossil fuels represents for Taranaki, and
the need for a managed transition that protects jobs
and supports regions and local communities (New
Zealand Government 2018a).
In April 2018, the New Zealand government announced that it would cease granting offshore oil
and gas exploration permits, a ban that was subsequently passed into law in the Crown Minerals
(Petroleum) Amendment Act 2018 (New Zealand
Government 2018b). The policy protects existing
jobs and exploration and extraction rights: it does not
cover the country’s 22 existing offshore exploration
permits, and new onshore exploration permits can
still be granted. As Prime Minister Jacinda Ardern
highlighted, the policy aims to provide certainty for
industry and communities to plan for the future, and

the desires and opportunities that make the most sense
for individual workers and communities, as well as the
government capacity, institutions, and wider conditions in
the relevant jurisdiction (Green and Gambhir 2019). The
size and scope of these plans depends on the current footprint of the industry: countries and regions that are heavily
dependent on fossil fuel production will need extensive
industry transition plans, whereas more diversified economies may have relatively minimal transition needs.

The exploration ban fits within a wider, comprehensive climate strategy that aligns demand, supply,
and transition measures. In May 2019, the government proposed legislation that would set a target of
net-zero carbon emissions by 2050, and establish
an independent climate change commission (New
Zealand Government 2019a). Alongside this policy,
the government has created a Just Transitions Unit to
aid the transition process (MBIE 2018).
A key element of New Zealand’s climate strategy is
supporting the Taranaki region as it transitions its
economy away from fossil fuels. The government is
investing NZD 20 million (USD 13 million) in local infrastructure and clean energy projects to diversify the
region’s economy (New Zealand Government 2018d),
and in 2019 it hosted a Just Transition Summit to
discuss the steps needed to realize a low-emissions
future (New Zealand Government 2019b). The government has also helped the Taranaki region to develop a
2050 Roadmap, co-designed with local communities
and stakeholders (Venture Taranaki 2019).

Providing assistance to those impacted by a transition
away from fossil fuels is almost certainly a necessary
precondition for ambitious climate policy. Absent a clear
plan to support those affected by a low-carbon transition,
governments are likely to face social and political resistance to any efforts to limit fossil fuel production or use.
Transition planning can build consensus for more ambitious climate policy, including for the types of supply-side
policies outlined in this chapter.
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5.3. The role of subnational and non-state actors

Fossil fuel companies could also play important roles

National governments are not acting alone to limit fossil

in closing the production gap. A handful of fossil fuel
companies are already moving their investments towards

fuel production and support a just transition. Many city
and regional governments are putting in place policies to
constrain fossil fuel supply, and help communities move
into alternative economic development models. Dozens of
municipalities, counties, and regional governments have,
for example, enacted bans on hydraulic fracturing (Carter
and Eaton 2016; KTWS 2018); subnational governments,
such as Scotland and Alberta, were also among the first
to announce just transition policies to support oil and
coal workers, respectively (Government of Alberta 2017;
Scottish Government 2018).
Beyond governments, a range of other non-state actors
are helping to facilitate the transition away from fossil

lower-carbon options. For example, in 2017, the Danish
Oil and Natural Gas company (DONG) sold off its oil and
gas business, and announced a name change to Ørsted to
reflect its exit from the fossil fuel business (Spector 2017).
While this is a step in the right direction, the industry as a
whole has not yet signalled a commitment to a long-term
transition away from fossil fuels, with only 1.3% of oil and
gas companies’ total capital expenditures (USD 22 billion)
invested in low-carbon energy since 2010 (Fletcher et al.
2018). Historically, fossil fuel industry associations aiming
to reduce emissions — such as the Oil and Gas Climate
Initiative and IPIECA (the oil and gas industry association
for environmental and social issues) — have primarily

fuel extraction, including companies, investors, trade
unions, and civil society organizations. Through fossil fuel

focused on improving the reporting and the emissions intensity of production, rather than on limiting investments

divestment campaigns and other efforts, civil society
groups and investors have placed social, political, and
economic pressure on governments and companies to
move away from supporting fossil fuel production (Healy
and Barry 2017). To date, more than USD 11 trillion in fossil
fuel divestment pledges have been made by over 58,000
individuals and more than 1,100 institutions (Fossil Free

in projects that are incompatible with a 1.5°C or 2°C
pathway (Carbon Tracker Initiative 2019b; Grant 2018).
Going forward, these organizations could be instrumental
in managing an orderly wind-down of fossil fuel production by helping companies align their portfolios with Paris

2019).
Civil society has also been leading the call for governments and corporations to take action on fossil fuel
supply. More than 500 non-governmental organizations,
for instance, have signed the “Lofoten Declaration” calling
for an end to fossil fuel development and the managed
decline of existing production (The Lofoten Declaration
2017). Collectively, campaigns like this are helping to
change the discourse, norms, and attitudes around ongoing fossil fuel production in a climate-constrained world
(Cheon and Urpelainen 2018; Green 2018; Piggot 2018).
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Agreement goals and by moving away from investments
that could stand in the way of meeting the world’s climate
change objectives.
While such actions by civil society, governments, and
some businesses are promising, the shift away from fossil
fuel production and use is not yet happening at the speed
or magnitude needed to limit dangerous global warming
(Muttitt et al. 2016). Greater ambition and coordination by
state, subnational, and non-state actors will be required to
align fossil fuel supply with Paris goals (Piggot et al. 2018).
The next chapter details how the policies and initiatives
outlined in this chapter might be scaled up internationally.
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6
Increasing
international
ambition and action

Key Messages
International cooperation can
play a central role in efforts to
wind down fossil fuel production.

The Paris Agreement provides
key opportunities for countries
to address fossil fuel production,
including through the global
stocktake, nationally determined
contributions, financing, and
long-term low greenhouse gas
emission development strategies.

International financial institutions
can shift financial support away
from fossil fuel production and
towards low-carbon energy.

Ensuring an equitably managed
decline in production is crucial to
success.
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Drawing inspiration from models
such as the Powering Past Coal
Alliance, coalitions of leading
actors can work together to raise
ambition through joint targets
and actions that align future
fossil fuel production with global
climate goals.

6. Increasing international ambition and action
International cooperation plays an important role in catalysing supply-side policy. It can encourage
countries to adopt more ambitious policies by offering assurances of collective action. That collective
action can, in turn, increase policy effectiveness; since fossil fuels are traded internationally, supply-side measures are more effective when countries adopt them together. International cooperation
can also increase momentum for domestic action by sending a clear signal to policymakers, investors, consumers, and civil society that the world is shifting towards a low-carbon future. And it can
help ensure that such a transition takes place in an equitable way.

This chapter summarizes how the UN climate process and
other international institutions and initiatives can help to
catalyse supply-side ambition and action. We conclude by
discussing the importance of ensuring an equitable transition away from fossil fuel production, and key considerations that can support this effort.

6.1. Winding down fossil fuel supply through the
UN climate change process
As the foremost international forum for climate action, the
UN climate change process (under the UN Framework
Convention on Climate Change, UNFCCC) is arguably
well placed to address the linkages between fossil fuel
production and climate policy (Piggot et al. 2018). Yet
its consensus-based approach to decision-making also
presents a challenge. Fossil fuels have historically been
kept from the UN climate regime’s agenda (Depledge
2008), with the 2015 Paris Agreement omitting any
reference to fossil fuels. This omission reflects the
concerns of major fossil-fuel-producing and exporting
nations, whose governments have argued that they would
face economic challenges if stronger climate action were
to be taken (Chan 2016; van Asselt 2014).
There is a clear rationale for addressing fossil fuel supply
through the UN climate regime, however. As discussed in
Chapter 1, meeting the Paris Agreement’s goal of limiting
the global average temperature to well below 2°C above
pre-industrial levels — and pursuing efforts to stay below
1.5°C — will require the vast majority of proven fossil fuel
reserves to remain unburned (McGlade and Ekins 2015;
Muttitt et al. 2016). Moreover, the Agreement aims to
make finance flows consistent with a pathway towards
low greenhouse gas (GHG) emissions and climate-resilient
development. This will require the redirection of the approximately USD 1 trillion that is invested annually in new
fossil fuel supply infrastructure (IEA 2018), and the USD

Delegates gather in the Chamber Hall at the Bonn Climate Change
Conference in May 2017. Photo by IISD/Kiara Worth (enb.iisd.org/climate/
sb46/enb/8may.html)

24 billion to 70 billion that governments expend on fossil
fuel production subsidies each year (Chapter 3).
Fossil fuel phase-out, fossil fuel subsidy reform, and
divestment from fossil fuels also repeatedly emerged as
topics in the 2018 Talanoa Dialogue, a process designed to
enhance climate ambition through the UN climate regime.
Inputs into the Dialogue underscore that addressing fossil
fuel production “requires significantly more international
cooperation, and wider and deeper engagement of key
stakeholders” (UNFCCC Secretariat 2018, p.8).
The Paris Agreement creates various new opportunities to
integrate supply-side considerations into the UN climate
change process (Piggot et al. 2018). Seven such avenues
are discussed below. Importantly, given the relatively
“bottom-up” nature of the Paris architecture, many of these
are not dependent on international consensus, and could
thus be pioneered by one country or a group of countries.
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Box 6.1. Leakage and supply-side policy
There is a popular misconception that reducing

in response to price increases (i.e. low supply elas-

production in one location will simply lead to an

ticity), the more effective a cut in fossil fuel supply

equal amount being produced elsewhere — a game

becomes at reducing carbon dioxide emissions. For

of “perfect substitution” that would, if true, negate

example, studies using elasticities from the econom-

the emission reductions and other benefits of sup-

ics literature have shown that for oil, each barrel

ply-side actions (Roberts 2015). However, this argu-

left undeveloped in one region will lead to 0.2 to 0.6

ment of perfect substitution defies basic economics

barrels not consumed globally over the longer term

of supply and demand. If there is less available of a

(Erickson et al. 2018).

commodity — such as oil — its price will increase,
meaning less of it will be consumed. In principle,
limits to oil production in one area could be “undone”
by coordinated increases elsewhere, such as by the
Organization of the Petroleum Exporting Countries
(OPEC). However, OPEC’s ability to effectively control
production and, in turn, long-term prices, is limited
and declining (Baffes et al. 2015; Van de Graaf 2017).

as well. Energy efficiency policies, for example, can
lead to lower fuel prices, somewhat diminishing their
benefits. Therefore, reducing demand and supply in
tandem — through linked policies and targets —
offers the advantage of neutralizing the potential for
leakage, and increasing the effectiveness of each
type of policy. Indeed, a coalition of countries acting

Using elasticities of supply and demand, we can

together to limit both demand and supply can coun-

gauge the extent of leakage and demonstrate the

teract global fossil fuel price change that could oth-

effectiveness of supply-side climate policy. The less

erwise undermine the effectiveness of their climate

fossil fuel producers are able to increase extraction

policies (Asheim et al. 2019).

Global stocktake
Starting in 2023, and every five years thereafter, the Paris
Agreement’s global stocktake will assess collective progress made towards the long-term goals of the treaty. The
outcomes of this exercise should help Parties to the Paris
Agreement strengthen their climate action and support,
and increase overall ambition. Given the importance of
addressing fossil fuel supply for meeting the Paris Agreement’s objectives, the global stocktake could assess the
extent to which countries and other actors are winding
down fossil fuel production and limiting their support
for extraction-related activities. This assessment could
facilitate learning by highlighting Parties’ best practices
and successes, as well as the barriers they faced while
pursuing a wind-down of fossil fuel supply. Information to
support such assessments could be sourced from Parties,
scientific assessments (like those of the Intergovernmental Panel on Climate Change or IPCC), international
organizations (like the International Energy Agency), and
submissions from non-state actors. To assist in monitoring
the alignment of fossil fuel production with Paris goals,
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Parties could voluntarily adopt extraction-based emissions accounting — alongside the IPCC’s existing territorial emissions accounting approach, which is currently used
in the climate change regime (Box 3.1).

Nationally determined contributions
Central to the achievement of the Paris Agreement’s longterm goals is the requirement for Parties to communicate,
every five years, their nationally determined contributions
(NDCs) to climate action. Countries currently include a
variety of emissions reduction targets and policies in their
NDCs. They could add targets and measures to align their
fossil fuel production with Paris goals (Piggot et al. 2018;
Verkuijl, Jones, et al. 2019). This would help enhance the
climate ambition of such plans and socialize the importance of taking both demand- and supply-side action.
Countries could adopt a range of supply-side policies in
this regard, including: moratoria on new fossil fuel infrastructure; removal of subsidies for fossil fuel producers;
fossil fuel production and export taxes; and divestment
of public funds from fossil fuel holdings (See Chapter

5). However, only two countries — India and Nigeria —

fossil fuel production levels. The first such opportunity to

currently include supply-side measures in their NDCs,
according to an examination of NDCs from 57 of the top

do so under the new transparency framework will be in
2024, when the first round of national “biennial transpar-

fossil-fuel-producing nations (Verkuijl, Jones, et al. 2019).
The upcoming 2020 deadline for Parties to communicate

ency reports” is due. Countries could also report such
information under the existing transparency framework,

new or updated NDCs offers an important window of

under which several reporting rounds are still anticipated.

opportunity for countries to include more supply-side approaches, as part of wider efforts to boost global climate

Moreover, in the review process, Parties can ask each
other questions about the role of fossil fuel production in

ambition through these plans.

implementing and achieving NDCs.

Long-term low-emissions development strategies

Financing and capacity-building

Long-term low GHG emission development strategies

In Article 2.1(c), the Paris Agreement aims to make finance

(LEDS) are national plans for transitioning to a lowcarbon economy by 2050. As part of the Paris outcome,

flows consistent with a pathway towards low GHG emissions and climate-resilient development. Discussions on

Parties are invited to voluntarily submit such plans by

how to put this objective in practice will offer a clear op-

2020. These plans typically include scenario planning
and modelling to reduce territorial emissions, both in

portunity to discuss how to wind down support for fossil
fuel production. The Paris Agreement further stipulates

specific sectors and in the economy as a whole. They
thereby play an important role in informing short- and
medium-term action and in helping to provide political
certainty regarding countries’ low-carbon development

that developed country Parties shall provide financial resources to assist developing country Parties with respect
to both mitigation and adaptation. Governments and other
funding agencies could support developing countries

trajectories (Espinosa 2018). Alongside such information,
countries could use their LEDS to map out their fossil
fuel extraction and infrastructure development pathways
over a longer time frame, in a way that is consistent with
global climate goals, and meets the just transition needs

with just transition funds that help to retrain workers in
fossil-fuel-dependent communities (Rosemberg 2017;
UNFCCC 2016). In parallel, countries’ technical and institutional capacity to wind down fossil fuel extraction could
be enhanced through UNFCCC Technical Expert Meetings

of fossil-fuel-dependent workers and communities. The
LEDS submitted so far (April 2019) by fossil-fuel producing
countries do not include this information (Verkuijl, Jones,
et al. 2019). However, incorporating supply-side planning
into LEDS can help countries to avoid a more costly and

and the Paris Committee on Capacity-building, and international coalitions such as the NDC Partnership and LEDS
Global Partnership.

disruptive transition away from fossil fuel extraction
further down the line. It further sends a strong political
signal that countries are considering the impacts of fossil
fuel production in their climate change planning.

Transparency and reporting
The Paris Agreement established an enhanced transparency framework to help build confidence and improve implementation of both climate action and support (Winkler
et al. 2017). At the 2018 Katowice Climate Change Conference, countries agreed to identify indicators to track
progress towards the implementation of their respective
NDCs. Such indicators can be qualitative or quantitative,
and could include information such as the percentage
of renewable energy use or production and the share of
fossil fuel in primary energy consumption (UNFCCC 2018).
In recognition of the importance of winding down fossil
fuel production for meeting climate goals, Parties could
also provide information on their current and projected

Forum on the impact of the implementation of
response measures
Many countries are grappling domestically with the question of how to plan a just and equitable transition away
from fossil fuel production. With its focus on “economic
diversification and transformation” and “just transition of
the workforce, and the creation of decent work and quality
jobs” (UNFCCC 2015), the UNFCCC’s forum on the impact
of the implementation of response measures offers a platform where relevant information, experiences, and best
practices can be shared internationally (Jenkins 2019).

Showcasing action by subnational and local
governments, civil society, businesses, and investors
Non-state actors and subnational authorities play a vital
role in promoting a transition away from fossil fuel production (Chapter 5). Parties, with the backing of the UNFCCC
Secretariat, could expressly support and spotlight civil society efforts to wind down extraction. For example, Parties
could ensure that supply-side efforts taken by regions and
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cities inform and strengthen national transition plans, and

coordinated coal tax adopted by a coalition of major coal

are reflected in NDCs and LEDS. The steps that subnational governments, civil society, businesses, and investors

producers or exporters could reduce emissions and leave
these countries with welfare gains. While these contribu-

are already taking to address fossil fuel supply could also

tions suggest that new supply-side-orientated coalitions

feature more prominently in the work of the Marrakech
Partnership for Global Climate Action, which currently

may yield climate and economic benefits under certain
conditions, it may be difficult to attract the participation of

focuses almost exclusively on demand-side approaches. They can also be shared through the Global Climate

major fossil fuel producers from the start.

Action database and yearbook, which captures non-state

However, coalitions that have emerged in recent years

and subnational climate commitments and progress.

show that they need not necessarily start with major fossil

6.2. Winding down fossil fuel supply through
other institutions

movers taking unilateral steps to limit or reduce fossil fuel
supply (i.e. ‘leading by example’) and then persuading or

fuel producers and exporters. Instead, international cooperation “is likely to be contingent on a coalition of early-

The previous section details various ways in which the UN

incentivising other states to adopt similar restrictions”

climate process can advance international cooperation

(Green and Denniss 2018, p. 83). Several initiatives have
emerged that are arguably aimed at “socializing” other

on supply-side climate policies. But governments also can
pursue various options to address fossil fuel production
outside of the UNFCCC context.
First, international cooperation can be pursued through
new coalitions. Several possible models exist in this
regard. For instance, Harstad (2012) suggests that a coalition of the willing could buy up and close high-cost coal
fields through a system of tradable extraction rights. Building on this proposal, Collier and Venables (2014) suggest
this could be financed through redirecting the economic
rents from oil production. Richter et al. (2018) show that a

52

The Production Gap: 2019 Report

states to the idea of restricting fossil fuel supply (Green
2018a). For instance, Anote Tong, then-President of the
small island state Kiribati, proposed a “no new coal mines
moratorium”, which was supported by several Pacific
island nations (Pacific Island Development Forum 2015).
Another example of a related, though demand-side-oriented, coalition is the Powering Past Coal Alliance (PPCA),
which aims to phase out existing coal-fired power plants.
The PPCA quickly grew from an initiative by two countries — Canada and the United Kingdom — to a coalition

Table 6.1
Commitments by multilateral development banks to end fossil-fuel-extraction-related support. Unless otherwise noted, restrictions apply
to direct financing but not indirect financing (e.g., via financial intermediaries).

Year

Institution

Policy

Source

2009

Asian Development Bank

Will not finance oil and gas exploration. Will not fund oil
field development projects, but will consider supporting
the development of “marginal and already proven” fields
if economically sound. Will not directly finance coal mine
development “except for captive use by power plant.”

https://www.adb.org/sites/default/
files/institutional-document/32032/
energy-policy-2009.pdf

2012

African Development Bank

Will not finance oil and gas exploration.

https://www.afdb.org/fileadmin/uploads/afdb/Documents/Policy-Documents/Energy_Sector_Policy_of_the_
AfDB_Group.pdf

2013

World Bank
Group

Will only finance coal mining in “rare circumstances”.

http://documents.worldbank.org/curated/en/745601468160524040/pdf/795970SST0SecM00box377380B00PUBLIC0.pdf

2017

World Bank
Group

Will not provide direct financing for upstream (exploration and production of) oil and gas after 2019. (In exceptional circumstances, consideration will be given to
financing upstream gas in the poorest countries, where
there is a clear benefit in terms of energy access for the
poor and where the project fits within the countries’
Paris Agreement commitments.)

https://www.worldbank.org/en/
news/press-release/2017/12/12/
world-bank-group-announcementsat-one-planet-summit

2018

European Bank
for Reconstruction and Development

Will not finance thermal coal mining or coal-fired electricity generation capacity, any upstream oil exploration,
or upstream oil development projects except in “rare
and exceptional” circumstances, where the projects
reduce GHG emissions or flaring.

https://www.ebrd.com/power-andenergy/ebrd-energy-sector-strategy.pdf

2019

European Investment Bank

Energy lending policy phases out direct and indirect
financing of energy projects reliant on fossil fuels by
2021. This includes upstream oil or gas production, coal
mining, and infrastructure dedicated to coal, oil, and
natural gas.

https://www.eib.org/en/press/
all/2019-313-eu-bank-launchesambitious-new-climate-strategy-andenergy-lending-policy

that includes more than 30 countries, as well as subnational authorities and businesses. As noted in Chapter
4, the Alliance now counts Germany, the world’s eighth
largest coal producer, among its members. Its success in
attracting participation is in part due to the low barriers
for joining (Green 2018b; Jewell et al. 2019; Blondeel et al.
forthcoming).
Ideas have also been put forward for new coalitions that
would include commitments to restrict the supply of
fossil fuels, such as a “fossil fuel non-proliferation treaty”
(Newell and Simms 2019), “fossil fuel free zones” (Green
2018c), and “supply-side NDCs” (Asheim et al. 2019). As
fossil fuel infrastructure on the ground can be relatively

easily observed via satellite, a key advantage of approaches such as these, compared to those targeting more
abstract emissions reductions, is the ease with which
commitments to address fossil fuel production can be
monitored and verified (Green 2018b).
Second, international cooperation can take place through
existing international forums (van Asselt 2014). A case
in point is the issue of fossil fuel subsidies. The impetus
for addressing such subsidies did not come from the UN
climate process, but rather from high-level commitments
by the G20, as well as capacity-building and information-gathering activities by international organizations
such as the International Monetary Fund, the World Bank,
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and the Organisation for Economic Co-operation and

These equity consequences are not only compelling

Development (Van de Graaf and Blondeel 2018). Reflecting the broader sustainable development benefits of fossil

from a moral standpoint but are politically important
as well. Climate change is a commons problem, and

fuel subsidy reform, all countries have now agreed to take

an effective response requires global engagement and

action through the adoption of Sustainable Development
Goal (SDG) Target 12.c (UN General Assembly 2015).

widespread cooperation that is robust enough to support
a major global transformation. This is unlikely if the path

Other international institutions, such as the World Trade
Organization, could further contribute to supporting such

forward is not broadly seen as fair by the nations whose
participation is needed.

reform efforts by negotiating new rules that discipline fossil fuel production subsidies that also distort international
trade, or by improving transparency (Verkuijl, van Asselt,
et al. 2019).

Insights from the transitions literature can help to inform
how these equity questions might be fairly addressed
(Muttitt and Kartha forthcoming). A country’s ability to

Third, nation states, acting through international financial

phase out extraction while meeting the needs of workers
and communities depends in part on the scale of the

institutions, can shift financial support away from fossil

transition required and the capacity for support. Coun-

fuel production. Some development banks have already
taken steps in this direction. The World Bank Group, for

tries or regions where a transition would be least socially
disruptive could thus be best positioned to take the lead

instance, announced in 2017 that it would end its direct
financial support for upstream oil and gas, following a
similar commitment for coal mining. Similar commitments
have also been made by several other multilateral development banks (Table 6.1). To help developing countries

by winding down extraction earlier and faster.

meet their energy needs, this would require support for
low-carbon energy to be scaled up in parallel.

6.3. Toward an equitably managed decline in
fossil fuel extraction
While climate equity has long been debated with respect
to fossil fuel consumption (Fleurbaey et al. 2014; Gardiner
et al. 2010), the study of equity impacts is more nascent
when it comes to fossil fuel production (Bradley et al.
2018; Caney 2016; Green and Gambhir 2019; Kartha et
al. 2016, 2018; Le Billon and Kristoffersen 2019; Lenferna 2018). However, the equity issues raised by reducing
fossil fuel production are no less consequential than those
raised by reducing demand. If fossil fuel production is to
decline at a rate commensurate with meeting the Paris
goals (Chapter 2), millions of workers who are directly
involved in extracting fossil fuels would need to shift to
different jobs. Communities economically dependent
on fossil fuel production-related activities would have to
sustain their livelihoods in new ways. Provision of affordable, reliable, and modern energy might, in some cases,
become more difficult. National economies that are
fuelled by domestic fossil resources would need to shift
to alternative resources. And governments that depend
heavily on revenues from domestic fossil fuel extraction
would need to diversify and develop alternatives for funding public services.
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A country’s ability to wind down production also depends
on the resources (financial and otherwise) available to
support a smooth transition, which may be limited in
lower-income producing countries. Since the costs of
prematurely winding down extraction are incurred partly
for the global common good, an equitable approach
would ensure such countries are supported internationally. Importantly, this support should not be for the purpose
of compensating for foregone revenues, but rather for
aiding in economic diversification and for ensuring a just
transition for communities and workers.
It is important not to ignore the fact that winding down extraction can also come with significant domestic benefits.
Extraction and processing can be associated with deeply
inequitable impacts, often in the form of human rights violations and local ecological damage (Amnesty International 2016, 2017; Rowell et al. 2005). An approach to aligning
climate and equity considerations could thus be to link
the wind-down of fossil fuel extraction with human rights
and environmental agreements, by prioritizing the winding
down of production in the places where human rights and
environmental concerns are greatest.
Political economic factors will undoubtedly result in pressure to set aside these equity considerations. However,
in the words of the Intergovernmental Panel on Climate
Change (IPCC 2014, p. 5), outcomes “seen as equitable
can lead to more effective cooperation”.

In summary, winding down fossil fuel supply is an import-

processes and institutions. Inspiration can be drawn from

ant step towards achieving international climate change
goals. International cooperation can play a key role in

initiatives such as the Powering Past Coal Alliance, as well
as international commitments to address fossil fuel subsi-

catalysing such efforts. Within the UN climate change

dies. Ultimately, such efforts will be most likely to succeed

process, the Paris Agreement creates various new opportunities to support supply-side efforts through enhanced

if they are deemed to be fair and equitable. Internationally
agreed temperature limits, insights from the transitions

transparency, ambition, and learning. Looking beyond the
UN climate regime, supply-side action can also be sup-

literature, and existing human rights and environmental
agreements can offer a starting point for informing this

ported through new coalitions, and existing international

challenging — but urgent — task.

Tung Bua Tong Mexican sunflower field in Mae Moh Coal Mine, Lampang Province, Thailand.
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Net anthropogenic CO2 emissions must approach zero by mid-century to stabilize global mean
temperature at the levels targeted by international efforts1–5. Yet continued expansion of fossil fuel
energy infrastructure implies already ‘committed’ future CO2 emissions6–13. Here we use detailed
datasets of current fossil fuel-burning energy infrastructure in 2018 to estimate regional and
sectoral patterns of “committed” CO2 emissions, the sensitivity of such emissions to assumed
operating lifetimes and schedules, and the economic value of associated infrastructure. We
estimate that, if operated as historically, existing infrastructure will emit ~658 Gt CO2 (ranging
from 226 to 1479 Gt CO2 depending on assumed lifetimes and utilization rates). More than half of
these emissions are projected to come from the electricity sector, and infrastructure in China, the
U.S.A., and the EU28 represent ~41%, ~9% and ~7% of the total, respectively. If built, proposed
power plants (planned, permitted, or under construction) would emit an additional ~188 (37–427)
Gt CO2. Committed emissions from existing and proposed energy infrastructure (~846 Gt CO2)
thus represent more than the entire carbon budget to limit mean warming to 1.5 °C with 50–66%
probability (420–580 Gt CO2)5, and perhaps two-thirds of the budget required to similarly limit
warming to below 2 °C (1170–1500 Gt CO2)5. The remaining carbon budget estimates are varied
and nuanced14,15, depending on the climate target and the availability of large-scale negative
emissions16, Nevertheless, our emission estimates suggest that little or no additional CO2-emitting
infrastructure can be commissioned, and that earlier than historical infrastructure retirements (or
retrofits with carbon capture and storage technology) may be necessary, in order meet Paris
climate agreement goals17. Based on asset value per ton of committed emissions, we estimate that
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the most cost-effective premature infrastructure retirements will be in the electricity and industry
sectors, if non-emitting alternative technologies are available and affordable4,18.
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International efforts to limit the increase in global mean temperature to well below 2 °C and
to “pursue efforts” to avoid 1.5 °C entail a transition to net-zero emissions energy systems
by mid-century1–5. Yet recent decades have witnessed an unprecedented expansion of
historically long-lived fossil fuel energy infrastructure, particularly associated with rapid
economic development and industrialization of emerging markets such as China and
India9,10 and a shift towards natural gas-fired power plants in the U.S. Although such
expansion may be slowing19,20, substantial new electricity generating capacity is proposed
—and in many cases already under construction12. Consequently, there is a tension between
dwindling carbon emissions budgets and future CO2 emissions locked-in or “committed” by
existing and proposed energy infrastructure6,21,22.
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A 2010 study estimated that operating fossil energy infrastructure would emit ~500 Gt CO2
over its lifetime8. Subsequent studies estimated that existing power plants alone committed
~300 Gt CO2 as of 2012 and 20169,12, and existing and proposed coal-fired power plants
represented 340 Gt CO2 as of 201611 (Extended Data Table 1). Other studies have used
integrated assessment models (IAMs) to assess the economic costs of “unlocking” emissions
under stringent climate goals23,24, and to identify “points of no return” where no new
infrastructure can be built without exceeding the 2°C target25. Most recently, Smith et al.13
explored the potential climate responses to committed emissions, using a reducedcomplexity climate model and an idealized phase-out of fossil infrastructure to argue that
aggressive mitigation of non-CO2 forcing could yet limit global warming to 1.5°C. However,
it has been nearly a decade since a comprehensive bottom-up assessment of fossil
infrastructure and committed emissions was made, during which years China’s economy has
grown tremendously, there has been a global financial crisis and a natural gas boom in the
U.S., and the Paris Agreement was ratified and entered into force. Substantial new fossil
energy infrastructure has been commissioned over this time period, proposals of new power
plants have waxed and waned, and climate mitigation efforts have grown more ambitious in
many countries.
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Here, we present region- and sector-specific estimates of future CO2 emissions related to
fossil fuel-burning infrastructure existing and power plants proposed as of the end of 2018,
as well as the sensitivity of such estimates to assumed lifetime and utilization rates, and the
economic value of associated energy assets. Our analyses are based upon a compilation of
the most detailed and up-to-date datasets of energy infrastructure available, as described in
the Methods section. Our central estimates assume historical lifetimes (e.g., 40 years for
power plants and industrial boilers, 15 years for a light-duty vehicle, etc.) and utilization
rates (e.g., region- and fuel-specific power plant capacity factors, region-specific averages of
vehicle fuel economy and annual kilometers traveled).
Figure 1 shows future CO2 emissions from existing and proposed energy and transportation
infrastructure by sector (Fig. 1a) and country/region (Fig. 1b). We estimate that cumulative
emissions by existing infrastructure, if operated as historically, will be 658 Gt CO2. Of this
total commitment, 54% or 358 Gt CO2 is anticipated to come from existing electricity
Nature. Author manuscript; available in PMC 2020 February 01.
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infrastructure (mainly power plants), reflecting the large share of annual emissions from
electricity infrastructure (46% in 2018) and the long historical lifetimes of generating
infrastructure. Another 25% of the total, or 162 Gt CO2, is related to industrial
infrastructure, and 10% or 64 Gt CO2 is related to the transportation sector (mainly on-road
vehicles; Fig. 1a). This difference reveals the effect of infrastructure lifetimes: although
industry and road transportation sectors have similar annual CO2 emissions (6.2 and 5.9 Gt
CO2 in 2018, respectively), vehicle lifetimes are roughly a third as long as industrial capital.
Finally, existing residential and commercial infrastructure represent 42 Gt CO2 and 18 Gt
CO2 of all committed emissions, respectively.
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Global committed emissions are now at the apex of a 20-year trend. Between 2002 to 2014,
as China emerged as a global economic power, total committed emissions grew at an
average annual rate of 9% per year (Extended Data Fig. 1a). Meanwhile, committed
emissions related to infrastructure in the U.S. and EU28 have been shrinking since 2006
(Extended Data Fig. 1c). Since 2014, the rate of infrastructural expansion in China and India
has also fallen, and committed emissions in China declined by 7% between 2014 and 2018,
even as committed emissions in the Rest of World have continued to climb (Extended Data
Figs. 1a and 1c). These most recent trends may reflect nascent shifts in China’s economic
structure19 and global trade20, and may be important harbingers of future changes in
regions’ annual CO2 emissions9.
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Figure 2 shows the age distribution of electricity generating units worldwide. Overall, the
youth of fossil generating units worldwide is striking: 49% of the capacity now in operation
worldwide was commissioned after 2004, and this share is 79% and 69% in China and India,
respectively. The average age of coal-fired power plants operating in China and India (11.1
and 12.2 years, respectively) is thus much lower than those in the U.S. and the EU28 (39.6
and 32.8 years, respectively; Fig. 2b), with correspondingly longer remaining lifetimes. The
predominance of young Chinese infrastructure (which extends to the industrial and
transportation sectors; Extended Data Figs. 2 and 3) reflects the scale and speed of the
country’s industrialization and urbanization since the turn of the century. As a result,
infrastructural inertia is greatest in China, accounting for 41% of all committed emissions
(270 Gt CO2; Fig. 1b). In comparison, infrastructure in India, the U.S., and the EU28
represents much smaller commitments: 57 Gt, 57 Gt, and 49 Gt CO2, respectively (Fig. 1b;
Table S1 in Supporting Information).
In addition to existing infrastructure, new power plants are being planned, permitted, or
constructed, and the committed emissions related to such proposed plants may be
estimated11,12. As of the end of 2018, the best-available data showed 579 GW, 583 GW, and
40 GW of coal-, gas-, and oil-fired generating capacity were proposed to be built over the
next several years, respectively (~20% of it in China; Fig. 2). If built and operated as
historically, this proposed capacity would represent an additional 188 Gt CO2 committed: 97
Gt CO2 from coal-, 91 Gt CO2 from gas-, oil-, and other-fuel-fired generating units (Table
S2).
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Together, committed emissions from existing infrastructure and proposed power plants total
846 Gt CO2 if all proposed plants are built and all infrastructure operated as historically
(Fig. 1).
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Existing electricity and industry infrastructure accounts for 79% of total committed
emissions if operated as historically (i.e. with a 40-year lifetime and 53% utilization rate;
Fig. 1a). However, the lifetime and operation of such infrastructure will ultimately depend
on the relative costs of competing technologies, in turn influenced by factors such as
technological progress and the climate and energy policies in each region22,26. Figure 3
highlights the sensitivity of committed emissions (Figs. 3a and 3b) and the rate of annual
emissions reductions (Figs. 3c and 3d; see Methods) to the assumed lifetime and utilization
rates (i.e. capacity factors) of industry and electricity infrastructure (n.b. lifetimes and
operation of infrastructure in other sectors are not varied from historical averages), with the
star in each panel indicating historical average values. For example, total committed
emissions related to existing infrastructure decrease to ~200 Gt CO2 if lifetimes are and
capacity factors decrease to 20 years and 20%, respectively, but increase to almost 1500 Gt
CO2 if lifetimes and capacity factors increase to 60 years and 80%, respectively (Fig. 3a).
These ranges of lifetimes and utilization are quite wide, at the low end probably exceeding
economic feasibility for recouping capital investments and covering fixed operating and
maintenance costs. When proposed power plants are included, total committed emissions
over the same range of lifetimes and capacity factors increase to 263–1906 Gt CO2 (Fig. 3b).
Maintaining historical capacity factors, a 5-year difference in the lifetime of existing
infrastructure represents roughly 70–100 Gt of future CO2 emissions (Fig. 3a), or about 90–
130 Gt if proposed power plants are included (Fig. 3b). Maintaining historical lifetime and
changing the assumed capacity factor by a comparable 9% (e.g., from 46% to 55%) results
in roughly the same changes in committed emissions, suggesting these factors have a similar
influence.
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For comparison, the hatched red and orange zones in Figures 3a and 3b show the
Intergovernmental Panel on Climate Change’s (IPCC) most recent estimated ranges of
remaining cumulative carbon budgets spanning 50% to 66% probabilities of limiting global
warming to 1.5°C and 2°C relative to the preindustrial era5. Excluding proposed power
plants, our central estimate of committed emissions (658 Gt CO2; star in Fig. 3a) exceeds the
range of the remaining 1.5°C budget (420–580 Gt CO2)5. When proposed plants are
included, our estimate of committed emissions (846 Gt CO2; star in Fig. 3b) is two-thirds of
the lower estimates of the 2°C budgets (1170–1500 Gt CO2)5. This suggests that, unless
compensated by negative emissions technologies or retrofitted with carbon capture and
storage, 1.5°C carbon budgets allow for no new emitting infrastructure and require
substantial changes to the lifetime or operation of already existing energy infrastructure
(e.g., decreasing lifetimes to <25 years or capacity factors to <30%; Fig. 3a). Moreover, CO2
emissions related to the extraction and transport of fossil fuels27 and non-energy CO2
emissions (e.g., due to land use change)28 are not included in our estimates and will further
reduce the remaining carbon budgets.
Climate targets have also sometimes been contextualized by the annual rate of emissions
reduction they imply. For example, Raupach et al.29 showed, as of 2013, the cumulative
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carbon budgets likely to avoid 2°C of mean warming implied necessary average annual
reductions in global CO2 emissions (i.e. mitigation rates) of ~6% per year. The hatched areas
in Figures 3c and 3d show that such mitigation rates, recalculated from the latest carbon
budgets, are about 5% per year for the 2°C budgets (4.5–5.7%) and about 13% per year for
1.5°C budgets (11.4–15.7%). In comparison, the contours in the figure show mitigation rates
if no new emitting infrastructure is commissioned (10.1%; star in Fig. 3c) or only proposed
power plants but no other emitting infrastructure is commissioned (7.9%; star in Fig. 3d).
Again the international targets leave little or no room for new infrastructure if existing plants
operate as they have historically (stars) unless fully compensated by negative emissions or
retrofitted with carbon capture and storage technologies.
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Given the constraints of 1.5°C and 2°C carbon budgets, we also explore the economic value
of existing infrastructure relative to its associated committed emissions. Figure 4a highlights
the disproportionality of committed emissions per unit asset value. Together power and
industry infrastructure (purple and dark blue in Fig. 4a, respectively) represent >75% of total
committed emissions (519 of 658 Gt CO2) but <25% of the estimated economic value of
CO2-emitting energy infrastructure (~$5 trillion of $22 trillion; Extended Data Fig. 4; Table
S3; see Methods for details of how asset values were amortized). In contrast, transportation
infrastructure, with shorter average lifetimes but high capacity costs and a vast number of
discrete units, represents roughly two-thirds of the value of emitting assets and less than
10% of committed emissions (Fig. 4a). This analysis suggests that efforts to reduce
committed emissions might cost-effectively target early retirement of electricity and industry
infrastructure—despite their often powerful influence on policy and institutions6,21,22—if
non-emitting alternative technologies are affordable: the magnitude of commitments in these
sectors is large and a single dollar of asset value is related to >10 kg of future CO2 emissions
(Fig. 4b; red rectangle). Industry and electricity sectors in China represent especially prime
targets for unlocking future emissions: nearly half (46%) of these sectors’ committed
emissions are associated with Chinese infrastructure (Fig. 4a).
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Detailed and up-to-date analysis of existing and proposed CO2-emitting energy
infrastructure worldwide reveals incredibly tight constraints of current international climate
targets even if no new emitting-infrastructure is ever built. Although climate and energy
analysts have emphasized that avoiding 1.5°C of warming, for example, remains
“technically possible”5, our results lend vivid context to that possibility: we would have a
reasonable chance of achieving the 1.5°C target with (1) a global prohibition of all new
CO2-emitting devices—including many or most of the already proposed fossil fuel-burning
power plants, and (2) substantial reductions in the historical lifetimes and/or utilization rates
of already existing industry and electricity infrastructure.
Barring such radical changes, the global climate goals adopted in the Paris Agreement are
already in jeopardy and may be contingent upon widespread retrofitting of existing emitting
infrastructure with carbon capture and storage technologies (which retrofits would be
tremendously expensive30), large-scale deployment of negative emissions technologies16,
and/or solar radiation management4. On the other hand, our results suggest that the level of
future warming in excess of the Paris targets is largely dependent on infrastructure that has
not been built yet (Extended Data Fig. 5).
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Some important caveats and limitations apply to our findings. The trajectory of future
emissions depicted in Figure 1 represents a scenario in which existing (and proposed)
emitting infrastructure “ages out,” and no new emitting infrastructure is ever commissioned.
These constraints are not intended as realistic; rather, they allow us to isolate and quantify
infrastructural—and related economic—lock-in of energy-related emissions22. Indeed,
technological trends and climate-energy policies that encourage growth in renewable
electricity (e.g., solar and wind) may lead to earlier than historical retirements of existing
fossil fuel power plants in some regions, although recent growth of renewable generation has
not always displaced fossil generation18. It is also instructive to compare our estimates of
committed emissions to plausible energy-emissions scenarios generated by much more
sophisticated (but less transparent) IAMs that calculate infrastructure lifetimes and capacity
factors endogenously. For example, a recent IAM study of 1.5°C scenarios found that largescale carbon dioxide removal may be necessary to compensate for “residual” emissions from
long-lived and difficult-to-decarbonize sectors of the energy system (e.g., freight, aviation,
and shipping4)31.
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The size of carbon budgets associated with a given temperature target is also a complicated
matter that is sensitive to a host of factors such as climate sensitivity and non-CO2
emissions14,15. The budgets from the recent IPCC Special Report are estimates of
cumulative net global anthropogenic CO2 emissions from the start of 2018 until net-zero
global CO2 emissions are achieved (i.e. climate is stabilized) with a 50–66% probability of
limiting an increase of mean near-surface air temperatures to 1.5°C or 2°C with limited
(<0.1°C) or no overshoot5 (see Methods for further discussion).
Although ambitious climate targets such as 1.5°C may help to motivate and accelerate the
transition toward net-zero energy systems, their feasibility is often evaluated by the existence
of consistent scenarios from IAMs. However, these models have been used to analyze a very
large possibility space, and some scenarios may thus reflect aspirational trajectories of
energy demand or technological progress and scale whose likelihood may be difficult to
evaluate32,33. Our data-driven assessment of existing, operating, and valuable energy
infrastructure may therefore help to elucidate the infrastructural and economic implications
of such targets, and also help to identify targeted regional and sectoral opportunities for
unlocking future CO2 emissions.
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Methods
Committed emissions from existing and proposed infrastructure
We extend the approach of Davis et al9 to quantify the committed emissions from existing
energy infrastructure by integrating more detailed and up-to-date data of energy
infrastructure available, including country- and duty-specific vehicle sales data, and unitlevel details of global power plants and Chinese cement kilns and blast furnaces10,34–39. We
also estimate committed emission from proposed power plants by collecting all proposed
power generators from the latest available databases34,37, in recognition of substantial
changes in the pipeline of planned power plants (especially coal) in recent years34. Energy
infrastructure as quantified in this study is categorized into eight sectors: (1) electricity, (2)
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industry, (3) road transport, (4) other transport, (5) international transport, (6) residential, (7)
commercial and (8) other energy infrastructure (see Tables S4 and S5).
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Electricity infrastructure
Emissions from electricity infrastructure in this study include all emissions under category
1A1 of the IPCC’s Revised Guidelines40. Electricity infrastructure here mainly includes
main activity electricity and heat production (1A1a), and petroleum refining (1A1b), as well
as manufacturing of solid fuels and other energy industries (1A1c) (Table S5).
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Emissions intensities.—Previously, we built and published a comprehensive global
thermal power plants database in 2010 (named GPED) by integrating high-quality national
databases (China, India, and the U.S.)10. Here we update the GPED database to the year
2018 (named GPED-2018) using the latest power plant database from China (CPED)36 and
the Platts World Electric Power Plant (WEPP) database for other regions37, including all
retired and operating units through the end of 2018. We obtain data and estimates of unitbased CO2 emission intensity (i.e. gCO2/kwh) for all units that were operating in 2010 from
GPED-2010. For units retired prior to 2010 or commissioned since 2010, we estimate unitlevel CO2 emission intensity by the methods of Davis et al9 based on the Carbon Monitoring
for Action (CARMA) database35 (for older units) or else use national or regional average
CO2 emission intensity for units with the same fuel type and similar nameplate capacity. As
prior studies have done, we assume these emissions intensities are constant over a unit’s
lifetime8,9.
Assumed lifetime.—In the resulting GPED-2018, global average lifetimes of retired
coal-, nature gas-, and oil-fired power units is 35.9, 37.1, and 33.9 years, respectively.
Consistent with prior study9 have done, we simplify these ranges to a single reference
lifetime of 40 years for all electricity-generating units for our “as historically” case, and
show the sensitivity of committed emissions to this assumption in Figure 3. When units
already operating beyond their assumed lifetime, these units are randomly retired over the
next 5 years in order to avoid unrealistically abrupt changes in emissions between 2018 and
2019.
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In addition, we assume that the age structure and lifetime of autoproducers (industrial and
commercial facilities which generate their own electricity on-site)40 and other energy
industries are similar to the main activity power plants in each region. Therefore, committed
emissions from existing electricity infrastructure are quantified by employing the survival
curves derived from main activity power plants, scaled to include these other types of
electricity infrastructure using country-level electricity emissions totals in 2018 from the
International Energy Agency (IEA). It is noted that the country-level CO2 emissions from
fossil fuel combustions for 2018 were derived from multiplying country-level CO2
emissions in 2016 by projected change rates during 2016–2018 due to data availability41.
Finally, we quantify the cumulative future CO2 emissions from proposed power plants by
the same procedure (assuming historical average unitization rates and lifetimes) using a
database of proposed coal-fired units that has been developed by CoalSwarm34 and the
planned units fired with other fossil fuels from the Q4 2018 WEPP database37.
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Industry infrastructure

NASA Author Manuscript

Industrial emissions in this study include all emissions under category 1A2 of the IPCC’s
Revised Guidelines40. For all countries but China, we estimate cumulative future emissions
from industry infrastructure using country-level emissions data for the year 2018 obtained
from the IEA and assuming that the age distribution and survival curves of each region’s
industry infrastructure is consistent with its electricity infrastructure. To derive China’s
industrial survival curves, we use unit-level details of cement kilns and blast furnaces (iron
& steel) currently operating in China (Extended Data Fig. 2), obtained from China’s
Ministry of Ecology and Environment (MEE) (unpublished data, hereinafter refer to as the
MEE database).
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The detailed data of Chinese infrastructure represent an important improvement in the
current study over prior estimates of committed emissions, as we China alone accounts for
~47% of total industrial emissions41. In particular, the iron/steel and non-metallic minerals
(e.g., cement and glass) industries account for ~50% of all industrial CO2 emissions in
recent years41, and China produced 49.6% of the world’s raw steel and 57.3% of the world’s
cement in 201642. The unit-level data of China’s industrial infrastructure thus substantially
decreases uncertainty of committed industry emissions by alleviating the need for
assumptions related to almost half of global industry infrastructure (i.e. 9.0% of global CO2
emissions from all sources41). Moreover, we observed that the age distributions of electricity
and industry infrastructure in China are quite similar (Extended Data Fig. 6), which lends
support to our assumption that this is the case in other regions where we lack detailed data of
industrial infrastructure.
Transportation infrastructure
Transport emissions in this study include all emissions under category 1A3 of the IPCC’s
Revised Guidelines40, which includes emissions from road transport, other transport and
international transport (Tables S4 and S5).

NASA Author Manuscript

Cumulative future emissions from road transport were calculated following the approach in
Davis et al.8 and further updating the activity rates with updated country-, region-, and dutyspecific vehicle sales data38,39 (i.e. 18% of global CO2 emissions from all sources41).
Specifically, we use the number, class, and vintage of motor vehicles sold during 1977–2017
from 40 major countries and regions38,39 (information for 2018 was derived by projecting
2016–2017 rates of change one additional year; Extended Data Fig. 3). We then estimate the
number of vehicles remaining on the road over time using class- and model year-specific
survival rates of U.S. and Chinese vehicles to represent developed and developing countries
or regions due to data availability, respectively43,44. We then calculate annual vehicle
emissions based on the average miles driven per year (MPY) per vehicles by class and
carbon emission factors of 10.23 and 11.80 kg CO2 per gallon of gas and diesel,
respectively, and scale our estimated emissions to match country-level road transport
emissions in 2018 as reported by the IEA41.
“Other transportation” infrastructure includes existing aviation, rail, pipeline, navigation and
other non-specified transport. International transport infrastructure includes international
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marine bunkers and international aviation bunkers in this work (Table S4). Again, we follow
Davis et al.8, estimating cumulative future CO2 emissions from existing other and
international transport using country-level emissions data of 2018 from IEA, and assuming
lifetimes and age distributions similar to motor vehicle fleets in each country/region.
Residential, commercial and other energy infrastructure
Residential and commercial emissions are included under category 1A4 of the IPCC’s
Revised Guidelines40, and “Other energy” emissions include, e.g., emissions from
agriculture, forestry, fishing, and aquaculture under category 1A4 as well as and stationary,
mobile, and multilateral operations under category 1A5 of the IPCC’s Revised Guidelines.
Cumulative future emissions from this infrastructure were calculated using country-level
emissions data of 2018 derived from the IEA41, and assuming age distributions and lifetimes
of residential, commercial and other energy infrastructure in each region were similar to
electricity infrastructure in the same region in the absence of better information.
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The least-supported methodological assumptions we make thus concern this residential,
commercial and other energy infrastructure (~10% of total fossil fuel CO2 emissions in
201641), where we lack any unit-level data. In order to test the sensitivity of total committed
emissions from this infrastructure, we performed additional analyses of different assumed
lifetimes. We found the committed emissions from residential, commercial, and other energy
infrastructure are 29, 74, and 135 Gt CO2 when lifetimes of 20, 40, and 60 years are
assumed, respectively (Extended Data Fig. 7). That is, our estimates of total committed
emissions from all existing energy infrastructure decrease by 7% (to 613 Gt CO2) if
lifetimes of residential, commercial, and other energy infrastructure are assumed to be 20
years, and increase by 9% (to 719 Gt CO2) if the lifetimes are assumed to be 60 years. In
comparison to the carbon budgets associated with targets of 1.5 °C and 2 °C, these are
relatively small effects, and not substantial enough to affect the main conclusions of our
study.
Comparison of cumulative future emissions estimates
Other studies have analyzed committed emissions of various infrastructure in different ways,
as mentioned in the text and summarized in Extended Data Table 18,9,11–13.
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For example, both Edenhofer et al.11 and Pfeiffer et al.12 reported committed emissions
related to existing and planned power plants using 2016 data. Although the latter analyzed
committed emissions of all fossil electricity infrastructure12, the former focused particularly
on coal-fired units11. Importantly, the 2018 data used in the current study reveals that
substantial cancellations of proposed plants have occurred over the intervening two years:
whereas the previous studies estimated ~150 Gt CO2 and 210 Gt CO2 were committed by
proposed coal plants, we estimate only ~100 Gt CO2, 50–100 Gt CO2 less, respectively (or
10–20% of the remaining carbon budget consistent with 1.5°C, respectively). Moreover, our
study contains more detailed estimates of regional commitments and the sensitivity of these
commitments to assumed lifetime and capacity factor.
Most recently, Smith et al.13 estimated the global warming related to committed emissions
using a reduced-complexity climate model (FaIR). Their study also included estimates of
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committed emissions from all sectors, but these relied on past estimates of the age
distribution of fossil fuel infrastructure and an idealized, linear phase-out of such
infrastructure13. Because turnover of infrastructure has decreased the median age of
electricity generating capacity in many regions (Fig. 2), our estimates of electric power
sector commitments (358 Gt CO2) are ~13 Gt CO2 greater than those used by Smith et al13
(345 Gt CO2). Our data-driven approach also permits region-specific results, analysis of the
trend in commitments over time, inclusion of proposed power plants, and an assessment of
the economic value of underlying infrastructures. Yet, because Smith et al.’s estimates of
CO2 emissions committed by other infrastructure are larger than our bottom-up estimates
(Extended Data Table 1), the overall estimate reached by their idealized approach (715 Gt
CO2) is nonetheless similar to that of the current study (658 Gt CO2).
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In turn, Smith et al.13 assess the global climate responses to the committed CO2 and
conclude that the world is not yet committed to 1.5°C13. However, it is difficult to directly
compare the magnitude of the CO2 emissions in Smith et al.’s phase-out scenarios with the
SR1.5 carbon budgets for two reasons: First, although SR1.5 also used the FaIR model in its
procedure of evaluating non-CO2 forcing, it did not use the FaIR model’s transient climate
response to cumulative emissions (TCRE), which is smaller and would have led to
considerably larger carbon budgets. Second, the mitigation scenarios evaluated by Smith et
al. also assumed that non-CO2 emissions are completely phased out in parallel to CO2, while
the integrated assessment model scenarios on which the SR1.5 report’s non-CO2 forcing
(and carbon budgets) are based do not completely eliminate non-CO2 emissions this
century45.
Variation of utilization rates and assumed lifetimes
As described above, cumulative future committed emissions from electricity and industry
infrastructure depend on utilization rates and assumed lifetimes. The longer the assumed
lifetime and higher the utilization, the greater the estimate of committed emissions will be.
In this study, we therefore test the sensitivity of committed emissions to assumed lifetimes
and utilization rates of energy and industry infrastructure across lifetimes from 20 to 60
years and utilization rates of 20% to 80%.
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Remaining carbon budgets to limit mean warming to 1.5 and 2 °C
As described in the text and discussed in recent literature, the size of carbon budgets
associated with a given temperature target is a complicated matter that is sensitive to a host
of factors14,15, including (1) whether the budget reflects cumulative net emissions until the
temperature target is exceeded or cumulative net emissions that limits global temperature
increase to below the target (i.e. climate is stabilized), (2) whether there can be a temporary
overshoot of the temperature target (and by how much)46, (3) the climate responses to CO2
and non-CO2 forcings47, (4) the magnitude and Earth system response to negative
emissions48, (5) how global temperature is calculated, (6) the pre-industrial baseline used49,
(7) whether Earth system feedbacks such as permafrost thawing are included50–53, and (8)
future emissions of non-CO2 greenhouse gases and aerosols54,55.
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The magnitude of non-CO2 forcing is particularly relevant to assessments of committed
emissions because non-CO2 forcing is inversely related to the remaining carbon budget54,55,
and because some non-CO2 greenhouse gases and aerosols are directly related to the current
energy system (e.g., fugitive methane56) or are co-emitted with CO2 by fossil fuel-burning
infrastructure. Other large sources of non-CO2 gases and aerosols exist outside of the energy
system, such as agriculture57. For the SR1.5 budgets, non-CO2 forcing was estimated using
integrated assessment model scenarios and a pair of reduced-complexity climate models
(MAGICC and FaIR), with substantial uncertainties associated with both scenario variations
(±250 Gt CO2) and climate responses (-400 to 200 Gt CO2) for the 1.5°C budget5. Non-CO2
greenhouse gases and aerosols decline but do not reach zero in any of the scenarios assessed
by the SR1.5 report. In contrast, the recent study by Smith et al. modeled the complete
phase-out of non-CO2 emissions in parallel with energy-related CO2 emissions, a formidable
scenario that was found to have a high probability (64%) of limiting warming to 1.5°C13.
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In this study, we compare our estimates of committed emissions to the SR1.5 budgets5. As
defined by the recent SR1.5 report, remaining carbon budgets are the cumulative net global
anthropogenic CO2 emissions from a given start date (January 1, 2018) to the year in which
such emissions reach net zero that would result, at some probability, in limiting global
warming to a given level5. By this definition, budgets are not simply cumulative emissions
until the time when mean temperature exceeds a given threshold14, but rather what have
been called “threshold avoidance” or called “stabilization” budgets. The SR1.5 budgets were
derived from the transient climate response to cumulative CO2 emissions in climate model
simulations that have been further adjusted to include additional climate forcing related to
non-CO2 greenhouse gases and aerosols45. They do not include Earth system feedbacks
(which the report suggests could reduce the remaining budgets by 100 Gt CO2 over the
century).
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However, as remaining budgets associated with mean surface warming of 1.5°C dwindle,
uncertainties in transient climate response to CO2 emissions15,47 and the current and future
non-CO2 forcing loom large53–55. In order to make our results as useful, transparent, and
comparable as possible, we report positive, CO2-only commitments from existing and
proposed fossil fuel-burning infrastructure and compare to these to the remaining
(stabilization) carbon budgets reported by the SR1.5 report to give a 50–66% probability of
limiting warming to 1.5°C and 2°C with little (0.1°C) or no overshoot: 420–580 Gt CO2 and
1170–1500 Gt CO2, respectively (See Table 2.2 in ref.5). Thus, if not offset by negative
emissions, the total committed emissions we estimate if existing infrastructure operates as it
has historically (i.e. 658 Gt CO2) would make it likely that global temperatures will exceed
1.5°C unless the remaining carbon budgets in the SR1.5 are substantially wrong. For
example, the climate response to CO2 could be less than expected based on the climate
model simulations the SR1.5 assessed and/or non-CO2 forcing in the future could be much
less than it is on average in the integrated assessment model scenarios that were assessed by
the SR1.5. Indeed, Smith et al.13 analyzed a future where both are true.
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Estimates of the annual rate of emission reductions
We estimate annual rate of emissions reduction (“mitigation rates”) following Raupach et al
(2014)29:
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f t = f0 1 + r + m t

where f(t) is the emissions at time t, f0 is the emissions at the start of mitigation (t = 0), r is
an initially linear growth rate, and r and m both have units of per year. When the necessary
annual rate of emission reductions to meet quota q from t=0 onward (with emission time T =
q/f0), we estimate the annual rate of emission reductions, m, as:
mq =

1 + 1 + rq/ f 0
q/ f 0

=

1 + 1 + r/T
T
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We use initial emissions f0 at 2018 and growth rates r averaged over 2013–2018. Therefore,
f0= 32.7 Gt and r = 0.028% used obtained from IEA41 when estimating mitigation rates
under different cumulative CO2 emissions, which we assumed to be equivalent to the carbon
quota, q.
Estimates of asset value from existing infrastructure
We estimate the asset value by sector and by country/region using the following equation:
AVi, s =

PY

∑

∑

n = PY − LT y

TCi, s, n, y × CCi, s, n, y × 1 − RV × DRi, s, n, y + RV

where i, s, n, y represents country/region, sector, years, and combustion/production
technology, AV represents asset value, TC represents equivalent total capacity, CC
represents capital costs, RV represents the ratio of residual value, and 5% is applied for all
the infrastructure; DR represents depreciation rate, PY represents present year, referring
2018 in this study.LT represents lifetimes.
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We adopt sector-dependent method, and apply straight-line and geometric models for
different infrastructure, as shown in Table S6. Data on capital costs used to estimate the asset
value was collected from previous literature12,21,23–25,58,59 and various reports60–64.
Wherever possible, we use interannual and national average capital costs for different
combustion/production technology and equipment. Where an interannual and national
averages were not available, we instead use an average of all the countries in the same region
where capital cost data were available.
Electricity infrastructure
We estimate the total value of fossil fuel electricity-generating assets according to each
unit’s power generating capacity (kW) and age, as well as fuel- and technology-specific
capital costs ($/kW).
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The assumed lifetime of coal power plants is 40 years. Although plants can operate for
considerably longer periods, shutting down a plant after its assumed lifetime will not result
in any stranded capital investment since the initial capital cost will have been fully paid24.
Thus, our estimates only include the asset value of operating electricity-generating units that
are now less than 40 years old. Unit-level details of electricity-generating technologies were
obtained from GPED-2018 database.
In addition, part of committed CO2 emissions in electricity infrastructure are from heating
plants. The asset value of combined heat and power (CHP) plants have been evaluated along
with other power plants, but we estimate the asset value of individual heating plants
separately, using IEA data on heating output (TJ)65,66 to estimate the capacity of such
heating plants and converting this to an equivalent power capacity (GW) assuming they
operate with the average utilization rates of power generating units in the same region. Table
S6 summarizes the assumptions of estimating asset value of individual heating plants.
Industrial infrastructure
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Industrial infrastructure includes various facilities and systems from different sub-industrial
sectors (Tables S4 and S5). Considering the difficulty of collecting the operating capacity for
all the sub-industrial sectors, we estimate the value of industry infrastructure as the
combined asset values of cement, iron and steel plants, and industrial boilers. As described
above, only the asset value for cement, iron and steel capacity operating less than 40 years
was estimated in this work. Asset value from cement, iron and steel industry are quantified
through total capacity and capital investment per unit (Table S6).
We estimate total capacities (t/h) of industrial boilers at country- or region-level by fuel type
by through total energy consumptions obtained from IEA65,66. The utilization rates of
industrial boilers are assumed to be the same as the average utilization rate of electricity
infrastructure. The related assumptions are shown in Table S6.
Transport infrastructure

NASA Author Manuscript

We quantify the value from road transport, other transport and international transport assets
separately. For road transport infrastructure, we estimate asset value by number of annual
vehicle sales, annual average new car prices, and a depreciation rate function. The data
sources of number of annual vehicle sales is described above, and we further collect annual
average new car prices by vehicle type and country/region39. Because depreciation rates tend
to be considerably lower in developing countries than industrialized countries67, we adopt
different depreciation rate functions for developing and developed countries67.
For international transport infrastructure, we estimate the value of international ships and
international airplanes. Due to limited data availability, we use the same approach as with
heating infrastructure, basing our estimates on the total energy consumption (fuels) for
international aviation and international navigation from the IEA, and converting to the
number of reference narrow-body aircraft and standardized international freight ships by
such fuel consumption. Specifically, we assume 2 million-km/year per aircraft and 149 MJ/
airplane-km for reference narrow-body aircrafts21 (Table S6); 940 million annual ton-km
and an average ship energy intensity of 0.125 MJ/ton-km for international freight ships21.
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We use the same total average depreciation rates for international transport as we do for road
transport infrastructure.
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We use a similar approach for other transport (i.e. domestic ships, domestic airplanes, and
non-specific transport), adopting the same assumptions applied in the international transport
for domestic ships and domestic airplanes. For non-specific transport, we quantify asset
values by converting to the number of conventional diesel heavy-duty freight truck. The
corresponding assumptions are shown in Table S6.
Residential, commercial and other energy infrastructure
We quantify the asset values of residential, commercial and other energy infrastructure
separately using sector- and fuel-specific energy consumption data from the IEA65,66.
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Residential and commercial infrastructure use energy for space heating, heating water, and
cooking. Other energy infrastructure includes uses of energy for agriculture, fishing and
other activities. Given very limited data, we quantify the value of residential and commercial
infrastructure by according to an equivalent capacity of normalized space heating units,
water heating units, and cooking equipment. In the other energy infrastructure, we quantified
the asset value by converting to normalized agriculture machines, fishing boats and boilers.
We then apply the total average depreciation rates of electricity infrastructure to these
residential, commercial and other energy infrastructures.
Uncertainty estimated
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Our estimates of asset values are subject to uncertainty due to incomplete knowledge of
operating capacities, their age structure, and the capital costs per unit. In order to more
completely assess uncertainties in our results, we perform a Monte Carlo analysis of asset
values by sector and by country/region in which we vary key parameters according to ranges
in the literature58,68,69 and collected capital costs data above. The error bars shown in Figure
4 depict the results of this analysis, showing the lower and upper bounds of a 95%
confidence interval (CI) around our central estimate. The Monte Carlo simulation uses
specified probability distributions for each input parameter (e.g., capital cost per unit, and
the ratio of residual value) to generate random variables68. The probability distribution of
asset value is estimated according to a set of runs (n=10,000) in a Monte Carlo framework
with probability distributions of the input parameters. The ranges of sector- and -regionparameter values vary in part due to the quality of their statistical infrastructure69. Table S7
summarizes the probability distributions of the asset value estimation-related parameters.
Data availability
The numerical results plotted in Figures 1–4 are provided with the manuscript. Our analysis
relies on six different datasets, each used with permission and/or by license. Five are
available from their original creators: (1) the GPED database: http://www.meicmodel.org/
dataset-gped.html, (2) Platt’s WEPP database: https://www.spglobal.com/platts/en/productsservices/electric-power/world-electric-power-plants-database, (3) the CARMA database:
http://carma.org/, (4) the CoalSwarm database: https://endcoal.org/tracker/, and (5) vehicle
sales data: https://www.statista.com/markets/419/topic/487/vehicles-road-traffic/. The sixth
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dataset includes unit-level data of Chinese iron, steel and cement infrastructure which we
obtained directly from the Chinese Ministry of Ecology and Environment. We do not have
permission to share the raw data, but we provide it in an aggregated form (Extended Data
Figure 2).

Extended Data
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Extended Data Figure 1 |. Changes in remaining commitments from existing energy
infrastructure.
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Estimates of future CO2 emissions every four years by industry sector (a) and country/region
(b) from 1998 to 2018 (1998, 2002, 2006, 2010, 2014, and 2018), assuming historical
lifetimes and utilization rates. Panels (c) and (d) show corresponding changes in remaining
commitments by industry sector (c) and country/region (d).
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Extended Data Figure 2 |. Age structure of Chinese major industrial capacity.

The operating capacity of raw steel in iron and steel industry (a) and clinker in cement
industry (b) where the youngest units are at the bottom.
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Extended Data Figure 3 |. Age structure of currently road transport infrastructure.

This figure shows the population of vehicle sales by country/region.
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Extended Data Figure 4 |. Asset value and committed emissions of existing infrastructure.
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Cumulative committed CO2 emissions in the order of committed emission per value (kg
CO2 per $) (from high to low) by country/region and sector. Dash horizontal lines indicate
50%, 75% and 90% of total committed emissions if operated as historically, respectively.
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Extended Data Figure 5 |. Annual emissions from existing, proposed and future infrastructure.

This figure shows historical CO2 emissions from fossil fuel energy infrastructure (black
area), and future CO2 emissions from existing (red area) and proposed energy infrastructure
(dark red area), as well as future infrastructure (dark grey area) under representative
concentration pathways (RCPs: RCP8.5, RCP6, RCP4.5, and RCP2.6).
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Extended Data Figure 6 |. Survival curves of power and major industries in China.

This figure shows survival curves of power sector (peachblow line), cement industry (orange
line), and iron and steel industry (blue line) in China under the assumption of 40-year
lifetimes.
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Extended Data Figure 7 |. Annual emissions from residential, commercial, and other energy
infrastructure.

This figure shows future annual CO2 emissions from residential, commercial, and other
energy infrastructure under the assumptions of 20- (peachblow line), 40- (orange line), and
60-year (blue line) lifetimes.
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Figure 1 |. Committed CO2 emissions from existing and proposed energy infrastructure.
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Estimates of future CO2 emissions by industry sector (a; see also Tables S1 and S2) and
country/region (b), assuming historical lifetimes and utilization rates. Emissions from
existing infrastructure are shown by darker shading, and emissions from proposed power
plants (i.e. electricity) are more lightly shaded.
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Figure 2 |. Age structure of global electricity-generating capacity.

The operating capacity of gas- and oil-fired electricity-generating units (a) and coal-fired
units (b) where the youngest units are at the bottom. Lighter shaded bars at the bottom show
proposed electricity-generating units according to the year they are expected to be
commissioned. Recent trends in Chinese and Indian coal-fired units (red and orange at lower
right, respectively) and U.S. gas-fired units (green at left) is apparent. Note that 0 years old
means the power units began operating in 2018.
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Figure 3 |. Sensitivity of committed emissions (a, b) and mitigation rates (c, d) to utilization rates
and assumed lifetimes.
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Contours show estimates of committed emissions related to existing infrastructure (a) and
existing infrastructure and proposed power plants (b) when the assumed lifetimes and
utilization rates of electricity and industry infrastructure are varied from 20–60 years 20–
80%, respectively. Across the same ranges of lifetime and utilization, corresponding annual
rates of emission reduction span from 3% to 30% (c and d). Hatched orange and red zones
indicate carbon budgets and mitigation rates likely to limit mean warming to 1.5°C and 2°C,
respectively (see Methods), and stars denote committed emissions and mitigation rates if
existing/and proposed infrastructure is operated as historically.
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Figure 4 |. Asset value and committed emissions of existing infrastructure.

Rank ordering of CO2-emitting assets by committed emissions per dollar value reveals large
disparities (a; colored by sector). Horizontal red lines in a indicate 50%, 75% and 90% of
total committed emissions (658 Gt CO2) if operated as historically, and the top ten most
valuable region-sectors are labeled (see Extended Data Fig. 4 for region-specific versions).
Plotting emissions per value (kg CO2/$) against committed emissions suggests targeted
opportunities to “unlock” future CO2 emissions if alternative technologies are affordable
(region-sectors in the pink-shaded quadrant in b; showing 95% confidence intervals with
regions denoted by symbols).
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Image credits
Front cover: National Park Service; back cover: NASA Earth Observatory image by Joshua Stevens, using Landsat data from the
U.S. Geological Survey.

In August 2018, temperatures soared across the northwestern United States. The heat, combined
with dry conditions, contributed to wildfire activity in several states and Canada. The cover shows
the Howe Ridge Fire from across Lake McDonald in Montana’s Glacier National Park on the night of
August 12, roughly 24 hours after it was ignited by lightning. The fire spread rapidly, fueled by record-high temperatures and high winds, leading to evacuations and closures of parts of the park. The
satellite image on the back cover, acquired on August 15, shows plumes of smoke from wildfires on the
northwestern edge of Lake McDonald.
Wildfires impact communities throughout the United States each year. In addition to threatening individual safety and property, wildfire can worsen air quality locally and, in many cases, throughout the
surrounding region, with substantial public health impacts including increased incidence of respiratory illness (Ch. 13: Air Quality, KM 2; Ch. 14: Human Health, KM 1; Ch. 26: Alaska, KM 3). As the climate
warms, projected increases in wildfire frequency and area burned are expected to drive up costs
associated with health effects, loss of homes and infrastructure, and fire suppression (Ch. 6: Forests,
KM 1; Ch. 17: Complex Systems, Box 17.4). Increased wildfire activity is also expected to reduce the opportunity for and enjoyment of outdoor recreation activities, affecting quality of life as well as tourist
economies (Ch. 7: Ecosystems, KM 3; Ch. 13: Air Quality, KM 2; Ch. 15 Tribes, KM 1; Ch. 19: Southeast,
KM 3; Ch. 24: Northwest, KM 4).
Human-caused climate change, land use, and forest management influence wildfires in complex ways
(Ch. 17: Complex Systems, KM 2). Over the last century, fire exclusion policies have resulted in higher
fuel availability in most U.S. forests (CSSR, Ch. 8.3, KF 6). Warmer and drier conditions have contributed to an increase in the incidence of large forest fires in the western United States and Interior Alaska
since the early 1980s, a trend that is expected to continue as the climate warms and the fire season
lengthens (Ch. 1: Overview, Figure 1.2k; CSSR, Ch. 8.3, KF 6). The expansion of human activity into forests and other wildland areas has also increased over the past few decades. As the footprint of human
settlement expands, fire risk exposure to people and property is expected to increase further (Ch. 5:
Land Changes, KM 2).
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About This Report

About This Report
The National Climate Assessment

Climate Science Special Report:
NCA4 Volume I

The Global Change Research Act of 1990 mandates that the U.S. Global Change Research
Program (USGCRP) deliver a report to Congress
and the President no less than every four years
that “1) integrates, evaluates, and interprets
the findings of the Program . . .; 2) analyzes the
effects of global change on the natural environment, agriculture, energy production and use,
land and water resources, transportation, human health and welfare, human social systems,
and biological diversity; and 3) analyzes current
trends in global change, both human-induced
and natural, and projects major trends for the
subsequent 25 to 100 years.”1

The Climate Science Special Report (CSSR),
published in 2017, serves as the first volume of
NCA4. It provides a detailed analysis of how climate change is affecting the physical earth system across the United States and provides the
foundational physical science upon which much
of the assessment of impacts in this report is
based. The CSSR integrates and evaluates current findings on climate science and discusses
the uncertainties associated with these findings. It analyzes trends in climate change, both
human-induced and natural, and projects major
trends to the end of this century. Projected
changes in temperature, precipitation patterns,
sea level rise, and other climate outcomes are
based on a range of scenarios widely used in
the climate research community, referred to as
Representative Concentration Pathways (RCPs).
As an assessment and analysis of the physical
science, the CSSR provides important input to
the development of other parts of NCA4 and
their primary focus on the human welfare, societal, economic, and environmental elements
of climate change. A summary of the CSSR is
provided in Chapter 2 (Our Changing Climate)
of this report; the full report can be accessed at
science2017.globalchange.gov.

The Fourth National Climate Assessment
(NCA4) fulfills that mandate in two volumes.
This report, Volume II, draws on the foundational science described in Volume I, the Climate Science Special Report (CSSR).2 Volume
II focuses on the human welfare, societal, and
environmental elements of climate change and
variability for 10 regions and 18 national topics, with particular attention paid to observed
and projected risks, impacts, consideration
of risk reduction, and implications under different mitigation pathways. Where possible,
NCA4 Volume II provides examples of actions
underway in communities across the United
States to reduce the risks associated with climate change, increase resilience, and improve
livelihoods.
This assessment was written to help inform
decision-makers, utility and natural resource
managers, public health officials, emergency
planners, and other stakeholders by providing a
thorough examination of the effects of climate
change on the United States.

U.S. Global Change Research Program
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Report Development, Review,
and Approval Process

Sources Used in This Report

The findings in this report are based on an assessment of the peer-reviewed scientific literature, complemented by other sources (such as
gray literature) where appropriate. In addition,
authors used well-established and carefully
evaluated observational and modeling datasets,
technical input reports, USGCRP’s sustained
assessment products, and a suite of scenario
products. Each source was determined to meet
the standards of the Information Quality Act
(see Appendix 2: Information in the Fourth National Climate Assessment).

The National Oceanic and Atmospheric Administration (NOAA) served as the administrative
lead agency for the preparation of this report. A
Federal Steering Committee, composed of representatives from USGCRP agencies, oversaw
the report’s development.
A team of more than 300 federal and nonfederal experts—including individuals from
federal, state, and local governments, tribes and
Indigenous communities, national laboratories,
universities, and the private sector—volunteered their time to produce the assessment,
with input from external stakeholders at each
stage of the process. A series of regional engagement workshops reached more than 1,000
individuals in over 40 cities, while listening sessions, webinars, and public comment periods
provided valuable input to the authors. Participants included decision-makers from the public
and private sectors, resource and environmental managers, scientists, educators, representatives from businesses and nongovernmental
organizations, and the interested public.

Sustained Assessment Products
The USGCRP’s sustained assessment process
facilitates and draws upon the ongoing participation of scientists and stakeholders, enabling
the assessment of new information and insights
as they emerge. The USGCRP led the development of two major sustained assessment
products as inputs to NCA4: The Impacts of
Climate Change on Human Health in the United
States: A Scientific Assessment4 and the Second
State of the Carbon Cycle Report.5 In addition,
USGCRP agencies contributed products that
improve the thoroughness of this assessment,
including the U.S. Department of Agriculture’s
scientific assessment Climate Change, Global
Food Security, and the U.S. Food System;6 NOAA’s
Climate Resilience Tool Kit, Climate Explorer,
and State Climate Summaries; the U.S. Environmental Protection Agency’s updated economic
impacts of climate change report;7 and a variety
of USGCRP indicators and scenario products
that support the evaluation of climate-related
risks (see Appendix 3: Data Tools and Scenario
Products).

NCA4 Volume II was thoroughly reviewed by
external experts and the general public, as well
as the Federal Government (that is, the NCA4
Federal Steering Committee and several rounds
of technical and policy review by the 13 federal
agencies of the USGCRP). An expert external
peer review of the whole report was performed
by an ad hoc committee of the National Academies of Sciences, Engineering, and Medicine
(NASEM).3 Additional information on the development of this assessment can be found in
Appendix 1: Report Development Process.

U.S. Global Change Research Program
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USGCRP Scenario Products
As part of the sustained assessment process,
federal interagency groups developed a suite
of high-resolution scenario products that span
a range of plausible future changes (through at
least 2100) in key environmental parameters.
This new generation of USGCRP scenario products (hosted at https://scenarios.globalchange.
gov) includes
•

changes in average and extreme statistics
of key climate variables (for example,
temperature and precipitation),

•

changes in local sea level rise along the
entire U.S. coastline,

•

changes in population as a function of
demographic shifts and migration, and

•

changes in land use driven by
population changes.

compare and synthesize results across chapters. Where possible, authors have used the
range of these scenario products to frame
uncertainty in future climate and associated
effects as it relates to the risks that are the
focus of their chapters. As discussed briefly
elsewhere in this Front Matter and in more
detail in Appendix 3 (Data Tools and Scenario
Products), future scenarios referred to as RCPs
provide the global framing for NCA4 Volumes
I and II. RCPs focus on outputs (such as emissions and concentrations of greenhouse gases
and particulate matter) that are in turn fed into
climate models. As such, a wide range of future socioeconomic assumptions, at the global
and national scale (such as population growth,
technological innovation, and carbon intensity
of energy mix), could be consistent with the
RCPs used throughout NCA4. For this reason,
further guidance on U.S. population and landuse assumptions was provided to authors. See
Appendix 3: Data Tools and Scenario Products,
including Table A3.1, for additional detail on
these scenario products.

USGCRP scenario products help ensure consistency in underlying assumptions across the
report and therefore improve the ability to

U.S. Global Change Research Program
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Summary Findings

The 12 Summary Findings represent a very
high-level synthesis of the material in the underlying report. They consolidate Key Messages
and supporting evidence from 16 underlying
national-level topic chapters, 10 regional chapters, and 2 response chapters.

Overview

The Overview presents the major findings
alongside selected highlights from NCA4 Volume II, providing a synthesis of material from
the underlying report chapters.

Key Messages and Traceable Accounts
Chapters are centered around Key Messages,
which are based on the authors’ expert judgment of the synthesis of the assessed literature.
With a view to presenting technical information
in a manner more accessible to a broad audience, this report aims to present findings in the
context of risks to natural and/or human systems. Assessing the risks to the Nation posed by
climate change and the measures that can be
taken to minimize those risks helps users weigh
the consequences of complex decisions.

•

What do we expect to happen in the absence
of adaptive action and/or mitigation?

•

How bad could things plausibly get? Are
there important thresholds or tipping points
in the unique context of a given region, sector, and so on?

Each Key Message is accompanied by a Traceable Account that restates the Key Message
found in the chapter text with calibrated confidence and likelihood language (see Table 1).
These Traceable Accounts also document the
supporting evidence and rationale the authors
used in reaching their conclusions, while also
providing information on sources of uncertainty. More information on Traceable Accounts is
provided below.

Since risk can most meaningfully be defined
in relation to objectives or societal values, Key
Messages in each chapter of this report aim to
provide answers to specific questions about
what is at risk in a particular region or sector
and in what way. The text supporting each Key
Message provides evidence, discusses implications, identifies intersections between systems
or cascading hazards, and points out paths to
greater resilience. Where a Key Message focuses on managing risk, authors considered the
following questions:

Our Changing Climate
USGCRP oversaw the production of the Climate
Science Special Report (CSSR): NCA4 Volume
I,2 which assesses the current state of science
relating to climate change and its physical
impacts. The CSSR is a detailed analysis of
how climate change affects the physical earth
system across the United States. It presents
foundational information and projections for
climate change that improve consistency across

What do we value? What is at risk?

U.S. Global Change Research Program

What outcomes do we wish to avoid with respect to these valued things?

These considerations are encapsulated in a
single question: What keeps you up at night?
Importantly, climate is only one of many drivers
of change and risk. Where possible, chapters
provide information about the dominant sources of uncertainty (such as scientific uncertainty
or socioeconomic factors), as well as information regarding other relevant non-climate
stressors.

Chapter Text

•

•
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analyses in NCA4 Volume II. The CSSR is the
basis for the physical climate science summary
presented in Chapter 2 (Our Changing Climate)
of this report.

Regional Chapters
Responding to public demand for more localized information—and because impacts and
adaptation tend to be realized at a more local
level—NCA4 provides greater detail in the regional chapters compared to the national topic
chapters. The regional chapters assess current
and future risks posed by climate change to
each of NCA4’s 10 regions (see Figure 1) and
what can be done to minimize risk. Challenges,
opportunities, and success stories for managing
risk are illustrated through case studies.

National Topic Chapters
The national topic chapters summarize current
and future climate change related risks and
what can be done to reduce those risks. These
national chapters also synthesize relevant content from the regional chapters. New national
topic chapters for NCA4 include Chapter 13:
Air Quality; Chapter 16: Climate Effects on U.S.
International Interests; and Chapter 17: Sector
Interactions, Multiple Stressors, and Complex Systems.

National Climate Assessment Regions

Figure 1: Map of the ten regions used throughout NCA4.
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The regions defined in NCA4 are similar to
those used in the Third National Climate Assessment (NCA3),8 with these exceptions: the
Great Plains region, formerly stretching from
the border of Canada to the border of Mexico,
is now divided into the Northern Great Plains
and Southern Great Plains along the Nebraska–
Kansas border; and content related to the U.S.
Caribbean islands is now found in its own chapter, distinct from the Southeast region.

GHG emissions. The resulting range of projections reflects, in part, the uncertainty that
comes with quantifying future human activities
and their influence on climate.
The most recent set of climate projections
developed by the international scientific community is classified under four Representative Concentration Pathways, or RCPs.9 A
wide range of future socioeconomic assumptions could be consistent with the RCPs used
throughout NCA4.

Response Chapters
The response chapters assess the science of
adaptation and mitigation, including benefits,
tradeoffs, and best practices of ongoing adaptation measures and quantification of economic damages that can be avoided by reducing
greenhouse gas emissions. The National Climate Assessment does not evaluate or recommend specific policies.

NCA4 focuses on RCP8.5 as a “higher” scenario,
associated with more warming, and RCP4.5 as a
“lower” scenario with less warming. Other RCP
scenarios (e.g., RCP2.6, a “very low” scenario)
are used where instructive, such as in analyses
of mitigation science issues. To promote understanding while capturing the context of the
RCPs, authors use the phrases “a higher scenario (RCP8.5)” and “a lower scenario (RCP4.5).”
RCP8.5 is generally associated with higher
population growth, less technological innovation, and higher carbon intensity of the global
energy mix. RCP4.5 is generally associated with
lower population growth, more technological
innovation, and lower carbon intensity of the
global energy mix. NCA4 does not evaluate the
feasibility of the socioeconomic assumptions
within the RCPs. Future socioeconomic conditions—and especially the relationship between economic growth, population growth,
and innovation—will have a significant impact
on which climate change scenario is realized.
The use of RCP8.5 and RCP4.5 as core scenarios is broadly consistent with the range used in
NCA3.8 For additional detail on these scenarios
and what they represent, please see Appendix 3 (Data Tools and Scenario Products), as
well as Chapter 4 of the Climate Science Special Report.10

Economic Estimates

To the extent possible, economic estimates in
this report have been converted to 2015 dollars
using the U.S. Bureau of Economic Affairs’ Implicit Price Deflators for Gross Domestic Product, Table 1.1.9. For more information, please
visit: https://bea.gov/national/index.htm.
Where documented in the underlying literature, discount rates in specific estimates in this
assessment are noted next to those projections.

Use of Scenarios

Climate modeling experts develop climate projections for a range of plausible futures. These
projections capture variables such as the relationship between human choices, greenhouse
gas (GHG) and particulate matter emissions,
GHG concentrations in our atmosphere, and
the resulting impacts, including temperature
change and sea level rise. Some projections are
consistent with continued dependence on fossil
fuels, while others are achieved by reducing

U.S. Global Change Research Program
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Treatment of Uncertainties: Risk Framing,
Confidence, and Likelihood
Risk Framing
In March 2016, NASEM convened a workshop, Characterizing Risk in Climate Change
Assessments, to assist NCA4 authors in their
analyses of climate-related risks across the
United States.11 To help ensure consistency and
readability across chapters, USGCRP developed guidance on communicating the risks and
opportunities that climate change presents,
including the treatment of scientific uncertainties. Where supported by the underlying literature, authors were encouraged to

Traceable Accounts: Confidence and Likelihood
Throughout NCA4’s assessment of climaterelated risks and impacts, authors evaluated the
range of information in the scientific literature
to the fullest extent possible, arriving at a series
of Key Messages for each chapter. Drawing on
guidance developed by the Intergovernmental Panel on Climate Change (IPCC),12 chapter
authors further described the overall reliability
in their conclusions using these metrics in their
chapter’s Traceable Accounts:
•

Confidence in the validity of a finding based
on the type, amount, quality, strength, and
consistency of evidence (such as mechanistic
understanding, theory, data, models, and expert judgment); the skill, range, and consistency of model projections; and the degree
of agreement within the body of literature.

describe the likelihood of the consequences
associated with the range of potential impacts, the character and quality of the consequences, both negative and positive, and
the strength of available evidence;

•

Likelihood, which is based on measures of
uncertainty expressed probabilistically (in
other words, based on statistical analysis of
observations or model results or on the authors’ expert judgment).

•

communicate cascading effects among and
within complex systems; and

•

quantify risks that could be avoided by taking action.

The author team’s expert assessment of confidence for each Key Message is presented in the
chapter’s Traceable Accounts. Where the authors consider it is scientifically justified to report the likelihood of a particular impact within
the range of possible outcomes, Key Messages
in the Traceable Accounts also include a likelihood designation. Traceable Accounts describe
the process and rationale the authors used
in reaching their conclusions, as well as their
confidence in these conclusions. They provide
additional information about the quality of
information used and allow traceability to data
and resources.

•

describe the full scope of potential climate
change impacts, both negative and positive,
including more extreme impacts that are less
likely but would have severe consequences,
and communicate the range of potential impacts and their probabilities of occurrence;

•

Additional detail on how risk is defined for this
report, as well as how risk-based framing was
used, is available in Chapter 1: Overview (see
Box 1.2: Evaluating Risks to Inform Decisions).

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

Likelihood
Very Likely

Likely

As Likely as Not

Unlikely

Very Unlikely

≥ 9 in 10

≥ 2 in 3

= 1 in 2

≤ 1 in 3

≤ 1 in 10

Table 1: This table describes the meaning of the various categories of confidence level and likelihood assessment used in
NCA4. The levels of confidence are the same as they appear in the CSSR (NCA4 Volume I). And while the likelihood scale is
consistent with the CSSR, there are fewer categories, as that report relies more heavily on quantitative methods and statistics.
This “binning” of likelihood is consistent with other USGCRP sustained assessment products, such as the Climate and Health
Assessment4 and NCA3.8

Glossary of Terms

NCA4 uses the glossary available on the USGCRP
website (http://www.globalchange.gov/
climate-change/glossary). It was developed for
NCA3 and largely draws from the IPCC glossary
of terms. Over time, it has been updated with
selected new terms from more recent USGCRP

U.S. Global Change Research Program

assessments, including The Impacts of Climate
Change on Human Health in the United States
(https://health2016.globalchange.gov/
glossary-and-acronyms) and the Climate
Science Special Report (https://science2017.
globalchange.gov/chapter/appendix-e/).
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NCA4 Summary Findings
These Summary Findings represent a high-level synthesis of the material in the underlying
report. The findings consolidate Key Messages and supporting evidence from 16 national-level
topic chapters, 10 regional chapters, and 2 chapters that focus on societal response strategies
(mitigation and adaptation). Unless otherwise noted, qualitative statements regarding future
conditions in these Summary Findings are broadly applicable across the range of different
levels of future climate change and associated impacts considered in this report.

1. Communities
Climate change creates new risks and exacerbates existing vulnerabilities in communities across
the United States, presenting growing challenges to human health and safety, quality of life, and
the rate of economic growth.
The impacts of climate change are already
being felt in communities across the country.
More frequent and intense extreme weather
and climate-related events, as well as changes
in average climate conditions, are expected to
continue to damage infrastructure, ecosystems,
and social systems that provide essential benefits to communities. Future climate change
is expected to further disrupt many areas of
life, exacerbating existing challenges to prosperity posed by aging and deteriorating infrastructure, stressed ecosystems, and economic
inequality. Impacts within and across regions

will not be distributed equally. People who are
already vulnerable, including lower-income and
other marginalized communities, have lower
capacity to prepare for and cope with extreme
weather and climate-related events and are expected to experience greater impacts. Prioritizing adaptation actions for the most vulnerable
populations would contribute to a more equitable future within and across communities.
Global action to significantly cut greenhouse
gas emissions can substantially reduce climate-related risks and increase opportunities
for these populations in the longer term.

2. Economy
Without substantial and sustained global mitigation and regional adaptation efforts, climate
change is expected to cause growing losses to American infrastructure and property and impede
the rate of economic growth over this century.
In the absence of significant global mitigation
action and regional adaptation efforts, rising
temperatures, sea level rise, and changes in
extreme events are expected to increasingly
disrupt and damage critical infrastructure and
property, labor productivity, and the vitality
of our communities. Regional economies and
industries that depend on natural resources and favorable climate conditions, such as

U.S. Global Change Research Program

agriculture, tourism, and fisheries, are vulnerable to the growing impacts of climate change.
Rising temperatures are projected to reduce
the efficiency of power generation while increasing energy demands, resulting in higher
electricity costs. The impacts of climate change
beyond our borders are expected to increasingly affect our trade and economy, including
import and export prices and U.S. businesses
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with overseas operations and supply chains.
Some aspects of our economy may see slight
near-term improvements in a modestly warmer
world. However, the continued warming that
is projected to occur without substantial and
sustained reductions in global greenhouse gas
emissions is expected to cause substantial net
damage to the U.S. economy throughout this

century, especially in the absence of increased
adaptation efforts. With continued growth in
emissions at historic rates, annual losses in
some economic sectors are projected to reach
hundreds of billions of dollars by the end of the
century—more than the current gross domestic
product (GDP) of many U.S. states.

3. Interconnected Impacts
Climate change affects the natural, built, and social systems we rely on individually and through
their connections to one another. These interconnected systems are increasingly vulnerable to
cascading impacts that are often difficult to predict, threatening essential services within and
beyond the Nation’s borders.
Climate change presents added risks to interconnected systems that are already exposed
to a range of stressors such as aging and deteriorating infrastructure, land-use changes,
and population growth. Extreme weather and
climate-related impacts on one system can result in increased risks or failures in other critical systems, including water resources, food
production and distribution, energy and transportation, public health, international trade,
and national security. The full extent of climate
change risks to interconnected systems, many

of which span regional and national boundaries,
is often greater than the sum of risks to individual sectors. Failure to anticipate interconnected
impacts can lead to missed opportunities for
effectively managing the risks of climate change
and can also lead to management responses
that increase risks to other sectors and regions.
Joint planning with stakeholders across sectors, regions, and jurisdictions can help identify
critical risks arising from interaction among
systems ahead of time.

4. Actions to Reduce Risks
Communities, governments, and businesses are working to reduce risks from and costs associated with climate change by taking action to lower greenhouse gas emissions and implement
adaptation strategies. While mitigation and adaptation efforts have expanded substantially in
the last four years, they do not yet approach the scale considered necessary to avoid substantial
damages to the economy, environment, and human health over the coming decades.
Future risks from climate change depend
primarily on decisions made today. The integration of climate risk into decision-making
and the implementation of adaptation activities
have significantly increased since the Third
National Climate Assessment in 2014, including
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in areas of financial risk reporting, capital investment planning, development of engineering
standards, military planning, and disaster risk
management. Transformations in the energy sector—including the displacement of coal
by natural gas and increased deployment of
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renewable energy—along with policy actions
at the national, regional, state, and local levels are reducing greenhouse gas emissions in
the United States. While these adaptation and
mitigation measures can help reduce damages
in a number of sectors, this assessment shows
that more immediate and substantial global
greenhouse gas emissions reductions, as well as
regional adaptation efforts, would be needed to

avoid the most severe consequences in the long
term. Mitigation and adaptation actions also
present opportunities for additional benefits
that are often more immediate and localized,
such as improving local air quality and economies through investments in infrastructure.
Some benefits, such as restoring ecosystems
and increasing community vitality, may be
harder to quantify.

5. Water
The quality and quantity of water available for use by people and ecosystems across the country
are being affected by climate change, increasing risks and costs to agriculture, energy production,
industry, recreation, and the environment.
Rising air and water temperatures and changes in precipitation are intensifying droughts,
increasing heavy downpours, reducing snowpack, and causing declines in surface water
quality, with varying impacts across regions.
Future warming will add to the stress on water
supplies and adversely impact the availability
of water in parts of the United States. Changes
in the relative amounts and timing of snow and
rainfall are leading to mismatches between water availability and needs in some regions, posing threats to, for example, the future reliability
of hydropower production in the Southwest
and the Northwest. Groundwater depletion is
exacerbating drought risk in many parts of the
United States, particularly in the Southwest and

Southern Great Plains. Dependable and safe
water supplies for U.S. Caribbean, Hawai‘i, and
U.S.-Affiliated Pacific Island communities are
threatened by drought, flooding, and saltwater
contamination due to sea level rise. Most U.S.
power plants rely on a steady supply of water
for cooling, and operations are expected to be
affected by changes in water availability and
temperature increases. Aging and deteriorating
water infrastructure, typically designed for past
environmental conditions, compounds the climate risk faced by society. Water management
strategies that account for changing climate
conditions can help reduce present and future
risks to water security, but implementation of
such practices remains limited.

6. Health
Impacts from climate change on extreme weather and climate-related events, air quality, and the
transmission of disease through insects and pests, food, and water increasingly threaten the
health and well-being of the American people, particularly populations that are already vulnerable.
Changes in temperature and precipitation are
increasing air quality and health risks from
wildfire and ground-level ozone pollution.
Rising air and water temperatures and more
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intense extreme events are expected to increase exposure to waterborne and foodborne
diseases, affecting food and water safety. With
continued warming, cold-related deaths are
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projected to decrease and heat-related deaths
are projected to increase; in most regions,
increases in heat-related deaths are expected
to outpace reductions in cold-related deaths.
The frequency and severity of allergic illnesses, including asthma and hay fever, are
expected to increase as a result of a changing
climate. Climate change is also projected to
alter the geographic range and distribution of
disease-carrying insects and pests, exposing
more people to ticks that carry Lyme disease
and mosquitoes that transmit viruses such
as Zika, West Nile, and dengue, with varying
impacts across regions. Communities in the
Southeast, for example, are particularly vulnerable to the combined health impacts from

vector-borne disease, heat, and flooding. Extreme weather and climate-related events can
have lasting mental health consequences in affected communities, particularly if they result
in degradation of livelihoods or community
relocation. Populations including older adults,
children, low-income communities, and some
communities of color are often disproportionately affected by, and less resilient to, the
health impacts of climate change. Adaptation
and mitigation policies and programs that help
individuals, communities, and states prepare
for the risks of a changing climate reduce the
number of injuries, illnesses, and deaths from
climate-related health outcomes.

7. Indigenous Peoples
Climate change increasingly threatens Indigenous communities’ livelihoods, economies, health,
and cultural identities by disrupting interconnected social, physical, and ecological systems.
Many Indigenous peoples are reliant on natural resources for their economic, cultural,
and physical well-being and are often uniquely affected by climate change. The impacts of
climate change on water, land, coastal areas,
and other natural resources, as well as infrastructure and related services, are expected to
increasingly disrupt Indigenous peoples’ livelihoods and economies, including agriculture and
agroforestry, fishing, recreation, and tourism.
Adverse impacts on subsistence activities have
already been observed. As climate changes continue, adverse impacts on culturally significant
species and resources are expected to result
in negative physical and mental health effects.
Throughout the United States, climate-related
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impacts are causing some Indigenous peoples
to consider or actively pursue community relocation as an adaptation strategy, presenting
challenges associated with maintaining cultural
and community continuity. While economic,
political, and infrastructure limitations may
affect these communities’ ability to adapt,
tightly knit social and cultural networks present
opportunities to build community capacity and
increase resilience. Many Indigenous peoples
are taking steps to adapt to climate change
impacts structured around self-determination
and traditional knowledge, and some tribes are
pursuing mitigation actions through development of renewable energy on tribal lands.

28

Fourth National Climate Assessment

Summary Findings
8. Ecosystems and Ecosystem Services
Ecosystems and the benefits they provide to society are being altered by climate change, and
these impacts are projected to continue. Without substantial and sustained reductions in global
greenhouse gas emissions, transformative impacts on some ecosystems will occur; some coral
reef and sea ice ecosystems are already experiencing such transformational changes.
Many benefits provided by ecosystems and the
environment, such as clean air and water, protection from coastal flooding, wood and fiber,
crop pollination, hunting and fishing, tourism,
cultural identities, and more will continue to
be degraded by the impacts of climate change.
Increasing wildfire frequency, changes in insect
and disease outbreaks, and other stressors are
expected to decrease the ability of U.S. forests to support economic activity, recreation,
and subsistence activities. Climate change has
already had observable impacts on biodiversity,
ecosystems, and the benefits they provide to
society. These impacts include the migration
of native species to new areas and the spread
of invasive species. Such changes are projected to continue, and without substantial and
sustained reductions in global greenhouse
gas emissions, extinctions and transformative

impacts on some ecosystems cannot be avoided in the long term. Valued aspects of regional
heritage and quality of life tied to ecosystems,
wildlife, and outdoor recreation will change
with the climate, and as a result, future generations can expect to experience and interact
with the natural environment in ways that are
different from today. Adaptation strategies,
including prescribed burning to reduce fuel for
wildfire, creation of safe havens for important
species, and control of invasive species, are
being implemented to address emerging impacts of climate change. While some targeted
response actions are underway, many impacts,
including losses of unique coral reef and sea ice
ecosystems, can only be avoided by significantly reducing global emissions of carbon dioxide
and other greenhouse gases.

9. Agriculture and Food
Rising temperatures, extreme heat, drought, wildfire on rangelands, and heavy downpours are
expected to increasingly disrupt agricultural productivity in the United States. Expected increases in challenges to livestock health, declines in crop yields and quality, and changes in extreme
events in the United States and abroad threaten rural livelihoods, sustainable food security, and
price stability.
Climate change presents numerous challenges
to sustaining and enhancing crop productivity,
livestock health, and the economic vitality of
rural communities. While some regions (such
as the Northern Great Plains) may see conditions conducive to expanded or alternative
crop productivity over the next few decades,
overall, yields from major U.S. crops are expected to decline as a consequence of increases in
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temperatures and possibly changes in water
availability, soil erosion, and disease and pest
outbreaks. Increases in temperatures during
the growing season in the Midwest are projected to be the largest contributing factor to
declines in the productivity of U.S. agriculture.
Projected increases in extreme heat conditions
are expected to lead to further heat stress for
livestock, which can result in large economic
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losses for producers. Climate change is also expected to lead to large-scale shifts in the availability and prices of many agricultural products
across the world, with corresponding impacts
on U.S. agricultural producers and the U.S.
economy. These changes threaten future gains
in commodity crop production and put rural
livelihoods at risk. Numerous adaptation strategies are available to cope with adverse impacts

of climate variability and change on agricultural
production. These include altering what is produced, modifying the inputs used for production, adopting new technologies, and adjusting
management strategies. However, these strategies have limits under severe climate change
impacts and would require sufficient long- and
short-term investment in changing practices.

10. Infrastructure
Our Nation’s aging and deteriorating infrastructure is further stressed by increases in heavy precipitation events, coastal flooding, heat, wildfires, and other extreme events, as well as changes
to average precipitation and temperature. Without adaptation, climate change will continue to degrade infrastructure performance over the rest of the century, with the potential for cascading impacts that threaten our economy, national security, essential services, and health and well-being.
Climate change and extreme weather events
are expected to increasingly disrupt our Nation’s energy and transportation systems,
threatening more frequent and longer-lasting
power outages, fuel shortages, and service
disruptions, with cascading impacts on other critical sectors. Infrastructure currently
designed for historical climate conditions is
more vulnerable to future weather extremes
and climate change. The continued increase in
the frequency and extent of high-tide flooding
due to sea level rise threatens America’s trillion-dollar coastal property market and public
infrastructure, with cascading impacts to the
larger economy. In Alaska, rising temperatures
and erosion are causing damage to buildings
and coastal infrastructure that will be costly
to repair or replace, particularly in rural areas;
these impacts are expected to grow without
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adaptation. Expected increases in the severity
and frequency of heavy precipitation events
will affect inland infrastructure in every region,
including access to roads, the viability of bridges, and the safety of pipelines. Flooding from
heavy rainfall, storm surge, and rising high tides
is expected to compound existing issues with
aging infrastructure in the Northeast. Increased
drought risk will threaten oil and gas drilling
and refining, as well as electricity generation
from power plants that rely on surface water
for cooling. Forward-looking infrastructure
design, planning, and operational measures and
standards can reduce exposure and vulnerability to the impacts of climate change and reduce
energy use while providing additional nearterm benefits, including reductions in greenhouse gas emissions.
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11. Oceans and Coasts
Coastal communities and the ecosystems that support them are increasingly threatened by the
impacts of climate change. Without significant reductions in global greenhouse gas emissions
and regional adaptation measures, many coastal regions will be transformed by the latter part of
this century, with impacts affecting other regions and sectors. Even in a future with lower greenhouse gas emissions, many communities are expected to suffer financial impacts as chronic
high-tide flooding leads to higher costs and lower property values.
Rising water temperatures, ocean acidification,
retreating arctic sea ice, sea level rise, high-tide
flooding, coastal erosion, higher storm surge,
and heavier precipitation events threaten our
oceans and coasts. These effects are projected
to continue, putting ocean and marine species
at risk, decreasing the productivity of certain
fisheries, and threatening communities that
rely on marine ecosystems for livelihoods and
recreation, with particular impacts on fishing
communities in Hawai‘i and the U.S.-Affiliated
Pacific Islands, the U.S. Caribbean, and the Gulf
of Mexico. Lasting damage to coastal property
and infrastructure driven by sea level rise and
storm surge is expected to lead to financial
losses for individuals, businesses, and communities, with the Atlantic and Gulf Coasts facing
above-average risks. Impacts on coastal energy
and transportation infrastructure driven by sea
level rise and storm surge have the potential

for cascading costs and disruptions across the
country. Even if significant emissions reductions occur, many of the effects from sea level
rise over this century—and particularly through
mid-century—are already locked in due to historical emissions, and many communities are
already dealing with the consequences. Actions
to plan for and adapt to more frequent, widespread, and severe coastal flooding, such as
shoreline protection and conservation of coastal ecosystems, would decrease direct losses and
cascading impacts on other sectors and parts
of the country. More than half of the damages
to coastal property are estimated to be avoidable through well-timed adaptation measures.
Substantial and sustained reductions in global
greenhouse gas emissions would also significantly reduce projected risks to fisheries and
communities that rely on them.

12. Tourism and Recreation
Outdoor recreation, tourist economies, and quality of life are reliant on benefits provided by our
natural environment that will be degraded by the impacts of climate change in many ways.
Climate change poses risks to seasonal and
outdoor economies in communities across the
United States, including impacts on economies
centered around coral reef-based recreation,
winter recreation, and inland water-based
recreation. In turn, this affects the well-being
of the people who make their living supporting
these economies, including rural, coastal, and
Indigenous communities. Projected increases
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in wildfire smoke events are expected to impair
outdoor recreational activities and visibility
in wilderness areas. Declines in snow and ice
cover caused by warmer winter temperatures
are expected to negatively impact the winter
recreation industry in the Northwest, Northern Great Plains, and the Northeast. Some
fish, birds, and mammals are expected to shift
where they live as a result of climate change,
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with implications for hunting, fishing, and other
wildlife-related activities. These and other climate-related impacts are expected to result in
decreased tourism revenue in some places and,
for some communities, loss of identity. While
some new opportunities may emerge from
these ecosystem changes, cultural identities
and economic and recreational opportunities
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based around historical use of and interaction
with species or natural resources in many areas
are at risk. Proactive management strategies,
such as the use of projected stream temperatures to set priorities for fish conservation, can
help reduce disruptions to tourist economies
and recreation.
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Howe Ridge Fire in Montana’s Glacier National Park on August 12, 2018. Photo credit: National Park Service.
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Introduction

E

arth’s climate is now changing faster than at any point in the history of
modern civilization, primarily as a result
of human activities. The impacts of
global climate change are already being
felt in the United States and are projected to intensify in the future—but the
severity of future impacts will depend
largely on actions taken to reduce greenhouse gas emissions and to adapt to
the changes that will occur. Americans
increasingly recognize the risks climate
change poses to their everyday lives
and livelihoods and are beginning to
respond (Figure 1.1). Water managers in
the Colorado River Basin have mobilized
users to conserve water in response to
ongoing drought intensified by higher
temperatures, and an extension program
in Nebraska is helping ranchers reduce
drought and heat risks to their operations. The state of Hawai‘i is developing
management options to promote coral
reef recovery from widespread bleaching
events caused by warmer waters that
threaten tourism, fisheries, and coastal
protection from wind and waves. To address higher risks of flooding from heavy
rainfall, local governments in southern
Louisiana are pooling hazard reduction
funds, and cities and states in the Northeast are investing in more resilient water,
energy, and transportation infrastructure. In Alaska, a tribal health organization is developing adaptation strategies
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to address physical and mental health
challenges driven by climate change and
other environmental changes. As Midwestern farmers adopt new management
strategies to reduce erosion and nutrient
losses caused by heavier rains, forest
managers in the Northwest are developing
adaptation strategies in response to wildfire increases that affect human health,
water resources, timber production, fish
and wildlife, and recreation. After extensive hurricane damage fueled in part by a
warmer atmosphere and warmer, higher
seas, communities in Texas are considering ways to rebuild more resilient infrastructure. In the U.S. Caribbean, governments are developing new frameworks for
storm recovery based on lessons learned
from the 2017 hurricane season.
Climate-related risks will continue to
grow without additional action. Decisions
made today determine risk exposure for
current and future generations and will
either broaden or limit options to reduce
the negative consequences of climate
change. While Americans are responding
in ways that can bolster resilience and improve livelihoods, neither global efforts to
mitigate the causes of climate change nor
regional efforts to adapt to the impacts
currently approach the scales needed to
avoid substantial damages to the U.S.
economy, environment, and human health
and well-being over the coming decades.

34

Fourth National Climate Assessment

1 | Overview

Americans Respond to the Impacts of Climate Change

Figure 1.1: This map shows climate-related impacts that have occurred in each region since the Third National Climate
Assessment in 2014 and response actions that are helping the region address related risks and costs. These examples are
illustrative; they are not indicative of which impact is most significant in each region or which response action might be most
effective. Source: NCA4 Regional Chapters.
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Climate shapes where and how we live and the
environment around us. Natural ecosystems,
agricultural systems, water resources, and the
benefits they provide to society are adapted
to past climate conditions and their natural
range of variability. A water manager may use
past or current streamflow records to design
a dam, a city could issue permits for coastal
development based on current flood maps,
and an electric utility or a farmer may invest
in equipment suited to the current climate, all
with the expectation that their investments and
management practices will meet future needs.

often highest for those that are already vulnerable, including low-income communities, some
communities of color, children, and the elderly
(Ch. 14: Human Health, KM 2; Ch. 15: Tribes, KM
1–3; Ch. 28: Adaptation, Introduction). Climate
change threatens to exacerbate existing social
and economic inequalities that result in higher
exposure and sensitivity to extreme weather
and climate-related events and other changes
(Ch. 11: Urban, KM 1). Marginalized populations
may also be affected disproportionately by
actions to address the underlying causes and
impacts of climate change, if they are not
implemented under policies that consider
existing inequalities (Ch. 11: Urban, KM 4; Ch.
28: Adaptation, KM 4).

However, the assumption that current and
future climate conditions will resemble the
recent past is no longer valid (Ch. 28: Adaptation, KM 2). Observations collected around the
world provide significant, clear, and compelling
evidence that global average temperature is
much higher, and is rising more rapidly, than
anything modern civilization has experienced,
with widespread and growing impacts (Figure
1.2) (CSSR, Ch. 1.9). The warming trend observed
over the past century can only be explained
by the effects that human activities, especially
emissions of greenhouse gases, have had on the
climate (Ch. 2: Climate, KM 1 and Figure 2.1).

This report draws a direct connection between
the warming atmosphere and the resulting
changes that affect Americans’ lives, communities, and livelihoods, now and in the future. It
documents vulnerabilities, risks, and impacts
associated with natural climate variability and
human-caused climate change across the United States and provides examples of response
actions underway in many communities. It
concludes that the evidence of human-caused
climate change is overwhelming and continues
to strengthen, that the impacts of climate change
are intensifying across the country, and that
climate-related threats to Americans’ physical,
social, and economic well-being are rising.
These impacts are projected to intensify—but
how much they intensify will depend on
actions taken to reduce global greenhouse
gas emissions and to adapt to the risks from
climate change now and in the coming decades
(Ch. 28: Adaptation, Introduction; Ch. 29:
Mitigation, KM 3 and 4).

Climate change is transforming where and how
we live and presents growing challenges to
human health and quality of life, the economy,
and the natural systems that support us. Risks
posed by climate variability and change vary by
region and sector and by the vulnerability of
people experiencing impacts. Social, economic,
and geographic factors shape the exposure of
people and communities to climate-related
impacts and their capacity to respond. Risks are
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Our Changing Climate:
Observations, Causes, and
Future Change

Seas are warming, rising, and becoming more
acidic, and marine species are moving to new
locations toward cooler waters. Flooding is
becoming more frequent along the U.S. coastline. Growing seasons are lengthening, and
wildfires are increasing. These and many other
changes are clear signs of a warming world
(Figure 1.2) (Ch. 2: Climate, Box 2.2; App. 3: Data
& Scenarios, see also the USGCRP Indicators
and EPA Indicators websites).

Observed Change
Observations from around the world show the
widespread effects of increasing greenhouse
gas concentrations on Earth’s climate. High
temperature extremes and heavy precipitation
events are increasing. Glaciers and snow
cover are shrinking, and sea ice is retreating.

California Drought Affects Mountain Snowpack
California’s recent multiyear drought left Tioga Pass in the Sierra Nevada mountain range nearly snowless at the height of winter
in January 2015. Photo credit: Bartshé Miller.
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Climate Change Indicators

Figure 1.2: Long-term observations demonstrate the warming trend in the climate system and the effects of increasing
atmospheric greenhouse gas concentrations (Ch. 2: Climate, Box 2.2). This figure shows climate-relevant indicators of change

based on data collected across the United States. Upward-pointing arrows indicate an increasing trend; downward-pointing
arrows indicate a decreasing trend. Bidirectional arrows (e.g., for drought conditions) indicate a lack of a definitive national
trend.

(Figure caption continued on next page)
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Atmosphere (a–c): (a) Annual average temperatures have increased by 1.8°F across the contiguous United States since the
beginning of the 20th century; this figure shows observed change for 1986–2016 (relative to 1901–1960 for the contiguous
United States and 1925–1960 for Alaska, Hawai‘i, Puerto Rico, and the U.S. Virgin Islands). Alaska is warming faster than any
other state and has warmed twice as fast as the global average since the mid-20th century (Ch. 2: Climate, KM 5; Ch. 26: Alaska,
Background). (b) The season length of heat waves in many U.S. cities has increased by over 40 days since the 1960s. Hatched
bars indicate partially complete decadal data. (c) The relative amount of annual rainfall that comes from large, single-day
precipitation events has changed over the past century; since 1910, a larger percentage of land area in the contiguous United
States receives precipitation in the form of these intense single-day events.
Ice, snow, and water (d–f): (d) Large declines in snowpack in the western United States occurred from 1955 to 2016. (e) While
there are a number of ways to measure drought, there is currently no detectable change in long-term U.S. drought statistics
using the Palmer Drought Severity Index. (f) Since the early 1980s, the annual minimum sea ice extent (observed in September
each year) in the Arctic Ocean has decreased at a rate of 11%–16% per decade (Ch. 2: Climate, KM 7).
Oceans and coasts (g–i): (g) Annual median sea level along the U.S. coast (with land motion removed) has increased by about
9 inches since the early 20th century as oceans have warmed and land ice has melted (Ch. 2: Climate, KM 4). (h) Fish, shellfish,
and other marine species along the Northeast coast and in the eastern Bering Sea have, on average, moved northward and to
greater depths toward cooler waters since the early 1980s (records start in 1982). (i) Oceans are also currently absorbing more
than a quarter of the carbon dioxide emitted to the atmosphere annually by human activities, increasing their acidity (measured
by lower pH values; Ch. 2: Climate, KM 3).
Land and ecosystems (j–l): (j) The average length of the growing season has increased across the contiguous United States
since the early 20th century, meaning that, on average, the last spring frost occurs earlier and the first fall frost arrives later;
this map shows changes in growing season length at the state level from 1895 to 2016. (k) Warmer and drier conditions have
contributed to an increase in large forest fires in the western United States and Interior Alaska over the past several decades
(CSSR, Ch. 8.3). (l) Degree days are defined as the number of degrees by which the average daily temperature is higher than
65°F (cooling degree days) or lower than 65°F (heating degree days) and are used as a proxy for energy demands for cooling
or heating buildings. Changes in temperatures indicate that heating needs have decreased and cooling needs have increased
in the contiguous United States over the past century.
Sources: (a) adapted from Vose et al. 2017, (b) EPA, (c–f and h–l) adapted from EPA 2016, (g and center infographic) EPA
and NOAA.

Causes of Change
Scientists have understood the fundamental
physics of climate change for almost 200 years.
In the 1850s, researchers demonstrated that
carbon dioxide and other naturally occurring
greenhouse gases in the atmosphere prevent
some of the heat radiating from Earth’s surface
from escaping to space: this is known as the
greenhouse effect. This natural greenhouse
effect warms the planet’s surface about 60°F
above what it would be otherwise, creating
a habitat suitable for life. Since the late 19th
century, however, humans have released an
increasing amount of greenhouse gases into
the atmosphere through burning fossil fuels
and, to a lesser extent, deforestation and
land-use change. As a result, the atmospheric
concentration of carbon dioxide, the largest
contributor to human-caused warming, has
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increased by about 40% over the industrial
era. This change has intensified the natural
greenhouse effect, driving an increase in global
surface temperatures and other widespread
changes in Earth’s climate that are unprecedented in the history of modern civilization.
Global climate is also influenced by natural
factors that determine how much of the sun’s
energy enters and leaves Earth’s atmosphere
and by natural climate cycles that affect
temperatures and weather patterns in the
short term, especially regionally (see Ch. 2:
Climate, Box 2.1). However, the unambiguous
long-term warming trend in global average
temperature over the last century cannot be
explained by natural factors alone. Greenhouse
gas emissions from human activities are the
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only factors that can account for the observed
warming over the last century; there are no
credible alternative human or natural explanations supported by the observational evidence.
Without human activities, the influence of
natural factors alone would actually have had a
slight cooling effect on global climate over the
last 50 years (Ch. 2: Climate, KM 1, Figure 2.1).

to changes in greenhouse gas levels over this
century. Scientists test climate models by
comparing them to current observations and
historical changes. Confidence in these models
is based, in part, on how well they reproduce
these observed changes. Climate models have
proven remarkably accurate in simulating the
climate change we have experienced to date,
particularly in the past 60 years or so when
we have greater confidence in observations
(see CSSR, Ch. 4.3.1). The observed signals of a
changing climate continue to become stronger and clearer over time, giving scientists
increased confidence in their findings even
since the Third National Climate Assessment
was released in 2014.

Future Change
Greenhouse gas emissions from human
activities will continue to affect Earth’s climate
for decades and even centuries. Humans are
adding carbon dioxide to the atmosphere at a
rate far greater than it is removed by natural
processes, creating a long-lived reservoir of
the gas in the atmosphere and oceans that is
driving the climate to a warmer and warmer
state. Some of the other greenhouse gases
released by human activities, such as methane,
are removed from the atmosphere by natural
processes more quickly than carbon dioxide; as
a result, efforts to cut emissions of these gases
could help reduce the rate of global temperature increases over the next few decades.
However, longer-term changes in climate
will largely be determined by emissions and
atmospheric concentrations of carbon dioxide
and other longer-lived greenhouse gases (Ch. 2:
Climate, KM 2).

Today, the largest uncertainty in projecting
future climate conditions is the level of
greenhouse gas emissions going forward.
Future global greenhouse gas emissions levels
and resulting impacts depend on economic,
political, and demographic factors that can be
difficult to predict with confidence far into
the future. Like previous climate assessments,
NCA4 relies on a suite of possible scenarios to
evaluate the implications of different climate
outcomes and associated impacts throughout
the 21st century. These “Representative Concentration Pathways” (RCPs) capture a range of
potential greenhouse gas emissions pathways
and associated atmospheric concentration
levels through 2100.

Climate models representing our understanding of historical and current climate conditions
are often used to project how our world will
change under future conditions (see Ch. 2: Climate, Box 2.7). “Climate” is defined as weather
conditions over multiple decades, and climate
model projections are generally not designed
to capture annual or even decadal variation
in climate conditions. Instead, projections are
typically used to capture long-term changes,
such as how the climate system will respond
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RCPs drive climate model projections for
temperature, precipitation, sea level, and other
variables under futures that have either lower
or higher greenhouse gas emissions. RCPs are
numbered according to changes in radiative
forcing by 2100 relative to preindustrial conditions: +2.6, +4.5, +6.0, or +8.5 watts per square
meter (W/m2). Each RCP leads to a different
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Box 1.1: Confidence and Uncertainty in Climate Science
Many of the decisions we make every day are based on less-than-perfect knowledge. For example, while
GPS-based applications on smartphones can provide a travel-time estimate for our daily drive to work, an
unexpected factor like a sudden downpour or fender bender might mean a ride originally estimated to be 20
minutes could actually take longer. Fortunately, even with this uncertainty we are confident that our trip is
unlikely to take less than 20 minutes or more than half an hour—and we know where we are headed. We have
enough information to plan our commute.
Uncertainty is also a part of science. A key goal of scientific research is to increase our confidence and
reduce the uncertainty in our understanding of the world around us. Even so, there is no expectation that
uncertainty can be fully eliminated, just as we do not expect a perfectly accurate estimate for our drive time
each day. Studying Earth’s climate system is particularly challenging because it integrates many aspects of
a complex natural system as well as many human-made systems. Climate scientists find varying ranges of
uncertainty in many areas, including observations of climate variables, the analysis and interpretation of those
measurements, the development of new observational instruments, and the use of computer-based models of
the processes governing Earth’s climate system. While there is inherent uncertainty in climate science, there
is high confidence in our understanding of the greenhouse effect and the knowledge that human activities are
changing the climate in unprecedented ways. There is enough information to make decisions based on that
understanding.
Where important uncertainties do exist, efforts to quantify and report those uncertainties can help decisionmakers plan for a range of possible future outcomes. These efforts also help scientists advance understanding and ultimately increase confidence in and the usefulness of model projections. Assessments
like this one explicitly address scientific uncertainty associated with findings and use specific language to
express it to improve relevance to risk analysis and decision-making (see Front Matter and Box 1.2).

level of projected global temperature change;
higher numbers indicate greater projected
temperature change and associated impacts.
The higher scenario (RCP8.5) represents a
future where annual greenhouse gas emissions
increase significantly throughout the 21st
century before leveling off by 2100, whereas
the other RCPs represent more rapid and
substantial mitigation by mid-century, with
greater reductions thereafter. Current trends
in annual greenhouse gas emissions, globally,
are consistent with RCP8.5.

greenhouse gas emissions than the higher
scenario (RCP8.5) by the end of the 21st
century (see Ch. 2: Climate, Figure 2.2). In
some cases, throughout this report, a very low
scenario (RCP2.6) that represents more immediate, substantial, and sustained emissions
reductions is considered. Each RCP could be
consistent with a range of underlying socioeconomic conditions or policy choices. See the
Scenario Products section of Appendix 3 in this
report, as well as CSSR Chapters 4.2.1 and 10.2.1
for more detail.

Of the two RCPs predominantly referenced
throughout this report, the lower scenario (RCP4.5) envisions about 85% lower

The effects of different future greenhouse gas
emissions levels on global climate become
most evident around 2050, when temperature
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Projected Changes in U.S. Annual Average Temperatures

Figure 1.3: Annual average temperatures across the United States are projected to increase over this century, with greater
changes at higher latitudes as compared to lower latitudes, and under a higher scenario (RCP8.5; right) than under a lower one
(RCP4.5; left). This figure shows projected differences in annual average temperatures for mid-century (2036–2065; top) and
end of century (2071–2100; bottom) relative to the near present (1986–2015). From Figure 2.4, Ch. 2: Climate (Source: adapted
from Vose et al. 2017).

(Figure 1.3) (Ch. 2: Climate, Figure 2.2), precipitation, and sea level rise (Figure 1.4) (Ch.
2: Climate, Figure 2.3) projections based on
each scenario begin to diverge significantly.
With substantial and sustained reductions in
greenhouse gas emissions (e.g., consistent with
the very low scenario [RCP2.6]), the increase
in global annual average temperature relative
to preindustrial times could be limited to less
than 3.6°F (2°C) (Ch. 2: Climate, Box 2.4; CSSR,
Ch. 4.2.1). Without significant greenhouse gas
mitigation, the increase in global annual average temperature could reach 9°F or more by
the end of this century (Ch. 2: Climate, KM 2).
For some aspects of Earth’s climate system that
take longer to respond to changes in atmospheric greenhouse gas concentrations, such
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as global sea level, some degree of long-term
change will be locked in for centuries to come,
regardless of the future scenario (see CSSR, Ch.
12.5.3). Early greenhouse gas emissions mitigation can reduce climate impacts in the nearer
term (such as reducing the loss of arctic sea ice
and the effects on species that use it) and in
the longer term by avoiding critical thresholds
(such as marine ice sheet instability and the
resulting consequences for global sea level
and coastal development; Ch. 29: Mitigation,
Timing and Magnitude of Action).
Annual average temperatures in the United
States are projected to continue to increase
in the coming decades. Regardless of future
scenario, additional increases in temperatures
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Projected Relative Sea Level Change in the United States by 2100

Figure 1.4: The maps show projections of change in relative sea level along the U.S. coast by 2100 (as compared to 2000)
under the lower (RCP4.5) and higher (RCP8.5) scenarios (see CSSR, Ch. 12.5). Globally, sea levels will continue to rise from
thermal expansion of the ocean and melting of land-based ice masses (such as Greenland, Antarctica, and mountain glaciers).
Regionally, however, the amount of sea level rise will not be the same everywhere. Where land is sinking (as along the Gulf of
Mexico coastline), relative sea level rise will be higher, and where land is rising (as in parts of Alaska), relative sea level rise will
be lower. Changes in ocean circulation (such as the Gulf Stream) and gravity effects due to ice melt will also alter the heights
of the ocean regionally. Sea levels are expected to continue to rise along almost all U.S. coastlines, and by 2100, under the
higher scenario, coastal flood heights that today cause major damages to infrastructure would become common during high tides
nationwide (Ch. 8: Coastal; Scenario Products section in Appendix 3). Source: adapted from CSSR, Figure 12.4.

across the contiguous United States of at least
2.3°F relative to 1986–2015 are expected by
the middle of this century. As a result, recent
record-setting hot years are expected to
become common in the near future. By late this
century, increases of 2.3°–6.7°F are expected
under a lower scenario (RCP4.5) and 5.4°–11.0°F
under a higher scenario (RCP8.5) relative to
1986–2015 (Figure 1.3) (Ch. 2: Climate, KM 5,
Figure 2.4). Alaska has warmed twice as fast as
the global average since the mid-20th century;
this trend is expected to continue (Ch. 26:
Alaska, Background).

forest fires in the western United States and
Alaska are all projected to continue to increase,
while land and sea ice cover, snowpack, and
surface soil moisture are expected to continue
to decline in the coming decades. These and
other changes are expected to increasingly
impact water resources, air quality, human
health, agriculture, natural ecosystems, energy
and transportation infrastructure, and many
other natural and human systems that support
communities across the country. The severity
of these projected impacts, and the risks they
present to society, is greater under futures with
higher greenhouse gas emissions, especially
if limited or no adaptation occurs (Ch. 29:
Mitigation, KM 2).

High temperature extremes, heavy precipitation
events, high tide flooding events along the U.S.
coastline, ocean acidification and warming, and
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Box 1.2: Evaluating Risks to Inform Decisions
In this report, risks are often defined in a qualitative sense as threats to life, health and safety, the environment, economic well-being, and other things of value to society (Ch. 28: Adaptation, Introduction). In some
cases, risks are described in quantitative terms: estimates of how likely a given threat is to occur (probability)
and the damages that would result if it did happen (consequences). Climate change is a risk management
challenge for society; it presents uncertain—and potentially severe—consequences for natural and human
systems across generations. It is characterized by multiple intersecting and uncertain future hazards and,
therefore, acts as a risk multiplier that interacts with other stressors to create new risks or to alter existing
ones (see Ch. 17: Complex Systems, KM 1).
Current and future greenhouse gas emissions, and thus mitigation actions to reduce emissions, will largely
determine future climate change impacts and risks to society. Mitigation and adaptation activities can be
considered complementary strategies—mitigation efforts can reduce future risks, while adaptation can minimize the consequences of changes that are already happening as a result of past and present greenhouse
gas emissions. Adaptation entails proactive decision-making and investments by individuals, businesses, and
governments to counter specific risks from climate change that vary from place to place. Climate risk management includes some familiar attributes and tactics for most businesses and local governments, which
often manage or design for a variety of weather-related risks, including coastal and inland storms, heat waves,
threats to water availability, droughts, and floods.
Measuring risk encompasses both likelihoods and consequences of specific outcomes and involves judgments about what is of value, ranking of priorities, and cost–benefit analyses that incorporate the tradeoffs
among climate and non-climate related options. This report characterizes specific risks across regions and
sectors in an effort to help people assess the risks they face, create and implement a response plan, and
monitor and evaluate the efficacy of a given action (see Ch. 28: Adaptation, KM 1, Figure 28.1).

Climate Change in the United
States: Current and Future Risks

physical climate impacts and by factors that
influence its ability to respond to changing
conditions and to recover from adverse weather and climate-related events such as extreme
storms or wildfires (Ch. 14: Human Health, KM
2; Ch. 15: Tribes, State of the Sector, KM 1 and
2; Ch. 28: Adaptation, KM 4).

Some climate-related impacts, such as
increasing health risks from extreme heat, are
common to many regions of the United States
(Ch. 14: Human Health, KM 1). Others represent
more localized risks, such as infrastructure
damage caused by thawing of permafrost
(long-frozen ground) in Alaska or threats to
coral reef ecosystems from warmer and more
acidic seas in the U.S. Caribbean, as well as
Hawai‘i and the U.S.-Affiliated Pacific Islands
(Ch. 26: Alaska, KM 2; Ch. 20: U.S. Caribbean,
KM 2; Ch. 27: Hawai‘i & Pacific Islands, KM 4).
Risks vary by both a community’s exposure to
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Many places are subject to more than one
climate-related impact, such as extreme rainfall combined with coastal flooding, or drought
coupled with extreme heat, wildfire, and
flooding. The compounding effects of these
impacts result in increased risks to people,
infrastructure, and interconnected economic
sectors (Ch. 11: Urban, KM 1). Impacts affecting
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Economy and Infrastructure

interconnected systems can cascade across
sectors and regions, creating complex risks and
management challenges. For example, changes
in the frequency, intensity, extent, and duration
of wildfires can result in a higher instance of
landslides that disrupt transportation systems
and the flow of goods and services within
or across regions (Box 1.3). Many observed
impacts reveal vulnerabilities in these interconnected systems that are expected to be
exacerbated as climate-related risks intensify.
Under a higher scenario (RCP8.5), it is very
likely that some impacts, such as the effects of
ice sheet disintegration on sea level rise and
coastal development, will be irreversible for
many thousands of years, and others, such as
species extinction, will be permanent (Ch. 7:
Ecosystems, KM 1; Ch. 9: Oceans, KM 1; Ch. 29:
Mitigation, KM 2).

Without more significant global greenhouse
gas mitigation and regional adaptation efforts,
climate change is expected to cause substantial losses to infrastructure and property and
impede the rate of economic growth over this
century (Ch. 4: Energy, KM 1; Ch. 8: Coastal,
KM 1; Ch. 11: Urban, KM 2; Ch. 12: Transportation, KM 1; Regional Chapters 18–27). Regional
economies and industries that depend on
natural resources and favorable climate
conditions, such as agriculture, tourism,
and fisheries, are increasingly vulnerable
to impacts driven by climate change (Ch. 7:
Ecosystems, KM 3; Ch. 10: Agriculture, KM
1). Reliable and affordable energy supplies,
which underpin virtually every sector of the
economy, are increasingly at risk from climate
change and weather extremes (Ch. 4: Energy,

Box 1.3: Interconnected Impacts of Climate Change
The impacts of climate change and extreme weather on natural and built systems are often considered from
the perspective of individual sectors: how does a changing climate impact water resources, the electric grid,
or the food system? None of these sectors, however, exists in isolation. The natural, built, and social systems
we rely on are all interconnected, and impacts and management choices within one sector may have cascading effects on the others (Ch. 17: Complex Systems, KM 1).
For example, wildfire trends in the western United States are influenced by rising temperatures and changing
precipitation patterns, pest populations, and land management practices. As humans have moved closer to
forestlands, increased fire suppression practices have reduced natural fires and led to denser vegetation,
resulting in fires that are larger and more damaging when they do occur (Figures 1.5 and 1.2k) (Ch. 6: Forests,
KM 1). Warmer winters have led to increased pest outbreaks and significant tree kills, with varying feedbacks
on wildfire. Increased wildfire driven by climate change is projected to increase costs associated with health
effects, loss of homes and other property, wildfire response, and fuel management. Failure to anticipate these
interconnected impacts can lead to missed opportunities for effectively managing risks within a single sector
and may actually increase risks to other sectors. Planning around wildfire risk and other risks affected by
climate change entails the challenge of accounting for all of these influences and how they interact with one
another (see Ch. 17: Complex Systems, Box 17.4).
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Box 1.3: Interconnected Impacts of Climate Change, continued
New to this edition of the NCA, Chapter 17 (Complex Systems) highlights several examples of interconnected impacts and documents how a multisector perspective and joint management of systems can enhance
resilience to a changing climate. It is often difficult or impossible to quantify and predict how all relevant processes and interactions in interconnected systems will respond to climate change. Non-climate influences,
such as population changes, add to the challenges of projecting future outcomes (Ch. 17: Complex Systems,
KM 2). Despite these challenges, there are opportunities to learn from experience to guide future risk management decisions. Valuable lessons can be learned retrospectively: after Superstorm Sandy in 2012, for
example, the mayor of New York City initiated a Climate Change Adaptation Task Force that brought together
stakeholders from several sectors such as water, transportation, energy, and communications to address the
interdependencies among them (Ch. 17: Complex Systems, Box 17.1, KM 3).

Wildfire at the Wildland–Urban Interface
Figure 1.5: Wildfires are increasingly encroaching on American communities, posing threats to lives, critical infrastructure,
and property. In October 2017, more than a dozen fires burned through northern California, killing dozens of people and
leaving thousands more homeless. Communities distant from the fires were affected by poor air quality as smoke plumes
darkened skies and caused the cancellation of school and other activities across the region. (left) A NASA satellite image
shows active fires on October 9, 2017. (right) The Tubbs Fire, which burned parts of Napa, Sonoma, and Lake counties,
was the most destructive in California’s history. It caused an estimated $1.2 billion in damages and destroyed over 5,000
structures, including 5% of the housing stock in the city of Santa Rosa. Image credits: (left) NASA; (right) Master Sgt.
David Loeffler, U.S. Air National Guard.

KM 1). The impacts of climate change beyond
our borders are expected to increasingly affect
our trade and economy, including import and
export prices and U.S. businesses with overseas
operation and supply chains (Box 1.4) (Ch. 16:
International, KM 1; Ch. 17: Complex Systems,
KM 1). Some aspects of our economy may see
slight improvements in a modestly warmer
world. However, the continued warming
that is projected to occur without significant
reductions in global greenhouse gas emissions
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is expected to cause substantial net damage to
the U.S. economy, especially in the absence of
increased adaptation efforts. The potential for
losses in some sectors could reach hundreds
of billions of dollars per year by the end of this
century (Ch. 29: Mitigation, KM 2).
Existing water, transportation, and energy
infrastructure already face challenges from
heavy rainfall, inland and coastal flooding,
landslides, drought, wildfire, heat waves, and
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other weather and climate events (Figures
1.5–1.9) (Ch. 11: Urban, KM 2; Ch. 12: Transportation, KM 1). Many extreme weather and
climate-related events are expected to become
more frequent and more intense in a warmer
world, creating greater risks of infrastructure
disruption and failure that can cascade across
economic sectors (Ch. 3: Water, KM 2; Ch.
4: Energy, KM 1; Ch. 11: Urban, KM 3; Ch. 12:
Transportation, KM 2). For example, more
frequent and severe heat waves and other
extreme events in many parts of the United
States are expected to increase stresses on
the energy system, amplifying the risk of more
frequent and longer-lasting power outages and
fuel shortages that could affect other critical
sectors and systems, such as access to medical
care (Ch. 17: Complex Systems, Box 17.5; Ch.
4: Energy, KM 1; Ch. 8: Coastal, KM 1; Ch. 11:
Urban, KM 3; Ch. 12: Transportation, KM 3).
Current infrastructure is typically designed for
historical climate conditions (Ch. 12: Transportation, KM 1) and development patterns—for
instance, coastal land use—generally do not
account for a changing climate (Ch. 5: Land
Changes, State of the Sector), resulting in
increasing vulnerability to future risks from
weather extremes and climate change (Ch. 11:
Urban, KM 2). Infrastructure age and deterioration make failure or interrupted service
from extreme weather even more likely (Ch. 11:
Urban, KM 2). Climate change is expected to
increase the costs of maintaining, repairing,
and replacing infrastructure, with differences
across regions (Ch. 12: Transportation,
Regional Summary).

greater Houston area, some of which has been
attributed to human-induced climate change
(Ch. 2: Climate, Box 2.5). Resulting power
outages had cascading effects on critical infrastructure facilities such as hospitals and water
and wastewater treatment plants. Reduced oil
production and refining capacity in the Gulf
of Mexico caused price spikes regionally and
nationally from actual and anticipated gasoline
shortages (Figure 1.6) (Ch. 17: Complex Systems,
KM 1). In the U.S. Caribbean, Hurricanes Irma
and Maria caused catastrophic damage to
infrastructure, including the complete failure
of Puerto Rico’s power grid and the loss of
power throughout the U.S. Virgin Islands, as
well as extensive damage to the region’s agricultural industry. The death toll in Puerto Rico
grew in the three months following Maria’s
landfall on the island due in part to the lack of
electricity and potable water as well as access
to medical facilities and medical care (Ch. 20:
U.S. Caribbean, Box 20.1, KM 5).
Climate-related risks to infrastructure, property, and the economy vary across regions.
Along the U.S. coastline, public infrastructure
and $1 trillion in national wealth held in coastal
real estate are threatened by rising sea levels,
higher storm surges, and the ongoing increase
in high tide flooding (Figures 1.4 and 1.8) (Ch. 8:
Coastal, KM 1). Coastal infrastructure provides
critical lifelines to the rest of the country,
including energy supplies and access to goods
and services from overseas trade; increased
damage to coastal facilities is expected to
result in cascading costs and national impacts
(Ch. 8: Coastal, KM 1; Ch. 4: Energy, State of the
Sector, KM 1). High tide flooding is projected
to become more disruptive and costlier as
its frequency, depth, and inland extent grow
in the coming decades. Without significant
adaptation measures, many coastal cities in the

Recent extreme events demonstrate the
vulnerabilities of interconnected economic
sectors to increasing risks from climate change
(see Box 1.3). In 2017, Hurricane Harvey dumped
an unprecedented amount of rainfall over the
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Widespread Impacts from Hurricane Harvey
Figure 1.6: Hurricane Harvey led to widespread flooding and knocked out power to 300,000 customers in Texas in 2017, with
cascading effects on critical infrastructure facilities such as hospitals, water and wastewater treatment plants, and refineries. The
photo shows Port Arthur, Texas, on August 31, 2017—six days after Hurricane Harvey made landfall along the Gulf Coast. From
Figure 17.2, Ch. 17: Complex Systems (Photo credit: Staff Sgt. Daniel J. Martinez, U.S. Air National Guard).

Flooding at Fort Calhoun Nuclear Power Plant

Norfolk Naval Base at Risk from Rising Seas

Figure 1.7: Floodwaters from the Missouri River surround the
Omaha Public Power District’s Fort Calhoun Station, a nuclear
power plant just north of Omaha, Nebraska, on June 20, 2011.
The flooding was the result of runoff from near-record snowfall
totals and record-setting rains in late May and early June. A
protective berm holding back the floodwaters from the plant
failed, which prompted plant operators to transfer offsite power
to onsite emergency diesel generators. Cooling for the reactor
temporarily shut down, but spent fuel pools were unaffected.
From Figure 22.5, Ch. 22: N. Great Plains (Photo credit: Harry
Weddington, U.S. Army Corps of Engineers).

Figure 1.8: Low-lying Norfolk, Virginia, houses the world’s
largest naval base, which supports multiple aircraft carrier
groups and is the duty station for thousands of employees.
Most of the area around the base lies less than 10 feet above
sea level, and local relative sea level is projected to rise
between about 2.5 and 11.5 feet by the year 2100 under the
Lower and Upper Bound USGCRP sea level rise scenarios,
respectively (see Scenario Products section of Appendix 3 for
more details on these sea level rise scenarios; see also Ch.
8: Coastal, Case Study “Key Messages in Action—Norfolk,
Virginia”). Photo credit: Mass Communication Specialist 1st
Class Christopher B. Stoltz, U.S. Navy.
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Southeast are expected to experience daily high
tide flooding by the end of the century (Ch. 8:
Coastal, KM 1; Ch. 19: Southeast, KM 2). Higher
sea levels will also cause storm surge from
tropical storms to travel farther inland than in
the past, impacting more coastal properties
and infrastructure (Ch. 8: Coastal: KM 1; Ch. 19:

Southeast, KM 2). Oil, natural gas, and electrical
infrastructure located along the coasts of
the Atlantic Ocean and Gulf of Mexico are at
increased risk of damage from rising sea levels
and stronger hurricanes; regional disruptions
are expected to have national implications
(Ch. 4: Energy, State of the Sector, KM 1; Ch.

Weather and Climate-Related Impacts on
U.S. Military Assets

Figure 1.9: The Department of Defense (DoD) has significant experience in planning for and managing risk and
uncertainty. The effects of climate and extreme weather represent additional risks to incorporate into the Department’s
various planning and risk management processes. To identify DoD installations with vulnerabilities to climate-related
impacts, a preliminary Screening Level Vulnerability Assessment Survey (SLVAS) of DoD sites worldwide was conducted
in 2015. The SLVAS responses (shown for the United States; orange dots) yielded a wide range of qualitative information.
The highest number of reported effects resulted from drought (782), followed closely by wind (763) and non-storm surge
related flooding (706). About 10% of sites indicated being affected by extreme temperatures (351), while flooding
due to storm surge (225) and wildfire (210) affected about 6% of the sites reporting. The survey responses provide a
preliminary qualitative picture of DoD assets currently affected by severe weather events as well as an indication of
assets that may be affected by sea level rise in the future. Source: adapted from Department of Defense 2018 (http://www.
oea.gov/resource/2018-climate-related-risk-dod-infrastructure-initial-vulnerability-assessment-survey-slvas).
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18: Northeast, KM 3; Ch. 19: Southeast, KM 2).
Hawai‘i and the U.S.-Affiliated Pacific Islands
and the U.S. Caribbean also face high risks to
critical infrastructure from coastal flooding,
erosion, and storm surge (Ch. 4: Energy, State
of the Sector; Ch. 20: U.S. Caribbean, KM 3; Ch.
27: Hawai‘i & Pacific Islands, KM 3).
In the western United States, increasing wildfire
is damaging ranches and rangelands as well
as property in cities near the wildland–urban
interface. Drier conditions are projected to
increase the risk of wildfires and damage to
property and infrastructure, including energy
production and generation assets and the power
grid (Ch. 4: Energy, KM 1; Ch. 11: Urban, Regional
Summary; Ch. 24: Northwest, KM 3). In Alaska,
thawing of permafrost is responsible for severe
damage to roads, buildings, and pipelines that
will be costly to replace, especially in remote
parts of Alaska. Alaska oil and gas operations are
vulnerable to thawing permafrost, sea level rise,
and increased coastal exposure due to declining
sea ice; however, a longer ice-free season may
enhance offshore energy operations and transport (Ch. 4: Energy, State of the Sector; Ch. 26:
Alaska, KM 2 and 5). These impacts are expected
to grow with continued warming.

Conservation Practices Reduce Impact of
Heavy Rains
Figure 1.10: Increasing heavy rains are leading to more soil
erosion and nutrient loss on midwestern cropland. Integrating
strips of native prairie vegetation into row crops has been
shown to reduce soil and nutrient loss while improving
biodiversity. The inset shows a close-up example of a prairie
vegetation strip. From Figure 21.2, Ch. 21: Midwest (Photo
credits: [main photo] Lynn Betts; [inset] Farnaz Kordbacheh).

10: Ag & Rural, KM 1). Increases in growing season temperatures in the Midwest are projected
to be the largest contributing factor to declines
in U.S. agricultural productivity (Ch. 21: Midwest, KM 1). Climate change is also expected to
lead to large-scale shifts in the availability and
prices of many agricultural products across
the world, with corresponding impacts on U.S.
agricultural producers and the U.S. economy
(Ch. 16: International, KM 1).

U.S. agriculture and the communities it supports are threatened by increases in temperatures, drought, heavy precipitation events, and
wildfire on rangelands (Figure 1.10) (Ch. 10: Ag
& Rural, KM 1 and 2, Case Study “Groundwater
Depletion in the Ogallala Aquifer Region”;
Ch. 23: S. Great Plains, KM 1, Case Study “The
Edwards Aquifer”). Yields of major U.S. crops
(such as corn, soybeans, wheat, rice, sorghum,
and cotton) are expected to decline over this
century as a consequence of increases in
temperatures and possibly changes in water
availability and disease and pest outbreaks (Ch.
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Extreme heat poses a significant risk to human
health and labor productivity in the agricultural, construction, and other outdoor sectors
(Ch. 10: Ag & Rural, KM 3). Under a higher
scenario (RCP8.5), almost two billion labor
hours are projected to be lost annually by 2090
from the impacts of temperature extremes,
costing an estimated $160 billion in lost wages
(Ch. 14: Human Health, KM 4). States within the
Southeast (Ch. 19: Southeast, KM 4) and Southern Great Plains (Ch. 23: S. Great Plains, KM 4)
regions are projected to experience some of
the greatest impacts (see Figure 1.21).
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Natural Environment and
Ecosystem Services

are combining with other stressors such as
groundwater depletion to reduce the future
reliability of water supplies in the region, with
cascading impacts on energy production and
other water-dependent sectors (Ch. 3: Water,
Regional Summary; Ch. 4: Energy, State of the
Sector; Ch. 25: Southwest, KM 5). In the Southern Great Plains, current drought and projected increases in drought length and severity
threaten the availability of water for agriculture
(Figures 1.11 and 1.12) (Ch. 23: S. Great Plains, KM
1). Reductions in mountain snowpack and shifts
in snowmelt timing are expected to reduce
hydropower production in the Southwest and
the Northwest (Ch. 24: Northwest, KM 3; Ch.
25: Southwest, KM 5). Drought is expected to
threaten oil and gas drilling and refining as
well as thermoelectric power plants that rely
on a steady supply of water for cooling (Ch.
4: Energy, State of the Sector, KM 1; Ch. 22: N.
Great Plains, KM 4; Ch. 23: S. Great Plains, KM
2; Ch. 25: Southwest, KM 5).

Climate change threatens many benefits that
the natural environment provides to society:
safe and reliable water supplies, clean air,
protection from flooding and erosion, and
the use of natural resources for economic,
recreational, and subsistence activities. Valued
aspects of regional heritage and quality of
life tied to the natural environment, wildlife,
and outdoor recreation will change with the
climate, and as a result, future generations can
expect to experience and interact with natural
systems in ways that are much different
than today. Without significant reductions in
greenhouse gas emissions, extinctions and
transformative impacts on some ecosystems
cannot be avoided, with varying impacts on
the economic, recreational, and subsistence
activities they support.
Changes affecting the quality, quantity, and
availability of water resources, driven in part by
climate change, impact people and the environment (Ch. 3: Water, KM 1). Dependable and
safe water supplies for U.S. Caribbean, Hawai‘i,
and U.S.-Affiliated Pacific Island communities
and ecosystems are threatened by rising temperatures, sea level rise, saltwater intrusion,
and increased risks of drought and flooding
(Ch. 3: Water, Regional Summary; Ch. 20: U.S.
Caribbean, KM 1; Ch. 27: Hawai‘i & Pacific
Islands, KM 1). In the Midwest, the occurrence
of conditions that contribute to harmful algal
blooms, which can result in restrictions to
water usage for drinking and recreation, is
expected to increase (Ch. 3: Water, Regional
Summary; Ch. 21: Midwest, KM 3). In the
Southwest, water supplies for people and
nature are decreasing during droughts due in
part to climate change. Intensifying droughts,
heavier downpours, and reduced snowpack
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Tourism, outdoor recreation, and subsistence activities are threatened by reduced
snowpack, increases in wildfire activity, and

Impacts of Drought on Texas Agriculture
Figure 1.11: Soybeans in Texas experience the effects of
drought in August 2013. During 2010–2015, a multiyear
regional drought severely affected agriculture in the Southern
Great Plains. One prominent impact was the reduction of
irrigation water released for farmers on the Texas coastal
plains. Photo credit: Bob Nichols, USDA.
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Desalination Plants Can Reduce Impacts from Drought in Texas

Figure 1.12: Desalination activities in Texas are an important contributor to the state’s efforts to meet current and projected water
needs for communities, industry, and agriculture. The state’s 2017 Water Plan recommended an expansion of desalination to
help reduce longer-term risks to water supplies from drought, higher temperatures, and other stressors. There are currently 44
public water supply desalination plants in Texas. From Figure 23.8, Ch. 23: S. Great Plains (Source: adapted from Texas Water
Development Board 2017).

other stressors affecting ecosystems and
natural resources (Figures 1.2d, 1.2k, and 1.13)
(Ch. 7: Ecosystems, KM 3). Increasing wildfire
frequency (Ch. 19: Southeast, Case Study
“Prescribed Fire”), pest and disease outbreaks
(Ch. 21: Midwest, Case Study “Adaptation in
Forestry”), and other stressors are projected
to reduce the ability of U.S. forests to support
recreation as well as economic and subsistence
activities (Ch. 6: Forests, KM 1 and 2; Ch. 19:
Southeast, KM 3; Ch. 21: Midwest, KM 2).
Increases in wildfire smoke events driven by
climate change are expected to reduce the
amount and quality of time spent in outdoor
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activities (Ch. 13: Air Quality, KM 2; Ch. 24:
Northwest, KM 4). Projected declines in snowpack in the western United States and shifts
to more precipitation falling as rain than snow
in the cold season in many parts of the central
and eastern United States are expected to
adversely impact the winter recreation industry (Ch. 18: Northeast, KM 1; Ch. 22: N. Great
Plains, KM 3; Ch. 24: Northwest, KM 1, Box 24.7).
In the Northeast, activities that rely on natural
snow and ice cover may not be economically
viable by the end of the century without
significant reductions in global greenhouse gas
emissions (Ch. 18: Northeast, KM 1). Diminished
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resources they need to survive are expected
to occur (Ch. 7: Ecosystems, KM 2). Without
significant reductions in global greenhouse
gas emissions, extinctions and transformative impacts on some ecosystems cannot
be avoided in the long term (Ch. 9: Oceans,
KM 1). While some new opportunities may
emerge from ecosystem changes, economic
and recreational opportunities and cultural
heritage based around historical use of species
or natural resources in many areas are at risk
(Ch. 7: Ecosystems, KM 3; Ch. 18: Northeast, KM
1 and 2, Box 18.6).

Razor Clamming on the Washington Coast
Figure 1.13: Razor clamming draws crowds on the coast of
Washington State. This popular recreation activity is expected
to decline due to ocean acidification, harmful algal blooms,
warmer temperatures, and habitat degradation. From Figure
24.7, Ch. 24: Northwest (Photo courtesy of Vera Trainer,
NOAA).

Ocean warming and acidification pose high
and growing risks for many marine organisms, and the impacts of climate change on
ocean ecosystems are expected to lead to
reductions in important ecosystem services
such as aquaculture, fishery productivity, and
recreational opportunities (Ch 9: Oceans, KM
2). While climate change impacts on ocean
ecosystems are widespread, the scope of
ecosystem impacts occurring in tropical and
polar areas is greater than anywhere else in
the world. Ocean warming is already leading to
reductions in vulnerable coral reef and sea ice
habitats that support the livelihoods of many
communities (Ch. 9: Oceans, KM 1). Decreasing
sea ice extent in the Arctic represents a direct
loss of important habitat for marine mammals,
causing declines in their populations (Figure
1.2f) (Ch. 26: Alaska, Box 26.1). Changes in spring
ice melt have affected the ability of coastal
communities in Alaska to meet their walrus
harvest needs in recent years (Ch. 26: Alaska,
KM 1). These changes are expected to continue
as sea ice declines further (Ch. 2: Climate, KM
7). In the tropics, ocean warming has already
led to widespread coral reef bleaching and/or
outbreaks of coral diseases off the coastlines of
Puerto Rico, the U.S. Virgin Islands, Florida, and

snowpack, increased wildfire, pervasive
drought, flooding, ocean acidification, and
sea level rise directly threaten the viability of
agriculture, fisheries, and forestry enterprises
on tribal lands across the United States and
impact tribal tourism and recreation sectors
(Ch. 15: Tribes, KM 1).
Climate change has already had observable
impacts on biodiversity and ecosystems
throughout the United States that are expected
to continue. Many species are shifting their
ranges (Figure 1.2h), and changes in the
timing of important biological events (such as
migration and reproduction) are occurring in
response to climate change (Ch. 7: Ecosystems,
KM 1). Climate change is also aiding the spread
of invasive species (Ch. 21: Midwest, Case
Study “Adaptation in Forestry”; Ch. 22: N.
Great Plains, Case Study “Crow Nation and the
Spread of Invasive Species”), recognized as a
major driver of biodiversity loss and substantial
ecological and economic costs globally (Ch.
7: Ecosystems, Invasive Species). As environmental conditions change further, mismatches
between species and the availability of the
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Severe Coral Bleaching Projected for Hawai‘i and
the U.S.-Affiliated Pacific Islands

Figure 1.14: The figure shows the years when severe coral bleaching is projected to occur annually in the Hawaiʻi and U.S.Affiliated Pacific Islands region under a higher scenario (RCP8.5). Darker colors indicate earlier projected onset of coral
bleaching. Under projected warming of approximately 0.5°F per decade, all nearshore coral reefs in the region will experience
annual bleaching before 2050. From Figure 27.10, Ch. 27: Hawai‘i & Pacific Islands (Source: NOAA).

Hawai‘i and the U.S.-Affiliated Pacific Islands
(Ch. 20: U.S. Caribbean, KM 2; Ch. 27: Hawai‘i &
Pacific Islands, KM 4). By mid-century, widespread coral bleaching is projected to occur
annually in Hawai‘i and the U.S.-Affiliated
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Pacific Islands (Figure 1.14). Bleaching and
ocean acidification are expected to result in
loss of reef structure, leading to lower fisheries
yields and loss of coastal protection and habitat, with impacts on tourism and livelihoods
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in both regions (Ch. 20: U.S. Caribbean, KM 2;
Ch. 27: Hawai‘i & Pacific Islands, KM 4). While
some targeted response actions are underway
(Figure 1.15), many impacts, including losses of
unique coral reef and sea ice ecosystems, can
only be avoided by significantly reducing global
greenhouse gas emissions, particularly carbon
dioxide (Ch. 9: Oceans, KM 1).

threaten the health and well-being of the
American people, particularly populations that
are already vulnerable. Future climate change
is expected to further disrupt many areas
of life, exacerbating existing challenges and
revealing new risks to health and prosperity.
Rising temperatures pose a number of threats
to human health and quality of life (Figure 1.16).
High temperatures in the summer are linked
directly to an increased risk of illness and
death, particularly among older adults, pregnant women, and children (Ch. 18: Northeast,
Box 18.3). With continued warming, cold-related deaths are projected to decrease and

Human Health and Well-Being
Higher temperatures, increasing air quality
risks, more frequent and intense extreme
weather and climate-related events, increases
in coastal flooding, disruption of ecosystem
services, and other changes increasingly

Promoting Coral Reef Recovery
Figure 1.15: Examples of coral farming in the U.S. Caribbean and Florida demonstrate different types of structures used for
growing fragments from branching corals. Coral farming is a strategy meant to improve the reef community and ecosystem
function, including for fish species. The U.S. Caribbean Islands, Florida, Hawai‘i, and the U.S.-Affiliated Pacific Islands face
similar threats from coral bleaching and mortality due to warming ocean surface waters and ocean acidification. Degradation of
coral reefs is expected to negatively affect fisheries and the economies that depend on them as habitat is lost in both regions.
While coral farming may provide some targeted recovery, current knowledge and efforts are not nearly advanced enough to
compensate for projected losses from bleaching and acidification. From Figure 20.11, Ch. 20: U.S. Caribbean (Photo credits:
[top left] Carlos Pacheco, U.S. Fish and Wildlife Service; [bottom left] NOAA; [right] Florida Fish and Wildlife).
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Projected Change in Very Hot Days by 2100 in Phoenix, Arizona

Figure 1.16: (left) The chart shows the average annual number of days above 100°F in Phoenix, Arizona, for 1976–2005, and
projections of the average number of days per year above 100°F through the end of the 21st century (2070–2099) under the
lower (RCP4.5) and higher (RCP8.5) scenarios. Dashed lines represent the 5th–95th percentile range of annual observed
values. Solid lines represent the 5th–95th percentile range of projected model values. (right) The map shows hydration stations
and cooling refuges (cooled indoor locations that provide water and refuge from the heat during the day) in Phoenix in August
2017. Such response measures for high heat events are expected to be needed at greater scales in the coming years if the
adverse health effects of more frequent and severe heat waves are to be minimized. Sources: (left) NOAA NCEI, CICS-NC, and
LMI; (right) adapted from Southwest Cities Heat Refuges (a project by Arizona State University’s Resilient Infrastructure Lab),
available at http://www.coolme.today/#phoenix. Data provided by Andrew Fraser and Mikhail Chester, Arizona State University.

heat-related deaths are projected to increase.
In most regions, the increases in heat-related
deaths are expected to outpace the reductions
in cold-related deaths (Ch. 14: Human Health,
KM 1). Rising temperatures are expected
to reduce electricity generation capacity
while increasing energy demands and costs,
which can in turn lead to power outages and
blackouts (Ch. 4: Energy, KM 1; Ch. 11: Urban,
Regional Summary, Figure 11.2). These changes
strain household budgets, increase people’s
exposure to heat, and limit delivery of medical
and social services. Risks from heat stress are
higher for people without access to housing
with sufficient insulation or air conditioning
(Ch. 11: Urban, KM 1).

would further degrade air quality, resulting in
increased health risks and impacts on quality
of life (Ch. 13: Air Quality, KM 2; Ch. 14: Human
Health, KM 1). Unless counteracting efforts to
improve air quality are implemented, climate
change is expected to worsen ozone pollution
across much of the country, with adverse
impacts on human health (Figure 1.21) (Ch. 13:
Air Quality, KM 1). Earlier spring arrival, warmer temperatures, changes in precipitation, and
higher carbon dioxide concentrations can also
increase exposure to airborne pollen allergens.
The frequency and severity of allergic illnesses,
including asthma and hay fever, are expected
to increase as a result of a changing climate
(Ch. 13: Air Quality, KM 3).

Changes in temperature and precipitation can
increase air quality risks from wildfire and
ground-level ozone (smog). Projected increases
in wildfire activity due to climate change

Rising air and water temperatures and changes
in extreme weather and climate-related
events are expected to increase exposure to
waterborne and foodborne diseases, affecting
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food and water safety. The geographic range
and distribution of disease-carrying insects
and pests are projected to shift as climate
changes, which could expose more people in
North America to ticks that carry Lyme disease
and mosquitoes that transmit viruses such
as West Nile, chikungunya, dengue, and Zika
(Ch. 14: Human Health, KM 1; Ch. 16: International, KM 4).

Indigenous peoples have historical and cultural
relationships with ancestral lands, ecosystems,
and culturally important species that are
threatened by climate change (Ch. 15: Tribes,
KM 1; Ch. 19: Southeast, KM 4, Case Study
“Mountain Ramps”; Ch. 24: Northwest, KM
5). Climate change is expected to compound
existing physical health issues in Indigenous
communities, in part due to the loss of traditional foods and practices, and in some cases,
the mental stress from permanent community
displacement (Ch. 14: Human Health, KM 2;
Ch. 15: Tribes, KM 2). Throughout the United
States, Indigenous peoples are considering or
actively pursuing relocation as an adaptation
strategy in response to climate-related
disasters, more frequent flooding, loss of land
due to erosion, or as livelihoods are compromised by ecosystem shifts linked to climate
change (Ch. 15: Tribes, KM 3). In Louisiana,
a federal grant is being used to relocate the
tribal community of Isle de Jean Charles in
response to severe land loss, sea level rise, and
coastal flooding (Figure 1.17) (Ch. 19: Southeast,
KM 2, Case Study “A Lesson Learned for
Community Resettlement”). In Alaska, coastal

Mental health consequences can result from
exposure to climate- or extreme weatherrelated events, some of which are projected
to intensify as warming continues (Ch. 14:
Human Health, KM 1). Coastal city flooding
as a result of sea level rise and hurricanes,
for example, can result in forced evacuation,
with adverse effects on family and community stability as well as mental and physical
health (Ch. 11: Urban, KM 1). In urban areas,
disruptions in food supply or safety related to
extreme weather or climate-related events are
expected to disproportionately impact those
who already experience food insecurity (Ch.
11: Urban, KM 3).

Community Relocation—Isle de Jean Charles, Louisiana
Figure 1.17: (left) A federal grant is being used to relocate the tribal community of Isle de Jean Charles, Louisiana, in response
to severe land loss, sea level rise, and coastal flooding. From Figure 15.3, Ch. 15: Tribes (Photo credit: Ronald Stine). (right) As
part of the resettlement of the tribal community of Isle de Jean Charles, residents are working with the Lowlander Center and the
State of Louisiana to finalize a plan that reflects the desires of the community. From Figure 15.4, Ch. 15: Tribes (Photo provided
by Louisiana Office of Community Development).
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Adaptation Measures in Kivalina, Alaska
Figure 1.18: A rock revetment was installed in the Alaska Native Village of Kivalina in 2010 to reduce increasing risks from
erosion. A new rock revetment wall has a projected lifespan of 15 to 20 years. From Figure 15.3, Ch. 15: Tribes (Photo credit:
ShoreZone. Creative Commons License CC BY 3.0: https://creativecommons.org/licenses/by/3.0/legalcode). The inset shows a
close-up of the rock wall in 2011. Photo credit: U.S. Army Corps of Engineers–Alaska District.

Reducing the Risks of
Climate Change

Native communities are already experiencing
heightened erosion driven by declining sea ice,
rising sea levels, and warmer waters (Figure
1.18). Coastal and river erosion and flooding in
some cases will require parts of communities,
or even entire communities, to relocate to
safer terrain (Ch. 26: Alaska, KM 2). Combined
with other stressors, sea level rise, coastal
storms, and the deterioration of coral reef
and mangrove ecosystems put the long-term
habitability of coral atolls in the Hawai‘i and
U.S.-Affiliated Pacific Islands region at risk,
introducing issues of sovereignty, human and
national security, and equity (Ch. 27: Hawai‘i &
Pacific Islands, KM 6).

Climate change is projected to significantly
affect human health, the economy, and the
environment in the United States, particularly
in futures with high greenhouse gas emissions
and limited or no adaptation. Recent findings
reinforce the fact that without substantial and
sustained reductions in greenhouse gas emissions and regional adaptation efforts, there will
be substantial and far-reaching changes over
the course of the 21st century with negative
consequences for a large majority of sectors,
particularly towards the end of the century.
The impacts and costs of climate change are
already being felt in the United States, and
changes in the likelihood or severity of some
recent extreme weather events can now be
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Box 1.4: How Climate Change Around the World Affects the United States
The impacts of changing weather and climate patterns beyond U.S. international borders affect those living
in the United States, often in complex ways that can generate both challenges and opportunities. The International chapter (Ch. 16), new to this edition of the NCA, assesses our current understanding of how global
climate change, natural variability, and associated extremes are expected to impact—and in some cases are
already impacting—U.S. interests both within and outside of our borders.
Current and projected climate-related impacts on our economy include increased risks to overseas operations
of U.S. businesses, disruption of international supply chains, and shifts in the availability and prices of commodities. For example, severe flooding in Thailand in 2011 disrupted the supply chains for U.S. electronics
manufacturers (Ch. 16: International, Figure 16.1). U.S. firms are increasingly responding to climate-related
risks, including through their financial disclosures and partnerships with environmental groups (Ch. 16: International, KM 1).
Impacts from climate-related events can also undermine U.S. investments in international development by
slowing or reversing social and economic progress in developing countries, weakening foreign markets for
U.S. exports, and increasing the need for humanitarian assistance and disaster relief efforts. Predictive tools
can help vulnerable countries anticipate natural disasters, such as drought, and manage their impacts. For
example, the United States and international partners created the Famine Early Warning Systems Network
(FEWS NET), which helped avoid severe food shortages in Ethiopia during a historic drought in 2015 (Ch. 16:
International, KM 2).
Natural variability and changes in climate increase risks to our national security by affecting factors that can
exacerbate conflict and displacement outside of U.S. borders, such as food and water insecurity and commodity price shocks. More directly, our national security is impacted by damage to U.S. military assets such
as roads, runways, and waterfront infrastructure from extreme weather and climate-related events (Figures
1.8 and 1.9). The U.S. military is working to both fully understand these threats and incorporate projected
climate changes into long-term planning. For example, the Department of Defense has performed a comprehensive scenario-driven examination of climate risks from sea level rise to all of its coastal military sites,
including atolls in the Pacific Ocean (Ch. 16: International, KM 3).
Finally, the impacts of climate change are already affecting the ecosystems that span our Nation’s borders
and the communities that rely on them. International frameworks for the management of our shared resources continue to be restructured to incorporate risks from these impacts. For example, a joint commission that
implements water treaties between the United States and Mexico is exploring adaptive water management
strategies that account for the effects of climate change and natural variability on Colorado River water (Ch.
16: International, KM 4).

attributed with increasingly higher confidence
to human-caused warming (see CSSR, Ch. 3).
Impacts associated with human health, such
as premature deaths due to extreme temperatures and poor air quality, are some of the most
substantial (Ch. 13: Air Quality, KM 1; Ch. 14:
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Human Health, KM 1 and 4; Ch 29: Mitigation,
KM 2). While many sectors face large economic
risks from climate change, other impacts can
have significant implications for societal or
cultural resources. Further, some impacts will
very likely be irreversible for thousands of
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years, including those to species, such as corals
(Ch. 9: Oceans, KM 1; Ch. 27: Hawai‘i & Pacific
Islands, KM 4), or that involve the crossing of
thresholds, such as the effects of ice sheet
disintegration on accelerated sea level rise,
leading to widespread effects on coastal
development lasting thousands of years (Ch. 29:
Mitigation, KM 2).

cities, and businesses have pursued or
expanded upon initiatives aimed at reducing
greenhouse gas emissions, and the scale of
adaptation implementation across the country
has increased. However, these efforts do not
yet approach the scale needed to avoid substantial damages to the economy, environment,
and human health expected over the coming
decades (Ch. 28: Adaptation, KM 1; Ch. 29:
Mitigation, KM 1 and 2).

Future impacts and risks from climate
change are directly tied to decisions made
in the present, both in terms of mitigation
to reduce emissions of greenhouse gases (or
remove carbon dioxide from the atmosphere)
and adaptation to reduce risks from today’s
changed climate conditions and prepare for
future impacts. Mitigation and adaptation
activities can be considered complementary
strategies—mitigation efforts can reduce future
risks, while adaptation actions can minimize
the consequences of changes that are already
happening as a result of past and present
greenhouse gas emissions.

Mitigation
Many activities within the public and private
sectors aim for or have the effect of reducing
greenhouse gas emissions, such as the increasing use of natural gas in place of coal or the
expansion of wind and solar energy to generate
electricity. Fossil fuel combustion accounts for
approximately 85% of total U.S. greenhouse gas
emissions, with agriculture, land-cover change,
industrial processes, and methane from fossil
fuel extraction and processing as well as from
waste (including landfills, wastewater treatment, and composting) accounting for most of
the remainder. A number of efforts exist at the
federal level to promote low-carbon energy
technologies and to increase soil and forest
carbon storage.

Many climate change impacts and economic
damages in the United States can be substantially reduced through global-scale reductions
in greenhouse gas emissions complemented
by regional and local adaptation efforts (Ch
29: Mitigation, KM 4). Our understanding of
the magnitude and timing of risks that can be
avoided varies by sector, region, and assumptions about how adaptation measures change
the exposure and vulnerability of people, livelihoods, ecosystems, and infrastructure. Acting
sooner rather than later generally results in
lower costs overall for both adaptation and
mitigation efforts and can offer other benefits
in the near term (Ch. 29: Mitigation, KM 3).

State, local, and tribal government approaches
to mitigating greenhouse gas emissions include
comprehensive emissions reduction strategies
as well as sector- and technology-specific
policies (see Figure 1.19). Since NCA3, private
companies have increasingly reported their
greenhouse gas emissions, announced
emissions reductions targets, implemented
actions to achieve those targets, and, in some
cases, even put an internal price on carbon.
Individuals and other organizations are also
making choices every day to reduce their
carbon footprints.

Since the Third National Climate Assessment
(NCA3) in 2014, a growing number of states,
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Mitigation-Related Activities at State and Local Levels

Figure 1.19: (a) The map shows the number of mitigation-related activities at the state level (out of 30 illustrative activities) as
well as cities supporting emissions reductions; (b) the chart depicts the type and number of activities by state. Several territories
also have a variety of mitigation-related activities, including American Sāmoa, the Federated States of Micronesia, Guam,
Northern Mariana Islands, Puerto Rico, and the U.S. Virgin Islands. From Figure 29.1, Ch. 29: Mitigation (Sources: [a] EPA and
ERT, Inc. [b] adapted from America’s Pledge 2017).
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Market forces and technological change,
particularly within the electric power sector,
have contributed to a decline in U.S. greenhouse gas emissions over the past decade.
In 2016, U.S. emissions were at their lowest
levels since 1994. Power sector emissions
were 25% below 2005 levels in 2016, the
largest emissions reduction for a sector of the
American economy over this time. This decline
was in large part due to increases in natural
gas and renewable energy generation, as well
as enhanced energy efficiency standards and
programs (Ch. 4: Energy, KM 2). Given these
advances in electricity generation, transmission, and distribution, the largest annual
sectoral emissions in the United States now
come from transportation. As of the writing of
this report, business-as-usual (as in, no new
policies) projections of U.S. carbon dioxide
and other greenhouse gas emissions show flat
or declining trajectories over the next decade
with a central estimate of about 15% to 20%
reduction below 2005 levels by 2025 (Ch. 29:
Mitigation, KM 1).

infrastructure against extreme weather, and
adjustments to natural resource management
strategies. Achieving the benefits of adaptation
can require upfront investments to achieve
longer-term savings, engaging with different
stakeholder interests and values, and planning
under uncertainty. In many sectors, adaptation
can reduce the cost of climate impacts by more
than half (Ch. 28: Adaptation, KM 4; Ch. 29:
Mitigation, KM 4).
At the time of NCA3’s release in 2014, its
authors found that risk assessment and planning were underway throughout the United
States but that on-the-ground implementation
was limited. Since then, the scale and scope
of adaptation implementation has increased,
including by federal, state, tribal, and local
agencies as well as business, academic, and
nonprofit organizations (Figure 1.20). While the
level of implementation is now higher, it is not
yet common nor uniform across the United
States, and the scale of implementation for
some effects and locations is often considered
inadequate to deal with the projected scale of
climate change risks. Communities have generally focused on actions that address risks from
current climate variability and recent extreme
events, such as making buildings and other
assets incrementally less sensitive to climate
impacts. Fewer communities have focused
on actions to address the anticipated scale of
future change and emergent threats, such as
reducing exposure by preventing building in
high-risk locations or retreating from at-risk
coastal areas (Ch. 28: Adaptation, KM 1).

Recent studies suggest that some of the indirect effects of mitigation actions could significantly reduce—or possibly even completely offset—the potential costs associated with cutting
greenhouse gas emissions. Beyond reduction
of climate pollutants, there are many benefits,
often immediate, associated with greenhouse
gas emissions reductions, such as improving
air quality and public health, reducing crop
damages from ozone, and increasing energy
independence and security through increased
reliance on domestic sources of energy (Ch. 13:
Air Quality, KM 4; Ch. 29: Mitigation, KM 4).

Many adaptation initiatives can generate
economic and social benefits in excess of their
costs in both the near and long term (Ch. 28:
Adaptation, KM 4). Damages to infrastructure,
such as road and rail networks, are particularly

Adaptation
Many types of adaptation actions exist, including changes to business operations, hardening
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Five Adaptation Stages and Progress

Figure 1.20: Adaptation entails a continuing risk management process. With this approach, individuals and organizations
become aware of and assess risks and vulnerabilities from climate and other drivers of change, take actions to reduce those
risks, and learn over time. The gray arced lines compare the current status of implementing this process with the status reported
by the Third National Climate Assessment in 2014; darker color indicates more activity. From Figure 28.1, Ch. 28: Adaptation
(Source: adapted from National Research Council, 2010. Used with permission from the National Academies Press, © 2010,
National Academy of Sciences. Image credits, clockwise from top: National Weather Service; USGS; Armando Rodriguez,
Miami-Dade County; Dr. Neil Berg, MARISA; Bill Ingalls, NASA).

sensitive to adaptation assumptions, with
proactive measures that account for future
climate risks estimated to be capable of
reducing damages by large fractions. More
than half of damages to coastal property are
estimated to be avoidable through adaptation
measures such as shoreline protection and
beach replenishment (Ch. 29: Mitigation,
KM 4). Considerable guidance is available on
actions whose benefits exceed their costs in
some sectors (such as adaptation responses
to storms and rising seas in coastal zones, to
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riverine and extreme precipitation flooding,
and for agriculture at the farm level), but less
so on other actions (such as those aimed at
addressing risks to health, biodiversity, and
ecosystems services) that may provide significant benefits but are not as well understood
(Ch. 28: Adaptation, KM 4).
Effective adaptation can also enhance social
welfare in many ways that can be difficult
to quantify, including improving economic
opportunity, health, equity, national security,
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education, social connectivity, and sense of
place, while safeguarding cultural resources
and enhancing environmental quality. Aggregating these benefits into a single monetary
value is not always the best approach, and
more fundamentally, communities may value
benefits differently. Considering various
outcomes separately in risk management
processes can facilitate participatory planning
processes and allow for a specific focus on
equity. Prioritizing adaptation actions for
populations that face higher risks from climate
change, including low-income and marginalized communities, may prove more equitable
and lead, for instance, to improved infrastructure in their communities and increased focus
on efforts to promote community resilience
that can improve their capacity to prepare for,
respond to, and recover from disasters (Ch. 28:
Adaptation, KM 4).

Some sectors are already taking actions that
go beyond integrating climate risk into current
practices. Faced with substantial climateinduced changes in the future, including new
invasive species and shifting ranges for native
species, ecosystem managers have already
begun to adopt new approaches such as
assisted migration and development of wildlife
corridors (Ch. 7: Ecosystems, KM 2). Many millions of Americans live in coastal areas threatened by sea level rise; in all but the very lowest
sea level rise projections, retreat will become
an unavoidable option in some areas along
the U.S. coastline (Ch. 8: Coastal, KM 1). The
Federal Government has granted funds for the
relocation of some communities, including the
Biloxi-Chitimacha-Choctaw Tribe from Isle de
Jean Charles in Louisiana (Figure 1.17). However,
the potential need for millions of people and
billions of dollars of coastal infrastructure to
be relocated in the future creates challenging
legal, financial, and equity issues that have not
yet been addressed (Ch. 28: Adaptation, KM 5).

A significant portion of climate risk can be
addressed by integrating climate adaptation
into existing investments, policies, and practices. Integration of climate adaptation into decision processes has begun in many areas including financial risk reporting, capital investment
planning, engineering standards, military
planning, and disaster risk management. A
growing number of jurisdictions address climate risk in their land-use, hazard mitigation,
capital improvement, and transportation plans,
and a small number of cities explicitly link
their coastal and hazard mitigation plans using
analysis of future climate risks. However, over
the course of this century and especially under
a higher scenario (RCP8.5), reducing the risks
of climate change may require more significant
changes to policy and regulations at all scales,
community planning, economic and financial
systems, technology applications, and ecosystems (Ch. 28: Adaptation, KM 5).
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In some areas, lack of historical or current data
to inform policy decisions can be a limitation to
assessments of vulnerabilities and/or effective
adaptation planning. For this National Climate
Assessment, this was particularly the case for
some aspects of the Alaska, U.S. Caribbean,
and Hawai‘i and U.S.-Affiliated Pacific Islands
regions. In many instances, relying on Indigenous knowledges is among the only current
means of reconstructing what has happened
in the past. To help communities across the
United States learn from one another in
their efforts to build resilience to a changing
climate, this report highlights common
climate-related risks and possible response
actions across all regions and sectors.
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What Has Happened Since the Last National Climate Assessment?
Our understanding of and experience with climate
science, impacts, risks, and adaptation in the United
States have grown significantly since the Third National
Climate Assessment (NCA3), advancing our knowledge
of key processes in the earth system, how human and
natural forces are changing them, what the implications
are for society, and how we can respond.

Key Scientific Advances
Detection and Attribution: Significant advances have
been made in the attribution of the human influence for
individual climate and weather extreme events (see CSSR, Chs. 3, 6, 7, and 8).
Extreme Events and Atmospheric Circulation: How climate change may affect specific
types of extreme events in the United States and the extent to which atmospheric circulation in the midlatitudes is changing or is projected to change, possibly in ways not captured
by current climate models, are important areas of research where scientific understanding
has advanced (see CSSR, Chs. 5, 6, 7, and 9).
Localized Information: As computing resources have grown, projections of future climate
from global models are now being conducted at finer scales (with resolution on the order
of 15 miles), providing more realistic characterization of intense weather systems, including
hurricanes. For the first time in the NCA process, sea level rise projections incorporate
geographic variation based on factors such as local land subsidence, ocean currents, and
changes in Earth’s gravitational field (see CSSR, Chs. 9 and 12).
Ocean and Coastal Waters: Ocean acidification, warming, and oxygen loss are all increasing, and scientific understanding of the severity of their impacts is growing. Both oxygen
loss and acidification may be magnified in some U.S. coastal waters relative to the global
average, raising the risk of serious ecological and economic consequences (see CSSR,
Chs. 2 and 13).
Rapid Changes for Ice on Earth: New observations from many different sources confirm
that ice loss across the globe is continuing and, in many cases, accelerating. Since NCA3,
Antarctica and Greenland have continued to lose ice mass, with mounting evidence
that mass loss is accelerating. Observations continue to show declines in the volume of
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mountain glaciers around the world. Annual September minimum sea ice extent in the
Arctic Ocean has decreased at a rate of 11%–16% per decade since the early 1980s, with
accelerating ice loss since 2000. The annual sea ice extent minimum for 2016 was the
second lowest on record; the sea ice minimums in 2014 and 2015 were also among the
lowest on record (see CSSR, Chs. 1, 11, and 12).
Potential Surprises: Both large-scale shifts in the climate system (sometimes called “tipping points”) and compound extremes have the potential to generate outcomes that are
difficult to anticipate and may have high consequences. The more the climate changes, the
greater the potential for these surprises (see CSSR, Ch. 15).

Extreme Events
Climate change is altering the characteristics of many extreme weather and climate-related
events. Some extreme events have already become more frequent, intense, widespread, or
of longer duration, and many are expected to continue to increase or worsen, presenting
substantial challenges for built, agricultural, and natural systems. Some storm types such as
hurricanes, tornadoes, and winter storms are also exhibiting changes that have been linked
to climate change, although the current state of the science does not yet permit detailed
understanding (see CSSR, Executive Summary). Individual extreme weather and climaterelated events—even those that have not been clearly attributed to climate change by
scientific analyses—reveal risks to society and vulnerabilities that mirror those we expect in
a warmer world. Non-climate stressors (such as land-use changes and shifting demographics) can also amplify the damages associated with extreme events. The National Oceanic
and Atmospheric Administration estimates that the United States has experienced 44
billion-dollar weather and climate disasters since 2015 (through April 6, 2018), incurring
costs of nearly $400 billion (https://www.ncdc.noaa.gov/billions/).
Hurricanes: The 2017 Atlantic Hurricane season alone is estimated to have caused
more than $250 billion in damages and over 250 deaths throughout the U.S. Caribbean,
Southeast, and Southern Great Plains. More than 30 inches of rain fell during Hurricane
Harvey, affecting 6.9 million people. Hurricane Maria’s high winds caused widespread
devastation to Puerto Rico’s transportation, agriculture, communication, and energy infrastructure. Extreme rainfall of up to 37 inches caused widespread flooding and mudslides
across the island. The interruption to commerce and standard living conditions will be
sustained for a long period while much of Puerto Rico’s infrastructure is rebuilt. Hurricane
Irma destroyed 25% of buildings in the Florida Keys.
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Damage from Hurricane Maria in San Juan, Puerto Rico
Photo taken during a reconnaissance flight of the island on September 23, 2017. Photo credit: Sgt. Jose Ahiram DiazRamos, Puerto Rico National Guard.

Floods: In August 2016, a historic flood resulting from 20 to 30 inches of rainfall over several days devastated a large area of southern Louisiana, causing over $10 billion in damages
and 13 deaths. More than 30,000 people were rescued from floodwaters that damaged
or destroyed more than 50,000 homes, 100,000 vehicles, and 20,000 businesses. In June
2016, torrential rainfall caused destructive flooding throughout many West Virginia towns,
damaging thousands of homes and businesses and causing considerable loss of life. More
than 1,500 roads and bridges were damaged or destroyed. The 2015–2016 El Niño poured 11
days of record-setting rainfall on Hawai‘i, causing severe urban flooding.
Drought: In 2015, drought conditions caused about $5 billion in damages across the Southwest and Northwest, as well as parts of the Northern Great Plains. California experienced
the most severe drought conditions. Hundreds of thousands of acres of farmland remained
fallow, and excess groundwater pumping was required to irrigate existing agricultural
interests. Two years later, in 2017, extreme drought caused $2.5 billion in agricultural
damages across the Northern Great Plains. Field crops, including wheat, were severely
damaged, and the lack of feed for cattle forced ranchers to sell off livestock.
Wildfires: During the summer of 2015, over 10.1 million acres—an area larger than the
entire state of Maryland—burned across the United States, surpassing 2006 for the highest
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The Deadly Carr Fire
The Carr Fire (as seen over Shasta County, California, on August 4, 2018) damaged or destroyed more than 1,500
structures and resulted in several fatalities. Photo credit: Sgt. Lani O. Pascual, U.S. Army National Guard.

annual total of U.S. acreage burned since record keeping began in 1960. These wildfire
conditions were exacerbated by the preceding drought conditions in several states. The
most extensive wildfires occurred in Alaska, where 5 million acres burned within the state.
In Montana, wildfires burned in excess of 1 million acres. The costliest wildfires occurred in
California, where more than 2,500 structures were destroyed by the Valley and Butte Fires;
insured losses alone exceeded $1 billion. In October 2017, a historic firestorm damaged or
destroyed more than 15,000 homes, businesses, and other structures across California (see
Figure 1.5). The Tubbs, Atlas, Nuns, and Redwood Valley Fires caused a total of 44 deaths,
and their combined destruction represents the costliest wildfire event on record.
Tornadoes: In March 2017, a severe tornado outbreak caused damage across much of the
Midwest and into the Northeast. Nearly 1 million customers lost power in Michigan alone
due to sustained high winds, which affected several states from Illinois to New York.
Heat Waves: Honolulu experienced 24 days of record-setting heat during the 2015–2016 El
Niño event. As a result, the local energy utility issued emergency public service announcements to curtail escalating air conditioning use that threatened the electrical grid.
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New Aspects of This Report
Hundreds of states, counties, cities, businesses, universities, and other entities are
implementing actions that build resilience to climate-related impacts and risks, while also
aiming to reduce greenhouse gas emissions. Many of these actions have been informed
by new climate-related tools and products developed through the U.S. Global Change
Research Program (USGCRP) since NCA3 (see Appendix 3: Scenario Products and Data
Tools); we briefly highlight a few of them here. In addition, several structural changes have
been introduced to the report and new methods used in response to stakeholder needs for
more localized information and to address key gaps identified in NCA3. The Third National
Climate Assessment remains a valuable and relevant resource—this report expands upon
our knowledge and experience as presented four years ago.
Climate Science Special Report: Early in the development of NCA4, experts and Administration officials recognized that conducting a comprehensive physical science assessment
(Volume I) in advance of an impacts assessment (Volume II) would allow one to inform
the other. The Climate Science Special Report, released in
November 2017, is Volume I of NCA4 and represents the
most thorough and up-to-date assessment of climate
science in the United States and underpins the findings
of this report; its findings are summarized in Chapter 2
(Our Changing Climate). See the “Key Scientific Advances”
section in this box and Box 2.3 in Chapter 2 for more detail.
Scenario Products: As described in more detail in Appendix 3 (Data Tools & Scenario Products), federal interagency
groups developed a suite of high-resolution scenario
products that span a range of plausible future changes in
key environmental variables through at least 2100. These
USGCRP scenario products help ensure consistency across
the report and improve the ability to synthesize across chapters. Where possible, authors
have used these scenario products to frame uncertainty in future climate as it relates to
the risks that are the focus of their chapters. In addition, the Indicators Interagency Working Group has developed an Indicators platform that uses observations or calculations to
monitor conditions or trends in the earth system, just as businesses might use the unemployment index as an indicator of economic conditions (see Figure 1.2 and https://www.
globalchange.gov/browse/indicators).
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Localized Information: With the increased focus on local and regional information in
NCA4, USGCRP agencies developed two additional products that not only inform this
assessment but can serve as valuable decision-support tools. The first are the State Climate Summaries—a peer-reviewed collection of climate change information covering all
ten NCA4 regions at the state level. In addition to standard data on observed and projected
climate change, each State Climate Summary contains state-specific changes and their
related impacts as well as a suite of complementary graphics (stateclimatesummaries.
globalchange.gov). The second product is the U.S. Climate Resilience Toolkit (https://
toolkit.climate.gov/), which offers data-driven tools, information, and subject-matter
expertise from across the Federal Government in one easy-to-use location, so Americans
are better able to understand the climate-related risks and opportunities impacting their
communities and can make more informed decisions on how to respond. In particular, the
case studies showcase examples of climate change impacts and accompanying response
actions that complement those presented in Figure 1.1 and allow communities to learn how
to build resilience from one another.
New Chapters: In response to public feedback on NCA3 and input solicited in the early
stages of this assessment, a number of significant structural changes have been made.
Most fundamentally, the balance of the report’s focus has shifted from national-level
chapters to regional chapters in response to a growing desire for more localized information on impacts. Building on this theme, the Great Plains chapter has been split into
Northern and Southern chapters (Chapters 22 and 23) along the Kansas–Nebraska border.
In addition, the U.S. Caribbean is now featured as a separate region in this report (Chapter
20), focusing on the unique impacts, risks, and response capabilities in Puerto Rico and the
U.S. Virgin Islands.
Public input also requested greater international context in the report, which has been
addressed through two new additions. A new chapter focuses on topics including the
effects of climate change on U.S. trade and businesses, national security, and U.S. humanitarian assistance and disaster relief (Chapter 16). A new international appendix (Appendix 4)
presents a number of illustrative examples of how other countries have conducted national
climate assessments, putting our own effort into a global context.
Given recent scientific advances, some emerging topics warranted a more visible platform
in NCA4. A new chapter on Air Quality (Chapter 13) examines how traditional air pollutants
are affected by climate change. A new chapter on Sector Interactions, Multiple Stressors,
and Complex Systems (Chapter 17) evaluates climate-related risks to interconnected
human and natural systems that are increasingly vulnerable to cascading impacts and
highlights advances in analyzing how these systems will interact with and respond to a
changing environment (see Box 1.3).
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Integrating Economics: This report, to a much greater degree than previous National
Climate Assessments, includes broader and more systematic quantification of climate
change impacts in economic terms. While this is an emerging body of literature that is not
yet reflected in each of the 10 NCA regions, it represents a valuable advancement in our
understanding of the financial costs and benefits of climate change impacts. Figure 1.21
provides an illustration of the type of economic information that is integrated throughout
this report. It shows the financial damages avoided under a lower scenario (RCP4.5) versus
a higher scenario (RCP8.5).

New Economic Impact Studies

Figure 1.21: Annual economic impact estimates are shown for labor and air quality. The bar graph on the left shows
national annual damages in 2090 (in billions of 2015 dollars) for a higher scenario (RCP8.5) and lower scenario (RCP4.5);
the difference between the height of the RCP8.5 and RCP4.5 bars for a given category represents an estimate of the
economic benefit to the United States from global mitigation action. For these two categories, damage estimates do not
consider costs or benefits of new adaptation actions to reduce impacts, and they do not include Alaska, Hawaiʻi and
U.S.-Affiliated Pacific Islands, or the U.S. Caribbean. The maps on the right show regional variation in annual impacts
projected under the higher scenario (RCP8.5) in 2090. The map on the top shows the percent change in hours worked
in high-risk industries as compared to the period 2003–2007. The hours lost result in economic damages: for example,
$28 billion per year in the Southern Great Plains. The map on the bottom is the change in summer-average maximum
daily 8-hour ozone concentrations (ppb) at ground-level as compared to the period 1995–2005. These changes in
ozone concentrations result in premature deaths: for example, an additional 910 premature deaths each year in the
Midwest. Source: EPA, 2017. Multi-Model Framework for Quantitative Sectoral Impacts Analysis: A Technical Report for
the Fourth National Climate Assessment. U.S. Environmental Protection Agency, EPA 430-R-17-001.
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An atmospheric river pours moisture into the western United States in February 2017.

Key Message 1
Observed Changes in Global Climate
Global climate is changing rapidly compared to the pace of natural variations in climate that have occurred
throughout Earth’s history. Global average temperature has increased by about 1.8°F from 1901 to 2016, and
observational evidence does not support any credible natural explanations for this amount of warming; instead,
the evidence consistently points to human activities, especially emissions of greenhouse or heat-trapping
gases, as the dominant cause.

Key Message 2
Future Changes in Global Climate
Earth’s climate will continue to change over this century and beyond. Past mid-century, how much the climate
changes will depend primarily on global emissions of greenhouse gases and on the response of Earth’s climate
system to human-induced warming. With significant reductions in emissions, global temperature increase
could be limited to 3.6°F (2°C) or less compared to preindustrial temperatures. Without significant reductions,
annual average global temperatures could increase by 9°F (5°C) or more by the end of this century compared to
preindustrial temperatures.

Key Message 3
Warming and Acidifying Oceans
The world’s oceans have absorbed 93% of the excess heat from human-induced warming since the mid-20th century and are currently absorbing more than a quarter of the carbon dioxide emitted to the atmosphere annually
from human activities, making the oceans warmer and more acidic. Increasing sea surface temperatures, rising
sea levels, and changing patterns of precipitation, winds, nutrients, and ocean circulation are contributing to
overall declining oxygen concentrations in many locations.

2 | Our Changing Climate

Key Message 4
Rising Global Sea Levels
Global average sea level has risen by about 7–8 inches (about 16–21 cm) since 1900, with almost half this
rise occurring since 1993 as oceans have warmed and land-based ice has melted. Relative to the year 2000,
sea level is very likely to rise 1 to 4 feet (0.3 to 1.3 m) by the end of the century. Emerging science regarding
Antarctic ice sheet stability suggests that, for higher scenarios, a rise exceeding 8 feet (2.4 m) by 2100 is
physically possible, although the probability of such an extreme outcome cannot currently be assessed.

Key Message 5
Increasing U.S. Temperatures
Annual average temperature over the contiguous United States has increased by 1.2ºF (0.7°C) over the last few
decades and by 1.8°F (1°C) relative to the beginning of the last century. Additional increases in annual average
temperature of about 2.5°F (1.4°C) are expected over the next few decades regardless of future emissions,
and increases ranging from 3°F to 12°F (1.6°–6.6°C) are expected by the end of century, depending on whether
the world follows a higher or lower future scenario, with proportionally greater changes in high temperature extremes.

Key Message 6
Changing U.S. Precipitation
Annual precipitation since the beginning of the last century has increased across most of the northern and
eastern United States and decreased across much of the southern and western United States. Over the
coming century, significant increases are projected in winter and spring over the Northern Great Plains, the
Upper Midwest, and the Northeast. Observed increases in the frequency and intensity of heavy precipitation
events in most parts of the United States are projected to continue. Surface soil moisture over most of the
United States is likely to decrease, accompanied by large declines in snowpack in the western United States
and shifts to more winter precipitation falling as rain rather than snow.

Key Message 7
Rapid Arctic Change
In the Arctic, annual average temperatures have increased more than twice as fast as the global average,
accompanied by thawing permafrost and loss of sea ice and glacier mass. Arctic-wide glacial and sea ice
loss is expected to continue; by mid-century, it is very likely that the Arctic will be nearly free of sea ice in
late summer. Permafrost is expected to continue to thaw over the coming century as well, and the carbon
dioxide and methane released from thawing permafrost has the potential to amplify human-induced warming,
possibly significantly.

Key Message 8
Changes in Severe Storms
Human-induced change is affecting atmospheric dynamics and contributing to the poleward expansion of the
tropics and the northward shift in Northern Hemisphere winter storm tracks since 1950. Increases in greenhouse
gases and decreases in air pollution have contributed to increases in Atlantic hurricane activity since 1970. In
the future, Atlantic and eastern North Pacific hurricane rainfall and intensity are projected to increase, as are the
frequency and severity of landfalling “atmospheric rivers” on the West Coast.
U.S. Global Change Research Program
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Key Message 9
Increases in Coastal Flooding
Regional changes in sea level rise and coastal flooding are not evenly distributed across the United States; ocean
circulation changes, sinking land, and Antarctic ice melt will result in greater-than-average sea level rise for the
Northeast and western Gulf of Mexico under lower scenarios and most of the U.S. coastline other than Alaska
under higher scenarios. Since the 1960s, sea level rise has already increased the frequency of high tide flooding
by a factor of 5 to 10 for several U.S. coastal communities. The frequency, depth, and extent of tidal flooding are
expected to continue to increase in the future, as is the more severe flooding associated with coastal storms, such
as hurricanes and nor’easters.

Key Message 10
Long-Term Changes
The climate change resulting from human-caused emissions of carbon dioxide will persist for decades to millennia.
Self-reinforcing cycles within the climate system have the potential to accelerate human-induced change and even
shift Earth’s climate system into new states that are very different from those experienced in the recent past. Future
changes outside the range projected by climate models cannot be ruled out, and due to their systematic tendency to
underestimate temperature change during past warm periods, models may be more likely to underestimate than to
overestimate long-term future change.
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This chapter is based on the Climate Science
Special Report (CSSR), which is Volume I of the
Fourth National Climate Assessment (available
at science2017.globalchange.gov). The Key
Messages and the majority of the content
represent the highlights of CSSR, updated with
recent references relevant to these topics. The
interested reader is referred to the relevant
chapter(s) in CSSR for more detail on each of
the Key Messages that follow.

For short periods of time, from a few years to a
decade or so, the increase in global temperature
can be temporarily slowed or even reversed by
natural variability (see Box 2.1). Over the past
decade, such a slowdown led to numerous assertions that global warming had stopped. No temperature records, however, show that long-term
global warming has ceased or even substantially
slowed over the past decade.4,5,6,7,8,9 Instead, global
annual average temperatures for the period since
1986 are likely much higher and appear to have
risen at a more rapid rate than for any similar
climatological (20–30 year) time period in at least
the last 1,700 years.10,11

Key Message 1
Observed Changes in Global Climate
Global climate is changing rapidly
compared to the pace of natural variations in climate that have occurred
throughout Earth’s history. Global
average temperature has increased by
about 1.7°F from 1901 to 2016, and
observational evidence does not support
any credible natural explanations for
this amount of warming; instead, the
evidence consistently points to human
activities, especially emissions of greenhouse or heat-trapping gases, as the
dominant cause.

While thousands of studies conducted by
researchers around the world have documented increases in temperature at Earth’s surface,
as well as in the atmosphere and oceans,
many other aspects of global climate are also
changing12,13 (see also EPA 2016, Wuebbles et
al. 201710,14). Studies have documented melting
glaciers and ice sheets, shrinking snow cover
and sea ice, rising sea levels, more frequent
high temperature extremes and heavy precipitation events, and a host of other climate
variables or “indicators” consistent with a
warmer world (see Box 2.2). Observed trends
have been confirmed by multiple independent
research groups around the world.

Long-term temperature observations are among
the most consistent and widespread evidence
of a warming planet. Global annually averaged
temperature measured over both land and oceans
has increased by about 1.8°F (1.0°C) according
to a linear trend from 1901 to 2016, and by 1.2°F
(0.65°C) for the period 1986–2015 as compared
to 1901–1960. The last few years have also seen
record-breaking, climate-related weather
extremes. For example, since the Third National
Climate Assessment was published,1 2014 became
the warmest year on record globally; 2015 surpassed 2014 by a wide margin; and 2016 surpassed
2015.2,3 Sixteen of the last 17 years have been the
warmest ever recorded by human observations.
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Many lines of evidence demonstrate that
human activities, especially emissions of
greenhouse gases from fossil fuel combustion,
deforestation, and land-use change, are
primarily responsible for the climate changes
observed in the industrial era, especially
over the last six decades. Observed warming
over the period 1951–2010 was 1.2°F (0.65°C),
and formal detection and attribution studies
conclude that the likely range of the human
contribution to the global average temperature
increase over the period 1951–2010 is 1.1°F to
1.4°F (0.6°C to 0.8°C;15 see Knutson et al. 201716
for more on detection and attribution).
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Human activities affect Earth’s climate by
altering factors that control the amount of
energy from the sun that enters and leaves the
atmosphere. These factors, known as radiative
forcings, include changes in greenhouse gases,
small airborne soot and dust particles known
as aerosols, and the reflectivity (or albedo) of
Earth’s surface through land-use and landcover changes (see Ch. 5: Land Changes).17,18
Increasing greenhouse gas levels in the atmosphere due to emissions from human activities
are the largest of these radiative forcings.
By absorbing the heat emitted by Earth

and reradiating it equally in all directions,
greenhouse gases increase the amount of heat
retained inside the climate system, warming
the planet. Aerosols produced by burning
fossil fuels and by other human activities
affect climate both directly, by scattering
and absorbing sunlight, as well as indirectly,
through their impact on cloud formation and
cloud properties. Over the industrial era, the
net effect of the combined direct and indirect
effects of aerosols has been to cool the planet,
partially offsetting greenhouse gas warming at
the global scale.17,18

Box 2.1: Natural Variability
The conditions we experience in a given place at a given time are the result of both human and natural factors.
Long-term trends and future projections describe changes to the average state of the climate. The actual
weather experienced is the result of combining long-term human-induced change with natural factors and the
hard-to-predict variations of the weather in a given place, at a given time. Temperature, precipitation, and other
day-to-day weather conditions are influenced by a range of factors, from fixed local conditions (such as topography and urban heat islands) to the cyclical and chaotic patterns of natural variability within the climate system,
like El Niño. Over shorter timescales and smaller geographic regions, the influence of natural variability can be
larger than the influence of human activity.10 Over longer timescales and larger geographic regions, however, the
human influence can dominate. For example, during an El Niño year, winters across the southwestern United
States are typically wetter than average, and global temperatures are higher than average. During a La Niña year,
conditions across the southwestern United States are typically dry, and global temperatures tend to be cooler.
Over climate timescales of multiple decades, however, global temperature continues to steadily increase.
How will global climate—and even more importantly, regional climate—change over the next few decades?
The actual state of the climate depends on both natural variability and human-induced change. At the decadal
scale, these two factors are equally strong.202 Scientific ability to predict the climate at the seasonal to decadal
scale is limited both by the imperfect ability to specify the initial conditions of the state of the ocean (such as
surface temperature and salinity) and the chaotic nature of the interconnected earth system.203,204 Over longer
time scales (about 30 years, for global climate indicators; see Box 2.2), the human influence dominates.205 As
human forcing exceeds the influence of natural variability for many aspects of Earth’s climate system, uncertainty in human choices and resulting emissions becomes increasingly important in determining the magnitude
and patterns of future global warming. Natural variability will continue to be a factor, but most of the differences
between present and future climates will be determined by choices that society makes today and over the next
few decades that determine emissions of carbon dioxide and other heat-trapping gases, as well as any potential
large-scale interventions as discussed in DeAngelo et al. (2017).27 The further out in time we look, the greater
the influence of these human choices on the magnitude of future warming.
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Box 2.2: Indicators
Observed trends in a broad range of physical climate indicators show that Earth is warming.
There are many different types of physical observations, or “indicators,” that can be used to track how climate
is changing (see Ch. 1: Overview, Figure 1.2). These indicators include changes in temperature and precipitation
as well as observations of arctic sea ice, snow cover, alpine glaciers, growing season length, drought, wildfires,
lake levels, and heavy precipitation. Some of these indicators, especially those derived from air temperature and
precipitation observations, have nearly continuous data that extend back to the late 1800s in the United States
(Blue Hill Meteorological Observatory)206 and the 1600s in Europe (Central England Temperature Record).207
These document century-scale changes in climate. Satellite-based indicators, on the other hand, extend back
only to the late 1970s but provide an unparalleled and comprehensive record of the changes in Earth’s surface
and atmosphere. Various chapters in CSSR discuss the different types of observations that capture the interconnected nature of the climate system.
Taken individually, each indicator simply shows changes that are occurring in that variable. Taken as a whole,
however, in the context of scientific understanding of the climate system, the cumulative changes documented
by each of these indicators paint a compelling and consistent picture of a warming world. For example, arctic
sea ice has declined since the late 1970s, most glaciers have retreated, the frost-free season has lengthened,
heavy precipitation events have increased in the United States and elsewhere in the world, and sea level has risen. Each of these indicators, and many more, are changing in ways that are consistent with a warming climate.
The U.S. Global Change Research Program (USGCRP) and the Environmental Protection Agency (EPA) maintain
websites that document many of these kinds of indicators (see http://www.globalchange.gov/browse/indicators and https://www.epa.gov/climate-indicators).

Over the last century, changes in solar output,
volcanic emissions, and natural variability have
only contributed marginally to the observed
changes in climate (Figure 2.1).15,17 No natural
cycles are found in the observational record
that can explain the observed increases in the
heat content of the atmosphere, the ocean, or
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the cryosphere since the industrial era.11,19,20,21
Greenhouse gas emissions from human activities are the only factors that can account for
the observed warming over the last century;
there are no credible alternative human or
natural explanations supported by the observational evidence.10,22
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Human and Natural Influences on Global Temperature
Figure 2.1: Both human and natural factors
influence Earth’s climate, but the long-term
global warming trend observed over the past
century can only be explained by the effect that
human activities have had on the climate.
Sophisticated computer models of Earth’s
climate system allow scientists to explore the
effects of both natural and human factors. In all
three panels of this figure, the black line shows
the observed annual average global surface
temperature for 1880–2017 as a difference
from the average value for 1880–1910.
The top panel (a) shows the temperature
changes simulated by a climate model
when only natural factors (yellow line) are
considered. The other lines show the individual
contributions to the overall effect from
observed changes in Earth’s orbit (brown line),
the amount of incoming energy from the sun
(purple line), and changes in emissions from
volcanic eruptions (green line). Note that no
long-term trend in globally averaged surface
temperature over this time period would be
expected from natural factors alone.10
The middle panel (b) shows the simulated
changes in global temperature when
considering only human influences (dark
red line), including the contributions from
emissions of greenhouse gases (purple line)
and small particles (referred to as aerosols,
brown line) as well as changes in ozone
levels (orange line) and changes in land
cover, including deforestation (green line).
Changes in aerosols and land cover have had
a net cooling effect in recent decades, while
changes in near-surface ozone levels have
had a small warming effect.18 These smaller
effects are dominated by the large warming
influence of greenhouse gases such as carbon
dioxide and methane. Note that the net effect
of human factors (dark red line) explains most
of the long-term warming trend.
The bottom panel (c) shows the temperature
change (orange line) simulated by a climate
model when both human and natural influences are included. The result matches the observed temperature record closely,
particularly since 1950, making the dominant role of human drivers plainly visible.
Researchers do not expect climate models to exactly reproduce the specific timing of actual weather events or short-term
climate variations, but they do expect the models to capture how the whole climate system behaves over long periods of time.
The simulated temperature lines represent the average values from a large number of simulation runs. The orange hatching
represents uncertainty bands based on those simulations. For any given year, 95% of the simulations will lie inside the orange
bands. Source: NASA GISS.
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Key Message 2

to very long (centuries). While there are
uncertainties associated with modeling some
of these feedbacks,24,25 the most up-to-date
scientific assessment shows that the net effect
of these feedbacks over the industrial era has
been to amplify human-induced warming, and
this amplification will continue over coming
decades18 (see Box 2.3).

Future Changes in Global Climate
Earth’s climate will continue to change
over this century and beyond. Past
mid-century, how much the climate
changes will depend primarily on global
emissions of greenhouse gases and on
the response of Earth’s climate system
to human-induced warming. With significant reductions in emissions, global
temperature increase could be limited
to 3.6°F (2°C) or less compared to preindustrial temperatures. Without significant reductions, annual average global
temperatures could increase by 9°F (5°C)
or more by the end of this century compared to preindustrial temperatures.

Because it takes some time for Earth’s climate
system to fully respond to an increase in
greenhouse gas concentrations, even if these
concentrations could be stabilized at their
current level in the atmosphere, the amount
that is already there is projected to result in at
least an additional 1.1°F (0.6°C) of warming over
this century relative to the last few decades.24,26
If emissions continue, projected changes in
global average temperature corresponding
to the scenarios used in this assessment (see
Box 2.4) range from 4.2°–8.5°F (2.4°–4.7°C)
under a higher scenario (RCP8.5) to 0.4°–2.7°F
(0.2°–1.5°C) under a very low scenario (RCP2.6)
for the period 2080–2099 relative to 1986–2015
(Figure 2.2).24 However, these scenarios do not
encompass all possible futures. With significant
reductions in emissions of greenhouse gases,
the future rise in global average temperature
could be limited to 3.6°F (2°C) or less, consistent with the aim of the Paris Agreement (see
Box 2.4).27 Similarly, without major reductions
in these emissions, the increase in annual
average global temperatures relative to preindustrial times could reach 9°F (5°C) or more by
the end of this century.24 Because of the slow
timescale over which the ocean absorbs heat,
warming that results from emissions that occur
during this century will leave a multi-millennial
legacy, with a substantial fraction of the warming persisting for more than 10,000 years.28,29,30

Beyond the next few decades, how much the
climate changes will depend primarily on the
amount of greenhouse gases emitted into
the atmosphere; how much of those greenhouse gases are absorbed by the ocean, the
biosphere, and other sinks; and how sensitive
Earth’s climate is to those emissions.23 Climate
sensitivity is typically defined as the long-term
change that would result from a doubling of
carbon dioxide in the atmosphere relative to
preindustrial levels; its exact value is uncertain
due to the interconnected nature of the land–
atmosphere–ocean system. Changes in one
aspect of the system can lead to self-reinforcing cycles that can either amplify or weaken
the climate system’s responses to human and
natural influences, creating a positive feedback
or self-reinforcing cycle in the first case and
a negative feedback in the second.18 These
feedbacks operate on a range of timescales
from very short (essentially instantaneous)
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Box 2.3: The Climate Science Special Report (CSSR), NCA4 Volume I
This chapter highlights key findings from the Climate Science Special Report (2017).
Periodically taking stock of the current state of knowledge about climate change and putting new weather
extremes, changes in sea ice, increases in ocean temperatures, and ocean acidification into context ensures
that rigorous, scientific-based information is available to inform dialog and decisions at every level. This is the
purpose of the USGCRP’s Climate Science Special Report (CSSR),208 which is Volume I of the Fourth National
Climate Assessment (NCA4), as required by the U.S. Global Change Research Act of 1990. CSSR updates scientific understanding of past, current, and future climate change with the observations and research that have
emerged since the Third National Climate Assessment (NCA3) was published in May 2014. It discusses climate
trends and findings at the global scale, then focuses on specific areas, from observed and projected changes in
temperature and precipitation to the importance of human choice in determining our climate future.
Since NCA3, stronger evidence has emerged for continuing, rapid, human-caused warming of the global atmosphere and ocean. The CSSR definitively concludes that, “human activities, especially emissions of greenhouse
gases, are the dominant cause of the observed climate changes in the industrial era, especially over the last six
decades. Over the last century, there are no credible alternative explanations supported by the full extent of the
observational evidence.”
Since 1980, the number of extreme weather-related events per year costing the American people more than one
billion dollars per event has increased significantly (accounting for inflation), and the total cost of these extreme
events for the United States has exceeded $1.1 trillion. Improved understanding of the frequency and severity of
these events in the context of a changing climate is critical.
The last few years have also seen record-breaking, climate-related weather extremes, the three warmest years
on record for the globe, and continued decline in arctic sea ice. These types of records are expected to continue
to be broken in the future. Significant advances have also been made in the understanding of observed individual extreme weather events, such as the 2011 hot summer in Texas and Oklahoma,209,210,211 the recent California
agricultural drought,212,213 the spring 2013 wet season in the Upper Midwest,214,215 and most recently Hurricane
Harvey (see Box 2.5),216,217,218 and how they relate to increasing global temperatures and associated climate
changes. This chapter presents the highlights from CSSR. More examples are provided in Vose et al. (2017),85
Table 6.3; Easterling et al. (2017),94 Table 7.1; and Wehner et al. (2017),101 Table 8.1; and additional details on
what is new since NCA3 can be found in Fahey et al. (2017),18 Box 2.3.
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Observed and Projected Changes in Carbon Emissions and Temperature

Figure 2.2: Observed and projected changes in global average temperature (right) depend on observed and projected emissions
of carbon dioxide from fossil fuel combustion (left) and emissions of carbon dioxide and other heat-trapping gases from other
human activities, including land use and land-use change. Under a pathway consistent with a higher scenario (RCP8.5), fossil
fuel carbon emissions continue to increase throughout the century, and by 2080–2099, global average temperature is projected
to increase by 4.2°–8.5°F (2.4°–4.7°C; shown by the burnt orange shaded area) relative to the 1986–2015 average. Under
a lower scenario (RCP4.5), fossil fuel carbon emissions peak mid-century then decrease, and global average temperature
is projected to increase by 1.7°–4.4°F (0.9°–2.4°C; range not shown on graph) relative to 1986–2015. Under an even lower
scenario (RCP2.6), assuming carbon emissions from fossil fuels have already peaked, temperature increases could be limited
to 0.4°–2.7°F (0.2°–1.5°C; shown by green shaded area) relative to 1986–2015. Thick lines within shaded areas represent
the average of multiple climate models. The shaded ranges illustrate the 5% to 95% confidence intervals for the respective
projections. In all RCP scenarios, carbon emissions from land use and land-use change amount to less than 1 GtC by 2020 and
fall thereafter. Limiting the rise in global average temperature to less than 2.2°F (1.2°C) relative to 1986–2015 is approximately
equivalent to 3.6°F (2°C) or less relative to preindustrial temperatures, consistent with the aim of the Paris Agreement (see Box
2.4). Source: adapted from Wuebbles et al. 2017.10

Box 2.4: Cumulative Carbon and 1.5°/2°C Targets
Limiting global average temperature increase to 3.6°F (2°C) will require a major reduction in emissions.
Projections of future changes in climate are based on scenarios of greenhouse gas emissions and other
pollutants from human activities. The primary scenarios used in this assessment are called Representative
Concentration Pathways (RCPs)219 and are numbered according to changes in radiative forcing (a measure of
the influence that a factor, such as greenhouse gas emissions, has in changing the global balance of incoming
and outgoing energy) in 2100 relative to preindustrial conditions: +2.6 (very low), +4.5 (lower), +6.0 (mid-high)
and +8.5 (higher) watts per square meter (W/m2). Some scenarios are consistent with increasing dependence
on fossil fuels, while others could only be achieved by deliberate actions to reduce emissions (see Section 4.2 in
Hayhoe et al. 201724 for more details). The resulting range in forcing scenarios reflects the uncertainty inherent
in quantifying human activities and their influence on climate (e.g., Hawkins and Sutton 2009, 201123,220).
Which scenario is more likely? The observed acceleration in carbon emissions over the past 15–20 years has been
consistent with the higher future scenarios (such as RCP8.5) considered in this assessment.221,222,223 Since 2014,
however, the growth in emission rates of carbon dioxide has begun to slow as economic growth has become less
carbon-intensive224,225,226 with the trend in 2016 estimated at near zero.227,228 Preliminary data for 2017, however, indicate growth in carbon emissions once again.228 These latest results highlight how separating systemic change due to
decarbonization from short-term variability that is often affected by economic changes remains difficult.
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Box 2.4: Cumulative Carbon and 1.5°/2°C Targets, continued
To stabilize the global temperature at any level requires that emission rates decrease eventually to zero. To
stabilize global average temperature at or below specific long-term warming targets such as 3.6°F (2°C), or the
more ambitious target of 2.7°F (1.5°C), would require substantial reductions in net global carbon emissions
relative to present-day values well before 2040, and likely would require net emissions to become zero or possibly negative later in the century. Accounting for emissions of carbon as well as other greenhouse gases and
particles that remain in the atmosphere from weeks to centuries, cumulative human-caused carbon emissions
since the beginning of the industrial era would likely need to stay below about 800 GtC in order to provide a twothirds likelihood of preventing 3.6°F (2°C) of warming, implying that approximately only 230 GtC more could be
emitted globally in order to meet that target.27 Several recent studies specifically examine remaining emissions
commensurate with 3.6°F (2°C) warming. They show estimates of cumulative emissions that are both smaller
and larger due to a range of factors and differences in underlying assumptions (e.g., Millar et al. 2017 and correction, Rogelj et al. 2018229,230,231).
If global emissions are consistent with a pathway that lies between the higher RCP8.5 and lower RCP4.5 scenarios, emissions could continue for only about two decades before this cumulative carbon threshold is exceeded.
Any further emissions beyond these thresholds would cause global average temperature to overshoot the 2°C
warming target. At current emission rates, unless there is a very rapid decarbonization of the world’s energy
systems over the next few decades, stabilization at neither target would be remotely possible.27,229,232,233
In addition, the warming and associated climate effects from carbon emissions will persist for decades to millennia.234,235 Climate intervention or geoengineering strategies, such as solar radiation management, are measures that
attempt to limit the increase in or reduce global temperature. For many of these proposed strategies, however, the
technical feasibilities, costs, risks, co-benefits, and governance challenges remain unproven. It would be necessary to
comprehensively assess these strategies before their benefits and risks can be confidently judged.27

Key Message 3

Oceans occupy over 70% of the planet’s surface
and host unique ecosystems and species,
including those important for global commercial and subsistence fishing. For this reason, it
is essential to highlight the fact that observed
changes in the global average temperature of
the atmosphere represent only a small fraction
of total warming. Since the 1950s, the oceans
have absorbed 93% of the excess heat in the
earth system that has built up as a result of
increasing concentrations of greenhouse gases
in the atmosphere.31,32 Significant increases
in heat content have been observed over the
upper 6,560 feet (2,000 m) of the ocean since
the 1960s, with surface oceans warming by
about 1.3° ± 0.1°F (0.7° ± 0.1°C) globally from
1900 to 2016.20,31,33,34

Warming and Acidifying Oceans
The world’s oceans have absorbed 93%
of the excess heat from human-induced
warming since the mid-20th century and
are currently absorbing more than a quarter
of the carbon dioxide emitted to the atmosphere annually from human activities,
making the oceans warmer and more acidic.
Increasing sea surface temperatures, rising
sea levels, and changing patterns of precipitation, winds, nutrients, and ocean circulation are contributing to overall declining
oxygen concentrations in many locations.
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Oceans’ net uptake of CO2 each year is approximately equal to a quarter of that emitted to the
atmosphere annually from human activities.35,36
It is primarily controlled by the difference
between CO2 concentrations in the atmosphere
and ocean, with small variations from year
to year due to changes in ocean circulation
and biology. This carbon uptake is making
near-surface ocean waters more acidic, which
in turn can harm vulnerable marine ecosystems (see Ch. 9: Oceans; Ch. 26: Alaska; Ch. 27:
Hawai‘i & Pacific Islands). Although tropical
coral reefs are the most frequently cited
casualties of ocean warming and acidification,
ecosystems at higher latitudes can be more
vulnerable than those at lower latitudes as
they typically have a lower buffering capacity
against changing acidity. Regionally, acidification is greater along the U.S. coast than the
global average, as a result of upwelling (for
example, in the Pacific Northwest), changes
in freshwater inputs (such as in the Gulf of
Maine), and nutrient input (as in urbanized
estuaries).34,37,38,39,40,41,42

by 4.9° ± 1.3°F (2.7° ± 0.7°C) as compared to late
20th-century values, ocean oxygen levels are
projected to decrease by 3.5%,53 and global
average surface ocean acidity is projected to
increase by 100% to 150%.32 This rate of acidification would be unparalleled in at least the
past 66 million years.34,54,55

Key Message 4
Rising Global Sea Levels
Global average sea level has risen by
about 7–8 inches (about 16–21 cm) since
1900, with almost half this rise occurring
since 1993 as oceans have warmed and
land-based ice has melted. Relative to
the year 2000, sea level is very likely
to rise 1 to 4 feet (0.3 to 1.3 m) by the
end of the century. Emerging science
regarding Antarctic ice sheet stability
suggests that, for higher scenarios, a
rise exceeding 8 feet (2.4 m) by 2100 is
physically possible, although the probability of such an extreme outcome cannot
currently be assessed.

In addition to higher temperatures and
increasing acidification, ocean oxygen levels
are also declining in various ocean locations
and in many coastal areas.43,44 This decline
is due to a combination of increasing sea
surface temperatures (SSTs), rising sea levels
inundating coastal wetlands, and changing
patterns of precipitation, winds, nutrients,
and ocean circulation. Over the last 50 years,
declining oxygen levels have been observed
in many inland seas, estuaries, and nearshore
coastal waters.43,45,46,47,48,49,50,51,52 This is a concern
because oxygen is essential to most life in the
ocean, governing a host of biogeochemical and
biological processes that ultimately shape the
composition, diversity, abundance, and distribution of organisms from microbes to whales.34

Global sea level is rising due to two primary
factors. First, as the ocean warms (see Key
Message 3), seawater expands, increasing the
overall volume of the ocean—a process known
as thermal expansion. Second, the amount of
seawater in the ocean is increasing as landbased ice from mountain glaciers and the
Antarctic and Greenland ice sheets melts and
runs off into the ocean.56,57 Over the last century, about one-third of global average sea level
rise has come from thermal expansion and
the remainder from melting of land-based ice,
with human-caused warming making a substantial contribution to the overall amount of
rise.58,59,60,61,62,63 To a much lesser degree, global
average sea level is also affected by changes in
the amount of water stored on land, including
in soil, lakes, reservoirs, and aquifers.56,64,65,66,67

By 2100, under a higher scenario (RCP8.5; see
Box 2.4), average SST is projected to increase
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Since 1900, global average sea level has risen by
about 7–8 inches (about 16–21 cm). The rate of
sea level rise over the 20th century was higher
than in any other century in at least the last
2,800 years, according to proxy data such as
salt marsh sediments and fossil corals.58 Since
the early 1990s, the rate of global average
sea level rise has increased due to increased
melting of land-based ice.56,68,69,70,71,72 As a result,
almost half (about 0.12 inches [3 mm] per year)
of the observed rise of 7–8 inches (16–21 cm)
has occurred since 1993.73,74,75

cm) by 2030, 0.5–1.2 feet (15–38 cm) by 2050,
and 1–4 feet (30–130 cm) by 2100.56,57,58,59,76,77,78,79
These estimates are generally consistent with
the assumption—possibly flawed—that the
relationship between global temperature and
global average sea level in the coming century
will be similar to that observed over the last
two millennia.58 These ranges do not, however,
capture the full range of physically plausible
global average sea level rise over the 21st
century. Several avenues of research, including
emerging science on physical feedbacks in the
Antarctic ice sheet (e.g., DeConto and Pollard
2016, Kopp et al. 201780,81) suggest that global
average sea level rise exceeding 8 feet (2.5 m)
by 2100 is physically plausible, although its
probability cannot currently be assessed (see
Sweet et al. 2017, Kopp et al. 201757,25).

Over the first half of this century, the future
scenario the world follows has little effect on
projected sea level rise due to the inertia in
the climate system. However, the magnitude
of human-caused emissions this century
significantly affects projections for the second
half of the century and beyond (Figure 2.3).
Relative to the year 2000, global average sea
level is very likely to rise by 0.3–0.6 feet (9–18

Regardless of future scenario, it is extremely
likely that global average sea level will continue
to rise beyond 2100.82 Paleo sea level records

Historical and Projected Global Average Sea Level Rise

Figure 2.3. How much global average sea level will rise over the rest of this century depends on the response of the climate system to
warming, as well as on future scenarios of human-caused emissions of heat-trapping gases. The colored lines show the six different
global average sea level rise scenarios, relative to the year 2000, that were developed by the U.S. Federal Interagency Sea Level Rise
Taskforce76 to describe the range of future possible rise this century. The boxes on the right-hand side show the very likely ranges in sea
level rise by 2100, relative to 2000, corresponding to the different RCP scenarios described in Figure 2.2. The lines above the boxes
show possible increases based on the newest research of the potential Antarctic contribution to sea level rise (for example, DeConto
and Pollard 201680 versus Kopp et al. 201477). Regardless of the scenario followed, it is extremely likely that global average sea level
rise will continue beyond 2100. Source: adapted from Sweet et al. 2017.57 This figure was revised in June 2019. See Errata for details:
https://nca2018.globalchange.gov/downloads
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suggest that 1.8°F (1°C) of warming may already
represent a long-term commitment to more
than 20 feet (6 meters) of global average sea
level rise;83,84 a 3.6°F (2°C) warming represents
a 10,000-year commitment to about 80 feet
(25 m), and 21st-century emissions consistent
with the higher scenario (RCP8.5) represent
a 10,000-year commitment to about 125 feet
(38 m) of global average sea level rise.30 Under
3.6°F (2°C), about one-third of the Antarctic
ice sheet and three-fifths of the Greenland
ice sheet would ultimately be lost, while
under the RCP8.5 scenario, a complete loss
of the Greenland ice sheet is projected over
about 6,000 years.30

United States show that recent decades are the
warmest in at least the past 1,500 years.86
At the regional scale, each National Climate
Assessment (NCA) region experienced an overall
warming between 1901–1960 and 1986–2016
(Figure 2.4). The largest changes were in the
western half of the United States, where average
temperature increased by more than 1.5°F (0.8°C)
in Alaska, the Northwest, the Southwest, and
also in the Northern Great Plains. Over the entire
period of record, the Southeast has had the
least warming due to a combination of natural
variations and human influences;87 since the early
1960s, however, the Southeast has been warming
at an accelerated rate.88,89

Key Message 5

Over the past two decades, the number of high
temperature records recorded in the United
States far exceeds the number of low temperature records. The length of the frost-free season,
from the last freeze in spring to the first freeze
of autumn, has increased for all regions since
the early 1900s.85,90 The frequency of cold waves
has decreased since the early 1900s, and the
frequency of heat waves has increased since
the mid-1960s. Over timescales shorter than a
decade, the 1930s Dust Bowl remains the peak
period for extreme heat in the United States for
a variety of reasons, including exceptionally dry
springs coupled with poor land management
practices during that era.85,91,92,93

Increasing U.S. Temperatures
Annual average temperature over the
contiguous United States has increased
by 1.2ºF (0.7°C) over the last few decades
and by 1.8°F (1°C) relative to the beginning
of the last century. Additional increases in
annual average temperature of about 2.5°F
(1.4°C) are expected over the next few
decades regardless of future emissions,
and increases ranging from 3°F to 12°F
(1.6°–6.6°C) are expected by the end of
century, depending on whether the world
follows a higher or lower future scenario,
with proportionally greater changes in high
temperature extremes.

Over the next few decades, annual average
temperature over the contiguous United States is
projected to increase by about 2.2°F (1.2°C) relative to 1986–2015, regardless of future scenario.
As a result, recent record-setting hot years are
projected to become common in the near future
for the United States. Much larger increases are
projected by late century: 2.3°–6.7°F (1.3°–3.7°C)
under a lower scenario (RCP4.5) and 5.4°–11.0°F
(3.0°–6.1°C) under a higher scenario (RCP8.5)
relative to 1986–2015 (Figure 2.4).85

Over the contiguous United States, annual
average temperature has increased by 1.2°F
(0.7°C) for the period 1986–2016 relative to
1901–1960, and by 1.8°F (1.0°C) when calculated
using a linear trend for the entire period of
record.85 Surface and satellite data both show
accelerated warming from 1979 to 2016, and
paleoclimate records of temperatures over the

U.S. Global Change Research Program

86

Fourth National Climate Assessment

2 | Our Changing Climate

Observed and Projected Changes in Annual Average Temperature

Figure 2.4: Annual average temperatures across North America are projected to increase, with proportionally greater changes at higher
as compared to lower latitudes, and under a higher scenario (RCP8.5, right) as compared to a lower one (RCP4.5, left). This figure
compares (top) observed change for 1986–2016 (relative to 1901–1960 for the contiguous United States and 1925–1960 for Alaska,
Hawai‘i, Puerto Rico, and the U.S. Virgin Islands) with projected differences in annual average temperature for mid-century (2036–2065,
middle) and end-of-century (2070–2099, bottom) relative to the near-present (1986–2015). Source: adapted from Vose et al. 2017.85
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Extreme high temperatures are projected to
increase even more than average temperatures. Cold waves are projected to become
less intense and heat waves more intense. The
number of days below freezing is projected to
decline, while the number of days above 90°F is
projected to rise.85

bottom). For 2070–2099 relative to 1986–2015,
precipitation increases of up to 20% are
projected in winter and spring for the north
central United States and more than 30%
in Alaska, while precipitation is projected to
decrease by 20% or more in the Southwest in
spring. In summer, a slight decrease is projected across the Great Plains, with little to no net
change in fall.

Key Message 6
Changing U.S. Precipitation

The frequency and intensity of heavy precipitation events across the United States have
increased more than average precipitation
(Figure 2.6, top) and are expected to continue
to increase over the coming century, with
stronger trends under a higher as compared to
a lower scenario (Figure 2.6).94 Observed trends
and model projections of increases in heavy
precipitation are supported by well-established
physical relationships between temperature
and humidity (see Easterling et al. 2017,94 Section 7.1.3 for more information). These trends
are consistent with what would be expected
in a warmer world, as increased evaporation
rates lead to higher levels of water vapor in
the atmosphere, which in turn lead to more
frequent and intense precipitation extremes.

Annual precipitation since the beginning
of the last century has increased across
most of the northern and eastern United
States and decreased across much of
the southern and western United States.
Over the coming century, significant
increases are projected in winter and
spring over the Northern Great Plains,
the Upper Midwest, and the Northeast.
Observed increases in the frequency and
intensity of heavy precipitation events in
most parts of the United States are projected to continue. Surface soil moisture
over most of the United States is likely to
decrease, accompanied by large declines
in snowpack in the western United States
and shifts to more winter precipitation
falling as rain rather than snow.

For heavy precipitation events above the 99th
percentile of daily values, observed changes for
the Northeast and Midwest average 38% and
39%, respectively, when measured from 1901,
and 55% and 42%, respectively, when measured
with the more robust network available from
1958. The largest observed increases have
occurred and are projected to continue to
occur in the Northeast and Midwest, where
additional increases exceeding 40% are projected for these regions by 2070–2099 relative
to 1986–2015. These increases are linked to
observed and projected increases in the frequency of organized clusters of thunderstorms
and the amount of precipitation associated
with them.96,97,98

Annual average precipitation has increased by
4% since 1901 across the entire United States,
with strong regional differences: increases
over the Northeast, Midwest, and Great Plains
and decreases over parts of the Southwest and
Southeast (Figure 2.5),94 consistent with the
human-induced expansion of the tropics.95 In
the future, the greatest precipitation changes
are projected to occur in winter and spring,
with similar geographic patterns to observed
changes: increases across the Northern
Great Plains, the Midwest, and the Northeast
and decreases in the Southwest (Figure 2.5,
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Observed and Projected Change in Seasonal Precipitation

Figure 2.5: Observed and projected precipitation changes vary by region and season. (top) Historically, the Great Plains and
the northeastern United States have experienced increased precipitation while the Southwest has experienced a decrease for
the period 1986–2015 (relative to 1901–1960 for the contiguous United States and 1925–1960 for Alaska, Hawai‘i, Puerto Rico,
and the U.S. Virgin Islands). (middle and bottom) In the future, under the higher scenario (RCP8.5), the northern United States,
including Alaska, is projected to receive more precipitation, especially in the winter and spring by the period 2070–2099 (relative
to 1986–2015). Parts of the southwestern United States are projected to receive less precipitation in the winter and spring.
Areas with red dots show where projected changes are large compared to natural variations; areas that are hatched show where
changes are small and relatively insignificant. Source: adapted from Easterling et al. 2017.94
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Observed and Projected Change in Heavy Precipitation

Figure 2.6: Heavy precipitation is becoming more intense and more frequent across most of the United States, particularly in the
Northeast and Midwest, and these trends are projected to continue in the future. This map shows the observed (top; numbers in black
circles give the percentage change) and projected (bottom) change in the amount of precipitation falling in the heaviest 1% of events
(99th percentile of the distribution). Observed historical trends are quantified in two ways. The observed trend for 1901–2016 (top left) is
calculated as the difference between 1901–1960 and 1986–2016. The values for 1958–2016 (top right), a period with a denser station
network, are linear trend changes over the period. The trends are averaged over each National Climate Assessment region. Projected
future trends are for a lower (RCP4.5, left) and a higher (RCP8.5, right) scenario for the period 2070–2099 relative to 1986–2015.
Source: adapted from Easterling et al. 2017.94 Data for projected changes in heavy precipitation were not available for Alaska, Hawai‘i,
or the U.S. Caribbean. Sources: (top) adapted from Easterling et al. 2017; (bottom) NOAA NCEI, CICS-NC, and NEMAC.

Trends in related types of extreme events,
such as floods, are more difficult to discern
(e.g., Hirsch and Ryberg 2012, Hodgkins et
al. 201799,100). Although extreme precipitation
is one of the controlling factors in flood
statistics, a variety of other compounding
factors, including local land use, land-cover
changes, and water management also play
important roles. Human-induced warming
has not been formally identified as a factor in
increased riverine flooding and the timing of
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any emergence of a future detectable humancaused change is unclear.101
Declines have been observed in North America
spring snow cover extent and maximum snow
depth, as well as snow water equivalent (a
measurement of the amount of water stored
in snowpack) in the western United States and
extreme snowfall years in the southern and
western United States.102,103,104 All are consistent
with observed warming, and of these trends,
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human-induced warming has been formally
identified as a factor in earlier spring melt and
reduced snow water equivalent.101 Projections
show large declines in snowpack in the western
United States and shifts to more precipitation
falling as rain rather than snow in many parts
of the central and eastern United States. Under
higher future scenarios, assuming no change
to current water resources management,
snow-dominated watersheds in the western
United States are more likely to experience
lengthy and chronic hydrological drought
conditions by the end of this century.105,106,107

simultaneous heat and drought such as during
the 2011–2017 California drought, when 2014,
2015, and 2016 were also the warmest years
on record for the state; conditions conducive
to the very large wildfires that have already
increased in frequency across the western
United States and Alaska since the 1980s;115 or
flooding associated with heavy rain over snow
or waterlogged ground, which is also projected to increase in the northern contiguous
United States.116

Key Message 7
Rapid Arctic Change

Across much of the United States, surface
soil moisture is projected to decrease as the
climate warms, driven largely by increased
evaporation rates due to warmer temperatures.
This means that, all else being equal, future
droughts in most regions will likely be stronger
and potentially last longer. These trends are
likely to be strongest in the Southwest and
Southern Great Plains, where precipitation
is projected to decrease in most seasons
(Figure 2.5) and droughts may become more
frequent.101,108,109,110,111,112 Although recent droughts
and associated heat waves have reached
record intensity in some regions of the United
States, the Dust Bowl of the 1930s remains the
benchmark drought and extreme heat event
in the historical record, and though by some
measures drought has decreased over much
of the continental United States in association
with long-term increases in precipitation (e.g.,
see McCabe et al. 2017113), there is as yet no
detectable change in long-term U.S. drought
statistics. Further discussion of historical
drought is provided in Wehner et al. (2017).101

In the Arctic, annual average temperatures have increased more than twice as
fast as the global average, accompanied
by thawing permafrost and loss of sea
ice and glacier mass. Arctic-wide glacial
and sea ice loss is expected to continue;
by mid-century, it is very likely that the
Arctic will be nearly free of sea ice in late
summer. Permafrost is expected to continue to thaw over the coming century as
well, and the carbon dioxide and methane
released from thawing permafrost has
the potential to amplify human-induced
warming, possibly significantly.
The Arctic is particularly vulnerable to rising
temperatures, since so much of it is covered
in ice and snow that begin to melt as temperatures cross the freezing point. The more the
Arctic warms, the more snow and ice melts,
exposing the darker land and ocean underneath. This darker surface absorbs more of the
sun’s energy than the reflective ice and snow,
amplifying the original warming in a selfreinforcing cycle, or positive feedback.

Few analyses consider the relationship across
time and space between extreme events; yet
it is important to note that the physical and
socioeconomic impacts of compound extreme
events can be greater than the sum of the
parts.25,114 Compound extremes can include
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Some of the most rapid observed changes are
occurring in Alaska and across the Arctic. Over
the last 50 years, for example, annual average
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air temperatures across Alaska and the Arctic
have increased more than twice as fast as the
global average temperature.117,118,119,120,121,122 As
surface temperatures increase, permafrost—
previously permanently frozen ground—is
thawing and becoming more discontinuous.123
This triggers another self-reinforcing cycle, the
permafrost–carbon feedback, where carbon
previously stored in solid form is released from
the ground as carbon dioxide and methane (a
greenhouse gas 35 times more powerful than
CO2, on a mass basis, over a 100-year time
horizon), resulting in additional warming.25,122
The overall magnitude of the permafrost–
carbon feedback is uncertain, but it is very
likely that it is already amplifying carbon
emissions and human-induced warming
and will continue to do so.124,125,126 Permafrost
emissions imply an even greater decrease in
emissions from human activities would be
required to hold global temperature below a
given amount of warming, such as the levels
discussed in Box 2.4.

regional ocean and atmospheric circulation
changes.132,133,134,135
Finally, much of the Arctic region is ocean that
is covered by sea ice, and like land ice, sea ice
is also melting (Figure 2.7).122 Since the early
1980s, annual average arctic sea ice extent has
decreased by 3.5%–4.1% per decade.127,136 The
annual minimum sea ice extent, which occurs
in September of each year, has decreased at
an even greater rate of 11%–16% per decade.137
Remaining ice is also, on average, becoming
thinner (Figure 2.7), as less ice survives to subsequent years, and average ice age declines.137
The sea ice melt season—defined as the number of days between spring melt onset and fall
freeze-up—has lengthened across the Arctic by
at least five days per decade since 1979.
Melting sea ice does not contribute to sea level
rise, but it does have other climate effects.
First, sea ice loss contributes to a positive
feedback, or self-reinforcing cycle, through
changing the albedo or reflectivity of the
Arctic’s surface. As sea ice, which is relatively
reflective, is replaced by darker ocean, more
solar radiation is absorbed by the ocean
surface. This contributes to a greater rise in
Arctic air temperature compared to the global
average and affects formation of ice the next
winter. Ice loss also acts to freshen the Arctic
Ocean, affecting the temperature of the ocean
surface layer and how surface heat is distributed through the ocean mixed layer. This also
affects ice formation in subsequent seasons,
as well as regional wind patterns, clouds,
and ocean temperatures. And finally, sea ice
loss also impacts key marine ecosystems and
species that depend on the ice, from the polar
bear to the ring seal,138,139,140 and the Alaska
coastline becomes more vulnerable to erosion
when it is not shielded from storms and
waves by sea ice.141

Most arctic glaciers are losing ice rapidly,
and in some cases, the rate of loss is accelerating.127,128,129,130 This contributes to sea level
rise and changes in local salinity that can in
turn affect local ocean circulation. In Alaska,
annual average glacier ice mass for each year
since 1984 has been less than the year before,
and glacial ice mass is declining in both the
northern and southern regions around the Gulf
of Alaska.131 Dramatic changes have occurred
across the Greenland ice sheet as well, particularly at its edges. From 2002 to 2016, ice
mass was lost at an average rate of 270 billion
tons per year on average, or about 0.1% per
decade, a rate that has increased in recent
years.131 The effects of warmer air and ocean
temperatures on the melting ice sheet can be
amplified by other factors, including dynamical
feedbacks (faster sliding, greater calving, and
increased melting for the part of the ice that is
underwater), near-surface ocean warming, and
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Diminishing Arctic Sea Ice

Figure 2.7: As the Arctic warms, sea ice is shrinking and becoming thinner and younger. The top and middle panels show
how the summer minimum ice extent and average age, measured in September of each year, changed from 1984 (top) to
2016 (middle). An animation of the complete time series is available at http://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=4489.
September sea ice extent each year from 1979 (when satellite observations began) to 2017, has decreased at a rate of 13.3% ±
2.6% per decade (bottom). The gray line is the 1979–2017 average. Source: adapted from Taylor et al. 2017.122
U.S. Global Change Research Program
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It is virtually certain that human activities have
contributed to arctic surface temperature
warming, sea ice loss, and glacier mass loss.122,1
42,143,144,145,146,147,148
Observed trends in temperature
and arctic-wide land and sea ice loss are
expected to continue through the 21st century.
It is very likely that by mid-century the Arctic
Ocean will be almost entirely free of sea ice by
late summer for the first time in about 2 million
years.26,149As climate models have tended to
under-predict recent sea ice loss,143 it is possible this will happen before mid-century.

warm temperatures in the Arctic to changes
in atmospheric circulation patterns in the
midlatitudes.122,150
Observed changes in other aspects of atmospheric circulation include the northward
shift in winter storm tracks since detailed
observations began in the 1950s and an associated poleward shift of the subtropical dry
zones.151,152,153 In the future, some studies show
increases in the frequency of the most intense
winter storms over the northeastern United
States (e.g., Colle et al. 2013154). Regarding the
influence of arctic warming on midlatitude
weather, two studies suggest that arctic
warming could be linked to the frequency and
intensity of severe winter storms in the United
States;155,156 another study shows an influence
of arctic warming on summer heat waves and
large storms.157 Other studies show mixed
results (e.g., Barnes and Polvani 2015, Perlwitz
et al. 2015, Screen et al. 2015158,159,160), however,
and the nature and magnitude of the influence
of arctic warming on U.S. weather over the
coming decades remain open questions.

Key Message 8
Changes in Severe Storms
Human-induced change is affecting
atmospheric dynamics and contributing
to the poleward expansion of the tropics
and the northward shift in Northern
Hemisphere winter storm tracks since
1950. Increases in greenhouse gases
and decreases in air pollution have contributed to increases in Atlantic hurricane
activity since 1970. In the future, Atlantic
and eastern North Pacific hurricane
rainfall and intensity are projected to
increase, as are the frequency and severity of landfalling “atmospheric rivers”
on the West Coast.

There is no question, however, that the effects
of human-induced warming have the potential
to affect weather patterns around the world.
Changes in the subtropics can also impact the
rest of the globe, including the United States.
There is growing evidence that the tropics have
expanded poleward by about 70 to 200 miles in
each hemisphere since satellite measurements
began in 1979, with an accompanying shift of
the subtropical dry zones, midlatitude jets,
and both midlatitude and tropical cyclone
tracks.153,161,162 Human activities have played a
role in the change, and although it is not yet
possible to separate the magnitude of the
human contribution relative to natural variability,15 these trends are expected to continue
over the coming century.

Changes that occur in one part or region of the
climate system can affect others. One of the
key ways this is happening is through changes
in atmospheric circulation patterns. While the
Arctic may seem remote to many, for example,
disruptions to the natural cycles of arctic sea
ice, land ice, surface temperature, snow cover,
and permafrost affect the amount of warming,
sea level change, carbon cycle impacts, and
potentially even weather patterns in the lower
48 states. Recent studies have linked record
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Box 2.5: The 2017 Atlantic Hurricane Season
The severity of the 2017 Atlantic hurricane season was consistent with a combination of natural and
human-caused variability on decadal and longer time scales.
The 2017 Atlantic hurricane season tied the record for the most named storms reaching hurricane strength
(Figure 2.8); however, the number of storms was within the range of observed historical variability and does
not alter the conclusion that climate change is unlikely to increase the overall number of storms on average. At
the same time, certain aspects of the 2017 season were unprecedented, and at least two of these aspects are
consistent with what might be expected as the planet warms.
First, the ability of four hurricanes—Harvey, Irma, Jose, and Maria (Figure 2.9)—to rapidly reach and maintain
very high intensity was anomalous and, in one case, unprecedented. This is consistent with the expectation of
stronger storms in a warmer world. All four of these hurricanes experienced rapid intensification, and Irma shattered the existing record for the length of time over which it sustained winds of 185 miles per hour.
Second, the intensity of heavy rain, including heavy rain produced by tropical cyclones, increases in a warmer
world (Figure 2.6). Easterling et al. (2017)94 concluded that the heaviest rainfall amounts from intense storms,
including hurricanes, have increased by 6% to 7%, on average, compared to what they would have been a century ago. In particular, both Harvey and Maria were distinguished by record-setting rainfall amounts. Harvey’s
multiday total rainfall likely exceeded that of any known historical storm in the continental United States, while
Maria’s rainfall intensity was likely even greater than Harvey’s, with some locations in Puerto Rico receiving
multiple feet of rain in just 24 hours.
Much of the record-breaking rainfall totals associated with Hurricane Harvey were due to its slow-moving,
anomalous track and its proximity to the Gulf of Mexico, which provided a continuous source of moisture. No
studies have specifically examined whether the likelihood of hurricanes stalling near land is affected by climate
change, and more general research on weather patterns and climate change suggests the possibility of competing influences.157,161,236,237
However, Harvey’s total rainfall was likely compounded by warmer surface water temperatures feeding the
direct deep tropical trajectories historically associated with extreme precipitation in Texas,238 and these warmer
temperatures are partly attributable to human-induced climate change. Initial analyses suggest that the humaninfluenced contribution to Harvey’s rainfall that occurred in the most affected areas was significantly greater
than the 5% to 7% increase expected from the simple thermodynamic argument that warmer air can hold more
water vapor.216,218 One study estimated total rainfall amount to be increased as a result of human-induced climate change by at least 19% with a best estimate of 38%,216 and another study found the three-day rainfall to be
approximately 15% more intense and the event itself three times more likely.217
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Box 2.5: The 2017 Atlantic Hurricane Season, continued

2017 Tropical Cyclone Tracks

Figure 2.8: Tropical cyclone tracks for the 2017 Atlantic hurricane season. Data are based on the preliminary “operational besttrack” provided by the NOAA National Hurricane Center and may change slightly after post-season reanalysis is completed.
Sources: NOAA NCEI and ERT, Inc.

Notable 2017 Hurricanes

Figure 2.9: (a) Visible imagery from the GOES satellite shows Hurricanes Katia (west), Irma (center) and Jose (east)
stretched across the Atlantic on September 8, 2017; (b) Hurricane Maria about to make landfall over Puerto Rico on
September 19, 2017; (c) Hurricane Harvey making landfall in Texas on August 23, 2017; and (d) rainfall totals from August
23 to 27 over southeastern Texas and Louisiana. Sources: (a) NOAA CIRA; (b–d) NASA.

U.S. Global Change Research Program

96

Fourth National Climate Assessment

2 | Our Changing Climate
Landfalling “atmospheric rivers” are narrow
streams of moisture that account for 30%–40%
of precipitation and snowpack along the western coast of the United States. They are associated with severe flooding events in California
and other western states. As the world warms,
the frequency and severity of these events are
likely to increase due to increasing evaporation
and higher atmospheric water vapor levels in
the atmosphere.101,163,164,165

projected to remain steady, or even decrease,
but the most intense storms are generally
projected to become more frequent, and the
amount of rainfall associated with a given
storm is also projected to increase.170 This in
turn increases the risk of freshwater flooding
along the coasts and secondary effects such
as landslides. Though scientific confidence
in changes in the projected frequency of very
strong storms is low to medium, depending on
ocean basin, it is important to note that these
storms are responsible for the vast majority
of damage and mortality associated with
tropical storms.

Human-caused emissions of greenhouse gases
and air pollutants have also affected observed
ocean–atmosphere variability in the Atlantic
Ocean, and these changes have contributed to
the observed increasing trend in North Atlantic
tropical cyclone activity since the 1970s166
(see also review by Sobel et al. 2016167). In a
warmer world, there will be a greater potential
for stronger tropical cyclones (also known as
hurricanes and typhoons, depending on the
region) in all ocean basins.15,166,168,169,170,171 Climate
model simulations indicate an increase in
global tropical cyclone intensity in a warmer
world, as well as an increase in the number of
very intense tropical cyclones, consistent with
current scientific understanding of the physics
of the climate system.15,166,168,169,170,172 In the future,
the total number of tropical storms is generally
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Extreme events such as tornadoes and severe
thunderstorms occur over much shorter time
periods and smaller areas than other extreme
phenomena such as heat waves, droughts,
and even tropical cyclones. This makes it
difficult to detect trends and develop future
projections172,173 (see Box 2.6). Compared to
damages from other types of extreme weather,
those occurring due to thunderstorm-related
weather hazards have increased the most
since 1980,174 and there is some indication that,
in a warmer world, the number of days with
conditions conducive to severe thunderstorm
activity is likely to increase.175,176,177
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Box 2.6: Severe Weather
Observed trends and projections of future changes in severe thunderstorms, tornadoes, hail, and strong wind
events are uncertain.
Observed and projected future increases in certain types of extreme weather, such as heavy rainfall and extreme
heat, can be directly linked to a warmer world. Other types of extreme weather, such as tornadoes, hail, and
thunderstorms, are also exhibiting changes that may be related to climate change, but scientific understanding
is not yet detailed enough to confidently project the direction and magnitude of future change.172
For example, tornado activity in the United States has become more variable, particularly over the 2000s (e.g.,
Tippett 2014, Elsner et al. 2015239,240), with a decrease in the number of days per year with tornadoes and an
increase in the number of tornadoes on these days.241 Although the United States has experienced several significant thunderstorm wind events (sometimes referred to as “derechos”) in recent years, there are not enough
observations to determine whether there are any long-term trends in their frequency or intensity.242
Modeling studies consistently suggest that the frequency and intensity of severe thunderstorms in the United
States could increase as climate changes,177,243,244,245 particularly over the U.S. Midwest and Southern Great
Plains during spring.177 There is some indication that the atmosphere will become more conducive to severe
thunderstorm formation and increased intensity, but confidence in the model projections is low. Similarly, there
is only low confidence in observations that storms have already become stronger or more frequent. Much
of the lack of confidence comes from the difficulty in both monitoring and modeling small-scale and shortlived phenomena.

Key Message 9

Along U.S. coastlines, how much and how fast
sea level rises will not just depend on global
trends; it will also be affected by changes
in ocean circulation, land elevation, and the
rotation and the gravitational field of Earth,
which are affected by how much land ice
melts, and where.

Increases in Coastal Flooding
Regional changes in sea level rise and
coastal flooding are not evenly distributed
across the United States; ocean circulation
changes, sinking land, and Antarctic ice melt
will result in greater-than-average sea level
rise for the Northeast and western Gulf of
Mexico under lower scenarios and most of
the U.S. coastline other than Alaska under
higher scenarios. Since the 1960s, sea level
rise has already increased the frequency
of high tide flooding by a factor of 5 to 10
for several U.S. coastal communities. The
frequency, depth, and extent of tidal flooding
are expected to continue to increase in
the future, as is the more severe flooding
associated with coastal storms, such as
hurricanes and nor’easters.
U.S. Global Change Research Program

The primary concern related to ocean circulation is the potential slowing of the Atlantic
Ocean Meridional Overturning Circulation
(AMOC). An AMOC slowdown would affect
poleward heat transport, regional climate,
sea level rise along the East Coast of the
United States, and the overall response of
the Earth’s climate system to human-induced
change.34,178,179,180,181
The AMOC moves warm, salty water from
lower latitudes poleward along the surface to
the northern Atlantic. This aspect of the AMOC
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is also known as the Gulf Stream. In the northern Atlantic, the water cools, sinks, and returns
southward as deep waters. AMOC strength
is controlled by the rate of sinking within the
North Atlantic, which is in turn affected by
the rate of heat loss from the ocean to the
atmosphere. As the atmosphere warms, surface
waters entering the North Atlantic may release
less heat and become diluted by increased
freshwater melt from Greenland and Northern
Hemisphere glaciers. Both of these factors
would slow the rate of sinking and weaken
the entire AMOC.

to Antarctic ice loss. Higher global average
sea level rise scenarios imply higher levels
of Antarctic ice loss; under higher scenarios,
then, it is likely that sea level rise along all U.S.
coastlines, except Alaska, would be greater
than the global average. Along portions of the
Alaska coast, especially its southern coastline,
relative sea levels are dropping as land uplifts
in response to glacial isostatic adjustment
(the ongoing movement of land that was once
burdened by ice-age glaciers) and retreat
of the Alaska glaciers over the last several
decades. Future rise amounts are projected to
be less than along other U.S. coastlines due to
continued uplift and other effects stemming
from past and future glacier shrinkage.

Though observational data have been insufficient to determine if a long-term slowdown in
the AMOC began during the 20th century,31,182
one recent study quantifies a 15% weakening
since the mid-20th century183 and another, a
weakening over the last 150 years.184 Over the
next few decades, however, it is very likely
that the AMOC will weaken. Under the lower
RCP4.5 scenario, climate model simulations
suggest the AMOC might ultimately stabilize,
though bias-corrected simulations continue
to show a long-term risk.180 Under the higher
RCP8.5 scenario, projections suggest the
AMOC would continue to weaken throughout
the century, increasing the probability of an
AMOC shutdown (see Box 2.4).26,180,185

Due to sea level rise, daily tidal flooding events
capable of causing minor damage to infrastructure have already become 5 to 10 times more
frequent since the 1960s in several U.S. coastal
cities, and flooding rates are accelerating in
over 25 Atlantic and Gulf Coast cities.186,187,188 For
much of the U.S. Atlantic coastline, a local sea
level rise of 1.0 to 2.3 feet (0.3 to 0.7 m) would
be sufficient to turn nuisance high tide events
into major destructive floods.189 Coastal risks
may be further exacerbated as sea level rise
increases the frequency and extent of extreme
coastal flooding and erosion associated
with U.S. coastal storms, such as hurricanes
and nor’easters. For instance, the projected
increase in the intensity of hurricanes in the
North Atlantic could increase the probability of
extreme flooding along most U.S. Atlantic and
Gulf Coast states beyond what would be projected based on relative sea level rise alone—
although it is important to note that this risk
could be either offset or amplified by other
factors, such as changes in storm frequency or
tracks (e.g., Knutson et al. 2013, 2015170,190).

For almost all future global average sea level
rise scenarios of the Interagency Sea Level Rise
Taskforce,76 relative sea level rise is projected
to be greater than the global average along
the coastlines of the U.S. Northeast and the
western Gulf of Mexico due to the effects of
ocean circulation changes and sinking land. In
addition, with the exception of Alaska, almost
all U.S. coastlines are projected to experience
higher-than-average sea level rise in response
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Key Message 10

no analog for this century any time in at least
the last 50 million years. Moreover, continued
growth in carbon emissions over this century
and beyond would lead to atmospheric CO2
concentrations not experienced in tens
to hundreds of millions of years55,195 (see
Hayhoe et al. 201724 for further discussion of
paleoclimate analogs for present and near-future conditions).

Long-Term Changes
The climate change resulting from human-caused emissions of carbon dioxide
will persist for decades to millennia.
Self-reinforcing cycles within the climate
system have the potential to accelerate
human-induced change and even shift
Earth’s climate system into new states
that are very different from those experienced in the recent past. Future changes
outside the range projected by climate
models cannot be ruled out, and due to
their systematic tendency to underestimate temperature change during past
warm periods, models may be more likely
to underestimate than to overestimate
long-term future change.

Most of the climate projections used in this
assessment are based on simulations by global
climate models (GCMs). These comprehensive,
state-of-the-art mathematical and computer
frameworks use fundamental physics, chemistry, and biology to represent many important
aspects of Earth’s climate and the processes
that occur within and between them (see Box
2.7).24 However, there are still elements of the
earth system that GCMs do not capture well.196
Self-reinforcing cycles or feedbacks within the
climate system have the potential to amplify
and accelerate human-induced climate change.
As discussed in Kopp et al. (2017),25 they may
even shift Earth’s climate system, in part or in
whole, into new states that are very different
from those experienced in the recent past. Tipping elements are subcomponents of the earth
system that can be stable in multiple different
states and can be “tipped” between these
states by small changes in forcing, amplified
by self-reinforcing cycles. Tipping point events
may occur when such a threshold is crossed
in the climate system (e.g., Lenton et al. 2008,
Kopp et al. 2016197,198). Some of the selfreinforcing cycles that lead to potential state
shifts, such as an ice-free Arctic, can be modeled and quantified; others can be identified
but have not yet been quantified, such as
changes to cloudiness driven by changes in
large-scale patterns of atmospheric circulation;199 and some are probably still unknown.25

Humanity’s effect on Earth’s climate system
since the start of the industrial era, through
the large-scale combustion of fossil fuels,
widespread deforestation, and other activities,
is unprecedented. Atmospheric carbon dioxide
concentrations are now higher than at any time
in the last 3 million years,191 when both global
average temperature and sea level were significantly higher than today.24 One possible analog
for the rapid pace of change occurring today
is the relatively abrupt warming of 9°–14°F
(5°–8°C) that occurred during the PaleoceneEocene Thermal Maximum (PETM), approximately 55–56 million years ago.192,193,194,195
Although there were significant differences in
both background conditions and factors affecting climate during the PETM, it is estimated
that the rate of maximum sustained carbon
release was less than 1.1 gigatons of carbon
(GtC) per year (about a tenth of present-day
emissions rates). Present-day emissions of
nearly 10 GtC per year suggest that there is
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Box 2.7: Climate Models and Downscaling
Projections of future changes are based on simulations from global climate models, downscaled to higher
resolutions more relevant to local- to regional-scale impacts.
The projections of future change used in this assessment come from global climate models (GCMs) that reproduce key processes in Earth’s climate system using fundamental scientific principles. GCMs were previously
referred to as “general circulation models” when they included only the physics needed to simulate the general
circulation of the atmosphere. Today, global climate models simulate many more aspects of the climate system: atmospheric chemistry and particles, soil moisture and vegetation, land and sea ice cover, and increasingly,
an interactive carbon cycle and/or biogeochemistry. Models that include this last component are also referred
to as Earth System Models (ESMs), and climate models are constantly being expanded to include more of the
physics, chemistry, and increasingly, the biology and biogeochemistry at work in the climate system (Figure
2.10; see also Hayhoe et al. 2017,24 Section 4.3).
The ability to accurately reproduce key aspects of Earth’s climate varies across climate models. In addition,
many models share model components or code, so their simulations do not represent entirely independent
projections. The Coupled Model Intercomparison Project, Phase 5 (CMIP5) provides a publicly available dataset of simulations from nearly all the world’s climate models. As discussed in CSSR,246 most NCA4 projections
use a weighted multimodel average of the CMIP5 models based on a combination of model skill and model
independence to provide multimodel ensemble projections of future temperature, precipitation, and other
climate variables.
The resolution of global models has increased significantly over time. Even the latest experimental high-resolution simulations, however, are unable to simulate all of the important fine-scale processes occurring at regional
to local scales. Instead, a range of methods, generally referred to as “downscaling,” are typically used to correct systematic biases in global projections and generate the higher-resolution information required for some
impact assessments.24
There are two main types of downscaling: 1) dynamical downscaling, which uses regional climate models
(RCMs) to calculate the response of regional climate processes to global change over a limited area and 2)
empirical statistical downscaling models (ESDMs), which develop statistical relationships between real-world
observations and historical global model output, then use these relationships to downscale future projections.
Although dynamical and statistical methods can be combined into a hybrid framework, many assessments still
tend to rely on one or the other type of downscaling, where the choice is based on the needs of the assessment.
Many of the projections shown in this report, for example, are either based on the original GCM simulations
or on the latest CMIP5 simulations that have been statistically downscaled using the LOcalized Constructed
Analogs (LOCA) ESDM.247 It is important to note that while ESDMs effectively remove bias and increase spatial
resolution, and while RCMs add additional physical insight at smaller spatial scales by resolving processes such
as convection (e.g., Prein et. al 2015248), they do not include all the processes relevant to climate at local scales.
For further discussion, see Hayhoe et al. (2017),24 Section 4.3.
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Box 2.7: Climate Models and Downscaling, continued

Scientific Understanding of Global Climate

Figure 2.10: As scientific understanding of climate has evolved over the last 120 years, increasing amounts of physics, chemistry,
and biology have been incorporated into calculations and, eventually, models. This figure shows when various processes and
components of the climate system became regularly included in scientific understanding of global climate and, over the second
half of the century as computing resources became available, formalized in global climate models. Source: Hayhoe et al. 2017.24
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Traceable Accounts
Process Description
This chapter is based on the collective effort of 32 authors, 3 review editors, and 18 contributing
authors comprising the writing team for the Climate Science Special Report (CSSR),208 a featured
U.S. Global Change Research Project (USGCRP) deliverable and Volume I of the Fourth National
Climate Assessment (NCA4). An open call for technical contributors took place in March 2016, and
a federal science steering committee appointed the CSSR team. CSSR underwent three rounds of
technical federal review, external peer review by the National Academies of Sciences, Engineering,
and Medicine, and a review that was open to public comment. Three in-person Lead Authors
Meetings were conducted at various stages of the development cycle to evaluate comments
received, assign drafting responsibilities, and ensure cross-chapter coordination and consistency
in capturing the state of climate science in the United States. In October 2016, an 11-member core
writing team was tasked with capturing the most important CSSR key findings and generating
an Executive Summary. The final draft of this summary and the underlying chapters was compiled in June 2017.
The NCA4 Chapter 2 author team was pulled exclusively from CSSR experts tasked with leading
chapters and/or serving on the Executive Summary core writing team, thus representing a
comprehensive cross-section of climate science disciplines and supplying the breadth necessary
to synthesize CSSR content. NCA4 Chapter 2 authors are leading experts in climate science trends
and projections, detection and attribution, temperature and precipitation change, severe weather
and extreme events, sea level rise and ocean processes, mitigation, and risk analysis. The chapter
was developed through technical discussions first promulgated by the literature assessments,
prior efforts of USGCRP,208 e-mail exchanges, and phone consultations conducted to craft this
chapter and subsequent deliberations via phone and e-mail exchanges to hone content for the
current application. The team placed particular emphasis on the state of science, what was covered in USGCRP,208 and what is new since the release of the Third NCA in 2014.1

Key Message 1
Observed Changes in Global Climate
Global climate is changing rapidly compared to the pace of natural variations in climate that
have occurred throughout Earth’s history. Global average temperature has increased by about
1.8°F from 1901 to 2016, and observational evidence does not support any credible natural
explanations for this amount of warming; instead, the evidence consistently points to human
activities, especially emissions of greenhouse or heat-trapping gases, as the dominant cause.
(Very High Confidence)

Description of evidence base
The Key Message and supporting text summarize extensive evidence documented in the climate
science literature and are similar to statements made in previous national (NCA3)1 and international249 assessments. The human effects on climate have been well documented through many papers
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in the peer reviewed scientific literature (e.g., see Fahey et al. 201718 and Knutson et al. 201716 for
more discussion of supporting evidence).
The finding of an increasingly strong positive forcing over the industrial era is supported by
observed increases in atmospheric temperatures (see Wuebbles et al. 201710) and by observed
increases in ocean temperatures.10,57,76 The attribution of climate change to human activities is
supported by climate models, which are able to reproduce observed temperature trends when
radiative forcing from human activities is included and considerably deviate from observed trends
when only natural forcings are included (Wuebbles et al. 2017; Knutson et al. 2017, Figure 3.110,16).

Major uncertainties
Key remaining uncertainties relate to the precise magnitude and nature of changes at global,
and particularly regional scales, and especially for extreme events and our ability to simulate and
attribute such changes using climate models. The exact effects from land-use changes relative to
the effects from greenhouse gas emissions need to be better understood.
The largest source of uncertainty in radiative forcing (both natural and anthropogenic) over the
industrial era is quantifying forcing by aerosols. This finding is consistent across previous assessments (e.g., IPCC 2007, IPCC 2013249,250).
Recent work has highlighted the potentially larger role of variations in ultraviolet solar irradiance,
versus total solar irradiance, in solar forcing. However, this increase in solar forcing uncertainty is
not sufficiently large to reduce confidence that anthropogenic activities dominate industrialera forcing.

Description of confidence and likelihood
There is very high confidence for a major human influence on climate.
Assessments of the natural forcings of solar irradiance changes and volcanic activity show with
very high confidence that both forcings are small over the industrial era relative to total anthropogenic forcing. Total anthropogenic forcing is assessed to have become larger and more positive
during the industrial era, while natural forcings show no similar trend.

Key Message 2
Future Changes in Global Climate
Earth’s climate will continue to change over this century and beyond (very high confidence).
Past mid-century, how much the climate changes will depend primarily on global emissions of
greenhouse gases and on the response of Earth’s climate system to human-induced warming
(very high confidence). With significant reductions in emissions, global temperature increase
could be limited to 3.6°F (2°C) or less compared to preindustrial temperatures (high confidence).
Without significant reductions, annual average global temperatures could increase by 9°F (5°C)
or more by the end of this century compared to preindustrial temperatures (high confidence).
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Description of evidence base
The Key Message and supporting text summarize extensive evidence documented in the climate
science literature and are similar to statements made in previous national (NCA3)1 and international249 assessments. The projections for future climate have been well documented through many
papers in the peer-reviewed scientific literature (e.g., see Hayhoe et al. 201724 for descriptions of
the scenarios and the models used).

Major uncertainties
Key remaining uncertainties relate to the precise magnitude and nature of changes at global,
and particularly regional, scales and especially for extreme events and our ability to simulate and
attribute such changes using climate models. Of particular importance are remaining uncertainties in the understanding of feedbacks in the climate system, especially in ice–albedo and
cloud cover feedbacks. Continued improvements in climate modeling to represent the physical
processes affecting the Earth’s climate system are aimed at reducing uncertainties. Enhanced
monitoring and observation programs also can help improve the understanding needed to
reduce uncertainties.

Description of confidence and likelihood
There is very high confidence for continued changes in climate and high confidence for the levels
shown in the Key Message.

Key Message 3
Warming and Acidifying Oceans
The world’s oceans have absorbed 93% of the excess heat from human-induced warming since
the mid-20th century and are currently absorbing more than a quarter of the carbon dioxide
emitted to the atmosphere annually from human activities, making the oceans warmer and
more acidic (very high confidence). Increasing sea surface temperatures, rising sea levels, and
changing patterns of precipitation, winds, nutrients, and ocean circulation are contributing to
overall declining oxygen concentrations in many locations (high confidence).

Description of evidence base
The Key Message and supporting text summarize the evidence documented in climate science
literature as summarized in Rhein et al. (2013).31 Oceanic warming has been documented in a variety of data sources, most notably by the World Ocean Circulation Experiment (WOCE),251 Argo,252
and the Extended Reconstructed Sea Surface Temperature v4 (ERSSTv4).253 There is particular
confidence in calculated warming for the time period since 1971 due to increased spatial and depth
coverage and the level of agreement among independent sea surface temperature (SST) observations from satellites, surface drifters and ships, and independent studies using differing analyses,
bias corrections, and data sources.20,33,68 Other observations such as the increase in mean sea
level rise (see Sweet et al. 201776) and reduced Arctic/Antarctic ice sheets (see Taylor et al. 2017122)
further confirm the increase in thermal expansion. For the purpose of extending the selected
time periods back from 1900 to 2016 and analyzing U.S. regional SSTs, the ERSSTv4253 is used. For
the centennial time scale changes over 1900–2016, warming trends in all regions are statistically
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significant with the 95% confidence level. U.S. regional SST warming is similar between calculations using ERSSTv4 in this report and those published by Belkin (2016),254 suggesting confidence
in these findings.
Evidence for oxygen trends arises from extensive global measurements of WOCE after 1989 and
individual profiles before that.43 The first basin-wide dissolved oxygen surveys were performed
in the 1920s.255 The confidence level is based on globally integrated O2 distributions in a variety
of ocean models. Although the global mean exhibits low interannual variability, regional contrasts are large.

Major uncertainties
Uncertainties in the magnitude of ocean warming stem from the disparate measurements of ocean
temperature over the last century. There is high confidence in warming trends of the upper ocean
temperature from 0–700 m depth, whereas there is more uncertainty for deeper ocean depths of
700–2,000 m due to the short record of measurements from those areas. Data on warming trends
at depths greater than 2,000 m are even more sparse. There are also uncertainties in the timing
and reasons for particular decadal and interannual variations in ocean heat content and the contributions that different ocean basins play in the overall ocean heat uptake.
Uncertainties in ocean oxygen content (as estimated from the intermodel spread) in the global
mean are moderate mainly because ocean oxygen content exhibits low interannual variability
when globally averaged. Uncertainties in long-term decreases of the global averaged oxygen
concentration amount to 25% in the upper 1,000 m for the 1970–1992 period and 28% for the
1993–2003 period. Remaining uncertainties relate to regional variability driven by mesoscale
eddies and intrinsic climate variability such as ENSO.

Description of confidence and likelihood
There is very high confidence in measurements that show increases in the ocean heat content and
warming of the ocean, based on the agreement of different methods. However, long-term data in
total ocean heat uptake in the deep ocean are sparse, leading to limited knowledge of the transport of heat between and within ocean basins.
Major ocean deoxygenation is taking place in bodies of water inland, at estuaries, and in the
coastal and the open ocean (high confidence). Regionally, the phenomenon is exacerbated by local
changes in weather, ocean circulation, and continental inputs to the oceans.

Key Message 4
Rising Global Sea Levels
Global average sea level has risen by about 7–8 inches (16–21 cm) since 1900, with almost half
this rise occurring since 1993 as oceans have warmed and land-based ice has melted (very high
confidence). Relative to the year 2000, sea level is very likely to rise 1 to 4 feet (0.3 to 1.3 m)
by the end of the century (medium confidence). Emerging science regarding Antarctic ice sheet
stability suggests that, for higher scenarios, a rise exceeding 8 feet (2.4 m) by 2100 is physically
possible, although the probability of such an extreme outcome cannot currently be assessed.
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Description of evidence base
Multiple researchers, using different statistical approaches, have integrated tide gauge records
to estimate global mean sea level (GMSL) rise since the late 19th century (e.g., Church and White
2006, 2011; Hay et al. 2015; Jevrejeva et al. 200961,73,74,256). The most recent published rate estimates
are 1.2 ± 0.2 mm/year73 or 1.5 ± 0.2 mm/year74 over 1901–1990. Thus, these results indicate about
4–5 inches (11–14 cm) of GMSL rise from 1901 to 1990. Tide gauge analyses indicate that GMSL rose
at a considerably faster rate of about 0.12 inches/year (3 mm/year) since 1993,73,74 a result supported by satellite data indicating a trend of 0.13 inches/year (3.4 ± 0.4 mm/year) over 1993–2015
(update to Nerem et al. 2010;75 see also Sweet et al. 2017,57 Figure 12.3a). These results indicate an
additional GMSL rise of about 3 inches (7 cm) since 1990. Thus, total GMSL rise since 1900 is about
7–8 inches (18–21 cm).
The finding regarding the historical context of the 20th-century change is based upon Kopp et
al. (2016),58 who conducted a meta-analysis of geological regional sea level (RSL) reconstructions,
spanning the last 3,000 years, from 24 locations around the world, as well as tide gauge data from
66 sites and the tide-gauge-based GMSL reconstruction of Hay et al. (2015).73 By constructing a
spatiotemporal statistical model of these datasets, they identified the common global sea level
signal over the last three millennia, and its uncertainties. They found a 95% probability that the
average rate of GMSL change over 1900–2000 was greater than during any preceding century in at
least 2,800 years.
The lower bound of the very likely range is based on a continuation of the observed, approximately
3 mm/year rate of GMSL rise. The upper end of the very likely range is based on estimates for a
higher scenario (RCP8.5) from three studies producing fully probabilistic projections across multiple RCPs. Kopp et al.(2014)77 fused multiple sources of information accounting for the different
individual process contributing to GMSL rise. Kopp et al. (2016)58 constructed a semi-empirical
sea level model calibrated to the Common Era sea level reconstruction. Mengel et al. (2016)257
constructed a set of semi-empirical models of the different contributing processes. All three
studies show negligible scenario dependence in the first half of this century but increasing in
prominence in the second half of the century. A sensitivity study by Kopp et al. (2014),77 as well as
studies by Jevrejeva et al. (2014)78 and by Jackson and Jevrejeva (2016),258 used frameworks similar
to Kopp et al. (2016)58 but incorporated an expert elicitation study on ice sheet stability.259 (This
study was incorporated in the main results of Kopp et al. 201477 with adjustments for consistency
with Church et al. 2013.56) These studies extend the very likely range for RCP8.5 as high as 5–6
feet (160–180 cm; see Kopp et al. 2014, sensitivity study; Jevrejeva et al. 2014; Jackson and Jevrejeva
201677,78,258).
As described in Sweet et al. (2017),57 Miller et al. (2013),260 and Kopp et al. (2017),77 several lines of
arguments exist that support a plausible worst-case GMSL rise scenario in the range of 2.0 m
to 2.7 m by 2100. Pfeffer et al. (2008)261 constructed a “worst-case” 2.0 m scenario, based on
acceleration of mass loss from Greenland, that assumed a 30 cm GMSL contribution from thermal
expansion. However, Sriver et al. (2012)262 find a physically plausible upper bound from thermal
expansion exceeding 50 cm (an additional ~20-cm increase). The ~60 cm maximum contribution
by 2100 from Antarctica in Pfeffer et al. (2008)261 could be exceeded by ~30 cm, assuming the 95th
percentile for Antarctic melt rate (~22 mm/year) of the Bamber and Aspinall (2013)259 expert elicitation study is achieved by 2100 through a linear growth in melt rate. The Pfeffer et al. (2008)261
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study did not include the possibility of a net decrease in land-water storage due to groundwater
withdrawal; Church et al. (2013)56 find a likely land-water storage contribution to 21st century
GMSL rise of −1 cm to +11 cm. These arguments all point to the physical plausibility of GMSL rise in
excess of 8 feet (240 cm).
Additional arguments come from model results examining the effects of marine ice-cliff collapse
and ice-shelf hydro-fracturing on Antarctic loss rates.80 To estimate the effect of incorporating the
DeConto and Pollard (2016)80 projections of Antarctic ice sheet melt, Kopp et al. (2017)81 substituted
the bias-corrected ensemble of DeConto and Pollard80 into the Kopp et al. (2014)77 framework. This
elevates the projections for 2100 to 3.1–8.9 feet (93–243 cm) for RCP8.5, 1.6–5.2 feet (50–158 cm) for
RCP4.5, and 0.9–3.2 feet (26–98 cm) for RCP2.6. DeConto and Pollard (2016)80 is just one study, not
designed in a manner intended to produce probabilistic projections, and so these results cannot
be used to ascribe probability; they do, however, support the physical plausibility of GMSL rise in
excess of 8 feet.
Very likely ranges, 2030 relative to 2000 in cm (feet)
Kopp et al. (2014)77

Kopp et al. (2016)58

Kopp et al. (2017)81
DP16

Mengel et al. (2016)257

RCP8.5 (higher)

11–18 (0.4–0.6)

8–15 (0.3–0.5)

6–22 (0.2–0.7)

7–12 (0.2–0.4)

RCP4.5 (lower)

10–18 (0.3–0.6)

8–15 (0.3–0.5)

6–23 (0.2–0.8)

7–12 (0.2–0.4)

RCP2.6 (very low)

10–18 (0.3–0.6)

8–15 (0.3–0.5)

6–23 (0.2–0.8)

7–12 (0.2–0.4)

Very likely ranges, 2050 relative to 2000 in cm (feet)
Kopp et al. (2014)77

Kopp et al. (2016)58

Kopp et al. (2017)81
DP16

Mengel et al. (2016)257

RCP8.5 (higher)

21–38 (0.7–1.2)

16–34 (0.5–1.1)

17–48 (0.6–1.6)

15–28 (0.5–0.9)

RCP4.5 (lower)

18–35 (0.6–1.1)

15–31 (0.5–1.0)

14–43 (0.5–1.4)

14–25 (0.5–0.8)

RCP2.6 (very low)

18–33 (0.6–1.1)

14–29 (0.5–1.0)

12–41 (0.4–1.3)

13–23 (0.4–0.8)

Very likely ranges, 2100 relative to 2000 in cm (feet)
Kopp et al. (2014)77

Kopp et al.
(2016)58

Kopp et al. (2017)81
DP16

Mengel et al. (2016)257

RCP8.5 (higher)

55–121 (1.8–4.0)

52–131 (1.7–4.3)

93–243 (3.1–8.0)

57–131 (1.9–4.3)

RCP4.5 (lower)

36–93 (1.2–3.1)

33–85 (1.1–2.8)

50–158 (1.6–5.2)

37–77 (1.2–2.5)

RCP2.6 (very low)

29–82 (1.0–2.7)

24–61 (0.8–2.0)

26–98 (0.9–3.2)

28–56 (0.9–1.8)

Major uncertainties
Uncertainties in reconstructed GMSL change relate to the sparsity of tide gauge records, particularly before the middle of the 20th century, and to different statistical approaches for estimating
GMSL change from these sparse records. Uncertainties in reconstructed GMSL change before
the twentieth century also relate to the sparsity of geological proxies for sea level change, the
interpretation of these proxies, and the dating of these proxies. Uncertainty in attribution relates
to the reconstruction of past changes and the magnitude of unforced variability.
Since NCA3, multiple different approaches have been used to generate probabilistic projections
of GMSL rise, conditional upon the RCPs. These approaches are in general agreement. However, emerging results indicate that marine-based sectors of the Antarctic ice sheet are more
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unstable than previous modeling indicated. The rate of ice sheet mass changes remains challenging to project.

Description of confidence and likelihood
This Key Message is based upon multiple analyses of tide gauge and satellite altimetry records, on
a meta-analysis of multiple geological proxies for pre-instrumental sea level change, and on both
statistical and physical analyses of the human contribution to GMSL rise since 1900.
It is also based upon multiple methods for estimating the probability of future sea level change and
on new modeling results regarding the stability of marine-based ice in Antarctica.
Confidence is very high in the rate of GMSL rise since 1900, based on multiple different approaches to estimating GMSL rise from tide gauges and satellite altimetry. Confidence is high in the
substantial human contribution to GMSL rise since 1900, based on both statistical and physical
modeling evidence. There is medium confidence that the magnitude of the observed rise since
1900 is unprecedented in the context of the previous 2,700 years, based on meta-analysis of
geological proxy records.
There is very high confidence that GMSL rise over the next several decades will be at least as fast
as a continuation of the historical trend over the last quarter century would indicate. There is
medium confidence in the upper end of very likely ranges for 2030 and 2050. Due to possibly large
ice sheet contributions, there is low confidence in the upper end of very likely ranges for 2100.
Based on multiple projection methods, there is high confidence that differences between scenarios
are small before 2050 but significant beyond 2050.

Key Message 5
Increasing U.S. Temperatures
Annual average temperature over the contiguous United States has increased by 1.2ºF (0.7°C)
over the last few decades and by 1.8°F (1°C) relative to the beginning of the last century (very
high confidence). Additional increases in annual average temperature of about 2.5°F (1.4°C)
are expected over the next few decades regardless of future emissions, and increases ranging
from 3°F to 12°F (1.6°–6.6°C) are expected by the end of century, depending on whether the
world follows a higher or lower future scenario, with proportionally greater changes in high
temperature extremes (high confidence).

Description of evidence base
The Key Message and supporting text summarize extensive evidence documented in the climate
science literature. Similar statements about changes exist in other reports (e.g., NCA3,1 Climate
Change Impacts in the United States,263 SAP 1.1: Temperature trends in the lower atmosphere264).
Evidence for changes in U.S. climate arises from multiple analyses of data from in situ, satellite,
and other records undertaken by many groups over several decades. The primary dataset for
surface temperatures in the United States is nClimGrid,85,152 though trends are similar in the U.S.
Historical Climatology Network, the Global Historical Climatology Network, and other datasets.
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Several atmospheric reanalyses (e.g., 20th Century Reanalysis, Climate Forecast System Reanalysis,
ERA-Interim, and Modern Era Reanalysis for Research and Applications) confirm rapid warming at
the surface since 1979, and observed trends closely track the ensemble mean of the reanalyses.265
Several recently improved satellite datasets document changes in middle tropospheric temperatures.7,266 Longer-term changes are depicted using multiple paleo analyses (e.g., Trouet et al. 2013,
Wahl and Smerdon 201286,267).
Evidence for changes in U.S. climate arises from multiple analyses of in situ data using widely
published climate extremes indices. For the analyses presented here, the source of in situ data is
the Global Historical Climatology Network–Daily dataset.268 Changes in extremes were assessed
using long-term stations with minimal missing data to avoid network-induced variability on the
long-term time series. Cold wave frequency was quantified using the Cold Spell Duration Index,269
heat wave frequency was quantified using the Warm Spell Duration Index,269 and heat wave intensity was quantified using the Heat Wave Magnitude Index Daily.270 Station-based index values were
averaged into 4° grid boxes, which were then area-averaged into a time series for the contiguous
United States. Note that a variety of other threshold and percentile-based indices were also evaluated, with consistent results (e.g., the Dust Bowl was consistently the peak period for extreme
heat). Changes in record-setting temperatures were quantified, as in Meehl et al. (2016).13
Projections are based on global model results and associated downscaled products from CMIP5 for
a lower scenario (RCP4.5) and a higher scenario (RCP8.5). Model weighting is employed to refine
projections for each RCP. Weighting parameters are based on model independence and skill over
North America for seasonal temperature and annual extremes. The multimodel mean is based on
32 model projections that were statistically downscaled using the LOcalized Constructed Analogs
technique.247 The range is defined as the difference between the average increase in the three
coolest models and the average increase in the three warmest models. All increases are significant
(i.e., more than 50% of the models show a statistically significant change, and more than 67%
agree on the sign of the change).271

Major uncertainties
The primary uncertainties for surface data relate to historical changes in station location,
temperature instrumentation, observing practice, and spatial sampling (particularly in areas and
periods with low station density, such as the intermountain West in the early 20th century). Much
research has been done to account for these issues, resulting in techniques that make adjustments
at the station level to improve the homogeneity of the time series (e.g., Easterling and Peterson
1995, Menne and Williams 2009272,273). Further, Easterling et al. (1996)274 examined differences in
area-averaged time series at various scales for homogeneity-adjusted temperature data versus
non-adjusted data and found that when the area reached the scale of the NCA regions, little differences were found. Satellite records are similarly impacted by non-climatic changes such as orbital
decay, diurnal sampling, and instrument calibration to target temperatures. Several uncertainties
are inherent in temperature-sensitive proxies, such as dating techniques and spatial sampling.
Global climate models are subject to structural and parametric uncertainty, resulting in a range
of estimates of future changes in average temperature. This is partially mitigated through the use
of model weighting and pattern scaling. Furthermore, virtually every ensemble member of every
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model projection contains an increase in temperature by mid- and late-century. Empirical downscaling introduces additional uncertainty (e.g., with respect to stationarity).

Description of confidence and likelihood
There is very high confidence in trends since 1895, based on the instrumental record, since this is a
long-term record with measurements made with relatively high precision. There is high confidence
for trends that are based on surface/satellite agreement since 1979, since this is a shorter record.
There is medium confidence for trends based on paleoclimate data, as this is a long record but with
relatively low precision.
There is very high confidence in observed changes in average annual and seasonal temperature
and observed changes in temperature extremes over the United States, as these are based upon
the convergence of evidence from multiple data sources, analyses, and assessments including the
instrumental record.
There is high confidence that the range of projected changes in average temperature and
temperature extremes over the United States encompasses the range of likely change, based
upon the convergence of evidence from basic physics, multiple model simulations, analyses,
and assessments.

Key Message 6
Changing U.S. Precipitation
Annual precipitation since the beginning of the last century has increased across most of the
northern and eastern United States and decreased across much of the southern and western
United States. Over the coming century, significant increases are projected in winter and spring
over the Northern Great Plains, the Upper Midwest, and the Northeast (medium confidence).
Observed increases in the frequency and intensity of heavy precipitation events in most parts of
the United States are projected to continue (high confidence). Surface soil moisture over most
of the United States is likely to decrease (medium confidence), accompanied by large declines in
snowpack in the western United States (high confidence)and shifts to more winter precipitation
falling as rain rather than snow (medium confidence).

Description of evidence base
The Key Message and supporting text summarize extensive evidence documented in the climate
science peer-reviewed literature and previous National Climate Assessments (e.g., Karl et al. 2009,
Walsh et al. 201488,263). Evidence of long-term changes in precipitation is based on analysis of daily
precipitation observations from the U.S. Cooperative Observer Network (http://www.nws.noaa.
gov/om/coop/) and shown in Easterling et al. (2017),94 Figure 7.1. Published work, such as the Third
National Climate Assessment and Figure 7.1,94 show important regional and seasonal differences in
U.S. precipitation change since 1901.
Numerous papers have been written documenting observed changes in heavy precipitation
events in the United States (e.g., Kunkel et al. 2003, Groisman et al. 2004275,276), which were cited
in the Third National Climate Assessment, as well as those cited in this assessment. Although
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station-based analyses (e.g., Westra et al. 2013277) do not show large numbers of statistically
significant station-based trends, area averaging reduces the noise inherent in station-based data
and produces robust increasing signals (see Easterling et al. 2017,94 Figures 7.2 and 7.3). Evidence
of long-term changes in precipitation is based on analysis of daily precipitation observations from
the U.S. Cooperative Observer Network (http://www.nws.noaa.gov/om/coop/) and shown in
Easterling et al. (2017),94 Figures 7.2, 7.3, and 7.4.
Evidence of historical changes in snow cover extent and reduction in extreme snowfall years is
consistent with our understanding of the climate system’s response to increasing greenhouse
gases. Furthermore, climate models continue to consistently show future declines in snowpack in
the western United States. Recent model projections for the eastern United States also confirm a
future shift from snowfall to rainfall during the cold season in colder portions of the central and
eastern United States. Each of these changes is documented in the peer-reviewed literature and
cited in the main text of this chapter.
Evidence of future change in precipitation is based on climate model projections and our
understanding of the climate system’s response to increasing greenhouse gases, and on regional
mechanisms behind the projected changes. In particular, Figure 7.7 in Easterling et al. (2017)94
documents projected changes in the 20-year return period amount using the LOCA data, and
Figure 7.694 shows changes in 2-day totals for the 5-year return period using the CMIP5 suite of
models. Each figure shows robust changes in extreme precipitation events as they are defined in
the figure. However, Figure 7.594 shows changes in seasonal and annual precipitation and shows
where confidence in the changes is higher based on consistency between the models, and there
are large areas where the projected change is uncertain.

Major uncertainties
The main issue that relates to uncertainty in historical trends is the sensitivity of observed precipitation trends to the spatial distribution of observing stations and to historical changes in station
location, rain gauges, the local landscape, and observing practices. These issues are mitigated
somewhat by new methods to produce spatial grids152 through time.
This includes the sensitivity of observed snow changes to the spatial distribution of observing
stations and to historical changes in station location, rain gauges, and observing practices, particularly for snow. Future changes in the frequency and intensity of meteorological systems causing
heavy snow are less certain than temperature changes.
A key issue is how well climate models simulate precipitation, which is one of the more challenging aspects of weather and climate simulation. In particular, comparisons of model projections
for total precipitation (from both CMIP3 and CMIP5; see Sun et al. 2015271) by NCA3 region show a
spread of responses in some regions (e.g., Southwest) such that they are opposite from the ensemble average response. The continental United States is positioned in the transition zone between
expected drying in the subtropics and projected wetting in the mid- and higher latitudes. There
are some differences in the location of this transition between CMIP3 and CMIP5 models, and thus
there remains uncertainty in the exact location of the transition zone.
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Description of confidence and likelihood
Confidence is medium that precipitation has increased and high that heavy precipitation events
have increased in the United States. Furthermore, confidence is also high that the important
regional and seasonal differences in changes documented here are robust.
Based on evidence from climate model simulations and our fundamental understanding of the
relationship of water vapor to temperature, confidence is high that extreme precipitation will
increase in all regions of the United States. However, based on the evidence and understanding of
the issues leading to uncertainties, confidence is medium that more total precipitation is projected
for the northern United States and less for the Southwest.
Based on the evidence and understanding of the issues leading to uncertainties, confidence is
medium that average annual precipitation has increased in the United States. Furthermore, confidence is also medium that the important regional and seasonal differences in changes documented in the text and in Figure 7.1 in Easterling et al. (2017)94 are robust.
Given the evidence base and uncertainties, confidence is medium that snow cover extent has
declined in the United States and medium that extreme snowfall years have declined in recent
years. Confidence is high that western U.S. snowpack will decline in the future, and confidence
is medium that a shift from snow domination to rain domination will occur in the parts of the
central and eastern United States cited in the text, as well as that soil moisture in the surface (top
10cm) will decrease.

Key Message 7
Rapid Arctic Change
In the Arctic, annual average temperatures have increased more than twice as fast as the global
average, accompanied by thawing permafrost and loss of sea ice and glacier mass (very high
confidence). Arctic-wide glacial and sea ice loss is expected to continue; by mid-century, it is
very likely that the Arctic will be nearly free of sea ice in late summer (very high confidence).
Permafrost is expected to continue to thaw over the coming century as well, and the carbon
dioxide and methane released from thawing permafrost has the potential to amplify humaninduced warming, possibly significantly (high confidence).

Description of evidence base
Annual average near-surface air temperatures across Alaska and the Arctic have increased over
the last 50 years at a rate more than twice the global average. Observational studies using groundbased observing stations and satellites analyzed by multiple independent groups support this
finding. The enhanced sensitivity of the arctic climate system to anthropogenic forcing is also
supported by climate modeling evidence, indicating a solid grasp on the underlying physics. These
multiple lines of evidence provide very high confidence of enhanced arctic warming with potentially significant impacts on coastal communities and marine ecosystems.
This aspect of the Key Message is supported by observational evidence from ground-based
observing stations, satellites, and data model temperature analyses from multiple sources and
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independent analysis techniques.117,118,119,120,121,136,278 For more than 40 years, climate models have
predicted enhanced arctic warming, indicating a solid grasp of the underlying physics and positive
feedbacks driving the accelerated arctic warming.26,279,280 Lastly, similar statements have been made
in NCA3,1 IPCC AR5,120 and in other arctic-specific assessments such as the Arctic Climate Impacts
Assessment281 and the Snow, Water, Ice and Permafrost in the Arctic assessment report.129
Permafrost is thawing, becoming more discontinuous, and releasing carbon dioxide (CO2) and
methane (CH4). Observational and modeling evidence indicates that permafrost has thawed and
released additional CO2 and CH4, indicating that the permafrost–carbon feedback is positive,
accounting for additional warming of approximately 0.08ºC to 0.50ºC on top of climate model
projections. Although the magnitude and timing of the permafrost–carbon feedback are uncertain
due to a range of poorly understood processes (deep soil and ice wedge processes, plant carbon
uptake, dependence of uptake and emissions on vegetation and soil type, and the role of rapid
permafrost thaw processes such as thermokarst), emerging science and the newest estimates
continue to indicate that this feedback is more likely on the larger side of the range. Impacts of
permafrost thaw and the permafrost–carbon feedback complicate our ability to limit future temperature changes by adding a currently unconstrained radiative forcing to the climate system.
This part of the Key Message is supported by observational evidence of warming permafrost
temperatures and a deepening active layer, in situ gas measurements, laboratory incubation
experiments of CO2 and CH4 release, and model studies.126,127,282,283,284,285 Alaska and arctic permafrost
characteristics have responded to increased temperatures and reduced snow cover in most
regions since the 1980s, with colder permafrost warming faster than warmer permafrost.127,129,286
Large carbon soil pools (approximately half of the global below-ground organic carbon pool) are
stored in permafrost soil,287,288 with the potential to be released. Thawing permafrost makes previously frozen organic matter available for microbial decomposition. In situ gas flux measurements
have directly measured the release of CO2 and CH4 from arctic permafrost.289,290 The specific
conditions of microbial decomposition, aerobic or anaerobic, determine the relative production of
CO2 and CH4. This distinction is significant as CH4 is a much more powerful greenhouse gas than
CO2.17 However, incubation studies indicate that 3.4 times more carbon is released under aerobic
conditions than anaerobic conditions, leading to a 2.3 times stronger radiative forcing under
aerobic conditions.284 Combined data and modeling studies suggest that the impact of the permafrost–carbon feedback on global temperatures could amount to +0.52° ± 0.38°F (+0.29° ± 0.21°C) by
2100.124 Chadburn et al. (2017)291 infer the sensitivity of permafrost area to globally averaged warming to be 1.5 million square miles (4 million square km), constraining a group of climate models
with the observed spatial distribution of permafrost; this sensitivity is 20% higher than previous
studies. Permafrost thaw is occurring faster than models predict due to poorly understood deep
soil, ice wedge, and thermokarst processes.125,282,285,292 Additional uncertainty stems from the surprising uptake of methane from mineral soils293 and dependence of emissions on vegetation and
soil properties.294 The observational and modeling evidence supports the Key Message that the
permafrost–carbon feedback is positive (i.e., amplifies warming).
Arctic land and sea ice loss observed in the last three decades continues, in some cases accelerating. A diverse range of observational evidence from multiple data sources and independent
analysis techniques provides consistent evidence of substantial declines in arctic sea ice extent,
thickness, and volume since at least 1979, mountain glacier melt over the last 50 years, and
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accelerating mass loss from Greenland. An array of different models and independent analyses
indicate that future declines in ice across the Arctic are expected, resulting in late summers in the
Arctic very likely becoming ice free by mid-century.
This final aspect of the Key Message is supported by observational evidence from multiple
ground-based and satellite-based observational techniques (including passive microwave, laser
and radar altimetry, and gravimetry) analyzed by independent groups using different techniques
reaching similar conclusions.127,128,131,136,257,295,296,297Additionally, the U.S. Geological Survey repeat
photography database shows the glacier retreat for many Alaska glaciers (Taylor et al. 2017,122
Figure 11.4). Several independent model analysis studies using a wide array of climate models and
different analysis techniques indicate that sea ice loss will continue across the Arctic, very likely
resulting in late summers becoming nearly ice-free by mid-century.26,147,149

Major uncertainties
The lack of high-quality data and the restricted spatial resolution of surface and ground temperature data over many arctic land regions, coupled with the fact that there are essentially no measurements over the Central Arctic Ocean, hampers the ability to better refine the rate of arctic
warming and completely restricts our ability to quantify and detect regional trends, especially
over the sea ice. Climate models generally produce an arctic warming between two to three times
the global mean warming. A key uncertainty is our quantitative knowledge of the contributions
from individual feedback processes in driving the accelerated arctic warming. Reducing this
uncertainty will help constrain projections of future arctic warming.
A lack of observations affects not only the ability to detect trends but also to quantify a potentially
significant positive feedback to climate warming: the permafrost–carbon feedback. Major uncertainties are related to deep soil and thermokarst processes, as well as the persistence or degradation of massive ice (e.g., ice wedges) and the dependence of CO2 and CH4 uptake and production
on vegetation and soil properties. Uncertainties also exist in relevant soil processes during and
after permafrost thaw, especially those that control unfrozen soil carbon storage and plant carbon
uptake and net ecosystem exchange. Many processes with the potential to drive rapid permafrost
thaw (such as thermokarst) are not included in current Earth System Models.
Key uncertainties remain in the quantification and modeling of key physical processes that contribute to the acceleration of land and sea ice melting. Climate models are unable to capture the
rapid pace of observed sea and land ice melt over the last 15 years; a major factor is our inability to
quantify and accurately model the physical processes driving the accelerated melting. The interactions between atmospheric circulation, ice dynamics and thermodynamics, clouds, and specifically the influence on the surface energy budget are key uncertainties. Mechanisms controlling
marine-terminating glacier dynamics, specifically the roles of atmospheric warming, seawater
intrusions under floating ice shelves, and the penetration of surface meltwater to the glacier bed,
are key uncertainties in projecting Greenland ice sheet melt.

Description of confidence and likelihood
Thre is very high confidence that the arctic surface and air temperatures have warmed across
Alaska and the Arctic at a much faster rate than the global average is provided by the multiple
datasets analyzed by multiple independent groups indicating the same conclusion. Additionally,
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climate models capture the enhanced warming in the Arctic, indicating a solid understanding of
the underlying physical mechanisms.
There is high confidence that permafrost is thawing, becoming discontinuous, and releasing
CO2 and CH4. Physically based arguments and observed increases in CO2 and CH4 emissions as
permafrost thaws indicate that the feedback is positive. This confidence level is justified based on
observations of rapidly changing permafrost characteristics.
There is very high confidence that arctic sea and land ice melt is accelerating and mountain glacier
ice mass is declining, given the multiple observational sources and analysis techniques documented in the peer-reviewed climate science literature.

Key Message 8
Changes in Severe Storms
Human-induced change is affecting atmospheric dynamics and contributing to the poleward
expansion of the tropics and the northward shift in Northern Hemisphere winter storm tracks
since the 1950s (medium to high confidence). Increases in greenhouse gases and decreases
in air pollution have contributed to increases in Atlantic hurricane activity since 1970 (medium
confidence). In the future, Atlantic and eastern North Pacific hurricane rainfall (high confidence)
and intensity (medium confidence) are projected to increase, as are the frequency and severity
of landfalling “atmospheric rivers” on the West Coast (medium confidence).

Description of evidence base
The tropics have expanded poleward in each hemisphere over the period 1979–2009 (medium to
high confidence) as shown by a large number of studies using a variety of metrics, observations,
and reanalysis. Modeling studies and theoretical considerations illustrate that human activities
like increases in greenhouse gases, ozone depletion, and anthropogenic aerosols cause a widening
of the tropics. There is medium confidence that human activities have contributed to the observed
poleward expansion, taking into account uncertainties in the magnitude of observed trends and a
possible large contribution of natural climate variability.
The first part of the Key Message is supported by statements of the previous international IPCC
AR5 assessment120 and a large number of more recent studies that examined the magnitude of the
observed tropical widening and various causes.95,161,298,299,300,301,302,303,304,305 Additional evidence for
an impact of greenhouse gas increases on the widening of the tropical belt and poleward shifts
of the midlatitude jets is provided by the diagnosis of CMIP5 simulations.306,307 There is emerging
evidence for an impact of anthropogenic aerosols on the tropical expansion in the Northern
Hemisphere.308,309 Recent studies provide new evidence on the significance of internal variability
on recent changes in the tropical width.302,310,311
Models are generally in agreement that tropical cyclones will be more intense and have higher
precipitation rates, at least in most basins. Given the agreement among models and support
of theory and mechanistic understanding, there is medium to high confidence in the overall
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projection, although there is some limitation on confidence levels due to the lack of a supporting
detectable anthropogenic contribution to tropical cyclone intensities or precipitation rates.
The second part of the Key Message is also based on extensive evidence documented in the climate science literature and is similar to statements made in previous national (NCA3)1 and international249 assessments. Since these assessments, more recent downscaling studies have further
supported these assessments (e.g., Knutson et al. 2015170), though pointing out that the changes
(future increased intensity and tropical cyclone precipitation rates) may not occur in all basins.
Increases in atmospheric river frequency and intensity are expected along the U.S. West Coast,
leading to the likelihood of more frequent flooding conditions, with uncertainties remaining in
the details of the spatial structure of these systems along the coast (for example, northern vs.
southern California). Evidence for the expectation of an increase in the frequency and severity of
landfalling atmospheric rivers on the U.S. West Coast comes from the CMIP-based climate change
projection studies of Dettinger (2011),163 Warner et al. (2015),164 Payne and Magnusdottir (2015),312
Gao et al. (2015),165 Radić et al. (2015),313 and Hagos et al. (2016).314 The close connection between
atmospheric rivers and water availability and flooding is based on the present-day observation
studies of Guan et al. (2010),315 Dettinger (2011),163 Ralph et al. (2006),316 Neiman et al. (2011),317 Moore
et al. (2012),318 and Dettinger (2013).319

Major uncertainties
The rate of observed expansion of the tropics depends on which metric is used.161 The linkages
between different metrics are not fully explored. Uncertainties also result from the utilization of
reanalysis to determine trends and from limited observational records of free atmosphere circulation, precipitation, and evaporation. The dynamical mechanisms behind changes in the width of
the tropical belt (e.g., tropical–extratropical interactions, baroclinic eddies) are not fully understood. There is also a limited understanding of how various climate forcings, such as anthropogenic aerosols, affect the width of the tropics. The coarse horizontal and vertical resolution of global
climate models may limit the ability of these models to properly resolve latitudinal changes in the
atmospheric circulation. Limited observational records affect the ability to accurately estimate the
contribution of natural decadal to multi-decadal variability on observed expansion of the tropics.
A key uncertainty in tropical cyclones (TCs) is the lack of a supporting detectable anthropogenic
signal in the historical data to add further confidence to these projections. As such, confidence
in the projections is based on agreement among different modeling studies and physical understanding (for example, potential intensity theory for TC intensities and the expectation of stronger
moisture convergence, and thus higher precipitation rates, in TCs in a warmer environment
containing greater amounts of environmental atmospheric moisture). Additional uncertainty
stems from uncertainty in both the projected pattern and magnitude of future SST.170
In terms of atmospheric rivers (ARs), a modest uncertainty remains in the lack of a supporting
detectable anthropogenic signal in the historical data to add further confidence to these projections. However, the overall increase in ARs projected/expected is based to a very large degree on
very high confidence that the atmospheric water vapor will increase. Thus, increasing water vapor
coupled with little projected change in wind structure/intensity still indicates increases in the
frequency/intensity of ARs. A modest uncertainty arises in quantifying the expected change at a
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regional level (for example, northern Oregon, versus southern Oregon), given that there are some
changes expected in the position of the jet stream that might influence the degree of increase
for different locations along the west coast. Uncertainty in the projections of the number and
intensity of ARs is introduced by uncertainties in the models’ ability to represent ARs and their
interactions with climate.

Description of confidence and likelihood
There is medium to high confidence that the tropics and related features of the global circulation
have expanded poleward is based upon the results of a large number of observational studies,
using a wide variety of metrics and datasets, which reach similar conclusions. A large number
of studies utilizing modeling of different complexity and theoretical considerations provide
compounding evidence that human activities like increases in greenhouse gases, ozone depletion,
and anthropogenic aerosols contributed to the observed poleward expansion of the tropics.
Climate models forced with these anthropogenic drivers cannot explain the observed magnitude
of tropical expansion, and some studies suggest a possibly large contribution of internal variability.
These multiple lines of evidence lead to the conclusion of medium confidence that human activities
contributed to observed expansion of the tropics.
Confidence is rated as high in tropical cyclone rainfall projections and medium in intensity
projections since there are a number of publications supporting these overall conclusions, fairly
well-established theory, general consistency among different studies, varying methods used in
studies, and still a fairly strong consensus among studies. However, a limiting factor for confidence in the results is the lack of a supporting detectable anthropogenic contribution in observed
tropical cyclone data.
There is low to medium confidence for increased occurrence of the most intense tropical cyclones
for most basins, as there are relatively few formal studies focused on these changes, and the
change in occurrence of such storms would be enhanced by increased intensities but reduced by
decreased overall frequency of tropical cyclones.
Confidence in this finding on atmospheric rivers is rated as medium based on qualitatively similar
projections among different studies.

Key Message 9
Increases in Coastal Flooding
Regional changes in sea level rise and coastal flooding are not evenly distributed across the
United States; ocean circulation changes, sinking land, and Antarctic ice melt will result in
greater-than-average sea level rise for the Northeast and western Gulf of Mexico under lower
scenarios and most of the U.S. coastline other than Alaska under higher scenarios (very high
confidence). Since the 1960s, sea level rise has already increased the frequency of high tide
flooding by a factor of 5 to 10 for several U.S. coastal communities. The frequency, depth, and
extent of tidal flooding are expected to continue to increase in the future (high confidence), as
is the more severe flooding associated with coastal storms, such as hurricanes and nor’easters
(low confidence).
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Description of evidence base
The part of the Key Message regarding the existence of geographic variability is based upon a
broader observational, modeling, and theoretical literature. The specific differences are based
upon the scenarios described by the Federal Interagency Sea Level Rise Task Force.76 The processes that cause geographic variability in regional sea level (RSL) change are also reviewed by Kopp
et al. (2015).320 Long tide gauge datasets reveal where RSL rise is largely driven by vertical land
motion due to glacio-isostatic adjustment and fluid withdrawal along many U.S. coastlines.321,322
These observations are corroborated by glacio-isostatic adjustment models, by global positioning
satellite (GPS) observations, and by geological data (e.g., Engelhart and Horton 2012323). The physics
of the gravitational, rotational, and flexural “static-equilibrium fingerprint” response of sea level to
redistribution of mass from land ice to the oceans is well-established.324,325 GCM studies indicate
the potential for a Gulf Stream contribution to sea level rise in the U.S. Northeast.326,327 Kopp et
al. (2014)77 and Slangen et al. (2014)59 accounted for land motion (only glacial isostatic adjustment
for Slangen et al.), fingerprint, and ocean dynamic responses. Comparing projections of local RSL
change and GMSL change in these studies indicates that local rise is likely to be greater than the
global average along the U.S. Atlantic and Gulf Coasts and less than the global average in most of
the Pacific Northwest. Sea level rise projections in this report were developed by a Federal Interagency Sea Level Rise Task Force.76
The frequency, extent, and depth of extreme event-driven (e.g., 5- to 100-year event probabilities)
coastal flooding relative to existing infrastructure will continue to increase in the future as local
RSL rises.57,76,77,328,329,330,331,332,333 These projections are based on modeling studies of future hurricane
characteristics and associated increases in major storm surge risk amplification. Extreme flood
probabilities will increase regardless of changes in storm characteristics, which may exacerbate
such changes. Model-based projections of tropical storms and related major storm surges within
the North Atlantic mostly agree that intensities and frequencies of the most intense storms will
increase this century.190,334,335,336,337 However, the projection of increased hurricane intensity is more
robust across models than the projection of increased frequency of the most intense storms. A
number of models project a decrease in the overall number of tropical storms and hurricanes in
the North Atlantic, although high-resolution models generally project increased mean hurricane
intensity (e.g., Knutson et al. 2013190). In addition, there is model evidence for a change in tropical
cyclone tracks in warm years that minimizes the increase in landfalling hurricanes in the U.S.
mid-Atlantic or Northeast.338

Major uncertainties
Since NCA3,1 multiple authors have produced global or regional studies synthesizing the major
process that causes global and local sea level change to diverge. The largest sources of uncertainty
in the geographic variability of sea level change are ocean dynamic sea level change and, for those
regions where sea level fingerprints for Greenland and Antarctica differ from the global mean in
different directions, the relative contributions of these two sources to projected sea level change.
Uncertainties remain large with respect to the precise change in future risk of a major coastal
impact at a specific location from changes in the most intense tropical cyclone characteristics and
tracks beyond changes imposed from local sea level rise.

U.S. Global Change Research Program

119

Fourth National Climate Assessment

2 | Our Changing Climate - Traceable Accounts
Description of confidence and likelihood
Because of the enumerated physical processes, there is very high confidence that RSL change will
vary across U.S. coastlines. There is high confidence in the likely differences of RSL change from
GMSL change under different levels of GMSL change, based on projections incorporating the
different relevant processes. There is low confidence that the flood risk at specific locations will be
amplified from a major tropical storm this century.

Key Message 10
Long-Term Changes
The climate change resulting from human-caused emissions of carbon dioxide will persist
for decades to millennia. Self-reinforcing cycles within the climate system have the potential
to accelerate human-induced change and even shift Earth’s climate system into new states
that are very different from those experienced in the recent past. Future changes outside the
range projected by climate models cannot be ruled out (very high confidence), and due to their
systematic tendency to underestimate temperature change during past warm periods, models
may be more likely to underestimate than to overestimate long-term future change (medium
confidence).

Description of evidence base
This Key Message is based on a large body of scientific literature recently summarized by Lenton
et al. (2008),197 NRC (2013),339 and Kopp et al. (2016).198 As NRC (2013)339 states, “A study of Earth’s
climate history suggests the inevitability of ‘tipping points’—thresholds beyond which major and
rapid changes occur when crossed—that lead to abrupt changes in the climate system” and “Can
all tipping points be foreseen? Probably not. Some will have no precursors, or may be triggered by
naturally occurring variability in the climate system. Some will be difficult to detect, clearly visible
only after they have been crossed and an abrupt change becomes inevitable.” As IPCC AR5 WG1
Chapter 12, Section 12.5.526 further states, “A number of components or phenomena within the
Earth system have been proposed as potentially possessing critical thresholds (sometimes referred
to as tipping points) beyond which abrupt or nonlinear transitions to a different state ensues.”
Collins et al. (2013)26 further summarize critical thresholds that can be modeled and others that
can only be identified.
This Key Message is also based on the conclusions of IPCC AR5 WG1,249 specifically Chapter
7;196 the state of the art of global models is briefly summarized in Hayhoe et al. (2017).24 This Key
Message is also based upon the tendency of global climate models to underestimate, relative to
geological reconstructions, the magnitude of both long-term global mean warming and the amplification of warming at high latitudes in past warm climates (e.g., Salzmann et al. 2013, Goldner et
al. 2014, Caballeo and Huber 2013, Lunt et al. 2012199,201,340,341).

Major uncertainties
The largest uncertainties are 1) whether proposed tipping elements actually undergo critical transitions, 2) the magnitude and timing of forcing that will be required to initiate critical transitions
in tipping elements, 3) the speed of the transition once it has been triggered, 4) the characteristics
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of the new state that results from such transition, and 5) the potential for new positive feedbacks
and tipping elements to exist that are yet unknown.
The largest uncertainties in models are structural: are the models including all the important
components and relationships necessary to model the feedbacks and, if so, are these correctly
represented in the models?

Description of confidence and likelihood
There is very high confidence in the likelihood of the existence of positive feedbacks and tipping
elements based on a large body of literature published over the last 25 years that draws from basic
physics, observations, paleoclimate data, and modeling.
There is very high confidence that some feedbacks can be quantified, others are known but cannot
be quantified, and others may yet exist that are currently unknown.
There is very high confidence that the models are incomplete representations of the real world;
and there is medium confidence that their tendency is to under- rather than overestimate the
amount of long-term future change.
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Alexander, S. Brönnimann, Y. Charabi, F.J. Dentener,
E.J. Dlugokencky, D.R. Easterling, A. Kaplan, B.J.
Soden, P.W. Thorne, M. Wild, and P.M. Zhai, 2013:
Observations: Atmosphere and surface. Climate
Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Stocker,
T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex, and P.M. Midgley,
Eds. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, 159–254. http://
www.climatechange2013.org/report/full-report/

126. Schuur, E.A.G., A.D. McGuire, C. Schadel, G. Grosse,
J.W. Harden, D.J. Hayes, G. Hugelius, C.D. Koven,
P. Kuhry, D.M. Lawrence, S.M. Natali, D. Olefeldt,
V.E. Romanovsky, K. Schaefer, M.R. Turetsky, C.C.
Treat, and J.E. Vonk, 2015: Climate change and the
permafrost carbon feedback. Nature, 520 (7546), 171179. http://dx.doi.org/10.1038/nature14338

121. Overland, J., E. Hanna, I. Hanssen-Bauer, S.-J. Kim, J.
Walsh, M. Wang, and U. Bhatt, 2014: Air Temperature
[in Arctic Report Card 2014]. ftp://ftp.oar.noaa.
gov/arctic/documents/ArcticReportCard_full_
report2014.pdf

127. Vaughan, D.G., J.C. Comiso, I. Allison, J. Carrasco, G.
Kaser, R. Kwok, P. Mote, T. Murray, F. Paul, J. Ren,
E. Rignot, O. Solomina, K. Steffen, and T. Zhang,
2013: Observations: Cryosphere. Climate Change
2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Stocker,
T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex, and P.M. Midgley,
Eds. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, 317–382. http://
www.climatechange2013.org/report/full-report/

122. Taylor, P.C., W. Maslowski, J. Perlwitz, and D.J.
Wuebbles, 2017: Arctic changes and their effects on
Alaska and the rest of the United States. Climate
Science Special Report: Fourth National Climate
Assessment, Volume I. Wuebbles, D.J., D.W. Fahey,
K.A. Hibbard, D.J. Dokken, B.C. Stewart, and T.K.
Maycock, Eds. U.S. Global Change Research Program,
Washington, DC, USA, 303-332. http://dx.doi.
org/10.7930/J00863GK
123. AMAP, 2017: Snow, Water, Ice and Permafrost in
the Arctic (SWIPA) 2017. Arctic Monitoring and
Assessment Programme (AMAP), Oslo, Norway,
269 pp. https://www.amap.no/documents/doc/
Snow-Water-Ice-and-Permafrost-in-the-ArcticSWIPA-2017/1610

128. Zemp, M., H. Frey, I. Gärtner-Roer, S.U. Nussbaumer,
M. Hoelzle, F. Paul, W. Haeberli, F. Denzinger, A.P.
Ahlstrøm, B. Anderson, S. Bajracharya, C. Baroni, L.N.
Braun, B.E. Cáceres, G. Casassa, G. Cobos, L.R. Dávila,
H. Delgado Granados, M.N. Demuth, L. Espizua, A.
Fischer, K. Fujita, B. Gadek, A. Ghazanfar, J.O. Hagen,
P. Holmlund, N. Karimi, Z. Li, M. Pelto, P. Pitte, V.V.
Popovnin, C.A. Portocarrero, R. Prinz, C.V. Sangewar,
I. Severskiy, O. Sigurðsson, A. Soruco, R. Usubaliev,
and C. Vincent, 2015: Historically unprecedented
global glacier decline in the early 21st century.
Journal of Glaciology, 61 (228), 745-762. http://dx.doi.
org/10.3189/2015JoG15J017

124. Schaefer, K., H. Lantuit, E.R. Vladimir, E.A.G. Schuur,
and R. Witt, 2014: The impact of the permafrost
carbon feedback on global climate. Environmental
Research Letters, 9 (8), 085003. http://dx.doi.
org/10.1088/1748-9326/9/8/085003

129. AMAP, 2011: Snow, Water, Ice and Permafrost in the
Arctic (SWIPA): Climate Change and the Cryosphere.
Arctic Monitoring and Assessment Programme, Oslo,
Norway, 538 pp. http://www.amap.no/documents/
download/968

U.S. Global Change Research Program

130

Fourth National Climate Assessment

2 | Our Changing Climate - References
130. Pelto, M.S., 2015: [Global climate] Alpine glaciers [in
“State of the Climate in 2014”]. Bulletin of the American
Meteorological Society, 96 (12) (7), S19-S20. http://
dx.doi.org/10.1175/2015BAMSStateoftheClimate.1

139. Pedersen, R.A., I. Cvijanovic, P.L. Langen, and B.M.
Vinther, 2016: The impact of regional arctic sea ice
loss on atmospheric circulation and the NAO. Journal
of Climate, 29 (2), 889-902. http://dx.doi.org/10.1175/
jcli-d-15-0315.1

131. Harig, C. and F.J. Simons, 2016: Ice mass loss in
Greenland, the Gulf of Alaska, and the Canadian
Archipelago: Seasonal cycles and decadal trends.
Geophysical Research Letters, 43 (7), 3150-3159.
http://dx.doi.org/10.1002/2016GL067759

140. Post, E., U.S. Bhatt, C.M. Bitz, J.F. Brodie, T.L. Fulton,
M. Hebblewhite, J. Kerby, S.J. Kutz, I. Stirling, and
D.A. Walker, 2013: Ecological consequences of seaice decline. Science, 341 (6145), 519-24. http://dx.doi.
org/10.1126/science.1235225

132. Joughin, I., S.B. Das, M.A. King, B.E. Smith, I.M. Howat,
and T. Moon, 2008: Seasonal speedup along the
western flank of the Greenland Ice Sheet. Science,
320 (5877), 781-783. http://dx.doi.org/10.1126/
science.1153288

141. Barnhart, K.R., I. Overeem, and R.S. Anderson,
2014: The effect of changing sea ice on the physical
vulnerability of Arctic coasts. The Cryosphere, 8 (5),
1777-1799. http://dx.doi.org/10.5194/tc-8-1777-2014

133. Holland, D.M., R.H. Thomas, B. de Young, M.H.
Ribergaard, and B. Lyberth, 2008: Acceleration of
Jakobshavn Isbrae triggered by warm subsurface
ocean waters. Nature Geoscience, 1 (10), 659-664.
http://dx.doi.org/10.1038/ngeo316

142. Vinnikov, K.Y., A. Robock, R.J. Stouffer, J.E. Walsh,
C.L. Parkinson, D.J. Cavalieri, J.F.B. Mitchell, D.
Garrett, and V.F. Zakharov, 1999: Global warming
and Northern Hemisphere sea ice extent. Science,
286 (5446), 1934-1937. http://dx.doi.org/10.1126/
science.286.5446.1934

134. Rignot, E., M. Koppes, and I. Velicogna, 2010: Rapid
submarine melting of the calving faces of West
Greenland glaciers. Nature Geoscience, 3 (3), 187-191.
http://dx.doi.org/10.1038/ngeo765

143. Stroeve, J., M.M. Holland, W. Meier, T. Scambos, and
M. Serreze, 2007: Arctic sea ice decline: Faster than
forecast. Geophysical Research Letters, 34 (9), L09501.
http://dx.doi.org/10.1029/2007GL029703

135. Bartholomew, I.D., P. Nienow, A. Sole, D. Mair, T.
Cowton, M.A. King, and S. Palmer, 2011: Seasonal
variations in Greenland Ice Sheet motion: Inland
extent and behaviour at higher elevations. Earth and
Planetary Science Letters, 307 (3–4), 271-278. http://
dx.doi.org/10.1016/j.epsl.2011.04.014

144. Min, S.-K., X. Zhang, and F. Zwiers, 2008: Humaninduced Arctic moistening. Science, 320 (5875), 518520. http://dx.doi.org/10.1126/science.1153468
145. Kay, J.E., M.M. Holland, and A. Jahn, 2011: Inter-annual
to multi-decadal Arctic sea ice extent trends in a
warming world. Geophysical Research Letters, 38 (15),
L15708. http://dx.doi.org/10.1029/2011GL048008

136. Comiso, J.C. and D.K. Hall, 2014: Climate trends in the
Arctic as observed from space. Wiley Interdisciplinary
Reviews: Climate Change, 5 (3), 389-409. http://
dx.doi.org/10.1002/wcc.277

146. Day, J.J., J.C. Hargreaves, J.D. Annan, and A.
Abe-Ouchi, 2012: Sources of multi-decadal
variability in Arctic sea ice extent. Environmental
Research Letters, 7 (3), 034011. http://dx.doi.
org/10.1088/1748-9326/7/3/034011

137. Tschudi, M., C. Fowler, J. Maslanik, J.S. Stewart, and
W. Meier. 2016: EASE-Grid Sea Ice Age, Version 3.
NASA, National Snow and Ice Data Center Distributed
Active Archive Center. http://dx.doi.org/10.5067/
PFSVFZA9Y85G

147. Wang, M. and J.E. Overland, 2012: A sea ice free
summer Arctic within 30 years: An update from
CMIP5 models. Geophysical Research Letters, 39 (18),
L18501. http://dx.doi.org/10.1029/2012GL052868

138. Abe, M., T. Nozawa, T. Ogura, and K. Takata, 2016:
Effect of retreating sea ice on Arctic cloud cover
in simulated recent global warming. Atmospheric
Chemistry Physics, 16 (22), 14343-14356. http://dx.doi.
org/10.5194/acp-16-14343-2016

U.S. Global Change Research Program

148. Notz, D. and J. Marotzke, 2012: Observations reveal
external driver for Arctic sea-ice retreat. Geophysical
Research Letters, 39 (8), L08502. http://dx.doi.
org/10.1029/2012GL051094

131

Fourth National Climate Assessment

2 | Our Changing Climate - References
149. Snape, T.J. and P.M. Forster, 2014: Decline of Arctic sea
ice: Evaluation and weighting of CMIP5 projections.
Journal of Geophysical Research Atmospheres, 119 (2),
546-554. http://dx.doi.org/10.1002/2013JD020593

156. Cohen, J., K. Pfeiffer, and J.A. Francis, 2018: Warm
Arctic episodes linked with increased frequency
of extreme winter weather in the United States.
Nature Communications, 9 (1), 869. http://dx.doi.
org/10.1038/s41467-018-02992-9

150. Delworth, T.L., F. Zeng, G.A. Vecchi, X. Yang, L. Zhang,
and R. Zhang, 2016: The North Atlantic Oscillation
as a driver of rapid climate change in the Northern
Hemisphere. Nature Geoscience, 9 (7), 509-512.
http://dx.doi.org/10.1038/ngeo2738

157. Mann, M.E., S. Rahmstorf, K. Kornhuber, B.A.
Steinman, S.K. Miller, and D. Coumou, 2017:
Influence of anthropogenic climate change on
planetary wave resonance and extreme weather
events. Scientific Reports, 7, 45242. http://dx.doi.
org/10.1038/srep45242

151. Wang, X.L., Y. Feng, G.P. Compo, V.R. Swail, F.W.
Zwiers, R.J. Allan, and P.D. Sardeshmukh, 2012: Trends
and low frequency variability of extra-tropical
cyclone activity in the ensemble of twentieth century
reanalysis. Climate Dynamics, 40 (11-12), 2775-2800.
http://dx.doi.org/10.1007/s00382-012-1450-9

158. Barnes, E.A. and L.M. Polvani, 2015: CMIP5 projections
of arctic amplification, of the North American/
North Atlantic circulation, and of their relationship.
Journal of Climate, 28 (13), 5254-5271. http://dx.doi.
org/10.1175/jcli-d-14-00589.1

152. Vose, R.S., S. Applequist, M.A. Bourassa, S.C. Pryor, R.J.
Barthelmie, B. Blanton, P.D. Bromirski, H.E. Brooks,
A.T. DeGaetano, R.M. Dole, D.R. Easterling, R.E.
Jensen, T.R. Karl, R.W. Katz, K. Klink, M.C. Kruk, K.E.
Kunkel, M.C. MacCracken, T.C. Peterson, K. Shein,
B.R. Thomas, J.E. Walsh, X.L. Wang, M.F. Wehner,
D.J. Wuebbles, and R.S. Young, 2014: Monitoring and
understanding changes in extremes: Extratropical
storms, winds, and waves. Bulletin of the American
Meteorological Society, 95 (3), 377-386. http://dx.doi.
org/10.1175/BAMS-D-12-00162.1

159. Perlwitz, J., M. Hoerling, and R. Dole, 2015: Arctic
tropospheric warming: Causes and linkages to lower
latitudes. Journal of Climate, 28 (6), 2154-2167. http://
dx.doi.org/10.1175/JCLI-D-14-00095.1
160. Screen, J.A., C. Deser, and L. Sun, 2015: Projected
changes in regional climate extremes arising
from
Arctic
sea
ice
loss.
Environmental
Research Letters, 10 (8), 084006. http://dx.doi.
org/10.1088/1748-9326/10/8/084006

153. Perlwitz, J., T. Knutson, J.P. Kossin, and A.N. LeGrande,
2017: Large-scale circulation and climate variability.
Climate Science Special Report: Fourth National
Climate Assessment, Volume I. Wuebbles, D.J., D.W.
Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and
T.K. Maycock, Eds. U.S. Global Change Research
Program, Washington, DC, USA, 161-184. http://
dx.doi.org/10.7930/J0RV0KVQ

161. Lucas, C., B. Timbal, and H. Nguyen, 2014: The
expanding tropics: A critical assessment of
the observational and modeling studies. Wiley
Interdisciplinary Reviews: Climate Change, 5 (1), 89112. http://dx.doi.org/10.1002/wcc.251
162. Kossin, J.P., K.A. Emanuel, and G.A. Vecchi, 2014:
The poleward migration of the location of tropical
cyclone maximum intensity. Nature, 509 (7500), 349352. http://dx.doi.org/10.1038/nature13278

154. Colle, B.A., Z. Zhang, K.A. Lombardo, E. Chang, P.
Liu, and M. Zhang, 2013: Historical evaluation and
future prediction of eastern North American and
western Atlantic extratropical cyclones in the CMIP5
models during the cool season. Journal of Climate,
26 (18), 6882-6903. http://dx.doi.org/10.1175/
JCLI-D-12-00498.1

163. Dettinger, M., 2011: Climate change, atmospheric
rivers, and floods in California—A multimodel
analysis of storm frequency and magnitude
changes. Journal of the American Water Resources
Association,
47
(3),
514-523.
http://dx.doi.
org/10.1111/j.1752-1688.2011.00546.x

155. Francis, J. and N. Skific, 2015: Evidence linking rapid
Arctic warming to mid-latitude weather patterns.
Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences,
373 (2045), 20140170. http://dx.doi.org/10.1098/
rsta.2014.0170

U.S. Global Change Research Program

164. Warner, M.D., C.F. Mass, and E.P. Salathé Jr., 2015:
Changes in winter atmospheric rivers along the
North American West Coast in CMIP5 climate
models. Journal of Hydrometeorology, 16 (1), 118-128.
http://dx.doi.org/10.1175/JHM-D-14-0080.1

132

Fourth National Climate Assessment

2 | Our Changing Climate - References
165. Gao, Y., J. Lu, L.R. Leung, Q. Yang, S. Hagos, and Y. Qian,
2015: Dynamical and thermodynamical modulations
on future changes of landfalling atmospheric
rivers over western North America. Geophysical
Research Letters, 42 (17), 7179-7186. http://dx.doi.
org/10.1002/2015GL065435

171.

166. Christensen, J.H., K. Krishna Kumar, E. Aldrian, S.I. An, I.F.A. Cavalcanti, M. de Castro, W. Dong, P.
Goswami, A. Hall, J.K. Kanyanga, A. Kitoh, J. Kossin, N.C. Lau, J. Renwick, D.B. Stephenson, S.-P. Xie, and T.
Zhou, 2013: Climate phenomena and their relevance
for future regional climate change. Climate Change
2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Stocker,
T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex, and P.M. Midgley,
Eds. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, 1217–1308. http://
www.climatechange2013.org/report/full-report/

172. Kossin, J.P., T. Hall, T. Knutson, K.E. Kunkel, R.J. Trapp,
D.E. Waliser, and M.F. Wehner, 2017: Extreme storms.
Climate Science Special Report: Fourth National
Climate Assessment, Volume I. Wuebbles, D.J., D.W.
Fahey, K.A. Hibbard, D.J. Dokken, B.C. Stewart, and
T.K. Maycock, Eds. U.S. Global Change Research
Program, Washington, DC, USA, 257-276. http://
dx.doi.org/10.7930/J07S7KXX
173. Kunkel, K.E., T.R. Karl, H. Brooks, J. Kossin, J.
Lawrimore, D. Arndt, L. Bosart, D. Changnon, S.L.
Cutter, N. Doesken, K. Emanuel, P.Y. Groisman,
R.W. Katz, T. Knutson, J. O’Brien, C.J. Paciorek, T.C.
Peterson, K. Redmond, D. Robinson, J. Trapp, R. Vose,
S. Weaver, M. Wehner, K. Wolter, and D. Wuebbles,
2013: Monitoring and understanding trends in
extreme storms: State of knowledge. Bulletin of the
American Meteorological Society, 94 (4), 499–514.
http://dx.doi.org/10.1175/BAMS-D-11-00262.1

167. Sobel, A.H., S.J. Camargo, T.M. Hall, C.-Y. Lee, M.K.
Tippett, and A.A. Wing, 2016: Human influence on
tropical cyclone intensity. Science, 353 (6296), 242246. http://dx.doi.org/10.1126/science.aaf6574
168. Camargo, S.J., 2013: Global and regional aspects
of tropical cyclone activity in the CMIP5 models.
Journal of Climate, 26 (24), 9880-9902. http://dx.doi.
org/10.1175/jcli-d-12-00549.1

174. Smith, A.B. and R.W. Katz, 2013: U.S. billion-dollar
weather and climate disasters: Data sources, trends,
accuracy and biases. Natural Hazards, 67 (2), 387-410.
http://dx.doi.org/10.1007/s11069-013-0566-5

169. Walsh, K.J.E., S.J. Camargo, G.A. Vecchi, A.S. Daloz, J.
Elsner, K. Emanuel, M. Horn, Y.-K. Lim, M. Roberts,
C. Patricola, E. Scoccimarro, A.H. Sobel, S. Strazzo, G.
Villarini, M. Wehner, M. Zhao, J.P. Kossin, T. LaRow,
K. Oouchi, S. Schubert, H. Wang, J. Bacmeister,
P. Chang, F. Chauvin, C. Jablonowski, A. Kumar,
H. Murakami, T. Ose, K.A. Reed, R. Saravanan, Y.
Yamada, C.M. Zarzycki, P.L. Vidale, J.A. Jonas, and N.
Henderson, 2015: Hurricanes and climate: The U.S.
CLIVAR Working Group on Hurricanes. Bulletin of the
American Meteorological Society, 96 (12) (6), 997-1017.
http://dx.doi.org/10.1175/BAMS-D-13-00242.1

175. Trapp, R.J., N.S. Diffenbaugh, H.E. Brooks, M.E.
Baldwin, E.D. Robinson, and J.S. Pal, 2007: Changes
in severe thunderstorm environment frequency
during the 21st century caused by anthropogenically
enhanced global radiative forcing. Proceedings of the
National Academy of Sciences of the United States
of America, 104 (50), 19719-19723. http://dx.doi.
org/10.1073/pnas.0705494104
176. Brooks, H.E., 2013: Severe thunderstorms and climate
change. Atmospheric Research, 123, 129-138. http://
dx.doi.org/10.1016/j.atmosres.2012.04.002

170. Knutson, T.R., J.J. Sirutis, M. Zhao, R.E. Tuleya, M.
Bender, G.A. Vecchi, G. Villarini, and D. Chavas, 2015:
Global projections of intense tropical cyclone activity
for the late twenty-first century from dynamical
downscaling of CMIP5/RCP4.5 scenarios. Journal of
Climate, 28 (18), 7203-7224. http://dx.doi.org/10.1175/
JCLI-D-15-0129.1

U.S. Global Change Research Program

Wehner, M.F., K.A. Reed, B. Loring, D. Stone, and H.
Krishnan, 2018: Changes in tropical cyclones under
stabilized 1.5 and 2.0 °C global warming scenarios
as simulated by the Community Atmospheric
Model under the HAPPI protocols. Earth System
Dynamics, 9 (1), 187-195. http://dx.doi.org/10.5194/
esd-9-187-2018

177.

133

Diffenbaugh, N.S., M. Scherer, and R.J. Trapp,
2013: Robust increases in severe thunderstorm
environments in response to greenhouse forcing.
Proceedings of the National Academy of Sciences of the
United States of America, 110 (41), 16361-16366. http://
dx.doi.org/10.1073/pnas.1307758110

Fourth National Climate Assessment

2 | Our Changing Climate - References
178. Rahmstorf, S., J.E. Box, G. Feulner, M.E. Mann, A.
Robinson, S. Rutherford, and E.J. Schaffernicht, 2015:
Exceptional twentieth-century slowdown in Atlantic
Ocean overturning circulation. Nature Climate
Change, 5 (5), 475-480. http://dx.doi.org/10.1038/
nclimate2554

186. Sweet, W., J. Park, J. Marra, C. Zervas, and S. Gill,
2014: Sea Level Rise and Nuisance Flood Frequency
Changes Around the United States. NOAA Technical
Report NOS CO-OPS 073. National Oceanic and
Atmospheric Administration, National Ocean Service,
Silver Spring, MD, 58 pp. http://tidesandcurrents.
noaa.gov/publications/NOAA_Technical_Report_
NOS_COOPS_073.pdf

179. Yang, Q., T.H. Dixon, P.G. Myers, J. Bonin, D.
Chambers, and M.R. van den Broeke, 2016: Recent
increases in Arctic freshwater flux affects Labrador
Sea convection and Atlantic overturning circulation.
Nature Communications, 7, 10525. http://dx.doi.
org/10.1038/ncomms10525

187. Sweet, W.V. and J. Park, 2014: From the extreme to
the mean: Acceleration and tipping points of coastal
inundation from sea level rise. Earth’s Future, 2 (12),
579-600. http://dx.doi.org/10.1002/2014EF000272

180. Liu, W., S.-P. Xie, Z. Liu, and J. Zhu, 2017: Overlooked
possibility of a collapsed Atlantic Meridional
Overturning Circulation in warming climate. Science
Advances, 3 (1), e1601666. http://dx.doi.org/10.1126/
sciadv.1601666

188. Ezer, T. and L.P. Atkinson, 2014: Accelerated flooding
along the U.S. East Coast: On the impact of sea-level
rise, tides, storms, the Gulf Stream, and the North
Atlantic Oscillations. Earth’s Future, 2 (8), 362-382.
http://dx.doi.org/10.1002/2014EF000252

181. Sévellec, F., A.V. Fedorov, and W. Liu, 2017: Arctic
sea-ice decline weakens the Atlantic Meridional
Overturning Circulation. Nature Climate Change, 7,
604-610. http://dx.doi.org/10.1038/nclimate3353

189. Sweet, W., G. Dusek, J. Obeysekera, and J.J. Marra,
2018: Patterns and Projections of High Tide Flooding
Along the U.S. Coastline Using a Common Impact
Threshold. NOAA Technical Report NOS CO-OPS 086.
National Oceanic and Atmospheric Administration,
National Ocean Service, Silver Spring, MD, 44 pp.
https://tidesandcurrents.noaa.gov/publications/
techrpt86_PaP_of_HTFlooding.pdf

182. Buckley, M.W. and J. Marshall, 2016: Observations,
inferences, and mechanisms of the Atlantic
Meridional Overturning Circulation: A review.
Reviews of Geophysics, 54 (1), 5-63. http://dx.doi.
org/10.1002/2015RG000493

190. Knutson, T.R., J.J. Sirutis, G.A. Vecchi, S. Garner, M.
Zhao, H.-S. Kim, M. Bender, R.E. Tuleya, I.M. Held, and
G. Villarini, 2013: Dynamical downscaling projections
of twenty-first-century Atlantic hurricane activity:
CMIP3 and CMIP5 model-based scenarios. Journal of
Climate, 27 (17), 6591-6617. http://dx.doi.org/10.1175/
jcli-d-12-00539.1

183. Caesar, L., S. Rahmstorf, A. Robinson, G. Feulner, and
V. Saba, 2018: Observed fingerprint of a weakening
Atlantic Ocean overturning circulation. Nature,
556 (7700), 191-196. http://dx.doi.org/10.1038/
s41586-018-0006-5
184. Thornalley, D.J.R., D.W. Oppo, P. Ortega, J.I. Robson,
C.M. Brierley, R. Davis, I.R. Hall, P. Moffa-Sanchez,
N.L. Rose, P.T. Spooner, I. Yashayaev, and L.D.
Keigwin, 2018: Anomalously weak Labrador Sea
convection and Atlantic overturning during the past
150 years. Nature, 556 (7700), 227-230. http://dx.doi.
org/10.1038/s41586-018-0007-4

191. Seki, O., G.L. Foster, D.N. Schmidt, A. Mackensen,
K. Kawamura, and R.D. Pancost, 2010: Alkenone and
boron-based Pliocene pCO2 records. Earth and
Planetary Science Letters, 292 (1–2), 201-211. http://
dx.doi.org/10.1016/j.epsl.2010.01.037
192. Bowen, G.J., B.J. Maibauer, M.J. Kraus, U. Rohl, T.
Westerhold, A. Steimke, P.D. Gingerich, S.L. Wing,
and W.C. Clyde, 2015: Two massive, rapid releases of
carbon during the onset of the Palaeocene-Eocene
thermal maximum. Nature Geoscience, 8 (1), 44-47.
http://dx.doi.org/10.1038/ngeo2316

185. Bakker, P., A. Schmittner, J.T.M. Lenaerts, A. Abe‐
Ouchi, D. Bi, M.R. Broeke, W.L. Chan, A. Hu, R.L.
Beadling, S.J. Marsland, S.H. Mernild, O.A. Saenko, D.
Swingedouw, A. Sullivan, and J. Yin, 2016: Fate of the
Atlantic Meridional Overturning Circulation: Strong
decline under continued warming and Greenland
melting. Geophysical Research Letters, 43 (23), 12,25212,260. http://dx.doi.org/10.1002/2016GL070457

U.S. Global Change Research Program

193. Kirtland Turner, S., P.F. Sexton, C.D. Charles, and R.D.
Norris, 2014: Persistence of carbon release events
through the peak of early Eocene global warmth.
Nature Geoscience, 7 (10), 748-751. http://dx.doi.
org/10.1038/ngeo2240

134

Fourth National Climate Assessment

2 | Our Changing Climate - References
194. Penman, D.E., B. Hönisch, R.E. Zeebe, E. Thomas, and
J.C. Zachos, 2014: Rapid and sustained surface ocean
acidification during the Paleocene-Eocene Thermal
Maximum. Paleoceanography, 29 (5), 357-369. http://
dx.doi.org/10.1002/2014PA002621

201. Lunt, D.J., T. Dunkley Jones, M. Heinemann, M. Huber,
A. LeGrande, A. Winguth, C. Loptson, J. Marotzke, C.D.
Roberts, J. Tindall, P. Valdes, and C. Winguth, 2012: A
model–data comparison for a multi-model ensemble
of early Eocene atmosphere–ocean simulations:
EoMIP. Climate of the Past, 8 (5), 1717-1736. http://
dx.doi.org/10.5194/cp-8-1717-2012

195. Crowley, T.J., 1990: Are there any satisfactory
geologic analogs for a future greenhouse warming?
Journal of Climate, 3 (11), 1282-1292. http://dx.doi.
org/10.1175/1520-0442(1990)003<1282:atasga>2.0.
co;2

202. Easterling, D.R. and M.F. Wehner, 2009: Is
the climate warming or cooling? Geophysical
Research Letters, 36 (8), L08706. http://dx.doi.
org/10.1029/2009GL037810

196. Flato, G., J. Marotzke, B. Abiodun, P. Braconnot,
S.C. Chou, W. Collins, P. Cox, F. Driouech, S. Emori,
V. Eyring, C. Forest, P. Gleckler, E. Guilyardi, C.
Jakob, V. Kattsov, C. Reason, and M. Rummukainen,
2013: Evaluation of climate models. Climate Change
2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Stocker,
T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex, and P.M. Midgley,
Eds. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA, 741–866. http://
www.climatechange2013.org/report/full-report/

203. Branstator, G. and H. Teng, 2012: Potential impact of
initialization on decadal predictions as assessed for
CMIP5 models. Geophysical Research Letters, 39 (12),
L12703. http://dx.doi.org/10.1029/2012GL051974
204. Deser, C., R. Knutti, S. Solomon, and A.S. Phillips,
2012: Communication of the role of natural variability
in future North American climate. Nature Climate
Change, 2 (11), 775-779. http://dx.doi.org/10.1038/
nclimate1562
205. Santer, B.D., C. Mears, C. Doutriaux, P. Caldwell, P.J.
Gleckler, T.M.L. Wigley, S. Solomon, N.P. Gillett, D.
Ivanova, T.R. Karl, J.R. Lanzante, G.A. Meehl, P.A. Stott,
K.E. Taylor, P.W. Thorne, M.F. Wehner, and F.J. Wentz,
2011: Separating signal and noise in atmospheric
temperature changes: The importance of timescale.
Journal of Geophysical Research, 116 (D22105), 1-19.
http://dx.doi.org/10.1029/2011JD016263

197. Lenton, T.M., H. Held, E. Kriegler, J.W. Hall, W. Lucht,
S. Rahmstorf, and H.J. Schellnhuber, 2008: Tipping
elements in the Earth’s climate system. Proceedings
of the National Academy of Sciences of the United
States of America, 105 (6), 1786-1793. http://dx.doi.
org/10.1073/pnas.0705414105
198. Kopp, R.E., R.L. Shwom, G. Wagner, and J. Yuan,
2016: Tipping elements and climate–economic
shocks: Pathways toward integrated assessment.
Earth’s
Future,
4,
346-372.
http://dx.doi.
org/10.1002/2016EF000362

206. Conover, J.H., 1990: The Blue Hill Meteorological
Observatory: The First 100 Years, 1885–1985. American
Meteorological Society, Boston, MA, 514 pp.
207. Parker, D.E., T.P. Legg, and C.K. Folland, 1992: A new
daily central England temperature series, 1772–1991.
International Journal of Climatology, 12 (4), 317-342.
http://dx.doi.org/10.1002/joc.3370120402

199. Caballero, R. and M. Huber, 2013: State-dependent
climate sensitivity in past warm climates and
its implications for future climate projections.
Proceedings of the National Academy of Sciences of the
United States of America, 110 (35), 14162-14167. http://
dx.doi.org/10.1073/pnas.1303365110

208. USGCRP, 2017: Climate Science Special Report: Fourth
National Climate Assessment, Volume I. Wuebbles,
D.J., D.W. Fahey, K.A. Hibbard, D.J. Dokken, B.C.
Stewart, and T.K. Maycock, Eds. U.S. Global Change
Research Program, Washington, DC, 470 pp. http://
dx.doi.org/10.7930/J0J964J6

200. Laepple, T. and P. Huybers, 2014: Ocean surface
temperature
variability:
Large
model–data
differences at decadal and longer periods. Proceedings
of the National Academy of Sciences of the United
States of America, 111 (47), 16682-16687. http://dx.doi.
org/10.1073/pnas.1412077111

U.S. Global Change Research Program

209. Rupp, D.E., P.W. Mote, N. Massey, C.J. Rye, R. Jones,
and M.R. Allen, 2012: Did human influence on climate
make the 2011 Texas drought more probable? [in
“Explaining Extreme Events of 2011 from a Climate
Perspective”]. Bulletin of the American Meteorological
Society, 93 (7), 1052-1054. http://dx.doi.org/10.1175/
BAMS-D-12-00021.1

135

Fourth National Climate Assessment

2 | Our Changing Climate - References
210. Hoerling, M., M. Chen, R. Dole, J. Eischeid, A. Kumar,
J.W. Nielsen-Gammon, P. Pegion, J. Perlwitz, X.-W.
Quan, and T. Zhang, 2013: Anatomy of an extreme
event. Journal of Climate, 26 (9), 2811–2832. http://
dx.doi.org/10.1175/JCLI-D-12-00270.1

218. Emanuel, K., 2017: Assessing the present and future
probability of Hurricane Harvey’s rainfall. Proceedings
of the National Academy of Sciences of the United
States of America, 114 (48), 12681-12684. http://dx.doi.
org/10.1073/pnas.1716222114

211. Jeon, S., C.J. Paciorek, and M.F. Wehner, 2016:
Quantile-based bias correction and uncertainty
quantification of extreme event attribution
statements. Weather and Climate Extremes, 12, 24-32.
http://dx.doi.org/10.1016/j.wace.2016.02.001

219. Moss, R.H., J.A. Edmonds, K.A. Hibbard, M.R. Manning,
S.K. Rose, D.P. van Vuuren, T.R. Carter, S. Emori,
M. Kainuma, T. Kram, G.A. Meehl, J.F.B. Mitchell, N.
Nakicenovic, K. Riahi, S.J. Smith, R.J. Stouffer, A.M.
Thomson, J.P. Weyant, and T.J. Wilbanks, 2010: The
next generation of scenarios for climate change
research and assessment. Nature, 463, 747-756.
http://dx.doi.org/10.1038/nature08823

212. Diffenbaugh, N.S., D.L. Swain, and D. Touma, 2015:
Anthropogenic warming has increased drought risk
in California. Proceedings of the National Academy of
Sciences of the United States of America, 112 (13), 39313936. http://dx.doi.org/10.1073/pnas.1422385112

220. Hawkins, E. and R. Sutton, 2011: The potential
to narrow uncertainty in projections of regional
precipitation change. Climate Dynamics, 37 (1), 407418. http://dx.doi.org/10.1007/s00382-010-0810-6

213. Cheng, L., M. Hoerling, A. AghaKouchak, B. Livneh,
X.-W. Quan, and J. Eischeid, 2016: How has humaninduced climate change affected California drought
risk? Journal of Climate, 29 (1), 111-120. http://dx.doi.
org/10.1175/JCLI-D-15-0260.1

221. Tans, P. and R. Keeling, 2017: Trends in Atmospheric
Carbon Dioxide. Annual Mean Growth Rate of
CO2 at Mauna Loa. NOAA Earth System Research
Laboratory. https://www.esrl.noaa.gov/gmd/ccgg/
trends/gr.html

214. Knutson, T.R., F. Zeng, and A.T. Wittenberg, 2014:
Seasonal and annual mean precipitation extremes
occurring during 2013: A U.S. focused analysis
[in “Explaining Extreme Events of 2013 from a
Climate Perspective”]. Bulletin of the American
Meteorological Society, 95 (9), S19-S23. http://dx.doi.
org/10.1175/1520-0477-95.9.S1.1

222. Raupach, M.R., G. Marland, P. Ciais, C. Le Quéré, J.G.
Canadell, G. Klepper, and C.B. Field, 2007: Global
and regional drivers of accelerating CO2 emissions.
Proceedings of the National Academy of Sciences of
the United States of America, 104 (24), 10288-10293.
http://dx.doi.org/10.1073/pnas.0700609104

215. Angélil, O., D. Stone, M. Wehner, C.J. Paciorek, H.
Krishnan, and W. Collins, 2017: An independent
assessment of anthropogenic attribution statements
for recent extreme temperature and rainfall
events. Journal of Climate, 30, 5-16. http://dx.doi.
org/10.1175/JCLI-D-16-0077.1

223. Le Quéré, C., M.R. Raupach, J.G. Canadell, G. Marland,
L. Bopp, P. Ciais, T.J. Conway, S.C. Doney, R.A. Feely,
P. Foster, P. Friedlingstein, K. Gurney, R.A. Houghton,
J.I. House, C. Huntingford, P.E. Levy, M.R. Lomas, J.
Majkut, N. Metzl, J.P. Ometto, G.P. Peters, I.C. Prentice,
J.T. Randerson, S.W. Running, J.L. Sarmiento, U.
Schuster, S. Sitch, T. Takahashi, N. Viovy, G.R. van der
Werf, and F.I. Woodward, 2009: Trends in the sources
and sinks of carbon dioxide. Nature Geoscience, 2 (12),
831-836. http://dx.doi.org/10.1038/ngeo689

216. Risser, M.D. and M.F. Wehner, 2017: Attributable
human-induced changes in the likelihood and
magnitude of the observed extreme precipitation
during Hurricane Harvey. Geophysical Research
Letters, 44 (24), 12,457-12,464. http://dx.doi.
org/10.1002/2017GL075888

224. Jackson, R.B., J.G. Canadell, C. Le Quere, R.M. Andrew,
J.I. Korsbakken, G.P. Peters, and N. Nakicenovic, 2016:
Reaching peak emissions. Nature Climate Change, 6
(1), 7-10. http://dx.doi.org/10.1038/nclimate2892

217. van Oldenborgh, G.J., K. van der Wiel, A. Sebastian, R.
Singh, J. Arrighi, F. Otto, K. Haustein, S. Li, G. Vecchi,
and H. Cullen, 2017: Attribution of extreme rainfall
from Hurricane Harvey, August 2017. Environmental
Research Letters, 12 (12), 124009. http://dx.doi.
org/10.1088/1748-9326/aa9ef2

U.S. Global Change Research Program

225. Korsbakken, J.I., G.P. Peters, and R.M. Andrew, 2016:
Uncertainties around reductions in China’s coal use
and CO2 emissions. Nature Climate Change, 6 (7), 687690. http://dx.doi.org/10.1038/nclimate2963

136

Fourth National Climate Assessment

2 | Our Changing Climate - References
226. Peters, G.P., R.M. Andrew, J.G. Canadell, S. Fuss,
R.B. Jackson, Jan I. Korsbakken, C. Le Quéré, and N.
Nakicenovic, 2017: Key indicators to track current
progress and future ambition of the Paris Agreement.
Nature Climate Change, 7, 118-122. http://dx.doi.
org/10.1038/nclimate3202

231. Rogelj, J., A. Popp, K.V. Calvin, G. Luderer, J.
Emmerling, D. Gernaat, S. Fujimori, J. Strefler, T.
Hasegawa, G. Marangoni, V. Krey, E. Kriegler, K. Riahi,
D.P. van Vuuren, J. Doelman, L. Drouet, J. Edmonds,
O. Fricko, M. Harmsen, P. Havlík, F. Humpenöder,
E. Stehfest, and M. Tavoni, 2018: Scenarios towards
limiting global mean temperature increase below
1.5 °C. Nature Climate Change, 8 (4), 325-332. http://
dx.doi.org/10.1038/s41558-018-0091-3

227. Peters, G.P., C. Le Quéré, R.M. Andrew, J.G. Canadell,
P. Friedlingstein, T. Ilyina, R.B. Jackson, F. Joos, J.I.
Korsbakken, G.A. McKinley, S. Sitch, and P. Tans, 2017:
Towards real-time verification of CO2 emissions.
Nature Climate Change, 7 (12), 848-850. http://dx.doi.
org/10.1038/s41558-017-0013-9

232. van Vuuren, D.P., S. Deetman, M.G.J. den Elzen,
A. Hof, M. Isaac, K. Klein Goldewijk, T. Kram, A.
Mendoza Beltran, E. Stehfest, and J. van Vliet, 2011:
RCP2.6: Exploring the possibility to keep global
mean temperature increase below 2°C. Climatic
Change, 109 (1-2), 95-116. http://dx.doi.org/10.1007/
s10584-011-0152-3

228. Le Quéré, C., R.M. Andrew, P. Friedlingstein, S.
Sitch, J. Pongratz, A.C. Manning, J.I. Korsbakken,
G.P. Peters, J.G. Canadell, R.B. Jackson, T.A. Boden,
P.P. Tans, O.D. Andrews, V.K. Arora, D.C.E. Bakker, L.
Barbero, M. Becker, R.A. Betts, L. Bopp, F. Chevallier,
L.P. Chini, P. Ciais, C.E. Cosca, J. Cross, K. Currie, T.
Gasser, I. Harris, J. Hauck, V. Haverd, R.A. Houghton,
C.W. Hunt, G. Hurtt, T. Ilyina, A.K. Jain, E. Kato, M.
Kautz, R.F. Keeling, K. Klein Goldewijk, A. Körtzinger,
P. Landschützer, N. Lefèvre, A. Lenton, S. Lienert,
I. Lima, D. Lombardozzi, N. Metzl, F. Millero, P.M.S.
Monteiro, D.R. Munro, J.E.M.S. Nabel, S.I. Nakaoka,
Y. Nojiri, X.A. Padin, A. Peregon, B. Pfeil, D. Pierrot,
B. Poulter, G. Rehder, J. Reimer, C. Rödenbeck, J.
Schwinger, R. Séférian, I. Skjelvan, B.D. Stocker, H.
Tian, B. Tilbrook, F.N. Tubiello, I.T. van der LaanLuijkx, G.R. van der Werf, S. van Heuven, N. Viovy, N.
Vuichard, A.P. Walker, A.J. Watson, A.J. Wiltshire, S.
Zaehle, and D. Zhu, 2018: Global carbon budget 2017.
Earth System Science Data, 10 (1), 405-448. http://
dx.doi.org/10.5194/essd-10-405-2018

233. Raftery, A.E., A. Zimmer, D.M.W. Frierson, R. Startz,
and P. Liu, 2017: Less than 2 °C warming by 2100
unlikely. Nature Climate Change, 7, 637-641. http://
dx.doi.org/10.1038/nclimate3352
234. Ciais, P., C. Sabine, G. Bala, L. Bopp, V. Brovkin, J.
Canadell, A. Chhabra, R. DeFries, J. Galloway, M.
Heimann, C. Jones, C. Le Quéré, R.B. Myneni, S.
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Water

Key Message 1

Levee repair along the San Joaquin River in California, February 2017

Changes in Water Quantity and Quality
Significant changes in water quantity and quality are evident across the country. These changes, which
are expected to persist, present an ongoing risk to coupled human and natural systems and related
ecosystem services. Variable precipitation and rising temperature are intensifying droughts, increasing
heavy downpours, and reducing snowpack. Reduced snow-to-rain ratios are leading to significant
differences between the timing of water supply and demand. Groundwater depletion is exacerbating
drought risk. Surface water quality is declining as water temperature increases and more frequent highintensity rainfall events mobilize pollutants such as sediments and nutrients.

Key Message 2
Deteriorating Water Infrastructure at Risk
Deteriorating water infrastructure compounds the climate risk faced by society. Extreme precipitation
events are projected to increase in a warming climate and may lead to more severe floods and greater
risk of infrastructure failure in some regions. Infrastructure design, operation, financing principles, and
regulatory standards typically do not account for a changing climate. Current risk management does
not typically consider the impact of compound extremes (co-occurrence of multiple events) and the risk
of cascading infrastructure failure.

Key Message 3
Water Management in a Changing Future
Water management strategies designed in view of an evolving future we can only partially anticipate will
help prepare the Nation for water- and climate-related risks of the future. Current water management
and planning principles typically do not address risk that changes over time, leaving society exposed
to more risk than anticipated. While there are examples of promising approaches to manage climate
risk, the gap between research and implementation, especially in view of regulatory and institutional
constraints, remains a challenge.
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Executive Summary
Ensuring a reliable supply of clean freshwater
to individuals, communities, and ecosystems,
together with effective management of floods
and droughts, is the foundation of human
and ecological health. The water sector is
also central to the economy and contributes
significantly to the resilience of many other
sectors, including agriculture, energy, urban
environments, and industry.

North America has experienced pronounced
wet/dry regime shifts that sometimes persisted for decades.2 Because such protracted
exposures to extreme floods or droughts in
different parts of the country are extraordinary
compared to events experienced in the 20th
century, they are not yet incorporated in water
management principles and practice. Anticipated future climate change will exacerbate
this risk in many regions.

Water systems face considerable risk, even
without anticipated future climate changes.
Limited surface water storage, as well as a limited ability to make use of long-term drought
forecasts and to trade water across uses and
basins, has led to a significant depletion of
aquifers in many regions in the United States.1
Across the Nation, much of the critical water
and wastewater infrastructure is nearing the
end of its useful life. To date, no comprehensive assessment exists of the climate-related
vulnerability of U.S. water infrastructure
(including dams, levees, aqueducts, sewers, and
water and wastewater distribution and treatment systems), the potential resulting damages, or the cost of reconstruction and recovery.
Paleoclimate information (reconstructions of
past climate derived from ice cores or tree
rings) shows that over the last 500 years,
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A central challenge to water planning and
management is learning to plan for plausible
future climate conditions that are wider in
range than those experienced in the 20th
century. Doing so requires approaches that
evaluate plans over many possible futures
instead of just one, incorporate real-time
monitoring and forecast products to better
manage extremes when they occur, and update
policies and engineering principles with the
best available geoscience-based understanding
of planetary change. While this represents a
break from historical practice, recent examples
of adaptation responses undertaken by large
water management agencies, including major
metropolitan water utilities and the U.S. Army
Corps of Engineers, are promising.
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Depletion of Groundwater in Major U.S. Regional Aquifers

(left) Groundwater supplies have been decreasing in the major regional aquifers of the United States over the last century
(1900–2000). (right) This decline has accelerated recently (2001–2008) due to persistent droughts in many regions and the lack
of adequate surface water storage to meet demands. This decline in groundwater compromises the ability to meet water needs
during future droughts and impacts the functioning of groundwater dependent ecosystems (e.g., Kløve et al. 20143).The values
shown are net volumetric rates of groundwater depletion (km3 per year) averaged over each aquifer. Subareas of an aquifer may
deplete at faster rates or may be actually recovering. Hatching in the figure represents where the High Plains Aquifer overlies
the deep, confined Dakota Aquifer. From Figure 3.2 (Source: adapted from Konikow 2015.4 Reprinted from Groundwater with
permission of the National Groundwater Association. ©2015).
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State of the Sector

Water systems face considerable risk even
without anticipated future climate changes.
Gains in water-use efficiency over the last 30
years have resulted in total U.S. water consumption staying relatively constant.12 Gains in
efficiency are most evident in urban centers.13
However, limited surface water storage and
a limited ability to make use of long-term
drought forecasts and to trade water across
uses and basins have led to the significant
depletion of aquifers in many regions of the
United States.1 Aging and deteriorating dams
and levees14 also represent an increasing
hazard when exposed to extreme or, in some
cases, even moderate rainfall. Several recent
heavy rainfall events have led to dam, levee, or
critical infrastructure failures, including the
Oroville emergency spillway in California in
2017,15 Missouri River levees in 2017, 50 dams
in South Carolina in October 201516 and 25
more dams in the state in October 2016,17 and
New Orleans levees in 2005 and 2015.18 The
national exposure to this risk has not yet been
fully assessed.

Water security in the United States is increasingly
in jeopardy. Ensuring a reliable supply of clean
freshwater to communities, agriculture, and ecosystems, together with effective management of
floods and droughts, is the foundation of human
and ecological health. The water sector is also
central to the economy, contributing significantly
to the resilience of many other sectors, including
agriculture (Ch. 10: Ag & Rural, KM 2 and 4),
energy (Ch. 4: Energy), urban environments (Ch.
11: Urban), and industry. The health and productivity of natural aquatic and wetland ecosystems
are also closely linked to the water sector (Ch. 7:
Ecosystems, KM 1).
Changes in the frequency and intensity of
climate extremes relative to the 20th century5,6
and deteriorating water infrastructure are
contributing to declining community and
ecosystem resilience. Climate change is a major
driver of changes in the frequency, duration,
and geographic distribution of severe storms,
floods, and droughts (Ch. 2: Climate). In addition, paleoclimate information (reconstructions
of past climate derived from ice cores or tree
rings) shows that over the last 500 years, North
America has experienced pronounced wet/
dry regime shifts that sometimes persisted for
decades.2 These shifts led to protracted exposures to extreme floods or droughts in different parts of the country that are extraordinary
compared to events experienced in the 20th
century. Operational principles for engineering, design, insurance programs, water quality
regulations, and water allocation generally have
not factored in these longer-term perspectives
on historical climate variability or projections
of future climate change.7,8 While there has
been much discussion on the need for climate
adaptation, the design and implementation of
processes that consider near- and long-term
information on a changing climate are still
nascent.9,10,11
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Regional Summary
Every region of the United States is affected
by water sector sensitivities to weather- and
climate-related events (see Figure 3.1). Recent
examples are summarized below:
•
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Northern and Southern Great Plains: Future
changes in precipitation and the potential
for more extreme rainfall events will exacerbate water-related challenges in the Northern Great Plains (Ch. 22: N. Great Plains,
KM 1). Extreme precipitation and rising sea
levels associated with climate change make
the built environment in the Southern Great
Plains increasingly vulnerable to disruption, particularly as infrastructure ages and
deteriorates (Ch. 23: S. Great Plains, KM 2).
Flooding on the Mississippi and Missouri
Rivers in May 2011 caused an estimated
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$5.7 billion in damages (in 2018 dollars).19
One year later, drought conditions in 2012
led to record low flows on the Mississippi,
disrupting river navigation and agriculture
and resulting in widespread harvest failures
for corn, sorghum, soybean, and other crops
(e.g., Ziska et al. 201620). The nationwide total
damage from the 2012 drought is estimated
at $33 billion (in 2018 dollars).19
•

•

in western Lake Erie have been steadily
increasing over the past decade.22 Warmer
temperatures and heavy precipitation associated with climate change contribute to
the development of HABs.23,24 Harmful algal
blooms can introduce cyanobacteria into
recreational and drinking water sources,
resulting in restrictions on access and use.
In 2014 in Toledo, Ohio, half a million people
were warned to avoid drinking the water
due to toxins overwhelming a water treatment plant in Lake Erie’s western basin as
a result of a harmful bloom. Conditions that
encourage cyanobacteria growth, such as
higher water temperatures, increased runoff, and nutrient-rich habitats, are projected
to increase in the Midwest (Ch. 21: Midwest).

Northeast and Southeast: Much of the water
infrastructure in the Northeast is nearing the
end of its planned life expectancy. Disruptions to infrastructure are already occurring
and will likely become more common with
a changing climate (Ch. 18: Northeast, KM
3). Hurricane Irene (2011) and Superstorm
Sandy (2012) highlighted the inadequacy of
deteriorating urban infrastructure, including
combined sewers, for managing current and
future storm events.19 In the Southeast, the
combined effects of extreme rainfall events
and rising sea level are increasing flood
frequencies, making coastal and low-lying
regions highly vulnerable to climate change
impacts (Ch. 8: Coastal, KM 1; Ch. 19: Southeast, KM 2). In South Carolina in 2015, locally
extreme rainfall exceeding 20 inches over 3
days19 caused widespread damage, including
the failure of 49 state-regulated dams, one
federally regulated dam, two sections of the
levee adjacent to the Columbia Canal, and
many unregulated dams.16 In Louisiana in
2016, a severe large-scale storm with record
atmospheric moisture dropped nearly
20 inches of rain in 72 hours, triggering
widespread flooding that damaged at least
60,000 homes and led to 13 deaths.21
Midwest: Storm water management systems and other critical infrastructure in the
Midwest are already experiencing impacts
from changing precipitation patterns and
elevated flood risks (Ch. 21: Midwest, KM
5). In addition, harmful algal blooms (HABs)
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•

Northwest and Alaska: Pacific salmon
populations in the Northwest are being
affected by climate stressors, including
low snowpack (such as in 2015), decreasing
summer streamflow,25,26 habitat loss through
increasing storm intensity and flooding,27,28
physiological and behavioral sensitivity, and
increasing mortality due to warmer stream
and ocean temperatures.29 Salmon are a
cultural and ecological keystone species in
this region. Salmon loss is a particular threat
to the cultural identities and economies of
Indigenous communities (Ch. 24: Northwest,
KM 2; Ch. 15: Tribes). In Alaska, residents,
communities, and their infrastructure also
continue to be affected by flooding and erosion of coastal and river areas, resulting from
changes in sea ice (Ch. 26: Alaska, KM 2).

•

Southwest: Water supplies for people and
nature in the Southwest are decreasing
during droughts due in part to humancaused
climate
change.
Intensifying
droughts, increasing heavy downpours,
and reduced snowpack are combining with
increasing water demands from a growing
population, deteriorating infrastructure,
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and groundwater depletion to reduce the
future reliability of water supplies (Ch. 25:
Southwest, KM 1). The 2011–2016 California
drought was characterized by low precipitation combined with record high temperatures, leading to significant socioeconomic
and environmental impacts.30,31 Drought risk
is being exacerbated by increasing human
water use and the depletion of groundwater
that serves as a buffer against water scarcity.30 Rising air temperatures may increase
the chance of droughts in the western United States.31,32 Compounding the impacts of
drought in February 2017, heavy, persistent
rainfall across northern and central California led to substantial property and infrastructure damage from record flooding,
landslides, and erosion.
•

ecosystems of the U.S. Caribbean, Hawai‘i,
and the U.S.-Affiliated Pacific Islands are
threatened by rising temperatures, sea level rise, saltwater intrusion, and increased
risk of extreme drought and flooding (Ch.
20: U.S. Caribbean, KM 1; Ch. 27: Hawai‘i &
Pacific Islands, KM 1). The U.S. Caribbean
is experiencing an increasing frequency of
extreme events that threaten life, property,
and the economy (Ch. 20: U.S. Caribbean, KM
5). On September 20, 2017, Hurricane Maria
struck the U.S. Virgin Islands as a Category
5 storm and then Puerto Rico as a Category
4 storm—just two weeks after Hurricane
Irma had struck the Caribbean islands. The
storms left devastation in their wake, with
the power distribution severely damaged
and drinking water and wastewater treatment plants rendered inoperable.33 Maria’s
extreme rainfall, up to 37 inches in 48 hours
in some places,34 also caused widespread
flooding and mudslides across the islands.

U.S. Caribbean, Hawai‘i and U.S.-Affiliated Pacific Islands: Dependable and safe
water supplies for the communities and

Billion-Dollar Weather and Climate Disaster Events in the United States

Figure 3.1: The figure shows (a) the total number of water-related billion-dollar disaster events (tropical cyclones, flooding, and
droughts combined) each year in the United States and (b) the associated costs (in 2017 dollars, adjusted for inflation). Source:
adapted from NOAA NCEI 2018.19
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Additionally, heavy precipitation events in most
parts of the United States have increased in
both intensity and frequency since 1901 and
are projected to continue to increase over
this century under both a lower and higher
scenario (RCP4.5 and RCP8.5; see Easterling et
al. 2017, Key Finding 235). There are, however,
important regional and seasonal differences in
projected changes in total precipitation.

Key Message 1
Changes in Water Quantity
and Quality
Significant changes in water quantity
and quality are evident across the
country. These changes, which are expected to persist, present an ongoing
risk to coupled human and natural systems and related ecosystem services.
Variable precipitation and rising temperature are intensifying droughts, increasing heavy downpours, and reducing
snowpack. Reduced snow-to-rain ratios
are leading to significant differences
between the timing of water supply and
demand. Groundwater depletion is exacerbating drought risk. Surface water
quality is declining as water temperature
increases and more frequent high-intensity rainfall events mobilize pollutants
such as sediments and nutrients.

Higher temperatures also result in increased
human use of water, particularly through
increased water demand for agriculture arising
from increased evapotranspiration (Ch. 10: Ag &
Rural, KM 1).52,53 In some regions of the United
States, water supplies are already stressed by
increasing consumption.12 Continued warming
will add to the stress on water supplies and
adversely impact water supply reliability in
parts of the United States. Over the last 30
years, improvements in water-use efficiency
have offset the increasing water needs from
population growth, and national water use has
remained constant.12 However, without efforts
to increase water-use efficiency in rural and
urban areas, increased future demand due
to warming could exceed future supply in
some locations.13

Climate change effects on hydrology, floods,
and drought for the United States are discussed in the Climate Science Special Report35,36
and the Third National Climate Assessment.6
Increasing air temperatures have substantially
reduced the fraction of winter precipitation
falling as snow, particularly over the western
United States.37,38,39,40,41,42 Warming has resulted
in a shift in the timing of snowmelt runoff to
earlier in the year.39,43,44,45,46,47 Glaciers continue
to melt in Alaska25,48 and the western United
States (Ch. 1: Overview, Figure 1.2d).49,50 Shifts in
the hydrological regime due to glacier melting
will alter stream water volume, water temperature, runoff timing, and aquatic ecosystems
in these regions. As temperatures continue
to rise, there is a risk of decreased and highly
variable water supplies for human use and
ecosystem maintenance.32,51
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In the United States, groundwater provides
more than 40% of the water used for agriculture (irrigation and livestock) and domestic
water supplies (Ch. 25: Southwest; Ch. 10: Ag &
Rural, KM 1).1,12 Groundwater use for irrigation
has increased substantially since about 1900
and in some areas has exceeded natural aquifer
recharge rates.54 For example, in the High
Plains Aquifer, the largest freshwater aquifer
in the contiguous United States that supports
an important agricultural region,55 the rate
of groundwater withdrawal for irrigation is
nearly 10 times the rate of natural recharge,
resulting in large groundwater depletions (see
Figure 3.2).56,57,58,59 Groundwater pumping for
irrigation is a substantial driver of long-term

152

Fourth National Climate Assessment

3 | Water
trends in groundwater levels in the central
United States.60,61 In many parts of the United
States, groundwater is being depleted due to
increased pumping during droughts and concentrated demands in urban areas.1 Increasing
air temperatures, insufficient precipitation,
and associated increases in irrigation requirements will likely result in greater groundwater
depletion in the coming decades.62 The lack of
coordinated management of surface water and
groundwater storage limits the Nation’s ability
to address climate variability. Management of
surface water and groundwater storage and
water quality are not coordinated across different agencies, leading to inefficient response to
changing climate.

runoff, which affect pollutant transport into
and within water bodies.6,65 These changes
pose challenges related to the cost and
implications of water treatment, and they
present a risk to water supplies, public health,
and aquatic ecosystems. Increases in high
flow events can increase the delivery of
sediment,66,67,68 nutrients,69,70,71,72 and microbial
pathogens23,73 to streams, lakes, and estuaries;
decreases in low flow volume (such as in the
summer) and during periods of drought can
impact aquatic life through exposure to high
water temperatures and reduced dissolved
oxygen.74,75,76 The risk of harmful algal blooms
could increase due to an expanded seasonal
window of warm water temperatures and the
potential for episodic increases in nutrient
loading.23,24,77 In coastal areas, saltwater intrusion into coastal rivers and aquifers can be
exacerbated by sea level rise (or relative sea
level rise related to vertical land movement)
(Ch. 1: Overview, Figure 1.4), storm surges, and
altered freshwater runoff. Saltwater intrusion

Changes in climate and hydrology have direct
and cascading effects on water quality.63,64
Anticipated effects include warming water
temperatures in all U.S. regions, which affect
ecosystem health (Ch. 7: Ecosystems), and
locally variable changes in precipitation and

Depletion of Groundwater in Major U.S. Regional Aquifers

Figure 3.2: (left) Groundwater supplies have been decreasing in the major regional aquifers of the United States over the last
century (1900–2000). (right) This decline has accelerated recently (2001–2008) due to persistent droughts in many regions and
the lack of adequate surface water storage to meet demands. This decline in groundwater compromises the ability to meet water
needs during future droughts and impacts the functioning of groundwater dependent ecosystems (e.g., Kløve et al. 20143).The
values shown are net volumetric rates of groundwater depletion (km3 per year) averaged over each aquifer. Subareas of an
aquifer may deplete at faster rates or may be actually recovering. Hatching in the figure represents where the High Plains Aquifer
overlies the deep, confined Dakota Aquifer. Source: adapted from Konikow 2015.4 Reprinted from Groundwater with permission
of the National Groundwater Association. © 2015.
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could threaten drinking water supplies,
infrastructure,78 and coastal and estuarine
ecosystems (Ch. 8: Coastal).79,80 Indirect impacts
on water quality are also possible in response
to an increased frequency of forest pest/disease outbreaks, wildfire, and other terrestrial
ecosystem changes; land-use changes (for
example, agricultural and urban) and water
management infrastructure also interact with
climate change to impact water quality.

publicly owned wastewater conveyance and
treatment facilities, combined sewer overflow
correction, and storm water management to
address water quality or water quality-related
public health problems have been estimated at
$271 billion over a 20-year period.89 More than
15,000 dams in the United States are listed as
high risk85 due to the potential losses that may
result if they failed.
Extreme precipitation events are projected to
increase in a warming climate and may lead to
more severe floods and greater risk of infrastructure failure in some regions.90 Long-lasting droughts and warm spells can also compromise earth dams and levees as a result of the
ground cracking due to drying, a reduction of
soil strength, erosion, and subsidence (sinking
of land).91,92 To date, however, there is no comprehensive assessment of the climate-related
vulnerability of U.S. water infrastructure, and
climate risks to existing infrastructure systems
remain unquantified. Tools, case studies, and
other information are available that can be
adopted into design standards and operational
guidelines to account for future climate and/or
integrate climate projections into infrastructure design (e.g., EPA 2016, Ragno et al. 2018;90,93
see also Key Message 3). However, there are
no common design standards or operational
guidelines that address how infrastructure
should be designed and operated in the face
of changing climate risk or that even target
the range of climate variability seen over the
last 500 years.

Key Message 2
Deteriorating Water Infrastructure
at Risk
Deteriorating water infrastructure compounds the climate risk faced by society.
Extreme precipitation events are projected to increase in a warming climate
and may lead to more severe floods and
greater risk of infrastructure failure in
some regions. Infrastructure design,
operation, financing principles, and regulatory standards typically do not account
for a changing climate. Current risk management does not typically consider the
impact of compound extremes (co-occurrence of multiple events) and the risk of
cascading infrastructure failure.
Across the Nation, much of the critical water
infrastructure is aging and, in some cases,
deteriorating or nearing the end of its design
life, presenting an increased risk of failure .
Estimated reconstruction and maintenance
costs aggregated across dams, levees, aqueducts, sewers, and water and wastewater
treatment systems total in the trillions of
dollars based on a variety of different sources.14,81,82,83,84,85,86,87 Capital improvement needs
for public water systems (which provide safe
drinking water) have been estimated at $384
billion for projects necessary from 2011 through
2030.88 Similarly, capital investment needs for

U.S. Global Change Research Program

Procedures for the design, estimation of
probability of failure, and risk assessment of
infrastructure rely on 10–100 years of past data
about flood and rainfall intensity, frequency,
and duration (e.g., Vahedifard et al. 201715). This
approach assumes that the frequency and
severity of extremes do not change significantly
over time.94 However, numerous studies suggest
that the severity and frequency of climatic
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extremes, such as precipitation and heat waves,
have, in fact, been changing.5,14,25,95,96,97,98,99 These
changes present a regionally variable risk of
increased frequency and severity of floods and
drought.6,36 In addition, tree ring reconstructions of climate over the past 500 years for the
United States illustrate a much wider range of
climate variability than does the instrumental
record (which begins around 1900).100,101,102
This historical variability includes wet and dry
periods with statistics very different from those
of the 20th century. Infrastructure design that
uses recent historical data may thus underrepresent the risk seen from the paleo record, even
without considering future climate change.
Statistical methods have been developed for
climate risk and frequency analysis that incorporate observed and/or projected changes in
extremes.90,94,103,104,105 However, these procedures
have not yet been incorporated in infrastructure design codes and operational guidelines.

infrastructure systems rely on others, and the
failure of one system can lead to the failure of
interconnected systems, such as water–energy
infrastructure (Ch. 4: Energy; Ch. 17: Complex Systems).113

Key Message 3
Water Management in a
Changing Future
Water management strategies designed
in view of an evolving future we can only
partially anticipate will help prepare the
Nation for water- and climate-related
risks of the future. Current water management and planning principles typically do not address risk that changes
over time, leaving society exposed to
more risk than anticipated. While there
are examples of promising approaches
to manage climate risk, the gap between
research and implementation, especially
in view of regulatory and institutional
constraints, remains a challenge.

Compound extreme events—the combination
of two or more hazard events or climate variables over space and/or time that leads to an
extreme impact—have a multiplying effect on
the risk to society, the environment, and built
infrastructure.106 Recent examples include the
2016 Louisiana flood, which resulted in simultaneous flooding across a large area (Ch. 19:
Southeast, KM 2 and Table 19.1);21 Superstorm
Sandy in 2012, when extreme rainfall coincided
with near high tides;107 and other events combining storm surge and extreme precipitation,
such as Hurricane Isaac in 2012 and Hurricane
Matthew in 2016. Traditional infrastructure
design approaches and risk assessment
frameworks often consider these drivers in
isolation. For example, current coastal flood
risk assessment methods consider changes in
terrestrial flooding and ocean flooding separately,108,109,110,111,112 leading to an underestimation
or overestimation of risk in coastal areas.112
Compound extremes can also increase the risk
of cascading infrastructure failure since some
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The susceptibility of society to the harmful
effects of hydrologic variability and the
implications of climate variability and change
necessitate a reassessment of the water planning and management principles developed in
the 20th century. Significant changes in many
key hydrologic design variables (including the
quantity and quality of water) and hydrologic
extremes are being experienced around the
Nation. Paleoclimate analyses and climate
projections suggest persistent droughts and
wet periods over the continental United States
that are longer, cover more area, and are more
intense than what was experienced in the
20th century. An evolving future, which can
only be partially anticipated, adds to this risk.
Furthermore, while hydroclimatic extremes
are projected to increase in frequency,
accurate predictions of changes in extremes
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at a particular location are not yet possible.
Instead, climate projections provide a glimpse
of possible future conditions and help to scope
the plausible range of changes.

One approach is to focus on better managing
variability, which is likely the dominant source
of operational uncertainty for many water systems.115 An example of this approach is incorporating monitoring of current conditions and
forecasts of near-term future conditions (days
to weeks to seasons) in lieu of stationary operating rules based on historical expectations.
Forecasts of near-term hydrologic conditions
can provide the basis for adaptive reservoir
operations, but they require flexible operating
rules. New York City, for example, altered
existing operational guidelines to implement
adaptive reservoir operations based on current
hydrologic conditions to better meet new
concerns for ecological flow requirements in
addition to water supply goals.116 In another
example, the International Joint Commission
adopted a new operating plan for Upper Great
Lakes water levels; the plan is based on the
ability to provide acceptable performance, as
defined by stakeholders, over thousands of
possible future climates.117 The plan includes
forecast-based operations and a funded adaptive management process linking observatories

A central challenge to water planning and
management is learning to plan for plausible
future climate conditions that are wider in
range than those experienced in the past (see
Figure 3.3) (see also Ch. 28: Adaptation, KM 5).
Doing so requires approaches that evaluate
plans over many possible futures instead of
just one, incorporate real-time monitoring and
forecast products to better manage extremes
when they occur, and update policies and
engineering principles with the best available
geoscience-based understanding of global
change. The challenge is both scientific, in
terms of developing and evaluating these
approaches, and institutional–political, in
terms of updating the regulatory–legal and
institutional structures that constrain innovation in water management, planning, and
infrastructure design.

Colorado River Basin Supply and Use

Figure 3.3: The figure shows the Colorado River Basin historical water supply and use, along with projected water supply and
demand. The figure illustrates a challenge faced by water managers in many U.S. locations—a potential imbalance between
future supply and demand but with considerable long-term variability that is not well understood for the future. For the projections,
the dark lines are the median values and the shading represents the 10th to 90th percentile range. Source: adapted from U.S.
Bureau of Reclamation 2012.114
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and information systems to water-release
decisions to address unanticipated change.118 In
addition, updating operations and optimizing
for changing conditions as they occur provide
additional operating flexibility for water supply,
flood risk reduction, and hydropower reservoirs.119,120,121 Finally, financial instruments and
water trading provide avenues for managing
the effects of variability on water competition,
especially between urban water supply and
agricultural water use.122,123,124

variability and change. The risks associated with a
changing climate are compounded by inadequate
attention to the state of water infrastructure
and insufficient maintenance. Developing new
water management and planning approaches
may require updating the regulatory, legal, and
institutional structures that constrain innovation
in water management, community planning,
and infrastructure design.133,134 Furthermore,
adequate maintenance and sufficient funding
to monitor, maintain, and adapt water policy
and infrastructure would help overcome many
of these challenges. Continued collaboration
on transboundary watershed coordination and
agreements on both surface water and groundwater with Canada and Mexico are among the
actions that could facilitate more sustainable
binational water management practices.

Better management of variability does not
eliminate the need for long-term planning
that responds to plausible climate changes
(see Figure 3.3). Major water utilities provide
examples of planning that focus on identifying
and managing vulnerabilities to a wide range
of uncertain future conditions, rather than
evaluating performance for a single future.125
For example, Tampa Bay Water employed
1,000 realizations of future demand and future
supply to evaluate their preparedness for future
conditions.126 Alternatively, Denver Water used
a small set of carefully selected future climate
and socioeconomic development scenarios to
explore possible future vulnerabilities.125 The
World Bank published a set of specific guidelines
for implementing such robustness-based
approaches in water investment evaluation.127
As described in Key Message 2, the nature of
hydrologic extremes and their rarity complicate
the detection of meaningful trends in flood risk,128
while traditional trend detection methods may
lead to missed trends and underpreparation.129 In
response to these challenges, the U.S. Army Corps
of Engineers is exploring robustness to a wide
range of trends and expected regret as metrics
for evaluating flood management strategies,130,131
including the increased incorporation of natural
infrastructure.132

Developing and implementing new approaches
pose special challenges for smaller, rural, and
other communities with limited financial and
technical resources. The development and
adoption of new approaches can be facilitated
by assessments that compare the effectiveness
of new management and planning approaches
across regions; greater exchange of emerging
expertise among water managers; and better
conveyance of the underlying climate and water
science to communities, managers, and other
decision-makers.135,136
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Traceable Accounts
Process Description
Chapter authors were selected based on criteria, agreed on by the chapter lead and coordinating
lead authors, that included a primary expertise in water sciences and management, knowledge of
climate science and assessment of climate change impacts on water resources, and knowledge of
climate change adaptation theory and practice in the water sector.
The chapter was developed through technical discussions and expert deliberation among chapter
authors, federal coordinating lead authors, and staff from the U.S. Global Change Research
Program (USGCRP). Future climate change impacts on hydrology, floods, and drought for the
United States have been discussed in the Third National Climate Assessment6 and in the USGCRP’s
Climate Science Special Report.35,36 Accordingly, emphasis here is on vulnerability and the risk to
water infrastructure and management presented by climate variability and change, including
interactions with existing patterns of water use and development and other factors affecting
climate risk. The scope of the chapter is limited to inland freshwater systems; ocean and coastal
systems are discussed in their respective chapters in this report.

Key Message 1
Changes in Water Quantity and Quality
Significant changes in water quantity and quality are evident across the country. These changes,
which are expected to persist, present an ongoing risk to coupled human and natural systems
and related ecosystem services (high confidence). Variable precipitation and rising temperature
are intensifying droughts (high confidence), increasing heavy downpours (high confidence), and
reducing snowpack (medium confidence). Reduced snow-to-rain ratios are leading to significant
differences between the timing of water supply and demand (medium confidence). Groundwater
depletion is exacerbating drought risk (high confidence). Surface water quality is declining as
water temperature increases (high confidence) and more frequent high-intensity rainfall events
mobilize pollutants such as sediments and nutrients (medium confidence).

Description of evidence base
Increasing air temperatures have substantially reduced the fraction of winter precipitation occurring as snow, particularly over the western United States,37,38,39,40,41,42,137 and warming has resulted in
a shift in the timing of snowmelt runoff to earlier in the year.39,43,44,45,46
As reported in the Climate Science Special Report and summarized in Chapter 2: Climate, average
annual temperature over the contiguous United States has increased by 1.2°F (0.7°C) for the period
1986–2016 relative to 1901–1960, and by 1.8°F (1.0°C) based on a linear regression for the period
1895–2016. Surface and satellite data are consistent in their depiction of rapid warming since 1979.
Paleo-temperature evidence shows that recent decades are the warmest of the past 1,500 years.
Additionally, contiguous U.S. average annual temperature is projected to rise. Increases of about
2.5°F (1.4°C) are projected for the next few decades in all emission scenarios, implying that recent
record-setting years may be common in the near future. Much larger rises are projected by late
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century: 2.8°–7.3°F (1.6°–4.1°C) in a lower scenario (RCP4.5) and 5.8°–11.9°F (3.2°–6.6°C) in a higher
scenario (RCP8.5).
Annual precipitation has decreased in much of the West, Southwest, and Southeast and increased
in most of the Northern and Southern Great Plains, Midwest, and Northeast. There are important
regional differences in trends, with the largest increases occurring in the northeastern United
States. In particular, mesoscale convective systems (organized clusters of thunderstorms)—the
main mechanism for warm season precipitation in the central part of the United States—have
increased in occurrence and precipitation amounts since 1979 (see Easterling et al. 2017,
Key Finding 135).
Heavy precipitation events in most parts of the United States have increased in both intensity
and frequency since 1901 (see Easterling et al. 2017, Key Finding 235) and are projected to continue
to increase over this century. There are, however, important regional and seasonal differences in
projected changes in total precipitation: the northern United States, including Alaska, is projected
to receive more precipitation in the winter and spring, and parts of the southwestern United
States are projected to receive less precipitation in the winter and spring (see Easterling et al. 2017,
Key Finding 335).
Projections indicate large declines in snowpack in the western United States and shifts to more
precipitation falling as rain rather than snow in the cold season in many parts of the central and
eastern United States (see Easterling et al. 2017, Key Finding 435).
The human effect on recent major U.S. droughts is complicated. Little evidence is found for a
human influence on observed precipitation deficits, but much evidence is found for a human
influence on surface soil moisture deficits due to increased evapotranspiration caused by higher
temperatures (see Wehner et al. 2017, Key Finding 236).
Future decreases in surface (top 10 cm) soil moisture from anthropogenic forcing over most of
the United States are likely as the climate warms under higher scenarios (see Wehner et al. 2017,
Key Finding 336). Substantial reductions in western U.S. winter and spring snowpack are projected
as the climate warms. Earlier spring melt and reduced snow water equivalent have been formally
attributed to human-induced warming and will very likely be exacerbated as the climate continues
to warm. Under higher scenarios, and assuming no change to current water resources management, chronic, long-duration hydrological drought is increasingly possible by the end of this
century (see Wehner et al. 2017, Key Finding 436).
Even though national water withdrawal has remained steady irrespective of population growth,12
there is a significant spatiotemporal variability in water withdrawal (for example, a higher rate
over the South) and water-use efficiency across the United States.13 Siebert et al. 201054 reported
that irrigation use of groundwater has increased substantially over the past century and that
groundwater use for irrigation in some areas has exceeded natural aquifer recharge rates.
Changes in air temperature and precipitation affect water quality in predictable ways. Attribution
of water quality changes to climate change, however, is complicated by the multiple cascading,
cumulative effects of climate change, land use, and other anthropogenic stressors on water
quality. There has been a widespread increase in water temperatures across the United States.74,138
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These trends are expected to continue in the future, with increased water temperatures likely
across the country.76 Runoff from more frequent and intense precipitation events can increase the
risk of pollutant loading as nutrients,69,70,71 sediment,66,67,68 and pathogens23,73 are transported from
upland sources to water bodies. Pollutant loading is also strongly influenced by local watershed
conditions (for example, land use, vegetative ground cover, pollutant sources). Increases in
summer–fall water temperatures, excess nutrient loading events (driven by heavy precipitation
events), and longer dry periods (associated with calm, quiescent water conditions) can expand the
seasonal window for cyanobacteria and present an increased risk of bloom events.23,77
Figure 3.2 shows net, average volumetric rates of groundwater depletion (km3/year) in 40 assessed
aquifer systems or subareas in the contiguous 48 states.4 Variation in rates of depletion in time and
space within aquifers occurs but is not shown. For example, in the Nebraska part of the northern
High Plains, small water-table rises occurred in parts of this area, and the net depletion was
negligible. In contrast, in the Texas part of the southern High Plains, development of groundwater
resources was more extensive, and the depletion rate averaged 1.6 km3/year.4

Major uncertainties
There is high uncertainty associated with projected scenarios, as they include many future
decisions and actions that remain unknown. There also is high uncertainty with estimates of
precipitation; this uncertainty is reflected in the wide range of climate model estimates of future
precipitation. In contrast, because climate model simulations generally agree on the direction and
general magnitude of future changes in temperature (given specific emission scenarios), there is a
medium level of uncertainty associated with temperature projections. Overall, changes in land use
are associated with a medium level of uncertainty. Even though there is low uncertainty regarding
the expansion of urban areas, there is greater uncertainty regarding changes in agricultural land
use. A medium level of uncertainty for water supply reflects a combination of high uncertainty in
streamflow and low uncertainty in water demand. Uncertainty in water demand is low because of
adaptation and increased water-use efficiency and because of water storage in reservoirs. Water
storage capacity also reduces uncertainty in future groundwater conditions. Water temperature
changes are relatively well understood, but other changes in water quality, particularly pollutant
loads (such as nutrients, sediment, and pathogens), are associated with high uncertainty due to
a combination of uncertain land-use changes and high uncertainty in streamflow and hydrologic processes.

Description of confidence and likelihood
Increasing temperature is highly likely to result in early snowmelt and increased consumptive
use. Uncertainty in precipitation and emission scenarios leads to low confidence in predicting
water availability and the associated quality arising from changes in land-use scenarios. However,
surface water and groundwater storage ensures medium confidence in water quantity and quality
reliability, but spatial disparity in water efficiency could be better addressed through increased
investment in water infrastructure for system maintenance.
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Key Message 2
Deteriorating Water Infrastructure at Risk
Deteriorating water infrastructure compounds the climate risk faced by society (high confidence).
Extreme precipitation events are projected to increase in a warming climate (high confidence) and
may lead to more severe floods and greater risk of infrastructure failure in some regions (medium
confidence). Infrastructure design, operation, financing principles, and regulatory standards
typically do not account for a changing climate (high confidence). Current risk management does
not typically consider the impact of compound extremes (co-occurrence of multiple events) and
the risk of cascading infrastructure failure (high confidence).

Description of evidence base
Heavy precipitation events in most parts of the United States have increased in both intensity
and frequency since about 1900 and are projected to continue to increase over this century, with
important regional differences (Ch. 2: Climate).35,97 Detectable changes in some classes of flood
frequency have occurred in parts of the United States and are a mix of increases and decreases
(Ch. 2: Climate).6,139 However, formal attribution approaches have not established a significant
connection of increased riverine flooding to human-induced climate change, and the timing of
any emergence of a future detectable anthropogenic change in flooding is unclear (Ch. 2: Climate).
There is considerable variation in the nature and direction of projected streamflow changes in U.S.
rivers (Ch. 2: Climate).6,140
Infrastructure systems are typically sized to cope with extreme events expected to occur on
average within a certain period of time in the future (for example, 25, 50, or 100 years), based on
historical observations.141 There is substantial concern about the impacts of future changes in
extremes on the existing infrastructure. However, the existing operational design and risk assessment frameworks (for example, rainfall intensity–duration–frequency, or IDF, curves and flood
frequency curves) are based on the notion of time invariance (stationarity) in extremes.109,110
Variability in sea surface temperatures influences atmospheric circulation and subsequently
affects the occurrence of regional wet and dry periods in the United States.142,143,144,145,146 Reconstructed streamflow data capture the extreme dry/wet periods beyond the instrumental record,
but a limited literature has considered their application for water management.147,148
A number of models have been developed to incorporate the observed and/or projected changes
in extremes in frequency analysis and risk assessment.94,103,104,105,149,150,151,152 The appropriateness of
a fixed return period for IDF curves or for flood/drought frequency analysis is also questioned
in the literature.7,14,134,153 This chapter has not evaluated the existing methods in the literature
that account for temporal changes in extremes, and the issue warrants more investigation in the future.
Previous studies show that compound extreme events can have a multiplier effect on the risks
to society, the environment, and built infrastructure.112,154 Current design frameworks ignore this
issue and mainly rely on one variable at a time.92,154,155 For example, coastal flood risk assessment
is primarily based on univariate methods that consider changes in terrestrial flooding and ocean
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flooding separately.108,109,111 Few studies have offered frameworks for considering multiple hazards
for the design and risk assessment of infrastructure.112,154 Expected changes in the frequency of
extreme events and their compounding effects can have significant consequences for existing
infrastructure systems.

Major uncertainties
There are high uncertainties in future floods because of uncertainties in future long-term
regional/local precipitation and uncertain changes in land use/land cover, water management,
and other non-climatic factors that will interact with climate change to affect floods. There
also are high uncertainties in future water supply estimates because of uncertainties in future
precipitation. Drought increase due to combined precipitation and temperature change has a
moderate uncertainty.

Description of confidence and likelihood
There is high confidence in the presence of a strong relationship between precipitation and
temperature, indicating that changes in one will likely alter the statistics of the other and hence
the likelihood of occurrence of extremes. The aging nature of the Nation’s water infrastructure is
well documented. Not all aging infrastructure is deteriorating, however, and many aging projects
are operating robustly under changing conditions. Unfortunately, no national assessment of
deteriorating infrastructure or the fragility of infrastructure relative to aging exists. For example,
the U.S. Army Corps of Engineers (USACE) has assessed how climate change projections with bias
correction compare with the nominal design levels of USACE dams; however, this represents only
a fraction of the Nation’s 88,000 dams. While age may be an imperfect proxy for deterioration,
it is used here to call attention to the general concern that many elements of the Nation’s water
infrastructure are likely not optimized to address changing climate conditions. There is high
confidence that deteriorating water infrastructure (dams, levees, aqueducts, sewers, and water and
wastewater treatment and distribution systems) compounds the climate risk faced by society.
Studies show that compound extreme events will likely have a multiplier effect on the risk to
society, the environment, and built infrastructure. Sea level rise is expected to increase in a warming climate. Sea level rise adds to the height of future storm tides, reduces pressure gradients that
are important for transporting fluvial water to the ocean, and enables greater upstream tide/wave
propagation and coastal flooding.
There is high confidence in the existence of the interannual and decadal cycles but medium
confidence in the ability to accurately simulate the joint effects of these cycles and anthropogenic
climate change for water impacts.
Currently, coastal flood risk assessment is primarily based on univariate methods that consider
changes in terrestrial flooding and ocean flooding separately, which may not reliably estimate the
probability of interrelated compound extreme events. The expected changes in the frequency of
extreme events and their compounding effects will likely have significant consequences for existing infrastructure systems. Because of the uncertainties in future precipitation and how extreme
events compound each other, there is medium confidence in the effects of compound extremes
(multiple extreme events) on infrastructure failure.
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Key Message 3
Water Management in a Changing Future
Water management strategies designed in view of an evolving future we can only partially
anticipate will help prepare the Nation for water- and climate-related risks of the future (medium
confidence). Current water management and planning principles typically do not address risk that
changes over time, leaving society exposed to more risk than anticipated (medium confidence).
While there are examples of promising approaches to manage climate risk, the gap between
research and implementation, especially in view of regulatory and institutional constraints,
remains a challenge.

Description of evidence base
There is wide documentation in the scientific literature that water management practice and engineering design use the observed historical record as a guide to future expectations. This implies that
significant departures from those expectations would pose greater-than-anticipated risks, and scenario
analyses have demonstrated this to be the case, particularly in studies of large water supply systems. In
particular, the Climate Science Special Report5 notes the potential for increased clustering (for example,
heat waves and drought) or sequences of extremes and rapid transitions in climate. There is a growing
literature that documents the use of robustness-based planning approaches, especially for water
supply planning but also for coastal planning. These approaches provide promising methodologies for
addressing climate change in water planning, although their complexity and cost—and limited planning
resources—may be impediments to wide-scale adoption.
The literature also provides examples of some more innovative approaches applied to managing
risks in an adaptive manner, including updating reservoir operations,116,126,156 employing financial
instruments for risk transfer or financial risk management,123,157 and the use of adaptive management.117 However, the lack of broader-scale adoption and wider demonstration prevents more
conclusive statements regarding the general utility of these approaches at this time.120

Major uncertainties
The key uncertainty in assessing the current state of preparation of the Nation’s water infrastructure
and management for climate change is the lack of public data collected about key performance and risk
parameters. This includes the state of water infrastructure, including dams, levees, distribution systems,
storm water collection, and water and wastewater treatment systems. For some of these systems,
current performance information may be available, but there is little knowledge of what future performance limitations may be. Furthermore, much of this information is not publicly available, although it
may be collected by the many local and state agencies that operate these infrastructure systems. A large
number of case studies have illustrated that observed and projected changes in climate could place
systems at risk in ways that exceed current expectations.

Description of confidence and likelihood
The Key Message is stated with medium confidence due to the limited assessment that has been
performed on water infrastructure systems and management regimes, and due to the nascent and
limited assessment of proposed adaptive responses.
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Key Message 1

Linemen working to restore power in Puerto Rico after Hurricane Maria in 2017

Nationwide Impacts on Energy
The Nation’s energy system is already affected by extreme weather events, and due to climate
change, it is projected to be increasingly threatened by more frequent and longer-lasting power
outages affecting critical energy infrastructure and creating fuel availability and demand
imbalances. The reliability, security, and resilience of the energy system underpin virtually every
sector of the U.S. economy. Cascading impacts on other critical sectors could affect economic
and national security.

Key Message 2
Changes in Energy System Affect Vulnerabilities
Changes in energy technologies, markets, and policies are affecting the energy system’s
vulnerabilities to climate change and extreme weather. Some of these changes increase
reliability and resilience, while others create additional vulnerabilities. Changes include the
following: natural gas is increasingly used as fuel for power plants; renewable resources are
becoming increasingly cost competitive with an expanding market share; and a resilient energy
supply is increasingly important as telecommunications, transportation, and other critical
systems are more interconnected than ever.

Key Message 3
Improving Energy System Resilience
Actions are being taken to enhance energy security, reliability, and resilience with respect to the
effects of climate change and extreme weather. This progress occurs through improved data
collection, modeling, and analysis to support resilience planning; private and public–private
partnerships supporting coordinated action; and both development and deployment of new,
innovative energy technologies for adapting energy assets to extreme weather hazards.
Although barriers exist, opportunities remain to accelerate the pace, scale, and scope of
investments in energy systems resilience.
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Executive Summary
The Nation’s economic security is increasingly
dependent on an affordable and reliable supply
of energy.1,2 Every sector of the economy
depends on energy, from manufacturing to
agriculture, banking, healthcare, telecommunications, and transportation. Increasingly,
climate change and extreme weather events
are affecting the energy system, threatening
more frequent and longer-lasting power outages and fuel shortages. Such events can have
cascading impacts on other critical sectors,
potentially affecting the Nation’s economic and
national security. At the same time, the energy
sector is undergoing substantial policy, market,
and technology-driven changes that are projected to affect these vulnerabilities.

and threaten oil and gas drilling and refining, as
well as thermoelectric power plants that rely on
surface water for cooling.3,21,22,23,24 Drier conditions
are projected to increase the risk of wildfires and
damage to energy production and generation
assets and the power grid.3,8
At the same time, the nature of the energy
system itself is changing.1,2,22,25,26,27,28,29,30,31,32,33,34
Low carbon-emitting natural gas generation
has displaced coal generation due to the rising
production of low-cost, unconventional natural
gas, in part supported by federal investment
in research and development.35 In the last 10
years, the share of generation from natural
gas increased from 20% to over 30%, while
coal has declined from nearly 50% to around
30%.36 Over this same time, generation from
wind and solar has grown from less than 1% to
over 5% due to a combination of technological
progress, dramatic cost reductions, and federal
and state policies.2,33

The impacts of extreme weather and climate
change on energy systems will differ across the
United States.3 Low-lying energy facilities and
systems located along inland waters or near the
coasts are at elevated risk of flooding from more
intense precipitation, rising sea levels, and more
intense hurricanes.4,5,6,7,8 Increases in the severity
and frequency of extreme precipitation are
projected to affect inland energy infrastructure
in every region. Rising temperatures and extreme
heat events are projected to reduce the generation capacity of thermoelectric power plants
and decrease the efficiency of the transmission
grid.9,10 Rising temperatures are projected to also
drive greater use of air conditioning and increase
electricity demand, likely resulting in increases
in electricity costs.8,11,12,13,14,15,16,17,18,19 The increase in
annual electricity demand across the country for
cooling is offset only marginally by the relatively
small decline in electricity demand for heating.
Extreme cold events, including ice and snow
events, can damage power lines and impact fuel
supplies.20 Severe drought, along with changes in
evaporation, reductions in mountain snowpack,
and shifting mountain snowmelt timing, is
projected to reduce hydropower production
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It is possible to address the challenges of a
changing climate and energy system, and
both industry and governments at the local,
state, regional, federal, and tribal levels are
taking actions to improve the resilience of the
Nation’s energy system. These actions include
planning and operational measures that seek
to anticipate climate impacts and prevent or
respond to damages more effectively, as well
as hardening measures to protect assets from
damage during extreme events.3,37,38,39,40,41,42
Resilience actions can have co-benefits, such
as developing and deploying new innovative
energy technologies that increase resilience
and reduce emissions. While steps are being
taken, an escalation of the pace, scale, and
scope of efforts is needed to ensure the safe
and reliable provision of energy and to establish a climate-ready energy system to address
present and future risks.
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Potential Impacts from Extreme Weather and Climate Change

Extreme weather and climate change can potentially impact all components of the Nation’s energy system, from fuel (petroleum,
coal, and natural gas) production and distribution to electricity generation, transmission, and demand. From Figure 4.1 (Source:
adapted from DOE 2013 23).
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State of the Sector

serves other parts of the country, so regional
disruptions are projected to have national
implications. Hawai‘i and the U.S. Caribbean
(Ch. 27: Hawai‘i & Pacific Islands, KM 3; Ch. 20:
U.S. Caribbean, KM 3 and 5) are especially vulnerable to sea level rise and extreme weather,
as they rely on imports of petroleum through
coastal infrastructure, ports, and storage
facilities. Oil and gas operations in Alaska
are vulnerable to thawing permafrost, which,
together with sea level rise and dwindling protective sea ice, is projected to damage existing
infrastructure and restrict seasonal access;
however, a longer ice-free season may enhance
offshore energy exploration and transport (Ch.
26: Alaska, KM 5). More frequent and intense
extreme precipitation events are projected
to increase the risk of floods for coastal and
inland energy infrastructure, especially in the
Northeast and Midwest (Ch. 18: Northeast, KM
1 and 3; Ch. 21: Midwest, KM 5). Temperatures
are rising in all regions, and these increases are
expected to drive greater use of air conditioning. The increase in annual electricity demand
across the country for cooling is offset only
marginally by the relatively small decline in
heating demand that is met with electric power.11 In addition, higher temperatures reduce
the thermal efficiency and generating capacity
of thermoelectric power plants and reduce the
efficiency and current-carrying capacity of
transmission and distribution lines.

The Nation’s economic security is increasingly
dependent on an affordable and reliable supply of energy. Every sector of the economy
depends on energy, from manufacturing to
agriculture, banking, healthcare, telecommunications, and transportation.2 Increasingly,
climate change and extreme weather events
are affecting the energy system (including all
components related to the production, conversion, delivery, and use of energy), threatening more frequent and longer-lasting power
outages and fuel shortages.3 Such events can
have cascading impacts on other critical sectors43,44 and potentially affect the Nation’s economic and national security (Ch. 17: Complex
Systems). At the same time, the energy sector
is undergoing substantial policy-, market-, and
technology-driven changes.2,31 Natural gas and
renewable resources are moving to the forefront as energy sources and energy efficiency
efforts continue to expand, forcing changes to
the design and operation of the Nation’s gas
infrastructure and electrical grid. Beyond these
changes, deliberate actions are being taken
to enhance energy security, reliability, and
resilience with respect to the effects of climate
change through integrated planning, innovative
energy technologies, and public–private partnerships;1,2,31,45 however, much work remains to
establish a climate-ready energy system that
addresses present and future risks.

Energy systems in the Northwest and
Southwest are likely to experience the most
severe impacts of changing water availability,
as reductions in mountain snowpack and
shifts in snowmelt timing affect hydropower
production (Ch. 24: Northwest, KM 3; Ch. 25:
Southwest, KM 5). Drought will likely threaten
fuel production, such as fracking for natural
gas and shale oil; enhanced oil recovery in the
Northeast, Midwest, Southwest, and Northern
and Southern Great Plains; oil refining; and
thermoelectric power generation that relies

Regional Summary
Energy systems and the impacts of climate
change differ across the United States, but all
regions will be affected by a changing climate.
The petroleum, natural gas, and electrical
infrastructure along the East and Gulf Coasts
are at increased risk of damage from rising
sea levels and hurricanes of greater intensity
(Ch. 18: Northeast, KM 3; Ch. 19: Southeast,
KM 1 and 2). This vulnerable infrastructure
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on surface water for cooling. In the Midwest,
Northern Great Plains, and Southern Great
Plains, higher temperatures and reduced soil
moisture will likely make it more difficult to
grow biofuel crops and impact the availability
of wood and wood waste products for heating,
fuel production, and electricity generation
(Ch. 22: N. Great Plains, KM 4; Ch. 23: S. Great
Plains, KM 1 and 2).

supply-and-use findings of prior National
Climate Assessments.9
Extreme weather can damage energy assets—a
broad suite of equipment used in the production, generation, transmission, and distribution
of energy—and cause widespread energy
disruption that can take weeks to fully resolve,
at sizeable economic costs.2,3 High winds
threaten damage to electricity transmission
and distribution lines (Box 4.1), buildings, cooling towers, port facilities, and other onshore
and offshore structures associated with energy
infrastructure and operations.3 Extreme rainfall
(including extreme precipitation events, hurricanes, and atmospheric river events) can lead
to flash floods that undermine the foundations
of power line and pipeline crossings and inundate common riverbank energy facilities such
as power plants, substations, transformers, and
refineries.3 River flooding can also shut down
or damage fuel transport infrastructure such
as railroads, fuel barge ports, pipelines, and
storage facilities.3

Key Message 1
Nationwide Impacts on Energy
The Nation’s energy system is already
affected by extreme weather events, and
due to climate change, it is projected to
be increasingly threatened by more frequent and longer-lasting power outages
affecting critical energy infrastructure
and creating fuel availability and demand
imbalances. The reliability, security,
and resilience of the energy system
underpin virtually every sector of the U.S.
economy. Cascading impacts on other
critical sectors could affect economic
and national security.

Box 4.1: Economic Impacts to
Electricity Systems
Repairs to electricity generation, transmission, and
distribution systems from recent hurricane events
are costing billions of dollars. Con Edison and Public
Service Electric and Gas invested over $2 billion (in
2014 dollars) in response to Superstorm Sandy.50,51
An estimate to build back Puerto Rico’s electricity
systems in response to Hurricanes Irma and Maria is
approximately $17 billion (in 2017 dollars).52

The principal contributor to power outages,
and their associated costs, in the United
States is extreme weather.2,8,46 Extreme
weather includes high winds, thunderstorms,
hurricanes, heat waves, intense cold periods,
intense snow events and ice storms, and
extreme rainfall. Such events can interrupt
energy generation, damage energy resources
and infrastructure, and interfere with fuel
production and distribution systems, causing
fuel and electricity shortages or price spikes
(Figure 4.1). Many extreme weather impacts are
expected to continue growing in frequency and
severity over the coming century,8 affecting
all elements of the Nation’s complex energy
supply system and reinforcing the energy
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Coastal flooding threatens much of the
Nation’s energy infrastructure, especially in
regions with highly developed coastlines.4,5,6
Coastal flooding, including wave action and
storm surge (where seawater moves inland,
often at levels above typical high tides due to
strong winds), can affect gas and electric asset
performance, cause asset damage and failure,
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Potential Impacts from Extreme Weather and Climate Change

Figure 4.1: Extreme weather and climate change can potentially impact all components of the Nation’s energy system, from
fuel (petroleum, coal, and natural gas) production and distribution to electricity generation, transmission, and demand. Source:
adapted from DOE 2013.23

and disrupt energy generation, transmission,
and delivery. In addition, flooding can cause
large petroleum storage tanks to float, destroying the tanks and potentially creating hazardous spills.3 Any significant increase in hurricane
intensities would greatly exacerbate exposure
to storm surge and wind damage.

a sea level rise of 3.3 feet (1 m; at the high
end of the very likely range under a lower
scenario [RCP4.5] for 2100) (for more on RCPs,
see the Scenario Products section in App. 3)47
could expose dozens of power plants that are
currently out of reach to the risks of a 100-year
flood (a flood having a 1% chance of occurring
in a given year). This would put an additional
cumulative total of 25 gigawatts (GW) of operating or proposed power capacities at risk.48 In
Florida and Delaware, sea level rise of 3.3 feet
(1 m) would double the number of vulnerable
plants (putting an additional 11 GW and 0.8
GW at risk in the two states, respectively); in
Texas, vulnerable capacity would more than

In the Southeast (Atlantic and Gulf Coasts),
power plants and oil refineries are especially
vulnerable to flooding. The number of electricity generation facilities in the Southeast
potentially exposed to hurricane storm surge
is estimated at 69 and 291 for Category 1 and
Category 5 storms, respectively.4 Nationally,
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triple (with an additional 2.8 GW at risk).48 Sea
level rise and storm surge already pose a risk
to coastal substations; this risk is projected
to increase as sea levels continue to rise. For
example, in southeastern Florida the number
of major substations exposed to flooding
from a Category 3 storm could more than
double by 2050 and triple by 2070 under the
higher scenario (RCP8.5).49 Under RCP8.5, the
projected number of electricity substations
in the Gulf of Mexico exposed to storm surge
from Category 1 hurricanes could increase by
over 30% and nearly 60% by 2030 and 2050,
respectively.1 Increases in baseline sea levels
expose many more Gulf Coast refineries to
flooding risk during extreme weather events.
For example, given a Category 1 hurricane,
a sea level rise of less than 1.6 feet (0.5 m)47
doubles the number of refineries in Texas and
Louisiana vulnerable to flooding by 2100 under
the lower scenario (RCP4.5).4

malfunction, and result in increased risks to
public health and safety.2,3,8,15,56
If greenhouse gas emissions continue unabated
(as with the higher scenario [RCP8.5]), rising
temperatures are projected to drive up electricity costs and demand. Despite anticipated
gains in end use and building and appliance
efficiencies, higher temperatures are projected
to drive up electricity costs not only by
increasing demand but also by reducing the
efficiency of power generation and delivery,
and by requiring new generation capacity
costing residential and commercial ratepayers
by some estimates up to $30 billion per year by
mid-century.3,57 By 2040, nationwide, residential and commercial electricity expenditures
are projected to increase by 6%–18% under
a higher scenario (RCP8.5), 4%–15% under a
lower scenario (RCP4.5), and 4%–12% under
an even lower scenario (RCP2.6).13 By the end
of the century, an increase in average annual
energy expenditures from increased energy
demand under the higher scenario is estimated
at $32–$87 billion (Figure 4.2; in 2011 dollars
for GAO 201712 and in 2013 dollars for Rhodium
Group LLC 2014, Larsen et al. 2017, Hsiang et
al. 201716,13,14). Nationwide, electricity demand is
projected to increase by 3%–9% by 2040 under
the higher scenario and 2%–7% under the
lower scenario.13 This projection includes the
reduction in electricity used for space heating
in states with warming winters, the associated
decrease in heating degree days, and the
increase in electricity demand associated with
increases in cooling degree days.

Rising air and water temperatures and extreme
heat events53,54,55 drive increases in demand
for cooling while simultaneously resulting in
reduced capacity and increased disruption
of power plants and the electric grid, and
potentially increasing electricity prices to
consumers. Increased demand for cooling will
likely also increase energy-related emissions
of criteria air pollutants (for example, nitrogen
oxide and sulfur dioxide), presenting an
additional challenge to meet national ambient
air quality standards, which are particularly
important in the summer, when warmer temperatures and more direct sunlight can exacerbate the formation of photochemical smog
(Ch. 13: Air Quality, KM 1 and 4). Unless other
mitigation strategies are implemented, more
frequent, severe, and longer-lasting extreme
heat events are expected to make blackouts
and power disruptions more common, increase
the potential for electricity infrastructure to
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In a lower scenario (RCP4.5), temperatures
remain on an upward trajectory that could
increase net electricity demand by 1.7%–2.0%.15
To ensure grid reliability, enough generation
and storage capacity must be available to meet
the highest peak load demand. Rising temperatures could necessitate the construction
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Projected Changes in Energy Expenditures

Figure 4.2: This figure shows county-level median projected increases in energy expenditures for average 2080–2099 impacts
under the higher scenario (RCP8.5). Impacts are changes relative to no additional change in climate. Color indicates the
magnitude of increases in energy expenditures in median projection; outline color indicates level of agreement across model
projections (thin white outline, inner 66% of projections disagree in sign; no outline, more than 83% of projections agree in sign;
black outline, more than 95% agree in sign; thick gray outline, state borders). Data were unavailable for Alaska, Hawai‘i and the
U.S.-Affiliated Pacific Islands, and the U.S. Caribbean regions. Source: Hsiang et al. 2017.14

of up to 25% more power plant capacity
by 2040, compared to a scenario without a
warming climate.13

A changing climate also threatens hydropower production, especially in western
snow-dominated watersheds, where declining
mountain snowpack affects river levels (Ch. 24:
Northwest, KM 3; Ch. 25: Southwest, KM 5).
For example, severe, extended drought caused
California’s hydropower output to decline
59% in 2015 compared to the average annual
production over the two prior decades.22

Most U.S. power plants, regardless of fuel
source (for example, coal, natural gas, nuclear,
concentrated solar, and geothermal), rely
on a steady supply of water for cooling, and
operations are projected to be threatened
when water availability decreases or water
temperatures increase (Ch. 3: Water; Ch. 17:
Complex Systems, Box 17.3).3 Elevated water
temperatures reduce power plant efficiency;
in some cases, a plant could have to shut
down to comply with discharge temperature
regulations designed to avoid damaging aquatic
ecosystems.3 In North America, the output
potential of power plants cooled by river water
could fall by 7.3% and 13.1% by 2050 under the
RCP2.6 and RCP8.5 scenarios, respectively.21
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Reduced water availability also affects the
production and refining of petroleum, natural
gas, and biofuels. During droughts, hydraulic
fracturing and fuel refining operations will likely
need alternative water supplies (such as brackish
groundwater) or to shut down temporarily.3,23,24
Shutdowns and the adoption of emergency measures and backup systems can increase refinery
costs, raising product prices for the consumer.23
Drought can reduce the cultivation of biofuel
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feedstocks (Ch. 10: Ag & Rural) and increase the
risk of wildfires that threaten transmission lines
and other energy infrastructure.3,8

The energy sector is undergoing a transformation driven by technology, markets, and policies that will change the sector’s vulnerability
to extreme weather and climate hazards. New
drilling technologies and methods are enabling
increased natural gas production, lower prices,
and greater consumption. For example, in 2016
for the first time, natural gas replaced coal as
the leading source of electricity generation in
the United States (Figure 4.3).22,31 In addition,
U.S. net imports of petroleum reached a new
low (Box 4.2). Likewise, dramatic reductions
in the cost of renewable generation sources
have led to the rapid growth of solar and wind
installations.32,58 Solar and wind generation in
the United States grew by 44% and 19% during
2016, respectively.25 These changes offer the
opportunity to diversify the energy generation
portfolio and require planning for operation
and reliability of power generation, transmission, and delivery to maximize the positive
effects and avoid unintended consequences.
For example, natural gas generation generally
improves electric system flexibility and reliability, as gas-fired power plants can quickly
ramp output up and down,2 but gas supplies

Key Message 2
Changes in Energy System Affect
Vulnerabilities
Changes in energy technologies, markets, and policies are affecting the
energy system’s vulnerabilities to climate
change and extreme weather. Some of
these changes increase reliability and
resilience, while others create additional
vulnerabilities. Changes include the
following: natural gas is increasingly
used as fuel for power plants; renewable
resources are becoming increasingly
cost competitive with an expanding
market share; and a resilient energy
supply is increasingly important as
telecommunications, transportation, and
other critical systems are more interconnected than ever.

Electricity Generation from Selected Fuels

Figure 4.3: This figure shows electric power generation from different fuel sources and technologies. Since 2010, the declining
market share from coal has been filled largely by natural gas and, to a lesser extent, renewables. Renewables include:
conventional hydroelectric, geothermal, wood, wood waste, biogenic municipal waste, landfill gas, other biomass, solar, and
wind power. Source: EIA/AEO 2018.59
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and midstream infrastructure are vulnerable
to disruption as noted previously. The flexible
dispatch of gas generation can partially address
the intermittency introduced by wide-scale
deployment of solar and wind generation,
which can be impacted by extreme weather
as described earlier.2 In addition, the growing
adoption of energy efficiency programs,
demand response programs, transmission
capacity increases, and microgrids with energy
storage technologies is enhancing system
flexibility, reliability, and resilience.31

technologies, the development of building
energy codes and appliance and equipment
standards, the encouragement of voluntary
actions to improve energy efficiency, and
the continued growth of the broader energy
efficiency and energy management industry.60
The grid is changing with the adoption of new
technologies. For example, grid operators are
improving system resilience and reliability
by installing advanced communications and
control technologies as well as automation systems that can detect and react to local changes
in usage. On distribution grids, smart meter
infrastructure and communication-enabled
devices give utilities new abilities to monitor—
and potentially lower—electricity usage in real
time. These technologies provide operators
with access to real-time communications for
outages and better tools to prevent outages
and manage restoration efforts.

Energy efficiency has been remarkably successful over several decades in helping control
energy costs to homes, buildings, and industry,
while also contributing to enhanced resilience
through reduced energy demand.2 A number
of actions are contributing to the increases in
energy efficiency, significant energy savings,
and improved resilience, including: the use
of tax policy and other financial incentives to
lower the cost of deploying efficient energy

Although most electric service disruptions
are caused by transmission and distribution

Examples of Critical Infrastructure Interdependencies

Figure 4.4: The interdependence of critical infrastructure systems increases the importance of electricity resilience, as disruptions
to energy services are projected to affect other sectors. Shown above is a representative set of connections, and the complex
relationships are analogous to other systems (Ch. 17: Complex Systems). A more complete listing of these linkages can be found
at DOE.2 Source: adapted from DOE 2017.2
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outages,1 it is possible for fuel availability to
affect electricity generation reliability and
resilience. Most generation technologies have
experienced fuel deliverability challenges in
the past.31 Coal facilities typically store enough
fuel onsite to last for 30 days or more, but
extreme cold can lead to frozen fuel stockpiles
and disruptions in train deliveries. Natural gas
is delivered by pipeline on an as-needed basis.
Capacity challenges on existing pipelines,
combined with the difficulty in some areas of
siting and constructing new natural gas pipelines, along with competing uses for natural
gas such as for home heating, have created
supply constraints in the past.31 Renewables
supplies are not immune from storage issues,
as hydropower is particularly sensitive to water
availability and reservoir levels, the magnitude
and timing of which will be influenced by a
changing climate. Management of the myriad
fuel storage challenges and their relation to
climate change is a subject that would benefit
from improved understanding.

finance, healthcare and emergency response,
and manufacturing—can exacerbate and compound the impacts of future power outages
(Figure 4.4).2 Like other complex systems
(Boxes 4.1 and 4.3) (Ch. 17: Complex Systems),
disruptions in other sectors also affect the
energy system. For instance, communication
architectures, including supervisory control
and data acquisition, are often used in power
delivery. While increasing automation of these
systems on the grid can help mitigate the
impact of extreme weather, without appropriate preventive measures, these systems are
expected to increase system vulnerabilities to
cyberattacks and other systemic risks.2,31
Given the interdependencies, resilience
actions taken by other sectors to address
climate change and extreme weather can have
implications for the energy sector. For example, reductions in urban water consumption
can result in reductions in electricity use to
treat and convey both water and wastewater.
California’s mandate to reduce urban water
consumption to address drought conditions
in 2015 resulted in significant reductions in
both water use and associated electricity use.62
Exploring the resilience nexus between sectors
can identify the co-benefits of resilience
solutions and inform cost-effective resilience strategies.

Box 4.2: Changing Dimensions of
Energy Security
There is a trend of decreasing net imports (imports minus exports) of petroleum. In 2016, U.S.
net imports reached a new low equal to about 25%
of U.S. petroleum consumption, down from 60%
in 2005.59,61 This significant decline is the result of
several factors, including the exploitation of vast
domestic shale oil reserves and, to a lesser extent, reduced demand levels and expanded biofuel
production. While this shift has potential national
security benefits, there is an accompanying altered
geographic distribution of our energy production
assets and activities that could result in changes
in exposure to the effects of extreme weather and
climate change.

While the Nation’s energy system is changing,
it is also aging, with the majority of energy
infrastructure dating to the 20th century: 70%
of the grid’s transmission lines and power
transformers are over 25 years old, and the
average age of power plants is over 30 years
old.63 The components of the energy system
are of widely varying ages and conditions
and were not engineered to serve under the
extreme weather conditions projected for this
century. Aging, leak-prone natural gas distribution pipelines and associated infrastructures
prompt safety and environmental concerns.1

Increasing electrification in other sectors—
such as telecommunications, transportation
(including electric vehicles), banking and
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Without greater attention to aging equipment
as well as increasing storm and climate
impacts, the U.S. will likely experience longer
and more frequent power interruptions.64

Energy companies, utilities, and system operators are increasingly employing advanced data,
modeling, and analysis to support a range of
assessment and planning activities. Accurate
load forecasting and generation planning now
require considering both extreme weather
and climate change. These are also essential
considerations for planning and deploying
energy infrastructure with a useful service life
of decades. Coastal infrastructure plans are
beginning to take into account rising sea levels
and the associated increased risk of flooding.
Resource plans for new thermoelectric power
plants and fuel refineries are considering
potential changes to fuel and water supplies.
For example, the inability of natural gas-fired
power plants to store fuel on site is leading
energy providers to explore various resilience
options, such as co-firing with fuel oil, which
can be more readily stored; improving information sharing and coordination between
electric generators, gas suppliers, and pipeline
operators; and, ensuring the availability of
more flexible resources for use to mitigate the
uncertainties associated with natural gas fuel
risks.31,66 Advanced tools and techniques are
helping planners understand how changes in
extreme weather and in the energy system will
affect future vulnerabilities and identify the
actions necessary to establish a climate-ready
energy system.

Key Message 3
Improving Energy System Resilience
Actions are being taken to enhance
energy security, reliability, and resilience
with respect to the effects of climate
change and extreme weather. This
progress occurs through improved data
collection, modeling, and analysis to
support resilience planning; private and
public–private partnerships supporting
coordinated action; and both development and deployment of new, innovative
energy technologies for adapting energy
assets to extreme weather hazards.
Although barriers exist, opportunities
remain to accelerate the pace, scale, and
scope of investments in energy systems resilience.
Industry and governments at the local, state,
regional, and federal levels are taking actions
to improve the resilience of the Nation’s energy
system and to develop quantitative metrics
to assess the economic and energy security
benefits associated with these measures.
Current efforts include planning and operational measures that seek to anticipate climate
impacts and prevent or respond to damages
more effectively, as well as hardening measures
(including physical barriers, protective casing,
or other upgrades) to protect assets from
damage, multi-institutional and public–private
partnerships for coordinated action, and
development and deployment of new technologies to enhance system resilience (Figure
4.5).3,37,38,39,40,41,42,65
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For the electric grid, improved modeling and
analysis of changing generation resources,
electricity demand, and usage patterns are
helping industry, utilities, and other stakeholders plan for future changes, such as the
role of increased storage, demand response,
smart grid technologies, energy efficiency, and
distributed generation including solar and fuel
cells.67,68 Energy companies, utilities, and system operators are increasingly evaluating longterm capital expansion strategies, their system
operations, the resilience of supply chains, and
the potential of mutual assistance efforts.3,29,69
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For example, electricity demand response
programs and energy efficiency programs
are helping shift or reduce electricity usage
during peak periods, improving grid reliability
without increasing power generation. A central

challenge to such planning is dealing with
the broad range of uncertainties inherent to
infrastructure investment planning (for example, climate, technology, and load). Advanced
tools are being developed that help inform

Energy Sector Resilience Solutions

Figure 4.5: Solutions are being deployed in the energy sector to enhance resilience to extreme weather and climate impacts
across a spectrum of energy generation technologies, infrastructure, and fuel types. The figure illustrates resilience investment
opportunities addressing specific extreme weather threats, as well as broader resilience actions that include grid modernization
and advanced planning and preparedness. Photo credits (from top): Todd Plain, U.S. Army Corps of Engineers; Program
Executive Office, Assembled Chemical Weapons Alternative; Lance Cheung, USDA; Idaho National Laboratory (CC BY 2.0);
Darin Leach, USDA; Master Sgt. Roy Santana, U.S. Air Force.
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investment decisions that balance costs as well
as risk exposure70,71,72 in an uncertain future.

resilience planning guidance, conduct climate
change vulnerability assessments, and develop
and implement cost-effective resilience
solutions.76 Additionally, the Administration
established the Build America Investment
Initiative as an interagency effort led by the
Departments of Treasury and Transportation
to promote increased investment in U.S. infrastructure, particularly through public–
private partnerships.

Box 4.3: Rebuilding and Enhancing Energy
System Resilience: Lessons Learned
While Superstorm Sandy and Hurricanes Harvey,
Irma, and Maria caused significant damages to
energy infrastructure, these storms also provided
an opportunity to rebuild in ways that will enhance
resilience to such storms in the future. For example,
Superstorm Sandy caused 8.7 million customers to
lose power, and utility companies in New York and
New Jersey invested billions of dollars in upgrades
to protect assets from projected extreme weather
and climate change, including installing submersible

Hardening measures protect energy systems
from extreme weather hazards. Measures
being adopted include, but are not limited
to, adding natural or physical barriers to
elevate, encapsulate, waterproof, or protect
equipment vulnerable to flooding; reinforcing
assets vulnerable to wind damage; adding or
improving cooling or ventilation equipment to
improve system performance during drought
or extreme heat conditions; adding redundancy to increase a system’s resilience to disruptions; and deploying distributed generation
equipment (such as solar, fuel cells, or small
combined-heat-and-power generators), energy
storage, and microgrids with islanding capabilities (the ability to isolate a local, self-sufficient
power grid during outages) to protect critical
services from widespread outages while
promoting improved energy efficiency and
associated appliance standards. While hardening assets in place may be effective, in other
situations, relocating assets may be more cost
effective in the longer term.

equipment and floodwalls, elevating equipment,
redesigning underground electrical networks, and
installing smart switches to isolate and clear trouble
on lines.3,50 These actions have prevented outages
to hundreds of thousands of customers and have
reduced recovery times.50 Emerging networks of expert practitioners (such as the National Adaptation
Forum), foundation-supported initiatives focusing
on cities, and regional events targeting counties and
multi-jurisdictional audiences are also providing new
forums for information sharing across impacted
communities on best practices and low-cost interventions to enhance resilience.

Private and public–private partnerships are
increasingly being used to share lessons
learned and to coordinate action. Municipal,
state, and tribal communities (Ch. 15: Tribes,
KM 1) are working together to address climate
change related risks,3,73 as in the case of
the Rockefeller Foundation’s 100 Resilient
Cities and C40 Cities partnerships, which are
empowering communities to collaborate, share
knowledge, and drive meaningful, measurable,
and sustainable action on resilience.74,75 By way
of the U.S. Department of Energy’s (DOE) Partnership for Energy Sector Climate Resilience,
a number of utilities from across the country
are collaborating with the DOE to develop
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One key category of hardening measures is
addressing the vulnerability of the Nation’s
energy systems in water-constrained areas
(Ch. 3: Water, KM 1). Technologies and
practices are available to help address these
vulnerabilities (Ch. 17: Complex Systems, KM
3) to thermoelectric power plants, including
alternative cooling systems that reduce water
withdrawals; nontraditional water sources,
including brackish or municipal wastewater;
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and power generation technologies that
greatly reduce freshwater use, such as wind,
photovoltaic solar, and natural gas combined-cycle technologies.77,78,79,80,81 Technology
is also enabling the growing use of produced
water (water produced as a byproduct with
oil and gas extraction) and brackish groundwater for water-intensive oil and gas drilling
techniques.82 However, expanding the use of
non-freshwater sources puts a greater demand
on the energy sector to provide the power
to capture, treat, and deliver these water
supplies.83,84 Research on innovative future
biofuels that are adapted to local climates can
also reduce the water needs of biofuels and the
possible impacts of a changing climate on the
suitability of land for biofuels production.

operations plans, standardized methodologies
and metrics for assessing the benefits of resilience measures, and expanded public–private
partnerships to address vulnerabilities collaboratively.1,2,3,45 Ensuring that poor and marginalized populations, who often face a higher
risk from climate change and energy system
vulnerabilities, are part of the planning process
can help lead to effective resilience actions
and provide ancillary co-benefits to society.
Energy infrastructure is long-lived and, as a
result, today’s decisions about how to locate,
expand, and modify the Nation’s energy system
will influence system reliability, resilience, and
economic security for decades.1,2 In addition,
without substantial and sustained mitigation
efforts to reduce global greenhouse gas emissions, the need for adaptation and resilience
investments to address the impacts of climate
change on the energy sector is expected to
increase if the most severe consequences are
to be avoided in the long term.

The current pace, scale, and scope of efforts
to improve energy system resilience are likely
to be insufficient to fully meet the challenges
presented by a changing climate and energy
sector, as several key barriers exist. Among
these impediments is a lack of reliable
projections of climate change at a local level
and the associated risks to energy assets, as
well as a lack of a national, regional, or local
cost-effective risk reduction strategy. This
includes a consideration of where adaptation
measures are pursued, thereby addressing the
uncertainty concerning their effectiveness and
the need for additional resilience investments.
Addressing these obstacles would benefit
from improved awareness of energy asset
vulnerability and performance, cost-effective
resilience-enhancing energy technologies and
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Traceable Accounts
Process Description
We sought an author team that could bring diverse experience, expertise, and perspectives to
the chapter. Some members have participated in past assessment processes. The team’s diversity
adequately represents the spectrum of current and projected impacts on the various components
that compose the Nation’s complex energy system and its critical role to national security,
economic well-being, and quality of life. The author team has demonstrated experience in the
following areas:
•

characterizing climate risks to the energy sector—as well as mitigation and resilience
opportunities—at national, regional, and state levels;

•

developing climate science tools and information for characterizing energy sector risks;

•

supporting local, state, and federal stakeholders with integrating climate change issues into
long-range planning;

•

analyzing technological, economic, and business factors relevant to risk mitigation and
resilience; and

•

analyzing energy system sensitivities to drivers such as policy, markets, and physical changes.

In order to develop Key Messages, the author team characterized current trends and projections
based on wide-ranging input from federal, state, local, and tribal governments; the private sector,
including investor-owned, state, municipal, and cooperative power companies; and state-of-theart models developed by researchers in consultation with industry and stakeholders. Authors
identified recent changes in the energy system (that is, a growing connectivity and electricity
dependence that are pervasive throughout society) and focused on how these transitions could
affect climate impacts, including whether the changes were likely to exacerbate or reduce vulnerabilities. Using updated assessments of climate forecasts, projections, and predictions, the team
identified key vulnerabilities that require near-term attention and highlighted the actions being
taken to enhance energy security, reliability, and resilience.

Key Message 1
Nationwide Impacts on Energy
The Nation’s energy system is already affected by extreme weather events, and due to climate
change, it is projected to be increasingly threatened by more frequent and longer-lasting power
outages affecting critical energy infrastructure and creating fuel availability and demand
imbalances (high confidence). The reliability, security, and resilience of the energy system
underpin virtually every sector of the U.S. economy (high confidence). Cascading impacts on
other critical sectors could affect economic and national security (high confidence).
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Description of evidence
The energy system’s vulnerability to climate change impacts is evidenced through two sources: 1)
the historical experience of damage and disruption to energy assets and systems, using data and
case studies from events such as Superstorm Sandy and Hurricanes Harvey, Irma, and Maria, as
well as the 2011–2016 California drought, and 2) a growing base of scientific literature assessing
and projecting the past and future role of climate change in driving damage and disruption to
the energy sector. Federal government and international scientific efforts have documented
the scope and scale of a changing climate’s effects on the U.S. energy system—factors that will
need to be considered in long-term planning, design, engineering, operations, and maintenance
of energy assets and supply chains if current standards of reliability are to be maintained or
improved.1,2,3,15,23,29,85,86
This Key Message claims that damage and/or disruption to energy systems is more likely in the
future. This claim is based on the following specific climate change projections and their expected
impacts on energy systems:
•

higher maximum air temperatures during heat waves and associated impacts on energy
generation, delivery, and load (very likely, very high confidence)3,53

•

higher average air temperatures and associated increases in energy demand for cooling
(very likely, very high confidence)11,12,13,14,15,16,17,18,19,53

•

higher surface water temperatures and associated impacts on thermoelectric power generation (very likely, very high confidence)3,87

•

shifts in streamflow timing in snow-dominated watersheds to earlier in the year8 and associated impacts on hydropower generation (very likely, very high confidence)86,88

•

increased frequency and intensity of drought (very likely, high confidence)54 and associated
impacts on biofuels production3

•

more frequent, intense, and longer-duration drought, particularly in snow-dominated
watersheds in the western United States,54 and associated threat to hydropower production, oil and gas extraction and refining, and thermoelectric cooling3,21,22,24,88

•

increased wind intensity from Atlantic and eastern Pacific hurricanes (medium confidence)55
and associated impacts on coastal energy infrastructure3

•

increased rain intensity for hurricanes (high confidence) and increased frequency and intensity of heavy precipitation events (high confidence), including West Coast atmospheric river
events (medium confidence),89 and associated impacts on energy infrastructure3

•

increased relative sea level rise (very high confidence)47 and associated risk of enhanced
flooding of coastal infrastructure as well as inland energy infrastructure along rivers3

•

increased frequency and intensity of heavy precipitation (very likely)89 and associated
impacts to inland flooding of energy assets3,15
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•

increased frequency of occurrence of conditions that support the formation of convective
storms (thunderstorms, tornadoes, and high winds)55 and associated damage to electricity
transmission and distribution lines (low confidence)1,3

The effects of extreme weather on energy system infrastructure have been well documented by
researchers and synthesized into several assessment reports produced by federal agencies.2,3,15,23
The link between extreme weather and power outages is strongest: extreme weather is the leading
cause of power outages in the United States.2 Increased wind speeds and precipitation have been
correlated with increased outage duration, and wind speeds have also been correlated with outage
frequency.90 Claims regarding fuel shortages are also based on historical experience; Superstorm
Sandy led to local fuel distribution shortages, while Hurricane Katrina led to fuel production and
refining shortages with national impacts.3 The claim that energy system outages can increase
energy prices, negatively affect economic growth, and disrupt critical services essential for health
and safety is likewise substantiated by the historical experience of severe storms, flooding, and
widespread power outages.23

Major uncertainties
The inability to predict future climate parameters with complete accuracy is one primary uncertainty that hinders energy asset owners, operators, and planners from anticipating, planning for,
and acting on vulnerabilities to climate change and extreme weather. All climate change projections include a degree of uncertainty, owing to a variety of factors, including incomplete historical
data, constraints on modeling methodologies, and uncertainty about future emissions. For some
climate parameters, confidence in both the direction and magnitude of projected change is high,
so expected impacts to the energy sector are well understood. For example, projected temperature changes across the United States uniformly indicate that the demand for cooling energy is
projected to increase and the demand for heating energy is projected to decrease.8,15
However, confidence is generally lower for other climate parameters projections, making it
difficult to understand and prioritize the risks associated with climate hazards and lowering
confidence levels in related energy sector impacts. There is uncertainty in projections regarding
changes in the frequency and intensity of hurricanes and convective storms, the magnitude and
timing of sea level rise, the connection between projected changes in precipitation and the likelihood of droughts and flooding, and the potential increased seasonal variability in wind and solar
resources. Hurricanes and convective storms represent major threats to energy infrastructure in
general and to electricity transmission and distribution grids in particular.1,3 However, historical
data for hurricanes and convective storms (including tornadoes, hail, and thunderstorms) are
lacking and inconsistent over different time periods and regions, and they can be biased based on
population density and shifting populations.55 Furthermore, for convective storms, most global
climate models are not capable of modeling the atmosphere at a small enough scale to directly
simulate storm formation.8 Projections of changes in sea level rise and impacts on coastal energy
infrastructure are improving, but significant uncertainty regarding the magnitude of long-term
sea level rise impedes energy system planners’ ability to make decisions about infrastructure with
useful lifetimes of 50 years or more.47 Global climate models are also insufficient to project future
hydrological changes, as these projections lack sufficient spatial and temporal resolution and lack
detail about other factors important to local hydrology, including changes to soil, groundwater,
and water withdrawal and consumption. A lack of hydrological projections increases uncertainty
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about water availability consequences for hydropower and thermoelectric power plants and oil
and gas extraction.

Description of confidence and likelihood
Climate change is projected to affect the energy sector in many ways, but the overall effect of
rising temperatures, changing precipitation patterns, and increases in the frequency and/or
severity of extreme weather is to increase the risk of damage or disruption to energy sector assets
and energy systems. The combined projection of increasing risk of damage or disruption is very
likely, with high confidence.

Key Message 2
Changes in Energy System Affect Vulnerabilities
Changes in energy technologies, markets, and policies are affecting the energy system’s
vulnerabilities to climate change and extreme weather. Some of these changes increase
reliability and resilience, while others create additional vulnerabilities (very likely, very high
confidence). Changes include the following: natural gas is increasingly used as fuel for power
plants; renewable resources are becoming increasingly cost competitive with an expanding
market share; and a resilient energy supply is increasingly important as telecommunications,
transportation, and other critical systems are more interconnected than ever.

Description of evidence
Large-scale changes in the energy sector are primarily evidenced through the U.S. Energy
Information Administration’s (EIA) data collection and analysis. EIA collects monthly and annual
surveys from every U.S. power plant; findings include the types of fuel each plant uses.22 Several
sources support claims that renewable technology deployment is growing while costs are falling:
EIA data,22,25 National Renewable Energy Laboratory research,26 and multiple studies.27,28,30,32,33 The
U.S. Department of Energy’s Quadrennial Energy Review1,2 and other reviews31 provide analysis that
supports the growing integration of energy systems into other sectors of the economy.

Major uncertainties
Future changes in the energy system, and the effect on energy system vulnerabilities to extreme
weather and climate change, are uncertain and will depend on numerous factors that are difficult
to predict, including macroeconomic and population growth; financial, economic, policy, and
regulatory changes; and technological progress. Each of these factors can affect the cost of
technologies, the growth in energy demand, the rate of deployment of new technologies, and the
selection of sites for deployment.

Description of confidence and likelihood
The reliable production and delivery of power enables modern electricity-dependent critical
infrastructures to support American livelihoods and the national economy. There is very high confidence that a deepening dependence on electric power and increasing interdependencies within
the energy system can increase the vulnerabilities and risks associated with extreme weather and
climate hazards in some situations (very likely, very high confidence).
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There is very high confidence that many trends in the changing energy system are very likely
to continue and that changes will have potential effects on reliability and resilience. A primary
factor affecting the increased use of natural gas and the deployment of renewable resources is the
relative price of these generation sources. Existing proven resources of natural gas are sufficient
to supply current demand for several decades.91 Renewable technologies are very likely to continue falling in price, as manufacturers continue to improve their processes and take advantage
of economies of scale.92 The degree of interconnection of critical systems is also very likely to
increase. The continued deployment of smart grid devices, microgrids, and energy storage will
likely provide multiple reliability and resilience benefits.2

Key Message 3
Improving Energy System Resilience
Actions are being taken to enhance energy security, reliability, and resilience with respect
to the effects of climate change and extreme weather (very high confidence). This progress
occurs through improved data collection, modeling, and analysis to support resilience planning;
private and public–private partnerships supporting coordinated action; and both development
and deployment of new, innovative energy technologies for adapting energy assets to extreme
weather hazards. Although barriers exist, opportunities remain to accelerate the pace, scale, and
scope of investments in energy systems resilience (very high confidence).

Description of evidence
Several entities have identified evidence for the planning and deployment of resilience solutions
in the energy sector. Support comes from both industry and federal agencies, including the U.S.
Department of Energy (DOE), the U.S. Environmental Protection Agency (EPA), and the Department of Homeland Security (DHS).3,37,38,39,40,41,42 For example, the DOE’s recent efforts, reflected
in the Quadrennial Energy Review1,2 and the Quadrennial Technology Review,45 examine how to
modernize our Nation’s energy system and technologies to promote economic competitiveness,
energy security and reliability, and environmental responsibility. Through the Partnership for
Energy Sector Climate Resilience, the DOE and partner utilities provide examples of plans and
implementation of resilience solutions, as well as barriers to expanded investments in resilience.3,76
This Key Message gains further support from the EPA’s work with industry and local and state
governments through its Creating Resilient Water Utilities program,93 as well as from the collaboration of the DHS with private sector critical infrastructure owners and operators through its
National Infrastructure Protection Plan Security and Resilience Challenge.94 In addition, a growing
constituency of cities, municipalities, states, and tribal communities are dedicating resources
and personnel toward identifying, quantifying, and responding to climate change related risks to
energy system reliability and the social services that depend on those systems.3,73 For example, the
Rockefeller Foundation’s 100 Resilient Cities and C40 Cities are both networks of the world’s cities
committed to addressing resilience. These coalitions, including multiple U.S. cities, support cities
in their efforts to collaborate effectively, share knowledge, and drive meaningful, measurable, and
sustainable action on resilience.74,75
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Major uncertainties
The most significant uncertainties affecting future investments in climate resilience are related to
evaluating the costs, benefits, and performance of resilience investments—and the costs of inaction. To make informed investments, decision-makers need standardized cost–benefit frameworks
and methodologies, as well as reliable, high-resolution (temporal and spatial) climate change
projections of critical weather and climate parameters.1,2,3,76
The high complexity of the energy system introduces uncertainty in whether particular actions
could yield unintended consequences. Using the examples above, energy storage, distributed
generation, microgrids, and other technologies and practices can contribute to resilience. However, unless evaluated in a systematic manner, the adoption of technologies and practices will likely
lead to unintended consequences, including environmental (such as air quality), economic, and
policy impacts.
Significant uncertainty is also found in the future pace of mitigation efforts that will, in turn,
influence the need for resilience investments. Some level of climate change will continue, given
past and current emissions of heat-trapping greenhouse gases. However, without an effective
mitigation strategy, the need for additional adaptation and resilience investments becomes
greater. Uncertainty about the rate of stabilizing and reducing greenhouse gas emission levels
(mitigation) compounds the challenge of characterizing the magnitude and timing of additional
resilience investments.
The pace of development and deployment of resilient cost-effective energy technologies are also
uncertain and will likely be critical to implementing resilience strategies at scale. These technologies will likely include improvements in areas such as energy storage, distributed generation,
microgrids, and cooling for thermoelectric power plants.1,2,3,31,76

Description of confidence and likelihood
There is very high confidence that many of the technologies and planning or operational measures
necessary to respond to climate change exist and that their implementation is in progress.29
Although federal, state, local, and tribal governments and the private sector are already responding, there is very high confidence that the pace, scale, and scope of combined public and private
efforts to improve preparedness and resilience of the energy sector are likely to be insufficient,
given the nature of the challenge1,2,3,29,31 presented by a changing climate and energy sector.
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Key Message 1

Agricultural fields near the Ririe Reservoir, Bonneville, Idaho

Land-Cover Changes Influence Weather and Climate
Changes in land cover continue to impact local- to global-scale weather and climate
by altering the flow of energy, water, and greenhouse gases between the land and the
atmosphere. Reforestation can foster localized cooling, while in urban areas, continued
warming is expected to exacerbate urban heat island effects.

Key Message 2
Climate Impacts on Land and Ecosystems
Climate change affects land use and ecosystems. Climate change is expected to directly
and indirectly impact land use and cover by altering disturbance patterns, species
distributions, and the suitability of land for specific uses. The composition of the natural
and human landscapes, and how society uses the land, affects the ability of the Nation’s
ecosystems to provide essential goods and services.

5 | Land Cover and Land-Use Change

Executive Summary
Climate can affect and be affected by changes
in land cover (the physical features that cover
the land such as trees or pavement) and land
use (human management and activities on
land, such as mining or recreation). A forest, for
instance, would likely include tree cover but
could also include areas of recent tree removals currently covered by open grass areas. Land
cover and use are inherently coupled: changes
in land-use practices can change land cover,
and land cover enables specific land uses.
Understanding how land cover, use, condition,
and management vary in space and time
is challenging.

Land use is also changed by both human and
climate drivers. Land-use decisions are traditionally based on short-term economic factors.
Land-use changes are increasingly being influenced by distant forces due to the globalization
of many markets. Land use can also change due
to local, state, and national policies, such as
programs designed to remove cultivation from
highly erodible land to mitigate degradation,1
legislation to address sea level rise in local
comprehensive plans, or policies that reduce
the rate of timber harvest on federal lands.
Technological innovation has also influenced
land-use change, with the expansion of cultivated lands from the development of irrigation
technologies and, more recently, decreases in
demand for agricultural land due to increases
in crop productivity. The recent expansion of
oil and gas extraction activities throughout
large areas of the United States demonstrates
how policy, economics, and technology can
collectively influence and change land use
and land cover.

Changes in land cover can occur in response to
both human and climate drivers. For example,
demand for new settlements often results in
the permanent loss of natural and working
lands, which can result in localized changes
in weather patterns, temperature, and precipitation. Aggregated over large areas, these
changes have the potential to influence Earth’s
climate by altering regional and global circulation patterns, changing the albedo (reflectivity)
of Earth’s surface, and changing the amount of
carbon dioxide (CO2) in the atmosphere. Conversely, climate change can also influence land
cover, resulting in a loss of forest cover from
climate-related increases in disturbances, the
expansion of woody vegetation into grasslands,
and the loss of beaches due to coastal erosion
amplified by rises in sea level.
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Decisions about land use, cover, and management can help determine society’s ability to
mitigate and adapt to climate change.
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Changes in Land Cover by Region

The figure shows the net change in land cover by class in square miles, from 1973 to 2011. Land-cover change has been highly
dynamic over space, time, and sector, in response to a range of driving forces. Net change in land cover reveals the trajectory
of a class over time. A dramatic example illustrated here is the large decline in agricultural lands in the two Great Plains regions
beginning in the mid-1980s, which resulted in large part from the establishment of the Conservation Reserve Program. Over the
same period, agriculture also declined in the Southwest region; however, the net decline was largely attributable to prolonged
drought conditions, as opposed to changes in federal policy. Data for the period 1973–2000 are from Sleeter et al. (2013)2 while
data from 2001–2011 are from the National Land Cover Database (NLCD).3 Note: the two disturbance categories used for the
1973–2000 data were not included in the NLCD data for 2001–2011 and largely represent conversions associated with harvest
activities (mechanical disturbance) and wildfire (nonmechanical disturbance). Comparable data are unavailable for the U.S.
Caribbean, Alaska, and Hawai‘i & U.S.-Affiliated Pacific Islands regions, precluding their representation in this figure. From
Figure 5.2 (Source: USGS).
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Introduction

also influence land cover, resulting in a loss of
forest cover from climate-related increases
in disturbances,16,17,18 the expansion of woody
vegetation into grasslands,19 and the loss of
coastal wetlands and beaches due to increased
inundation and coastal erosion amplified by
rises in sea level.20

Climate can affect and be affected by changes
in land cover (the physical features that cover
the land, such as trees or pavement) and land
use (human management and activities on
land, such as mining or recreation). A forest,
for instance, would likely include tree cover
but could also include areas of recent tree
removals currently covered by open grass
areas. Land cover and use are inherently coupled: changes in land-use practices can change
land cover, and land cover enables specific
land uses. Understanding how land cover, use,
condition, and management vary in space and
time is challenging, because while land cover
and condition can be estimated using remote
sensing techniques, land use and management
typically require more local information, such
as field inventories. Identifying, quantifying,
and comparing estimates of land use and land
cover are further complicated by factors such
as consistency and the correct application of
terminology and definitions, time, scale, data
sources, and methods. While each approach
may produce land-use or land-cover classifications, each method may provide different
types of information at various scales, so
choosing appropriate data sources and clearly
defining what is being measured and reported
are essential.

Changes in land use can also occur in response
to both human and climate drivers. Land-use
decisions are often based on economic factors.21,22,23 Land-use changes are increasingly
being influenced by distant forces due to the
globalization of many markets.21,24,25,26 Land
use can also change due to local, state, and
national policies, such as programs designed to
remove cultivation from highly erodible land to
mitigate degradation,1 legislation to address sea
level rise in local comprehensive plans,27 and
policies that reduce the rate of timber harvest
on federal lands28,29 or promote the expansion
of cultivated lands for energy production.30
Technological innovation has also influenced
land-use change, with the expansion of cultivated lands from the development of irrigation
technologies31,32 and, more recently, decreases
in demand for agricultural land due to increases in crop productivity.33 The recent expansion
of oil and gas extraction activities throughout
large areas of the United States demonstrates
how policy, economics, and technology can
collectively influence and change land use
and land cover.34

Changes in land cover can occur in response to
both human and climate drivers. For example,
the demand for new settlements often results
in the permanent loss of natural and working
lands, which can result in localized changes
in weather patterns,4,5 temperature,6,7 and
precipitation.8 Aggregated over large areas,
these changes have the potential to influence
Earth’s climate by altering regional and global
circulation patterns,9,10,11 changing the albedo
(reflectivity) of Earth’s surface,12,13 and changing
the amount of carbon dioxide (CO2) in the
atmosphere.14,15 Conversely, climate change can
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Land use also responds to changes in climate
and weather. For example, arable land (land
that is suitable for growing crops) may be
fallowed (left uncultivated) or abandoned completely during periods of episodic drought35,36
or converted to open water during periods
of above-normal precipitation.37 Increased
temperatures have also been shown to have a
negative effect on agricultural yields (Ch. 10: Ag
& Rural, KM 1).38 Climate change can also have
positive impacts on land use, such as increases
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State of the Sector

in the length of growing seasons, particularly
in northern latitudes.39,40,41 Forest land use is
also susceptible to changes in weather and
climate (Ch. 6: Forests). For example, the
recent historical drought in California has
resulted in a significant forest die-off event,42,43
which has implications for commercial timber
production. Similarly, insect outbreaks across
large expanses of western North American
forests have been linked to changes in weather
and climate,17 which in turn may result in
important feedbacks on the climate system.44
Sea level rise associated with climate change
will likely require changes in coastal land use,
as development and infrastructure are increasingly impacted by coastal flooding.27,45,46,47 As
sea levels rise, many coastal areas will likely
experience increased frequency and duration
of flooding events, and impacts may be felt in
areas that have not experienced coastal flooding in the past (Ch. 8: Coastal, KM 1).

Humans have had a far-reaching impact on
land cover within the contiguous United
States. Of the approximately 3.1 million square
miles of land area, approximately 28% has
been significantly altered by humans for use
as cultivated cropland and pastures (22%)
or settlements (6%; Figure 5.1a).3 Land uses
associated with resource production (such
as grazing, cropland, timber production, and
mining) account for more than half of the land
area of the contiguous United States,58 followed
by land that is conserved (16%), built-up areas
(13%), and recreational land (10%; Figure 5.1b).
Between 2001 and 2011, developed land cover
increased by 5% and agriculture declined by
1%. Urbanization was greater between 2001
and 2006 than between 2006 and 2011, which
may be attributable to the 2007–2009 economic recession.59,60 The relative stability in agricultural land use between 2001 and 2011 masks
widespread fluctuations brought about by the
abandonment and expansion of agricultural
lands (see Figure 5.2 for more detail).

Decisions about land use, cover, and management can help determine society’s ability to
mitigate and adapt to climate change. Reducing
atmospheric greenhouse gas (GHG) concentrations can, in part, be achieved by increasing the
land-based carbon storage.48 Increasing this
carbon storage can be achieved by increasing
the area of forests, stabilizing or increasing
carbon stored in soils49,50 and forests (Ch. 6:
Forests),51 avoiding the release of stored carbon
due to disturbances (such as wildfire) through
forest management practices (Ch. 6: Forests,
KM 3),52,53 and increasing the carbon stored
in wood products.54 However, there are large
uncertainties about what choices will be made
in the future and the net effects of the resulting changes in land use and land cover.55,56,57
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Vegetated land cover, including grasslands,
shrublands, forests, and wetlands, accounted
for approximately two-thirds of the contiguous
U.S. land area and experienced a net decline
of approximately 5,150 square miles between
2001 and 2011. However, many of these areas
are also used for the production of ecosystem
goods and services, such as timber and grazing,
which lead to changes in land cover but may
not necessarily result in a land-use change.
Between 2001 and 2011, forest land cover had
the largest net decline of any class (25,730
square miles)3 but forest land use increased by
an estimated 3,200 square miles over a similar
period (Ch. 6: Forests).61 The increase in forest
land use is due, in large part, to the conversion
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